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Editorial on the Research Topic

New insights into prostate cancer: new biomarkers, molecular mecha-
nisms, and therapeutic approaches
Prostate cancer (PCa) is the second most frequent cancer among men worldwide (1).

PCa is considered curable when it is localized, but when it metastasizes the clinical

treatment is complex. Androgen deprivation therapy (ADT) is a regular treatment for PCa

patients; however, some of them develop castration-resistant PCa (CRPC), and despite

several new treatment options, metastatic CRPC has a poor prognosis with a survival rate

below 2–3 years (2).

The present Research Topic aims to present new emerging evidence in diagnostics and

treatment of PCa.

The Prostate specific antigen (PSA) is a poor indicator of early PCa, particularly if its

levels are between 4 and 20 ng/ml. Among other PCa serum markers, Sialic acid (SA)

represents a potential candidate for tumor aggressiveness, as demonstrated in other types of

cancer (3). Sun and Yan reported that in patients with PSA values between 4 and 20 ng/mL,

the serum biochemical index, including SA, is a potential prediction marker for PCa. The

authors suggested that SA levels could prevent unnecessary biopsies and biopsy-related

morbidities. Furthermore, Sun et al., demonstrated that the serum SA levels in patients

without treatment are positively correlated with bone metastases, consequently proposing

that elevated SA levels before surgery could be an indicator of increased malignancy risk

and advanced cancer stages. Cathepsins play a crucial role in preserving cellular

homeostasis; however, under inflammatory conditions, they can drive cancer progression

and other diseases (4, 5). The Mendelian randomization study of Cao et al., provided new
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insights into the role of cathepsins in the diagnosis and treatment of

benign prostate diseases (BPD), as they offered the first evidence of

a genetic causal link between cathepsins and BPD.

The identification of new specific markers associated with

cancer recurrence is critical in the management of PCa patients.

The autophagy-related gene expression levels have great potential in

predicting tumor recurrence risk and evaluating the response to

treatment in PCa patients (6, 7). Kang et al., built a risk model using

four anoikis-related genes that effectively predict the risk of

recurrence and survival outcomes in PCa patients, confirming the

clinical value of in-depth investigation of anoikis-related genes

in PCa.

Drug resistance CRPC mechanisms due to AR splice variants,

mutations, or glucocorticoid receptor (GR) substitution of AR

function, is a common cause of treatment failure. The search for

pharmacological agents to overcome this cancer resistance

conducted to plant extracts research (8). Lam et al., demonstrated

the efficacy of the bioactive compound YIV-818-A in overcoming

drug resistance caused by AR variants and GR, by inhibiting AR and

GR activities. Some studies elucidated the molecular mechanism

underlying the anti-tumor effects of curcumin on both androgen-

sensitive and -insensitive prostate cancer cells (9). The meta-

analyses conducted by Wang et al. showed a favorable association

between PCa and curcumin treatment, highlighting that the

curcumin dosage potentially impacted the treatment efficacy.

Overall these findings further reinforce the concept that dietary

supplements could be used as chemoprevention agent for PCa,

although further studies are needed to ascertain their use in the

clinical practice.

G protein-coupled estrogen receptor (GPER) plays an

important role in tumor development and metastasis, by

activating different signaling pathways (10, 11). The GPER-

mediated signaling in PCa is the hedgehog (Hh) pathway and has

not been widely investigated. This signaling-pathway activation is

associated with aggressiveness, metastasis, and relapse in triple-

negative breast cancer, occurring via glioma-associated oncogene

homolog (GLI) transcriptional factors (12). The study of Rico-

Fuentes et al., performed on PCa samples with different prognostic

grades demonstrated that GPER is highly expressed in the nucleus

and its expression increases with the cancer progression.

Furthermore, GPER’s expression correlates with pGLI3 nuclear

expression across different stage groups, suggesting that GPER

could represent a new marker of tumor aggressiveness.

Insulin growth factor (IGF) signaling plays a key role in the

development and progression of PCa. Consequently, targeting IGF

signaling has been considered a potential therapeutic strategy

for this cancer (13). Elemam et al., provided an overview of the

main evidence on prostate tumorigenesis regulation via the IGF

system, highlighting that drugs targeting the IGF family could

represent a promising therapeutic approach in the management

of advanced PCa.

Many researchers found a complex and close association

between the immune system and PCa (14). Still, few studies have

investigated the association between immune cells and the risk of

PCa. Hao et al., identified immune cell phenotypes significantly
Frontiers in Endocrinology 026
associated with PCa, contributing to open new insights for

exploring potential immunotherapeutic targets in PCa.

An increasing number of articles highlight the positive surgical

margin (PSM) as a relevant parameter to make decisions for

adjuvant treatment and predict patient outcomes after radical

prostatectomy (RP), mainly in patients with localized PCa (15).

Therefore, the factors influencing PSM should be considered by

urologists during operation, regardless of the surgery approach (i.e.

robot-assisted, laparoscopic, and open RP). The monocentric study

of Wang et al. showed that PSM risk was increased in patients

receiving hormonal therapy before the surgery compared with

patients without treatment, highlighting that the resection extent

should be accurately evaluated. In the past, the RP was rarely the

first option for advanced PCa, but thanks to the introduction of

robot-assisted RP, it has been reported that advanced PCa patients

respond well to ADT therapy and have better progression-free

survival after cytoreductive prostatectomy, suggesting that

surgery might be an effective treatment option also for advanced

PCa (16). Li et al. built a clinical features-based prognosis model

demonstrating the benefits of surgery in patients with advanced

PCa, and emphasizing that its accuracy may offer some reference on

clinical decision-making.

In conclusion, this Research Topic presents interesting new

evidence in the field of precision medicine for PCa diagnosis and

treatment. Although relevant progress has been made, further

studies are needed to better understand how to overcome

castration resistance, find new predictors of tumor recurrences,

and improve the survival rate.
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prostate cancer in patients
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between 4 and 20 ng/mL

Jingtao Sun and Lei Yan*

Department of Urology, Qilu Hospital of Shandong University, Jinan, China
Introduction: This study aimed to evaluate the predictive value of the serum

biochemical index, including alkaline phosphatase (AKP), lactate dehydrogenase

(LDH), a-L-fucosidase (AFU), serum sialic acid (SA), and fibrinogen (FIB), for

prostate cancer (PCa) and clinically significant prostate cancer (CSPCa) in

patients with a prostate-specific antigen (PSA) value between 4 and 20 ng/mL.

Patients and methods: This study retrospectively examined the clinical data of

408 eligible patients who underwent prostate biopsies in our hospital between

March 2015 and July 2022. CSPCa was defined as a “Gleason grade group of≥2”.

For analyzing the association between PCa/CSPCa and serum biochemical

index, univariable logistic regression and multivariable logistic regression were

conducted. Based on themultivariable logistic regressionmodel, we constructed

models and compared the area under the curve (AUC). We generated the

nomogram, the ROC curve, the DCA curve, and the calibration curve for PCa.

Results: Overall, we studied 271 patients with PCa (including 155 patients with

CSPCa) and 137 non-PCa patients. Patients with PCa were more likely to

consume alcohol, have higher total PSA (TPSA) values, and have lower free

PSA (FPSA) and free/total PSA (f/T) values. There were higher TPSA values and

lower f/T values in the CSPCa group when compared with the non-CSPCa

group. The univariate logistic regression analyses did not show significant results.

However, AKP, AFU, SA, TPSA, and FPSA all retain significant significance when all

factors are included in multifactor logistic regression analysis. This finding

suggests that the exposure factor exhibited an independent effect on the

outcome after controlling for other factors, including the potential

confounding effects that may have been underestimated. Through ROC

curves, we found that SA and TPSA levels are more powerful predictors. In

contrast, there is a lack of excellent predictive value for PCA and CSPCa using

Age, AFU, FIB, and FPSA.

Conclusion: In our study, serum biochemical index is a potential prediction tool

for PCa and CSPCa for patients with PSA values between 4 and 20 ng/mL.
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Additionally, the new serum biochemical index SA is also useful when diagnosing

PCa and CSPCa, as we conclude in our study.
KEYWORDS

serum sialic acid, prostate cancer, prostate biopsy, diagnosis, treatment
1 Introduction

Worldwide, prostate cancer is the second leading cause of

cancer-related death among men after lung cancer (1). The

incidence of prostate cancer continued to rise slowly from 2014

through 2018. Over the past decade, the proportion of prostate

cancer cases diagnosed at a distant stage has increased from

3.9% to 8.2% (2). Prostate-specific antigen (PSA) is an

important biomarker for detecting prostate cancer. But PSA

tests are not sensitive enough to detect prostate cancer early

(PCA) because of their low specificity (3). In other words, most

patients undergo unnecessary and potentially harmful follow-

up tests, like biopsies, especially if their PSA level is between 4.0

and 20.0 ng/ml (4). The need for more specific biomarkers is,

therefore, necessary to compensate for this defect. Many

biomarkers of PCa have been developed successively, such as

Prostate Health Index (PHI), prostate cancer antigen 3 (PCA3),

four-kallikrein panel (4K), transmembrane protease serine 2-

ERG (TMPRSS2-ERG), ExoDx Prostate Intelliscore and

SelectMDx (5, 6). There are, however, a few disadvantages to

these experimental methods, making them unsuitable for

routine PCa detection (7).

Certain systemic serum biochemical indexes have been

recognized as being important in promoting and advancing

tumor progression in recent years. Tumor-related serum

biochemical indexes, including alkaline phosphatase (AKP),

lactate dehydrogenase (LDH), a-L-fucosidase (AFU), serum sialic

acid (SA), and fibrinogen (FIB), have gained attention as diagnostic

tools for tumors (8–10). Despite this, the study on the effects of

multiple biochemical indices combined on tumor growth is

not comprehensive.

In glycoproteins and glycolipids, SA is a series of hydroxylated

monosaccharides containing nine carbon atoms at methylated non-

reduction terminals In glycoproteins and glycolipids, SA is a series of

hydroxylated monosaccharides containing nine carbon atoms at the

methylated non-reduction terminals (11). There has been substantial

evidence to demonstrate that cancer is associated with high serum

levels of sialic acid, which have been seen in cancer patients in

numerous studies (12), for instance, oral cancer (13), breast cancer

(14), ovarian cancer (15) and cholangiocarcinoma (16).

A primary objective of our study was to investigate whether the

SA could be used at the PSA level of 4.0 to 20.0 ng/mL to predict

PCa and CSPCa. We validated the diagnostic efficacy of the AKP,

LDH, AFU, and FIB in PCa and CSPCa as well.
029
2 Materials and methods

2.1 Patient selection information collection

From March 2015 to July 2022, we obtained information from

the electronic medical record system about all patients who

underwent prostate biopsies with PSA levels of 4.0-20.0ng/mL in

our hospital. Blood tests were performed within 2 weeks before

biopsies on all patients for the serum PSA derivative (TPSA and

fPSA). Our study excluded patients with any one or more of the

following conditions: (I) Patients with hematological diseases,

known infections, and other malignancies; (II) Patients who had

undergone prostate surgery (such as transurethral resection) before

their biopsies; (III) Pathologically diagnosed patients with prostatic

intraepithelial neoplasms and atypical small acinar proliferations;

(IV) Patients with incomplete clinical data. Following that, we

collected the following information from the medical records of

eligible patients: age, history of tobacco (SH) and alcohol use (AH),

blood test results with alkaline phosphatase (AKP), lactate

dehydrogenase (LDH), a-L-fucosidase (AFU), fibrinogen (FIB),

and prostate-specific antigen (PSA).
2.2 Blood biochemical measurement

Before receiving any clinical intervention, each patient had his

venous blood drawn in the early morning after fasting for 12 hours.

We stored blood samples in test tubes that contained clot activator

and gel. Blood samples coagulated naturally at room temperature

during the experiment. Following that, the samples were

centrifuged at 2000 rpm for 10 minutes. A Roche Cobas 8000

automatic analyzer was used to determine SA concentrations after

the serum had been separated. AKP concentrations in the normal

range ranged from 45.00 U/dL to 125.00 U/L.The normal range for

LDH concentration was 120.00 U/dL to 230.00 U/L. In terms of

AFU concentration, the normal range was less than 40.00 U/L. The

concentration of SA was normally between 45.6 mg/dL and 75.4

mg/dL.
2.3 Fibrinogen measurement

Surgical procedures are routinely preceded by the collection of

blood samples from patients to measure plasma fibrinogen levels.
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Fibrinogen levels in the blood were determined by the Clauss (17)

method using bovine thrombin (100 NIHU/mL). Plasma fibrinogen

levels between 2-4 g/L were considered normal.
2.4 Biopsy method and
pathological examination

Using 3.0 T scanner, two uroradiologists with at least three

years of experience performed prostate mpMRI before undergoing

biopsies. Imaging assessments were retrospectively performed by

experienced surgical team members to determine biopsy methods

based on imaging findings. Lastly, local anesthesia was used to

perform transrectal biopsies or transperineal biopsies on all

patients. Prostate biopsies incorporated 12 + 3 cores (based on 12

systematic cores, and the remaining core at the suspicious MRI area

that was visualized by cognitive fusion biopsies). After the biopsy

specimens were collected, they were analyzed within a week by two

experienced urologists following the ISUHP (International Society

of Urological Pathology) consensus guidelines.
2.5 Data management

Based on the histopathological results, patients were categorized

as non-PCa groups or PCa groups. Moreover, we separated the

patients into CSPCa and non-CSPCa groups. It was defined as

“clinically significant prostate cancer (CSPCa)” when referring to

the Gleason grade group of≥2. After fasting for 12 hours, each

patient was given five milliliters of venous blood in the early

morning before any clinical intervention was carried out. To test

the clot activator and gel, a blood sample was stored at room

temperature and naturally coagulated. After centrifugation at 2000

rpm for 10 minutes, the samples were collected.
2.6 Statistical analysis

Normality tests were conducted on all continuous variables. In

the case of continuous variables that passed the normality test,

Student’s t-tests were used, whereas Mann-Whitney U-tests were

used in the case of continuous variables with skewed distributions.

For continuous variables with normal distribution, the mean+SD

was reported, and for continuous variables with skewed

distribution, the median (IQR) was reported. Numbers

(percentages) were reported for categorical variables after Chi-

square tests were conducted. We performed univariate and

multivariate logistic regression analyses to identify the

independent predictors of PCa and CSPCa. The final model

selection was performed using a backward stepdown selection

process. Significant results were determined by a p-value of less

than 0.05. An analysis of the ROC curve, DCA curve, and

calibration curves was carried out to determine the validity of the

PCa risk nomogram we developed for prostate biopsy. Differences
Frontiers in Endocrinology 0310
in AUC were compared with the DeLong test. Statistical analyses

were conducted using IBM SPSS (Version 19.0) and R (Version

4.1.0) software.
3 Results

3.1 Patient demographics eligible for
participation in the program

The study included a total of 408 patients who met the entry

criteria. 271 patients were diagnosed with PCa (including 155

patients with CSPCa). As shown in Table 1, the patients were

classified according to their characteristics and laboratory values.

Besides TPSA (8.27 vs 10.49, p<0.01), the SA (57.70 vs 53.60,

p<0.01), FPSA (1.41 vs 1.24, p=0.02) and f/T (0.18 vs 0.25, p<0.01)

of the non-PCa group were significantly higher than those of the

PCa group. Furthermore, PCa patients also had a higher proportion

of smokers in their group as compared to non-PCa

patients (Table 1).

As compared to the non-CSPCa group, the CSPCa group had

higher levels of LDH and TPSA. In contrast, CSPCa groups had

lower f/T values. In terms of SH, SA, and FPSA, however, there was

no significant difference between the two groups. Further, there

were no statistically significant differences in age, AH, AFU, and FIB

between PCa and non-PCa groups, nor between CSPCa and non-

CSPCa groups (Table 1).
3.2 Univariable and multivariable analyses
of clinical indicators

In order to determine the predictive factors for clinical

indicators, we conducted both univariate and multivariate logistic

regression analyses. Furthermore, we conducted a collinearity

analysis in multiple regression to comprehensively assess the

variables that could be included in the model. The results of the

collinearity analysis indicate that there is no interaction among

the factors. The univariate logistic regression analyses yielded

insignificant findings, with the exception of smoking history and

TPSA level. The final model selection was made using a backward

stepdown selection process. Significantly, AKP, AFU, SA, TPSA,

and FPSA maintained statistical significance when subjected to

multifactor logistic regression analysis that included all factors

(refer to Table 2, PCa vs non-PCa, all VIF < 5.000). This finding

suggests that the exposure factor exhibited an independent effect on

the outcome after controlling for other factors, including the

potential confounding effects that may have been underestimated.

Similarly, in the CSPCa groups versus the non-CSPCa groups,

factors other than TPSA were not significant in the univariate

logistic regression analysis. The multifactor logistic regression,

however, revealed statistical significance for AFU, SA, FIB, and

TPSA (Table 2, all VIF < 5.000). We also plot forest maps of

multivariate regression analysis as shown in Figure 1.
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3.3 ROC curve analysis of variables

We analyzed ROC-AUC for Age, AFU, SA, FIB, TPSA, and

FPSA to evaluate specific diagnostic variables for PCa and CSPCa.

The detailed results of the analysis are presented in Table 3,

Figures 2, 3. As calculated using the parameters of the analysis,

the TPSA had the highest predictive value for PCa values

(AUC=0.6253, 95% CI: 0.5683–0.6824). The AUC values for the

Age, AFU, SA, FIB, and FPSA were 0.5004 (95% CI: 0.4419–0.5589),

0.5025 (95% CI: 0.4383–0.5668), 0.6125 (95% CI: 0.5515–0.6788,

0.5638 (95% CI: 0.4953–0.6323), and 0.5726 (95% CI: 0.5149–

0.6303), respectively. In the group of CSPCa, the ROC curve

analysis showed that the AUCs of Age, AFU, SA, FIB, and TPSA

were 0.5004 (95% CI: 0.4419–0.5589), 0.5025 (95% CI: 0.4383–

0.5668), 0.6152 (95% CI: 0.5515–0.6788), 0.5638 (95% CI: 0.4953–

0.6323) and 0.6253(95% CI: 0.5683–0.6824), respectively. As a

result, TPSA can diagnose both PCa and CSPCa with the highest

degree of certainty. Moreover, the SA level is one of the most

powerful predictors, although not as effective as TPSA. In contrast,

there is a lack of excellent predictive value for PCA and CSPCa

using Age, AFU, FIB, and FPSA.
3.4 Development of a nomogram for
PCa prediction

To intuitively show the predictive value of the serum

biochemical index for PCa, a nomogram was developed to predict

the probability of PCa according to all significant factors for PCa
Frontiers in Endocrinology 0411
and CSPCa occurrence (Figure 4A). In PCa prediction, the ROC

curve showed good discrimination, and the AUC for the nomogram

was 0.685 (CI:0.541-0.771) (Figure 4B). Moreover, the DCA curves

and calibration curves revealed good agreement between predicted

and observed PCa probabilities (Figures 4C, D).
4 Discussion

In this study, a retrospective analysis of prostate biopsies

conducted on patients with PSA values ranging from 4.0 to

20.0ng/mL has been conducted. And we found that patients with

PCa had significantly lower SA when compared with non-PCa

patients. Further, the SA showed a high predictive value in the

multivariable prediction model for PCa and CSPCa. AFU and FIB

also demonstrated high predictive values in PCa and CSPCa

multivariable prediction models, but they were not as accurate as

SA in predicting PCa and CSPCa. In contrast, other serum

biochemical indices, such as AKP and LDH, were insufficient for

the diagnosis of PCa and CSPCa.

In more and more studies, it has come to light that serum

biochemical-related cells and serum biochemical-related substances

in cancer patients will undergo a series of changes as the disease

progresses. These factors are closely related to the diagnosis and

prognosis of cancers, such as AKP (18), LDH (19, 20), AFU (21), SA

(21, 22), and FIB (23).

In the current state of prostate cancer screening, PSA is the

most commonly used index (24, 25), Despite this, PCa and BPH

were difficult to distinguish at PSA values between 4 and 20 ng/
TABLE 1 Characteristic baseline.

Variable (n=408) Non-PCa (n=137) PCa (n=271) p Value Non-CSPCa (n=253) CSPCa (n=155) p Value

Age, year 68.00(63.00,73.00) 68.00(63.00,74.00) 0.99 69.00(63.00,74.00) 68.00(62.00,74.00) 0.33

SH (%) 0.04 0.84

Y 54.00(39.40) 80.00(29.50) 84.00(33.20) 50.00(32.30)

N 83.00(60.60) 191.00(70.50) 169.00(66.80) 105.00(67.70)

AH (%) 0.10 0.46

Y 51.00(37.20) 79.00(29.20) 84.00(33.20) 46.00(29.70)

N 86.00(62.80) 192.00(70.80) 169.00(66.80) 109.00(70.30)

AKP,U/L 70.00(60.00,82.00) 66.50(56.25,78.00) 0.10 68.00(56.00,79.00) 67.00(58.25,82.00) 0.47

LDH,U/L 192.00(173.00,221.00) 187.50(168.00,211.00) 0.22 186.00(168.75,211.00) 194.00(172.00,218.00) 0.08

AFU,U/L 17.00(13.00,22.00) 17.00(13.25,21.00) 0.94 17.00(13.00,21.50) 17.00(14.00,22.00) 0.61

SA,mg/dL 57.70(51.40,66.60) 53.60(49.73,59.73) <0.01 54.70(50.60,62.20) 54.30(48.88,60.65) 0.15

FIB,g/L 3.17(2.75,3.63) 3.00(2.65,3.42) 0.07 2.98(2.62,3.48) 3.11(2.70,3.49) 0.26

TPSA,ng/mL 8.27(6.24,11.42) 10.49(7.72,13.76) <0.01 8.74(6.91,11.89) 10.88(8.01,14.86) <0.01

FPSA,ng/mL 1.41(1.03,1.80) 1.24(0.80,1.83) 0.02 1.29(0.93,1.76) 1.28(0.80,2.00) 0.66

f/T 0.18(0.13,0.25) 0.12(0.08,0.18) <0.01 0.16(0.11,0.21) 0.12(0.08,0.17) <0.01
fron
Data are presented as median (P25, P75) or n (%). SH, smoking history; AH, alcohol history; AKP, Alkaline phosphatase; LDH, Lactate dehydrogenase; AFU, a-L-fucosidase; SA, Serum sialic
acid; FIB, Fibrinogen; TPSA, total prostatic specifific antigen; fPSA, free prostatic specifific antigen; f/T, free/total prostatic specifific antigen ratio; PCa, prostate cancer; CSPCa, clinically
signifificant prostate cancer, which was defifined as Gleason grade ≥ 2.
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mL in some cases. As the gold standard, prostate biopsies

required patients to tolerate greater pain, and it was possible

that false negatives would result in microscopic prostate cancer

not being detected. By contrast, the SA test had the advantage of

being safe, low-cost, easy to implement, and generalizable in

clinical settings.
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As a terminal component of the non-reducing end of

carbohydrate chains of glycoproteins and glycolipids, the yields of

plasma SA typically increase during cancer progression. Sialic acid,

while not a specific marker for one disease, has promise as a means

to monitor disease progression and a measure of treatment

effectiveness (26). The use of SA has been demonstrated to
A B

FIGURE 1

Forest map of multivariate regression analysis. (A): Forest map between PCa and non-PCa; (B): Forest map between CSPCa and non-CSPCa.
TABLE 2 Univariable and multivariable analyses of clinical indicators.

PCa
Colinearity

Univariable
Regression Analysis

Multivariable
Regression Analysis CSPCa

Univariable
Regression Analysis

Multivariable
Regression Analysis

VIF OR (95% CI) p
Value OR (95% CI) p

Value OR (95% CI) p
Value OR (95% CI) p

Value

Age, year 1.050
0.999(0.973-

1.025)
0.92 / /

0.984(0.959-
1.010)

0.218 / /

SH (%)

1.759
0.644(0.418-

0.990)
0.045 / /

0.958(0.625-
1.468)

0.844 / /Y

N

AH (%)

1.745
0.694(0.449-

1.071)
0.099 / /

0.849(0.551-
1.309)

0.459 / /Y

N

AKP,U/L 1.095
1.002(0.997-

1.007)
0.484 / /

1.001(0.997-
1.005)

0.633 / /

LDH,U/L 1.056
0.998(0.993-

1.003)
0.398 / /

1.004(0.999-
1.009)

0.119 / /

AFU,U/L 1.055
1.009(0.973-

1.045)
0.637

1.086(1.028-
1.147)

0.003
1.016(0.980-

1.052)
0.390

1.063(1.018-
1.110)

0.005

SA,mg/dL 1.539
0.997(0.989-

1.005)
0.493

0.896(0.855-
0.938)

0.000
1.003(0.995-

1.011)
0.517

0.944(0.910-
0.980)

0.003

FIB,g/L 1.505
0.947(0.768-

1.168)
0.613

2.187(1.169-
4.092)

0.014
1.087(0.885-

1.334)
0.426

2.160(1.243-
3.754)

0.006

TPSA,ng/
mL

1.245
1.183(1.082-

1.293)
0.000

1.184(1.083-
1.293)

0.000
1.115(1.060-

1.173)
0.000

1.134(1.064-
1.209)

0.000

FPSA,ng/
mL

1.353
0.860(0.709-

1.042)
0.124

0.739(0.556-
0.980)

0.036
1.062(0.879-

1.282)
0.534 / /

F-PSA/
PSA

1.027
0.937(0.843-

1.012)
0.232 / /

1.003(0.908-
1.109)

0.947 / /
front
SH, smoking history; AH, alcohol history; AKP, Alkaline phosphatase; LDH, Lactate dehydrogenase; AFU, a-L-fucosidase; SA, Serum sialic acid; FIB, Fibrinogen; TPSA, total prostatic specifific
antigen; fPSA, free prostatic specifific antigen; f/T, free/total prostatic specifific antigen ratio; PCa, prostate cancer; CSPCa, clinically signifificant prostate cancer, which was defifined as Gleason
grade ≥ 2; OR, odds ratio; CI, confifidence interval.
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facilitate the growth of prostate cancer as well as bone metastases

from the prostate in many studies (10, 12, 27, 28). SA has yet to be

proven to be a predictive biomarker for PCa and CSPCa in patients

with a PSA value between 4 and 20 ng/m, however. Ultimately, our

findings suggest that PCa/CSPCa with a PSA value between 4 and

20 ng/mL detection is significantly correlated with a lower SA level.

FIB and AFU are significant diagnoses for prostate cancer, but they

cannot be used as effectively as SA for diagnosing PCa and CSPCa

with PSA between 4.0 and 20.0 ng/mL.

Our postulations regarding the role of SA in the metastasis of

prostate adenocarcinoma primarily encompass the following factors

(Figure 5). Firstly, the complement system constitutes a crucial

component of innate immunity. Within this system, the H-factor

serves as a pivotal regulatory protein (29). The anionic adhesion

domain on factor H (30, 31) can selectively identify sialic acid or

certain sulfated mucopolysaccharides and other detrimental

molecules present on the surface of host cells. Upon binding to

sialic acid on the surface of host cells, the H-factor effectively

impedes the activation of the complement pathway, thus

preventing any potential damage resulting from complement

system activation (32). Furthermore, the sialylation of tumors

serves to conceal active ligands on the surface of tumor cells that

would otherwise bind to them. Additionally, sialylation on the

surface of tumor cells can impede the formation of immune

synapses between tumor cells and NK cells, thereby diminishing

the cytotoxicity of NK cells towards tumors (33). This phenomenon

could potentially be attributed to the incapacity of the activating

receptor NKG2D on the surface of natural killer cells to identify

activated ligands that have undergone modification by sialic acid on

the surface of neoplastic cells (34–36), or to the substantial negative

charge that sialic acid carries on the cell membrane surface.

Additionally, the excessive expression of sialoglycans on the
Frontiers in Endocrinology 0613
surface of malignant cells may facilitate evasion of immune

surveillance by disrupting cytotoxic T lymphocyte activation and

cytotoxicity mechanisms. Several pertinent studies have validated

that gangliosides, specifically GD1a, present on the surface of tumor

cells, can impede the transportation and exocytosis of cytoplasmic

particles in CTL (37, 38), Consequently, this inhibition impedes the

perforin, granzyme, and other contents of cytoplasmic particles

from executing their function on target cells, thereby hindering the

mediation of target cell death. Furthermore, the high sialylation of

Fas on the surface of tumor cells can obstruct tumor cell apoptosis

mediated by Fas and FasL (39, 40). Extant literature has established

that the a-2,6 glycosidic bond-linked sialic acid present on the

surface of lung cancer cells can stimulate the production of

immunosuppressive cytokine TGF by Siglec-15 positive monocyte

macrophages-b (transforming growth factor-b). Additionally, the
sialoglycan on the surface of tumor cells impedes the secretion of

TNF-a by Siglec-9 positive macrophages while promoting the

secretion of IL-10. The co-expression of sialic acid on tumor cells

and Siglec on macrophages plays a crucial role in determining the

cytokine profile, thereby influencing the onset and progression of

immune evasion in tumors. Furthermore, mucin, a high molecular

weight glycoprotein, has been identified as a potential regulator of

immune response. Specifically, studies have demonstrated that

heavily sialylated mucins can bind to Siglecs on dendritic cells,

leading to inhibition of their activation. Additionally, mucin 1 has

been shown to promote the maturation of immature dendritic cells

through aggregation. Nonetheless, these dendritic cells exhibit

incomplete functionality, as they are unable to generate

interleukin 12 (IL-12) or elicit an immune response from T cells

(41, 42). Upon exposure to sialyltransferase, mucin 2 and sialic acid

a-2,6 glycosidic bond linkage can attach to the surface of monocyte-

derived dendritic cells via sigelec-3, leading to apoptosis induction.
TABLE 3 ROC curve analysis of variables.

Variables AUC 95% CI Cut-Off Sensitivity Specifificity Youden Index

PCa

Age 0.5004 0.4419-0.5589 72.500 0.322 0.730 0.062

AFU 0.5025 0.4383-0.5668 11.500 0.909 0.157 0.066

SA 0.6152 0.5515-0.6788 42.850 0.966 0.047 0.013

FIB 0.5638 0.4953-0.6323 4.945 0.043 0.989 0.032

TPSA 0.6253 0.5683-0.6824 8.720 0.661 0.569 0.230

FPSA 0.5726 0.5149-0.6303 1.785 0.271 0.754 0.025

CSPCa

Age 0.5004 0.4419-0.5589 72.500 0.323 0.696 0.019

AFU 0.5025 0.4383-0.5668 11.500 0.921 0.139 0.060

SA 0.6152 0.5515-0.6788 85.500 0.048 0.986 0.034

FIB 0.5638 0.4953-0.6323 2.995 0.574 0.518 0.092

TPSA 0.6253 0.5683-0.6824 9.015 0.697 0.526 0.223
AFU, a-L-fucosidase; SA, Serum sialic acid; FIB, Fibrinogen; TPSA, total prostatic specifific antigen; fPSA, free prostatic specifific antigen; PCa, prostate cancer; CSPCa, clinically signifificant
prostate cancer, which was defifined as Gleason grade ≥ 2.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1188944
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Sun and Yan 10.3389/fendo.2023.1188944
Furthermore, binding with sigelec-9 results in a reduction in IL-12

production. To conclude, sialic acid has the ability to facilitate

tumor immune evasion through various mechanisms, including the

attenuation of immune cell activity, disruption of complement

system activation, and stimulation of immunosuppressive

cytokine release.

The results of clinical examination can help clinicians to

diagnose and treat diseases. But many external factors, such as

the storage time of blood, the standard use of instruments, and so

on, can affect the results and lead to errors. To avoid these

contradictions and ensure the validity of the test results, we

arrange the test sequence reasonably and test the blood sample

within the best time. If the quality of the blood sample has changed
Frontiers in Endocrinology 0714
as it has been stored longer, the blood will be collected again

for retesting.

Nevertheless, a few limitations should be considered in this

study. First, since our work was based on a retrospective study

conducted at a single center, there may have been some statistically

selective bias in the results. The second limitation is that despite our

strict enrolling criteria, we were unable to completely exclude

conditions like varicose veins in the lower limbs, atherosclerosis,

and others which might impact SA levels. Additionally, because the

sample size was limited, we did not distinguish between the biopsy

strategies. Finally, all the data were collected from Qilu Hospital of

Shandong University, so the results may have limitations in

general application.
D

A B

E F
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FIGURE 2

The AUC curves of Serum Biochemical Index, TPSA and FPSA. (A): The AUC curves of Age; (B): The AUC curves of AFU; (C): The AUC curves of SA;
(D): The AUC curves of FIB; (E): The AUC curves of TPSA; (F): The AUC curves of FPSA.
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FIGURE 3

The AUC curves of Serum Biochemical Index and TPSA. (A): The AUC curves of Age; (B): The AUC curves of AFU; (C): The AUC curves of SA;
(D): The AUC curves of FIB; (E): The AUC curves of TPSA.
D

A

B C

FIGURE 4

Nomogram for predicting PCa based on the training cohort. (A): The prostate biopsy nomogram was developed in the training cohort, with age,
AFU, SA, FIB, TPSA, and FPSA incorporated. ROC curve (B), DCA curve (C) and calibration curve (D) for assessing the discrimination and calibration of
the nomogram in predicting the probabilities of PCa.
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5 Conclusion

The SA is a significant predictor of PCa and CSPCa diagnoses in

patients with PSA levels between 4.0 and 20.0ng/mL, according to

our study. It is possible that in real clinical practice, they will help

prevent unnecessary biopsies and biopsy-related morbidities. FIB

and AFU had high predictive values for PCa and CSPCa, but they

did not perform as well as SA in predicting these diseases.
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YIV-818-A: a novel therapeutic
agent in prostate cancer
management through androgen
receptor downregulation,
glucocorticoid receptor inhibition,
epigenetic regulation, and
enhancement of apalutamide,
darolutamide, and enzalutamide
efficacy
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Introduction: Prostate cancer is the second leading cause of cancer death among
men in the United States. Castration-Resistant Prostate Cancer (CRPC) often
develops resistance to androgen deprivation therapy. Resistance in CRPC is often
driven by AR variants and glucocorticoid receptor (GR). Thus, drugs that target
both could be vital in overcoming resistance.

Methods: Utilizing the STAR Drug Discovery Platform, three hundred
medicinal plant extracts were examined across 25 signaling pathways
to identify potential drug candidates. Effects of the botanical drug YIV-
818-A, derived from optimized water extracts of Rubia cordifolia (R.C.), on
Dihydrotestosterone (DHT) or Dexamethasone (DEX) induced luciferase
activity were assessed in 22RV1 cells harboring the ARE luciferase reporter.
Furthermore, the key active compounds in YIV-818-A were identified through
activity guided purification. The inhibitory effects of YIV-818-A, RA-V, and
RA-VII on AR and GR activities, their impact on AR target genes, and their roles
in modifying epigenetic status were investigated. Finally, the synergistic
effects of these compounds with established CRPC drugs were evaluated
both in vitro and in vivo.

Results: YIV-818-A was found to effectively inhibit DHT or DEX induced luciferase
activity in 22RV1 cells. Deoxybouvardin (RA-V) was identified as the key active
compound responsible for inhibiting AR andGR activities. Both YIV-818-A and RA-
V, along with RA-VII, effectively downregulated AR and AR-V proteins through
inhibiting protein synthesis, impacted the expression of AR target genes, and
modified the epigenetic status by reducing levels of Bromodomain and Extra-
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Terminal proteins (Brd2/Brd4) and H3K27Ac. Furthermore, these compounds
exhibited synergistic effects with apalutamide, darolutamide, or enzalutamide,
and suppressed AR mediated luciferase activity of 22RV1 cells. Co-
administration of YIV-818-A and enzalutamide led to a significant reduction of
22RV1 tumor growth in vivo. Different sources of R.C. had variable levels of RA-V,
correlating with their potency in AR inhibition.

Discussion: YIV-818-A, RA-V, and RA-VII show considerable promise in addressing
drug resistance in CRPC by targeting both AR protein and GR function, along with
modulation of vital epigenetic markers. Given the established safety profile of YIV-
818-A, these findings suggest its potential as a chemopreventive agent and a robust
anti-prostate cancer drug.

KEYWORDS

YIV-818-A, AR, GR, prostate cancer, apalutamide, darolutamide, and enzalutamide

Introduction

Prostate cancer is the second leading cause of cancer death
among men in the United States. According to the National Cancer
Institute over 3 million men in the United States are living with
prostate cancer, with 288,300 additional cases and 34,700 deaths
expected in 2023. Androgen receptor (AR) signaling plays a key role
in development of Benign prostatic hyperplasia (BPH) and prostate
cancer (Shiota et al., 2011; Gioeli and Paschal, 2012; Mills, 2014;
Wong et al., 2014; Tan et al., 2015). Therefore, androgen or
Androgen R targeted therapy has become a major focus for the
prevention and treatment of benign prostate hyperplasia and cancer.
In addition to surgical interventions, luteinizing hormone-releasing
hormone (LHRH) agonist analogues have emerged as a cornerstone
of prostate cancer treatment since the mid-1980s. The development
of Castration-Resistant Prostate Cancer (CRPC) is inevitable
following the long-term treatment of androgen deprivation
therapy. For the treatment of metastatic castration-resistant
prostate cancer before chemotherapy, in 2011 the FDA approved
abiraterone, which targets CYP17A1—a critical enzyme in
extragonadal and testicular androgen synthesis. Enzalutamide,
which has a higher affinity than first generation antagonists for
the AR ligand-binding pocket, was approved by FDA for non-
metastatic and metastatic CRPC (Rice et al., 2019). Later on,
apalutamide and darolutamide, which have higher selectivity and
potency against AR with reductions in brain penetrance, were also
approved by FDA for treatment of non-metastatic prostate cancer
(Rice et al., 2019).

Many mechanisms for CRPC are proposed and some are
responsible for abiraterone resistance and enzalutamide
resistance. Resistance mechanisms include altering the metabolic
enzymes expression favorable for DHT synthesis, AR gene
amplification (Shiota et al., 2011), AR mutation/truncation of
LBD (Ligand Binding Domain) (Koivisto et al., 1997; Li et al.,
2013). AR splice variants (AR-V) could be commonly (19%–
59%) of patients with AR-positive metastatic CRPC (Antonarakis
et al., 2014; Lu et al., 2015; Pomerantz et al., 2015). In addition, AR
mutations enabling the AR to use other steroid hormones such as
glucocorticoids (Buchanan et al., 2001), and the glucocorticoid
receptor (GR) replacing AR function (Arora et al., 2013; Shah
et al., 2017).

Creating a multi-targeted medication that can simultaneously
hinder both the androgen receptor variants and glucocorticoid
receptor action holds the potential to overcome drug resistance,
extend the duration of treatment efficacy, and ultimately enhance
the therapeutic outcomes for prostate cancer patients. Through
our STAR (Signal, Transduction, Activity, and Response)
Drug Discovery Platform, we studied the effects of three
hundred medicinal plant extracts across 25 signaling pathways
to identify a drug candidate to target the androgen signaling
pathway. YIV-818-A, optimized water extracts of Rubia
cordifolia (R.C.), was discovered as a novel drug candidate.
YIV-818-A, Deoxybouvardin (RA-V), or RA-VII were found to
have the ability to effectively target both the androgen receptor
and glucocorticoid receptor by down-regulating the androgen
receptor protein, impairing the glucocorticoid receptor
function, and reducing Brd2/Brd4 levels and H3K27Ac levels,
which play a crucial role in AR and GR function. Additionally,
the compounds showed synergistic effects with apalutamide,
darolutamide, and enzalutamide in inhibiting androgen
receptor activity and suppressing the growth of 22RV1 cells.
Co-administration of YIV-818-A and enzalutamide also
resulted in a marked reduction of 22RV1 tumor growth in vivo.
In conclusion, YIV-818-A, RA-V, or RA-VII hold promise for
overcoming current drug resistance and could be used for the
treatment of androgen-dependent disease and castration-resistant
prostate cancer (CRPC).

Materials and methods

Rubia Cordifolia extract preparation
methods and standards

YIV-818-A (Rubia Cordifolia (batch number, Y1830) water
extract spray dried powder) 100 mg/mL was extracted with 1 mL
HPLC grade water and heated at 80°C for 30 min. The herbal extract
was centrifuged at 12,000 rpm in desktop centrifuge at room
temperature for 5 min. The supernatant was transferred into a
2 mL tube and used as a 100 mg/mL. RA-V, RA-VII and RA-XI
standard compounds were purchased from Chemfaces.com and
were dissolved in DMSO.
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Purification of the active compound with
anti-AR activity from Rubia Cordifolia

25 g of YIV-818-A was extracted in 100 mL HPLC grade water
at 80°C for 30 min. The extract of YIV-818-A was then centrifuged at
10,000 rpm for 10 min and the supernatant was passed through a
solid phase column (Millipore-Sigma, Discovery DSC18 10 g). The
column was washed sequentially with 50 mL 10% EtOH and 50 mL
30% EtOH and finally 30 mL 50% EtOH was used to elute the
fraction containing. The 50% EtOH fraction was vacuum dried and
re-dissolved in 3 mL 50% EtOH before passing through a second
solid phase column (Millipore-Sigma, Discovery DSC18 10 g). The
second column was then washed with 30 mL 0.1% formic acid,
30 mL 10:90 [(Methanol:Acetonitrile 88:12): (0.1% formic acid)],
30 mL 30:70 [(Methanol:Acetonitrile 88:12): (0.1% formic
acid)], and 30 mL 45:55 [(Methanol:Acetonitrile 88:12): (0.1%
formic acid)]. A fraction was collected by eluting with 30 mL 60:
40 [(Methanol:Acetonitrile 88:12): (0.1% formic acid)] and was
vacuum dried. Next, the dried material was dissolved and
treated with 0.2 N NaOH in a 50% methanol solution (5 mL)
for 10 min. The NaOH treated fraction was passed through a
C18 column and eluted with AM60 and AM75 as procedure used
in the second column. AM75 fraction was then vacuum dried. The
dried AM75 fraction was re-dissolved in 3 mL 50% EtOH and then
passed through a C18 column (2.5 cm diameter x 50 cm length
packed with Discovery DSC18 resin). The C18 column was washed
with a gradient of acetonitrile:water from 10% to 80% (100 fractions,
5 mL per each fraction). All collected fractions were then vacuum
dried and dissolved in EtOH for the AR luciferase assay and Western
blotting. The fractions which successfully inhibited the AR activity and
downregulate the AR and CycD1 protein of 22RV1 cells were
subjected to UHPLC Q-Exactive Orbitrap MS for analysis (Thermo
Fisher Scientific, Bremen, Germany). The fraction with the purified
active compound with [M+H]+ m/z = 757.3549 (positive mode)
was dissolved in CDCl3 and subjected to NMR analysis (Bruker
Daltonics, Bremen, Germany) for chemical structure
determination.

UHPLC Q-Exactive Orbitrap MS condition

A Dionex Ultimate 3000 UHPLC and the Q-Exactive Focus
Orbitrap MS was connected via an electrospray ionization (ESI)
source. The fractions were performed on a Thermo Scientifific
Hypersil GOLD™ aQ (100 mm × 2.1 mm, 1.9 mm) at the flow
rate of 0.3 mL/min. The mobile phases consisted of 0.1% formic
acid aqueous solution (solvent A) and acetonitrile (solvent B)
with the following gradient program: 0–2 min, 95%–90% A;
2–5 min, 90%–80% A; 5–10 min, 80%–75% A; 10–12 min,
75%–45% A; 12–20 min, 45%–20% A; 20–25 min, 20%–5% A;
25–26 min, 5%–95% A; 26–30 min, 95% A. The sample injection
volume was 2 µL. The key mass spectrometer was running at
positive mode with the mass range at m/z 120–1,000. The key
parameters were as follows: spray voltage, 3.5 kV (+); the sheath
gas flow rate, 35 arb; aux gas flow rate, 10 arb; capillary
temperature, 320°C; heater temperature, 350°C; resolution,
70,000. Data acquisition and processing were carried out with
the Xcalibur version 4.2.

Prostate cancer cell culturing methods

22RV1 and LNCaP prostate cancer cells were grown in corning
T75 cell culture flasks in RPMI1640 media supplemented with 5%
FBS, 50 μg/mL Kanamycin in a 37°C, 5% CO2 incubator.

Establishment of PSA luciferase reporter in
22RV1, LNCaP and PC3 cells and
overexpression of GR in LNCaP cells

The 22RV1, LNCaP and PC3 cell lines were stably transfected with
a PGL4.2 luciferase reporter (Promega, Madison, USA). This reporter
contains a sequence (3xgtaattgcagaacagcaagtgctagctctc) representing
the wild type of Androgen Response Element (ARE) derived from
the Prostate-Specific Antigen (PSA) promoter. As a control, cells were
also transfected with the PGL4.2 luciferase reporter that does not
include the PSA promoter. This transfection was accomplished
using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA).
Stable clones were selected and maintained with puromycin (0.5 μg/
mL). DHT (25 nM) and DEX (50 nM) was used to stimulate androgen
receptor activity for a 24-hour period. The pcDNA5 plasmid (Thermo
Fisher Scientific,Waltham,MA), carrying the full open reading frame of
GR, was transfected into LNCaP cells, and hygromycin (50 μg/mL) was
employed to select and maintain stable clones.

Luciferase assay

104 reporter cells per well of 96-well plate were seeded in
RPMI1640 media supplemented with 5% dialysis activated
carbon treated FBS, 50 μg/mL Kanamycin in a 37°C, 5%
CO2 incubator for 48 h. Cells were treated with herbal extracts at
30, 100, 300, and 600 μg/mL for 24 h in a 37°C-CO2 incubator. DHT
(25 nM) was used to stimulate androgen receptor activity.
Dexamethasone (50 nM) was used to stimulate glucocorticoid
receptor activity. Cells were lysed using luciferase lysis buffer
after which luciferase buffer with luciferin was added to generate
luminescence. Luminescence was recorded using a luminescence
microplate reader. The IC50 is the concentration of treatment agent
required to reduce the measured luminescence to half of its maximal
value. IC50 was determined by the median-effect equation of the
Chou-Talalay method (Chou and Talalay, 1977).

Drug-drug interaction analysis

Isobologram plots based on combination index (Chou and
Talalay, 1977) were used to determine additive, synergistic, and
antagonistic interactions of the combinations. Isobologram plots:
(D)1/(Dχ)1 against (D)2/(Dχ)2 in which (Dχ)1 and (Dχ)
2 represented concentrations of each drug alone to exert 50%
inhibition, while (D)1 and (D)2 were concentrations of drugs in
combination to achieve 50% inhibition. Different ratio of two herbs
were used to determine their combination effects. Additive
interaction: Points on the diagonal line. Synergistic interaction:
Points below the diagonal line. Antagonistic interaction: Points
above the diagonal line.
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Western blotting

Cell lysis was performed using 2x SDS sample buffer (62.5 mM
Tris-HCl, 2% SDS, 10% glycerol, 50 mM DTT, and 0.05%
bromophenol blue). Cell lysates were sonicated for 10 s to shear
DNA. Cell extracts were then electrophoresed through 10% SDS-
polyacrylamide gels and transferred to 0.2 µm nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA) with a
Miniprotein II transferring apparatus (Bio-Rad). The non-specific
interaction of membrane was blocked with 5% non-fat milk and
probed in TBS-T buffer (1x TBS buffer, 0.2% Tween 20) containing.
Monoclonal rabbit anti-AR (1:5000), was used to detect the androgen
receptor (Abcam #133273), Glucocorticoid Receptor (D8H2) XP®
Rabbit mAb #3660, ERα Antibody (F-10): sc-8002, BRD4 (E2A7X)
Rabbit mAb #13440, Brd2 (D89B4) Rabbit mAb #5848, PARP
(46D11) Rabbit mAb #9532, Acetyl-Histone H3 (Lys27) (D5E4)
XP® Rabbit mAb #8173 and a monoclonal actin antibody diluted
1:2500 (Sigma, St. Louis,MO)was used to detect β-actin as the internal
control to normalize protein loading. The membranes were then
incubated with horseradish peroxidase-conjugated anti-mouse IgG
and anti-rabbit IgG (1: 5,000; Sigma). Enhanced chemiluminescence
reagents (Perkin-Elmer Life Science Products, Boston, MA) were used
to visualize the immunoreactive bands and the densities of protein
bands were scanned analyzed using ImageJ software from the NIH.

Real time quantitative PCR (RT-qPCR) for
mRNA expression

RNA was extracted from herb treated cells using the Roche High
Pure RNA isolation kit. cDNA was then generated from RNA samples
using a Bio-rad iScript Advanced cDNA synthesis kit for RT-qPCR.
qPCRwas performed using humanAR, KLK2, PSA, CycD1 and β-actin
primers (Table 1) and iTaq™ Universal SYBR® Green Supermix in a
CFX PCR machine (Bio-rad). Duplicate well were performed for each
sample, and the entire experiment was repeated three times Relative
mRNA expression was calculated based on the change of the threshold
cycle relative to the internal control, β-actin, using a standard curve
generated by purified PCR products.

Animal studies

22RV1 cells (2 × 106 cells in 100 μL Matrigel, BD Biosciences)
were transplanted subcutaneously into 8-week-old female NCR-
nude mice (Taconic Biosciences, Inc., Rensselaer, NY). Body
weight, tumor size, and mortality of the mice were monitored
daily. After 10–14 days, mice with tumor sizes of 180 mm3 were
selected. Tumor volume was examined by using the formula
length × width2 × π/6. Each group consisted of five mice. YIV-
818-A was administered orally for 7 days (500 mg/kg po, BID) and/
or enzalutamide was administered orally for 7 days (5 mg/kg po,
QD). In the control groups, mice were administered water orally.
All animal experiments were carried out in accordance with the
relevant guidelines and regulations approved Yale University
Institutional Animal Care and Use Committee (IACUC)
protocol. Animal experimental protocols were approved by Yale
University Institutional Animal Care and Use Committee
(IACUC). Animal studies were carried out in compliance with
the ARRIVE guidelines.

Detection of PSA protein of plasma of animal

PSA (Total)/KLK3 Human ELISA Kit (Thermofisher Scietific)
was used to detect PSA protein of plasma collected from animal
using PST tube with heparin (BD biosciences) according to the
manual provided in the kit.

Statistical analysis

Two-way ANOVA analysis (GraphPad Prism 9) was employed
to discern differences between two data curves. Additionally, t-tests
(Microsoft Excel) were conducted to ascertain statistical significance
between group comparisons. Differences were considered
statistically significant at p < 0.05.

Results

Deoxybouvardin (RA-V) is the active
compound of Rubia cordifolia responsible
for inhibiting AR activity and downregulating
AR protein

YIV-818Awater extract was fractionized using C18 columns with
different gradients of methanol and acetonitrile (please see detail in
materials and methods). The eluted fractions (F9 to F15) from the
final C18 column had a relatively strong inhibitory effect on AR
driven luciferase activity and could also downregulate AR/AR-V (AR
splice variants) protein of 22RV1 (Supplementary Figures S1A, B).
Fraction 11 had a single peak (highest intensity amount of F9 to F15)
with [M+H]+ m/z = 757.3549 that was detected using high resolution
LC-MS (Supplementary Figure S1C). By marching to chemical
database, [M+H]+; calcd for Deoxybouvardin (RA-V) C40H49N6O9

is 757.3555 which is closest to our detected mass (m/z = 757.3549) of
the purified compound. RA-V was purchased from a commercial
source and was subjected to LCMS. Both chemicals of F11 and RA-V

TABLE 1 Primer sequences for qRT-PCR analysis.

Gene Forward/
Reverse

DNA sequence

Human AR F1 CCTGGCTTCCGCAACTTACAC

R1 GGACTTGTGCATGCGGTACTCA

Human KLK2 F1 GGTGGCTGTGTACAGTCATGGAT

R1 TGTCTTCAGGCTCAAACAGGTTG

Human PSA F1 ACCAGAGGAGTTCTTGACCCCAAA

R1 CCCCAGAATCACCCGAGCAG

Human CycD1 F1 CCATCCAGTGGAGGTTTGTC

R1 AGCGTATCGTAGGAGTGGGA

Human β-actin F1 GCCACGGCTGCTTCCAGCTCC

R1 TTGTGCTGGGTGCCAGGGCAGTGA
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had some retention time with [M+H]+ m/z = 757.3549
(Supplementary Figure S1C). They also had the same mass
spectrum [M+H]+ m/z = 757.3549, [M+Na]+ m/z = 779.3364
(Supplementary Figure S1D). In addition, 1H-NMR and 13C-NMR
analysis confirmed the chemical of F11 (dissolved in CDCl3) had same
chemical shifts with Deoxybouvardin (RA-V) (Supplementary Table
S1) as previously reported (Itokawa et al., 1983). Please see other
NMR spectrum including 1H, 13C, DEPT90, DEPT135, COSY,
HMBC, HSQC, NOESY in Supplementary Data for NMR analysis.

YIV-818-A, RA-VII and RA-V could inhibit
both DHT and DEX induced luciferase
activity of prostate cancer cells

In Figure 1A, the presence of DHT resulted in a remarkable 23-fold
increase in enzalutamide resistance in the castration-resistant prostate

cancer cell line, 22RV1 (Sramkoski et al., 1999), 1999), compared to the
IC50 observed in LNCaP cells. This finding is consistent with previous
studies (Li et al., 2013; Nakazawa et al., 2014) suggesting that AR splice
variants in 22RV1 cells (Figure 1B), which possess a truncated ligand-
binding domain, maintain continuous activity and are unresponsive to
enzalutamide binding. RA-VII andRA-XI are both hexapeptide analogs of
RA-V (Figure 1C). RA-XIwas detected inYIV-818-A and other batches of
RC, while RA-VII was barely detected in any batch of RC. Intriguingly, up
to 250 nMofRA-XI did not inhibit luciferase activity in any assay, whereas
RA-V, similar to YIV-818-A, effectively inhibited both DHT- and Dex-
induced luciferase activity in both LNCaP and 22RV1 cells (Figure 1A).
Furthermore, RA-VII exhibited higher potency than RA-V in all luciferase
assays (Figure 1A).

YIV-818A demonstrated enhanced inhibitory action in 22RV1 cells
in the presence of DHT, suggesting a potential heightened susceptibility
of wild type AR to YIV-818A in these cells (Figure 1A). Notably, both
RA-V and RA-VII showed only slight differences in IC50 values with or

FIGURE 1
Comparing the potencies of enzalutamide, YIV-818-A, RA-V, RA-VII and RA-XI on LNCaP and 22RV1 AR luciferase reporter cells. (A) Effect of YIV-
818-A, RA-V, RA-VII, RA-XI, and enzalutamide on AR luciferase reporter activity of 22RV1 cells without or with DHT or with DEX and LNCAP cells without
or with DHT. LNCaP cells and 22RV1 cells, carrying AR-luciferase reporter, were treatedwith YIV-818-A, RA-V, RA-VII, RA-XI and enzalutamide in absence
or presence of DHT or DEX for 24 h. Values are IC50 (dose of herbal extract or compound required for 50% inhibition of the luciferase activity as
comparing to control). (B) Western blotting for the protein expression of GR, AR, AR-V (AR splice variants) and actin (upper panel) and luciferase activity
with or without DHT or DEX (lower panel) of 22RV1, LNCaP, LNCaP-GR and PC3 cells and. GAPDHwas used as protein loading control for normalization.
(C) Chemical structures of RA-V, RA-VII and RA-XI. RT-qPCR analysis for the effect of YIV-818-A, RA-V, RA-VII on mRNA expression of PSA (D) and
KLK2 (E) of 22RV1 cells with or without DHT and DEX. p-value (t-test) less than 0.05 (Control with or with DHT or DEX vs. Treatment) was highlighted with
(*) in the figure. Details of experimental procedures are given in Materials and methods.
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without DHT in 22RV1 cells, indicating their enhanced targeting
proficiency for both AR and AR-V (AR splice variants) (Figure 1A).
The above results indicate that the presence of DHT can significantly
impact enzalutamide resistance in 22RV1 cells and support the notion
that YIV-818A, RA-V, and RA-VII effectively inhibit AR and AR-V (AR
splice variants) activity in prostate cancer cells. The IC50 values for YIV-
818-A, RA-V, and RA-VII in 22RV1 cells were discerned to be 1 to
3 times higher than those in LNCaP cells under DHT influence
(Figure 1A). Even though YIV-818-A, RA-V, and RA-VII may not
completely counteract the drug resistance portrayed by AR-V (AR splice
variants) bearing 22RV1 cells, they exhibited IC50 values significantly
bridging the gap between LNCaP and 22RV1 cells, unlike enzalutamide.
This represents a substantial advancement over the striking 23-fold IC50

disparity observed with enzalutamide. Consequently, our data suggests
that YIV-818-A, RA-V, and RA-VII may possess potential to target
prostate tumors bearing either wild type AR or AR-V (AR splice
variants), thereby promising to substantially attenuate, if not
completely nullify, the drug resistance manifested in 22RV1 cells.

Additionally, it has been reported that around 30% of
enzalutamide-resistant patients exhibit overexpression of the
glucocorticoid receptor (GR), which can substitute for AR
function and activate downstream targets of the androgen
receptor. In our study, we observed that enzalutamide was unable
to inhibit GR-mediated luciferase activity in the AR luciferase
reporter assay using 22RV1 cells that express GR (Figure 1A). In
contrast, YIV-818-A effectively suppressed dexamethasone (Dex)-
induced luciferase activity in 22RV1 cells. To further investigate the
inhibitory effects of YIV-818A, RA-V, and RA-VII on GR-driven
activity, we compared the actions of Enzalutamide, YIV-818A RA-
V, and RA-VII in three different cell lines: LNCaP cells that only
express AR and respond solely to DHT, LNCaP-GR cells that
express both AR and GR and respond to both DHT and DEX,
and PC3 cells that only express GR and respond solely to DEX
(Figure 1B). As shown in Figure 1A, enzalutamide could only inhibit
DHT-induced luciferase activity in LNCaP and LNCaP-GR cells but
had no effect on DEX-induced luciferase activity in LNCaP-GR or
PC3 cells. In contrast, YIV-818A RA-V and RA-VII were able to
inhibit DEX-induced luciferase activity in LNCaP-GR or PC3 cells
(Figure 1A). In conclusion, our findings demonstrate that YIV-818A
RA-V and RA-VII could effectively inhibit both DHT-driven AR
activity and DEX-driven GR activity in prostate cancer cells.

In addition to luciferase reporter assays, we further confirmed
that YIV-818-A, RA-V and RA-VII could inhibit DHT or DEX
triggered endogenous AR target gens; PSA and KLK2 of 22RV1 cells
by using qRT-PCR (Figures 1D, E).

Overall, our findings suggest that YIV-818-A, RA-V, and RA-
VII hold promise as potential treatments for prostate cancers with
AR, AR-V (AR splice variants) and might be beneficial in
enzalutamide-resistant cases with GR overexpression.

YIV-818-A, RA-V and RA-VII could
downregulate AR, AR-V (AR splice variants),
CycD1 protein through inhibiting protein
synthesis

Based on the LC-MS analysis, it was determined that the water
extract of YIV-818-A at 250 μg/mL contained approximately 75 ng/

mL of RA-V. As a result, we utilized a concentration range of YIV-
818-A spanning from 28 μg/mL to 250 μg/mL, and a concentration
range of RA-V from 8.3 ng/mL to 75 ng/mL, to treat 22RV1 cells
with or without DHT for a duration of 24 h (Figure 2A). These
specific concentration ranges were chosen to ensure effective
exposure of the cells to YIV-818-A and RA-V while considering
their respective potencies (Figure 2A). As depicted in Figure 2A, RA-
V exhibited similar potency to YIV-818-A in downregulating AR
(full-length), AR-V (AR splice variants), and cyclin D1 protein in
22RV1 cells, both with and without DHT. Based on these results,
RA-V appears to be the key compound in YIV-818-A responsible for
downregulating AR, AR-V (AR splice variants), and cyclin D1 in
22RV1 cells. In comparison, RA-VII required 25 ng/mL to achieve
similar effects as those produced by 75 ng/mL of RA-V (Figure 2A).
Consequently, RA-VII demonstrated approximately three times
greater potency than RA-V in downregulating AR, AR-V (AR
splice variants), and cyclin D1 in 22RV1 cells. YIV-818-A, RA-V,
or RA-VII were also capable of downregulating AR and cyclin
D1 protein in LNCaP cells (Supplementary Figure S2). YIV-818-
A, RA-V, or RA-VII had no effect on GR protein expression and GR
nuclear localization in 22RV1 cells in the presence of
dexamethasone (dex) (Supplementary Figures S3A, B). These
findings suggest that YIV-818-A, RA-V, or RA-VII might exhibit
selectivity in downregulating certain hormone receptor proteins.

In Figures 2B, C, YIV-818-A, RA-V, or RA-VII did not
significantly impact AR and cyclin D1 mRNA expression in
22RV1 cells. This suggests that the downregulation of AR and
cyclin D1 protein by YIV-818-A, RA-V, or RA-VII is not
mediated through mRNA regulation. Since Bouvardin and
SVC112, analogs of RA-V and RA-VII, have previously been
identified as protein translation inhibitors that can inhibit de
novo protein synthesis (Zalacain et al., 1982; Chan et al., 2004;
Keysar et al., 2020), we investigated whether YIV-818-A, RA-V, or
RA-VII could inhibit AR by suppressing its protein synthesis. In
Figure 2D and Supplementary Figure S4, we demonstrated that YIV-
818-A, RA-V, or RA-VII could inhibit the incorporation of
puromycin into newly synthesized polypeptides of 22RV1 cells.
When puromycin-labeled polypeptides were pulled down for
Western blot analysis, the levels of newly synthesized AR, AR-V
(AR splice variants), and cyclin D1, but not GR and actin, were
decreased by YIV-818-A, RA-V, or RA-VII treatments (Figure 2E).
In conjunction with the above results, we provide evidence that YIV-
818-A, RA-V, or RA-VII downregulate AR, AR-V (AR splice
variants), and cyclin D1 primarily through protein synthesis
inhibition, rather than mRNA regulation.

YIV-818-A, RA-V and RA-VII could affect
epigenetic status by inhibiting BRD protein
expression and H3K27 acetylation

The BET (Bromodomain and Extra-Terminal Domain)
subfamily of bromodomain proteins plays a crucial role in AR
and GR-dependent enhancer activation, leading to the
transcription of target genes regulated by these receptors
(Asangani et al., 2014; Nagarajan et al., 2014; Shah et al.,
2017). By recognizing acetylated histones (H3K27Ac) on
enhancer regions, BET proteins facilitate the recruitment of
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AR or GR transcriptional machinery, leading to the activation of
target gene expression and the promotion of cell-specific
responses to androgens and glucocorticoids (Asangani et al.,
2014; Nagarajan et al., 2014; Shah et al., 2017). BET inhibitors
have been demonstrated to suppress breast and prostate cancer
cell growth. Treatment with YIV-818-A, RA-V, or RA-VII led to
a decrease in Brd2 and Brd4 protein expression in 22RV1 cells,
both with and without DHT (Figure 3). Moreover, YIV-818-A,
RA-V, or RA-VII reduced histone 3 lysine 27 acetylation
(H3K27Ac), which is required for BRD binding at enhancers,
but did not affect H3K9Ac or K14Ac (Figure 3).

These findings suggest that YIV-818-A, RA-V, or RA-VII
might reduce the binding of Brd proteins to promoter/enhancer
regions of AR and GR target genes, thereby impacting their
transcription. Additionally, the downregulation of Brd
proteins and H3K27Ac could represent one mechanism of
action through which YIV-818-A, RA-V, or RA-VII inhibit
GR transcriptional activity. These results also imply that YIV-
818-A, RA-V, or RA-VII are not pan-inhibitors for histone
acetyltransferases (HAT), but rather may selectively inhibit the
transcription of a subset of genes that are dependent on
H3K27Ac.

YIV-818-A, RA-V or RA-VII exhibit synergistic
inhibition of AR activity in 22RV1 cells and
LNCaP cells upon combination with
enzalutamide, apalutamide, and
darolutamide

Given that YIV-818-A, RA-V, or RA-VII exhibit distinct
mechanisms of action in inhibiting AR compared to the FDA-
approved androgen inhibitors, enzalutamide, apalutamide, and
darolutamide used in prostate cancer treatments, we speculated
that YIV-818-A, RA-V, or RA-VII might have the potential to
synergistically enhance the therapeutic effects of enzalutamide,
apalutamide, or darolutamide.

To assess drug interactions between YIV-818-A, RA-V, or RA-
VII and the current drugs, we performed an isobologram analysis
based on the combination index. Our results demonstrated that
combinations of YIV-818-A, RA-V, or RA-VII with enzalutamide,
apalutamide, or darolutamide exhibited synergistic effects (most
data points from all treatments fell below the red-diagonal line of the
isobologram plots) in inhibiting DHT-driven AR activity in both
22RV1 and LNCaP cells (Figures 4A, B). Therefore, YIV-818-A, RA-
V, or RA-VII showed potential to enhance the efficacy of

FIGURE 2
Effect of YIV-818-A, RA-V or RA-VII on GR, AR, AR-V (AR splice variants) and CycD1 protein expression and AR and CycD1 mRNA expression of
22RV1 cells as. (A)Western blotting for protein expression of GR, AR, AR-V (AR splice variants) and CycD1 of 22RV1 following treatment of YIV-818-A, RA-
V or RA-VII without or with DHT (25 nM) for 24 h. Specific antibodieswere used to determine the protein expression inWestern blotting. GAPDHwas used
as protein loading control for normalization. 22RV1 cells were treated with YIV-818-A, RA-V or RA-VII for 24 h without or with DHT. Total RNA was
extracted for RT-qPCR using specific primers for AR(B) and CycD1(C). β-actin mRNA was used for normalization. All results were normalized to no ligand
control. (D) Western blotting for detection of de novo synthesis polypeptides of 22RV1 cells. Puromycin (1uM) was used to label newly translated
polypeptides of 22RV1 cells in presence of YIV-818-A, RA-V or RA-VII without and with DHT (25 nM) for 45 min. Monoclonal Anti-puromycin antibody
was used to detect puromycin incorporated polypeptides. (E)Western blotting for detection of newly translated AR, AR-V (AR splice variants) and CycD1.
After puromycin labeling, 22RV1 cells were lysed in IP buffers. Anti-puromycin antibody and protein-A/G magnetic beads were used to pull down newly
synthesis polypeptides and then specific antibodies for AR, CycD1 and Actin were used to detect pull down AR, AR-V (AR splice variants), CycD1 and Actin
(E). Details of experimental procedures are given in Materials and methods.
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enzalutamide, apalutamide, or darolutamide in the treatment of
prostate cancers.

YIV-818-A enhanced enzalutamide action against 22RV1 tumor
growth in vivo. The compelling in vitro evidence of synergistic AR
activity inhibition by YIV-818-A and enzalutamide led us to explore
their combined efficacy in an in vivo setting. We proceeded to
validate this hypothesis using a 22RV1 xenograft model in
nude mice.

Oral administration of YIV-818-A (500 mg/kg, twice daily)
resulted in a significant deceleration of tumor growth (p =
0.018). On the other hand, enzalutamide (5 mg/kg, once daily)
was not found to substantially decrease the growth of
22RV1 tumors in the nude mice (Figure 5A). However, a
strikingly pronounced inhibition of 22RV1 tumor growth (p <
0.0001) was observed when YIV-818-A and enzalutamide were
co-administered (Figure 5A). It is important to note that the
treatments with YIV-818-A and/or enzalutamide had no
discernible impact on the body weight of the test subjects
(Figure 5B). In a deeper examination of the tumor tissue, we
observed a considerable decrease in the mRNA expression levels
of PSA and KLK2 - known target genes of AR - in response to the
combined therapy of YIV-818-A and enzalutamide (Figures 5C, D).
Furthermore, we also noted a reduction in PSA protein levels in
plasma following this combined treatment (p < 0.007) (Figure 5E).

These results robustly align with our in vitro findings and
indicate that a combined therapeutic approach with YIV-818-A
and enzalutamide could offer an enhanced strategy to inhibit the
growth of prostate cancer.

RA-V can serve as a quality control marker to
select Rubia cordifolia

27 different batches of Rubia cordifolia (R.C.) and YIV-818-A
water extracts were used to treat 22RV1-AR-luciferase reporter cells
in present of DHT for 24 h. Results indicated that different batches
of Rubia cordifolia (R.C.) had different potency in inhibiting DHT
triggered AR activity (Figure 6A). The RA-V content of different
batches was measured using LCMS. The content of RA-V of
different batches was correlated to AR inhibition (%) using
Pearson correlation. Results indicated that the content of RA-V
of Rubia cordifolia (R.C.) had some degree of correlation to the AR
inhibition (%) (R = 0.819) (Figure 6B). Therefore, the RA-V content
of a specific batch of Rubia cordifolia (R.C.) could be used to predict
its potency of AR inhibition. An increased content of RA-V in the
batches of Rubia cordifolia (R.C.) increased the likelihood of
stronger AR activity inhibition.

Discussion

Enzalutamide, apalutamide, and darolutamide are second-
generation androgen receptor (AR) blockers approved for both
non-metastatic and metastatic castration-resistant prostate cancer
(CRPC) (Cattrini et al., 2022). These drugs significantly extend
metastasis-free survival to about 36–40 months, compared to
14.7–18.4 months in the placebo groups (Cattrini et al., 2022).
However, grade 3 adverse events or higher occur in

FIGURE 3
Effects of YIV-818-A, RA-V or RA-VII on protein expression of Brd2, Brd4 and histone acetylation at lysine 9, 14 and 27 of 22RV1 cells without or with
DHT. Western blotting for protein expression of Brd2, Brd4, H3K9ac, H3K14ac, H3K27ac of 22RV1 following treatment of YIV-818-A, RA-V and RA-VII
without or with DHT (25 nM) for 24 h. Specific antibodies were used to determine the protein expression inWestern blotting. Actin andHistone 3 (H3) was
used as protein loading control for normalization. Details of experimental procedures are given in Materials and methods.
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approximately 25% of patients, with fatigue, hypertension, diarrhea,
and weight loss being the most common side effects. Furthermore,
enzalutamide carries a risk of causing seizure activity (Cattrini et al.,
2022). Drug resistance, often manifested through AR splice variants,
mutations, or glucocorticoid receptor (GR) substitution of AR
function, is a common cause of treatment failure (Rice et al., 2019).

In this study, we present YIV-818-A and its active component,
RA-V, as novel compounds capable of inhibiting both AR and GR
activity. Similarly, RA-VII, a bicyclic hexapeptide analog of RA-V,
exhibits comparable activity. Our Western blotting results reveal
that YIV-818-A, RA-V, or RA-VII can reduce AR protein levels and
diminish mRNA expression of AR target genes such as PSA and
KLK2. Previous research demonstrated that SVC112, an analog of
RA-VII, selectively reduces Cyclin D1 (CycD1) protein levels by
obstructing protein translation in Head and Neck Squamous
Carcinoma (Keysar et al., 2020). Furthermore, RA-V has been
found to impede protein translational elongation by inhibiting
the connection of the eukaryotic elongation factor 2 (eEF2) to
ribosomes (Stickel et al., 2015). In alignment with these findings,
our study reveals that YIV-818-A, RA-V, or RA-VII are also capable
of inhibiting AR and CycD1 protein synthesis. This downregulation
of AR and CycD1 proteins seems to be predominantly driven by the
inhibition of protein synthesis rather than mRNA regulation.
Taking into consideration the half-lives of AR and GR proteins -
approximately 3 h (Syms et al., 1985) and 23 h (Dong et al., 1988)
respectively, the pronounced AR protein downregulation following
treatment with YIV-818-A, RA-V, or RA-VII can potentially be
explained. It is plausible that the shorter half-life of AR proteins

facilitates more noticeable effects from the treatments, as compared
to GR proteins.

Interestingly, the inhibition of glucocorticoid receptor (GR)
activity by YIV-818-A, RA-V, or RA-VII does not appear to
directly correspond with protein downregulation. This led us to
hypothesize that these compounds might be influencing the
cofactors associated with the GR protein. Supporting this
premise, our findings revealed that the levels of bromodomain
proteins (Brd) and histone 3 lysine 27 acetylation (H3K27ac)
were attenuated by YIV-818, RA-V, and RA-VII. Considering the
pivotal role of Brd and H3K27ac in AR and GR-dependent enhancer
activation and target gene transcription (Asangani et al., 2014;
Nagarajan et al., 2014; Shah et al., 2017), this might represent
one potential mechanism by which YIV-818-A, RA-V, or RA-VII
inhibit GR activity. As part of future research, the utilization of a
ChIP sequencing assay could provide valuable insights and further
validate our hypothesis, determining if YIV-818A, RA-V, and RA-
VII indeed affect GR activity by diminishing Brd and H3K27ac
levels.

Notably, YIV-818-A, RA-V, or RA-VII have all exhibited a
synergistic effect with enzalutamide, apalutamide, or darolutamide
in the inhibition of AR activity, both in cell culture and in vivo (using
the YIV-818 and enzalutamide combination in 22RV1, CRPC cells).
By virtue of their ability to downregulate AR-V (AR splice variants)
and hinder the GR activity of CRPC cells, the combination of these
compounds with enzalutamide, apalutamide, or darolutamide might
considerably decrease the chance of drug resistance development.
Moreover, a potential reduction in drug dosage could possibly

FIGURE 4
Interaction of YIV-818-A, RA-V or RA-VII with enzalutamide (ENZ), apalutamide (APA) or darolutamide (DAR) on inhibiting DHT induced ARmediated
luciferase activity of 22RV1 cells (A) and LNCaP cells (B). Isobologram plots were used to determine additive, synergistic, and antagonistic interactions of
the combinations. Additive interaction: Points on the red-diagonal line. Synergistic interaction: Points below the red-diagonal line. Antagonistic
interaction: Points above the red-diagonal line. Details of experimental procedures are given in Materials and methods.
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mitigate adverse effects experienced by patients. Therefore, YIV-
818-A, RA-V, or RA-VII represent a promising approach to
augment the therapeutic impact of enzalutamide, apalutamide,
and darolutamide.

Furthermore, palbociclib, abemaciclib, and ribociclib, which are
CDK4/6 inhibitors, are approved for the treatment of metastatic
CRPC (Kase et al., 2020). Cyclin D1 (CycD1) serves as an activator
for CDK4/6 kinases (Morgan, 1997). Upon the loss of CycD1,
CDK4/6 kinases become inactive, thus unable to phosphorylate
Rb (Bertoli et al., 2013). This hypophosphorylated Rb represses
E2F, resulting in cell cycle progression arrest (Dick and Rubin,
2013). Since YIV-818-A, RA-V, or RA-VII downregulate CycD1,
they may mirror the action of palbociclib, abemaciclib, and
ribociclib in halting cell growth. Therefore, the potential
application of YIV-818-A, RA-V, or RA-VII in the treatment of
metastatic CRPC warrants further investigation.

At least twenty-four distinct bicyclic hexapeptides have been
discovered and isolated from Rubia cordifolia (R.C.) (Shan et al.,
2016). Existing research suggests that some of these bicyclic
hexapeptides exhibit cytotoxic effects against tumor cells, P-388
leukemia cells, SGC-7901 human gastric adenocarcinoma cells, A-
549 human non-small cell lung carcinoma cells, as well as HeLa
(human cervical carcinoma) and KB (human epithelial carcinoma)
cells (Itokawa et al., 1984; Lee et al., 2008a; Zhao et al., 2011).

Moreover, a plethora of new bicyclic hexapeptides have been
synthesized with an aim to enhance their anti-tumor activity (Lee
et al., 2008a; Lee et al., 2008b; Hitotsuyanagi et al., 2011; Keysar et al.,
2020).

Our study underlines the varying potency of different bicyclic
hexapeptides, such as RA-V, RA-VII, or RA-XI, in inhibiting AR
and GR. It is intriguing to note how a seemingly minor change, such
as substituting glutamic acid at the 2nd position of the hexapeptide
(as in RA-XI) instead of alanine (as in RA-V or RA-VII), can
significantly reduce the anti-AR and anti-GR activity of RA-XI. This
could be attributed to the bulky carboxylic acid group of glutamic
acid potentially impeding its binding to the target molecule. On the
other hand, the presence of a CH3 group on the tyrosine at position
6 in RA-VII appears to enhance its anti-AR and anti-GR activity
compared to RA-V, which has an H group at the same position. The
region spanning the 2nd to 6th positions could dictate the
hexapeptide’s orientation towards its target, but this hypothesis
warrants further investigation. A comprehensive study exploring
the structure-activity relationship of this class of compounds in
relation to AR should be pursued further. Such efforts could pave the
way for the identification of more potent compounds with high
selectivity towards AR, GR, or certain epigenetic states.

In addition to AR, AR-V (AR splice variants), and GR, prostate
cancer progression and drug resistance involve a myriad of

FIGURE 5
Effect of YIV-818-A and/or enzalutamide on 22RV1 tumor growth of NCR-nude mice. (A) Effect of YIV-818-A (500 mg/kg, PO, BID) and/or
enzalutamide (5 mg/kg, PO, QD) on 22RV1 tumor growth of NCR-nudemice. (B) Effect of YIV-818-A and/or enzalutamide on animal body weight during
the treatments. qRT-PCR analysis for PSA mRNA (C) and KL2 mRNA (D) of 22RV1 tumor following the treatments. (E) PSA protein detection of plasma of
animal following the treatments. ELISA was used to detect PSA protein of plasma. Two-way ANOVA analysis was employed to discern differences
between two data curves. Additionally, t-tests were conducted to ascertain statistical significance between group comparisons. Details of experimental
procedures are given in Materials and Methods.
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alternative mechanisms that have been extensively studied (Vander
Ark et al., 2018). Notably, ACSL4 (acyl-CoA synthetase long-chain
family member 4) has emerged as a significant player, as its high
expression has been linked to promoting prostate cancer growth,
invasion, and hormonal resistance, thereby contributing to disease
aggressiveness (Wu et al., 2015). Another critical factor is AKR1C3,
which plays a pivotal role in androgen-related pathways. This
enzyme is responsible for metabolizing androstenediones into
more-active androgens like testosterone or dihydrotestosterone,
influencing androgen signaling in prostate cancer cells (Liu et al.,
2015). Moreover, uncontrolled IL6/JAK/STAT3 signaling has been
implicated in enzalutamide resistance. This pathway can
transactivate androgen signaling, leading to reduced
responsiveness to antiandrogen therapies like enzalutamide
(Handle et al., 2016). Additionally, the transcription factor
SOX2 has been found to promote lineage plasticity and
antiandrogen resistance in prostate cancer cases lacking
TP53 and RB1 tumor suppressor genes, contributing to the
development of more aggressive and enzalutamide resistant
phenotypes (Mu et al., 2017). Understanding these diverse

mechanisms and their impact on prostate cancer progression is
crucial for developing more effective therapeutic approaches.
Exploring how YIV-818A, RA-V, and RA-VII interact with these
targets can provide valuable insights into their potential as treatment
options for prostate cancer, especially in cases with multiple
resistance mechanisms. Targeting these alternative pathways
could open new avenues for personalized and combination
therapies, ultimately leading to improved outcomes for prostate
cancer patients.

Rubia cordifolia (R.C) has a long-standing history of safe usage
in Asia as a dietary supplement designed to improve health. Rubia
cordifolia (R.C.) has been recognized for its diverse biological
properties, including promoting coagulation, modulating the
immune system, providing anti-inflammatory and
neuroprotective effects, acting as an antioxidant, and exhibiting
anti-tumor properties (Shan et al., 2016). However, its potential
impact on androgen receptor (AR) and glucocorticoid receptor (GR)
signaling in the treatment of prostate cancer has been largely
overlooked. Our research presents compelling evidence to suggest
that Rubia cordifolia (R.C.) may inhibit the growth of prostate

FIGURE 6
Correlation between RA-V of Rubia cordifolia (R.C.) and AR Inhibition in 22RV1 Cells. (A) Effect of different batches of RC on AR driven luciferase
activity of 22RV1 in presence of DHT. (B) Pearson correlation analysis for the content of RA-V of different batches of Rubia cordifolia (R.C.) and AR
inhibition (%). Details of experimental procedures are given in Materials and Methods.
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cancer by disrupting AR and GR signaling. Thus, Rubia cordifolia
(R.C.) emerges as a potentially powerful therapeutic agent for
prostate cancer treatment or as a chemopreventive measure. This
promising prospect is deserving of further investigation and
consideration in future research endeavors.

We identified RA-V, a component of YIV-818-A, as the agent
responsible for inhibiting AR and GR. However, we observed
considerable variation in the quantity of RA-V present in Rubia
cordifolia (R.C.) across different batches. Interestingly, the amount
of RA-V present in Rubia cordifolia (R.C.) showed a strong
correlation with AR inhibition across different batches. This
suggests that RA-V could serve as a chemical marker to select
high-potency Rubia cordifolia (R.C.) batches for development in
the treatment or prevention of prostate cancer.

In summary, YIV-818-A, RA-V, or RA-VII show potential in
overcoming the drug resistance encountered in castration-resistant
prostate cancer (CRPC) cells caused by AR variants and GR. This is
achieved by down-regulating AR protein, inhibiting GR function,
and influencing epigenetic regulation. Agents such as YIV-818-A,
RA-V, and RA-VII could potentially enhance the therapeutic effect
of FDA-approved androgen inhibitors—enzalutamide, apalutamide,
or darolutamide—against castration-resistant prostate cancer
(CRPC). Moreover, RA-V, found in Rubia cordifolia (R.C.), could
serve as a chemical marker for quality control in the preparation of
this herbal supplement. Given the longstanding safe usage of Rubia
cordifolia (R.C.) in Asia as a dietary supplement for health
improvement, YIV-818-A could potentially be developed as a
chemoprevention agent and/or anti-cancer drug for the treatment
of prostate cancer.
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Eliane Gouvêa Oliveira-Barros,
Juiz de Fora Federal University, Brazil

*CORRESPONDENCE

Jianxing Li

ljxa01048@btch.edu.cn

Nianzeng Xing

xingnianzeng@126.com

†These authors have contributed equally to
this work

RECEIVED 01 August 2023
ACCEPTED 21 September 2023

PUBLISHED 24 October 2023

CITATION

Wang F, Zhang G, Tang Y, Wang Y, Li J and
Xing N (2023) Analysis of risk factors for
positive surgical margin after laparoscopic
radical prostatectomy with and without
neoadjuvant hormonal therapy.
Front. Endocrinol. 14:1270594.
doi: 10.3389/fendo.2023.1270594

COPYRIGHT

© 2023 Wang, Zhang, Tang, Wang, Li and
Xing. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 24 October 2023

DOI 10.3389/fendo.2023.1270594
Analysis of risk factors for
positive surgical margin after
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prostatectomy with and without
neoadjuvant hormonal therapy

Fangming Wang1†, Gang Zhang1†, Yuzhe Tang1†,
Yunpeng Wang2, Jianxing Li1* and Nianzeng Xing3*

1Department of Urology, Tsinghua University Affiliated Beijing Tsinghua Changgung Hospital,
Tsinghua University Clinical Institute, Beijing, China, 2Department of Outpatient, The Second Medical
Center & National Clinical Research Center for Geriatric Diseases, Chinese PLA General Hospital,
Beijing, China, 3Department of Urology, National Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China
Background: Positive surgical margins (PSM) is not only an independent risk

factor for recurrence, metastasis, and prognosis, but also an important indicator

of adjuvant therapy for prostate cancer (PCa) patients treated with radical

prostatectomy (RP). At present, there are few reports analyzing risk factors of

PSM in laparoscopic RP (LRP), especially for those PCa cases who accepted

neoadjuvant hormonal therapy (NHT). Hence, the aim of the current study was to

explore risk factors for PSM after LRP in PCa patients with and without NHT.

Methods: The clinicopathological data of patients who underwent LRP from

January 2012 to July 2020 was retrospectively analyzed. Risk factors for PSM

after LRP in NHT and non-NHT groups were respectively explored.

Results: The overall PSM rate was 33.3% (90/270), PSM rate was 39.3% (64/163) in

patients without NHT and 24.3% (26/107) in those with NHT. The apex was the

most common location of PSM in non-NHT group (68.8%, 44/64), while the

fundus was the most common location of PSM in NHT group (57.7%, 15/26).

Multiple logistic regression revealed that body mass index (BMI), PSA, ISUP grade

after LRP, pathological stage T (pT) and pathological lymph node status (pN) were

independent factors affecting the PSM for patients without NHT (OR=1.160, 95%

CI:1.034-1.301, p=0.011; OR=3.385, 95%CI:1.386-8.268, p=0.007; OR=3.541,

95%CI:1.008-12.444, p=0.049; OR=4.577, 95%CI:2.163-9.686, p<0.001;

OR=3.572, 95%CI:1.124-11.347, p=0.031), while pT, pN, and lymphovascular

invasion (LVI) were independent risk factors affecting PSM for patients with

NHT (OR=18.434, 95%CI:4.976-68.297, p<0.001; OR=7.181, 95%CI:2.089-

24.689, p=0.002; OR=3.545, 95%CI:1.109-11.327, p=0.033).
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Conclusions: The apex was the most common location in NHT group, and BMI,

PSA, ISUP after LRP, pT and pN were independent risk factors affecting PSM for

NHT patients; while the fundus was the most common location in non-NHT

group, and pT, pN, and LVI were independent risk factors affecting PSM for non-

NHT patients.
KEYWORDS

neoadjuvant hormonal therapy, positive surgical margin, laparoscopic radical
prostatectomy, risk factors, prostate cancer
Introduction

Prostate cancer (PCa) is the second most common cancer and

the fifth most common cause of cancer death among men

worldwide in 2020 (1). Although there are emerging diagnostic

biomarkers for the detection of PCa (2, 3), PCa is usually diagnosed

by prostate biopsy prompted by a blood test to measure prostate-

specific antigen (PSA) levels and/or digital rectal examination.

Localized PCa can be cured by radical prostatectomy (RP) or

radiotherapy. PCa relapses after RP are treated with salvage

radiotherapy and/or androgen deprivation therapy (ADT) for

local relapse, or with ADT combined with chemotherapy for

systemic relapse. Advanced PCa often progresses despite ADT

and is then considered castration-resistant and incurable. Patients

with localized disease at a low to intermediate risk of recurrence

generally have a favorable outcome of 99% overall survival for 10

years if the disease is treated at an early stage (4). As mentioned, RP

is the most common treatment options for localized PCa, and

increasingly used as an important step for the treatment of

advanced local, and even early metastatic cases when indicated

(5). Postoperative histopathology report of RP specimens including

pathological stage T (pT), lymph node status (pN), grade,

perineural invasion (PNI), lymphovascular invasion (LVI), and

positive surgical margin (PSM) is of crucial importance to clarify

the stage, make decisions for adjuvant treatment, and predict

patient outcome after RP (6, 7). A PSM is defined as cancer at the

inked margin of the specimen. This can follow from incising into

the extraprostatic cancer in patients with extracapsular extension or

by incision into an otherwise organ-confined cancer (8). Although

controversial, most studies validated that PSM is an independent

risk factor for biochemical recurrence, local recurrence, distant

metastasis, and prognosis (9–11), and exerts stressful impact on

patients and family members (12). Moreover, PSM is an important

indicator for postoperative adjuvant hormonal therapy or

radiotherapy after RP (13, 14). Therefore, urologists should be

familiar with factors influencing PSM and spare no effort to avoid

the occurrence of PSM during operation. At present, studies

reporting risk factors of PSM mainly focused on robot-assisted

LRP and open RP, and there are few reports analyzing risk factors of

PSM in conventional LRP. Besides, almost all studies exploring risk

factors of PSM excluded PCa cases which have accepted
0232
neoadjuvant hormonal therapy (NHT). Until now, it remains

largely unknown which clinicopathological parameters could be

risk factors for PSM in PCa patients treated with NHT prior to RP.

Hence, the aim of the current study was to describe the locations of

PSM and the clinicopathological characteristics including BMI,

PSA, grade, stage, PNI, and LVI and identify the independent risk

factors affecting PSM of RP specimen in the Chinese PCa patients

who underwent conventional LRP with and without NHT,

respectively. Our results could have clinical implications for the

prediction of PSM and guidance of individual LRP surgery,

postoperative adjuvant therapy, and evaluation of prognosis.
Materials and methods

General information

A total of 275 patients with PCa who underwent extraperitoneal

LRP and pelvic lymph node dissection performed by the same

surgeon in Tsinghua University Affiliated Beijing Tsinghua

Changgung Hospital and Cancer Hospital and Chinese Academy

of Medical Sciences and Peking Union Medical College between

January 2012 and October 2020 were reviewed. Inclusion criteria of

the study were pathologically confirmed prostate adenocarcinoma

in LRP specimen. Exclusion criteria of the study were (1) medical

history of receiving any radiotherapy or chemotherapy before LRP;

(2) LRP converted to open operation. For the present study, we

withdrew 2 patients who underwent radiotherapy and 3 cases whose

LRP procedures converted into open surgical procedures, and

collected 270 PCa cases who met the recruitment standard and

were identified for analysis. Mean age was 67.4 ± 6.7 years, mean

body mass index (BMI) was 25.4 ± 3.2 kg/m2. Median preoperative

PSA was 15.3 (9.0-28.7) ng/ml, median preoperative prostate

volume was 35.2 (23.0-46.2) ml. All demographic and

clinicopathological data including age, BMI, hypertension,

diabetes mellitus, history of pelvic surgery, preoperative PSA,

prostate volume, the interval between biopsy and RP, NHT

treatment, and postoperative pathological results including pT

and pN, ISUP (international society of urological pathology)

grade, PSM and exact locations, PNI, and LVI were collected

from the hospital information system.
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Definitions

All LRP samples were routinely sent to the pathological

department for diagnosis, and were fixed, serially sectioned and

processed according to the well-established protocols. Pathologic

factors analyzed included grade and tumor stage, PSM, PNI, and

LVI. The cancer grade assessment was performed according to the

ISUP 2014 classification system (15). The pT was evaluated on the

basis of a prostatectomy specimen according to the American Joint

Committee on Cancer (AJCC) TNM classification of malignant

tumors in 2017 (AJCC, pT2-T4, Nx,0,1) (16). pT1+pT2 were

categorized as localized PCa and pT3+pT4 were categorized as

locally advanced PCa. PSM was defined as tumor extending to the

inked surface of the prostatectomy specimen that the surgeon has

cut across (17). The apex, fundus, body, and vas deferens or seminal

vesicles are four locations of PSM in the pathological report. PNI is

defined as cancer tracking along or around a nerve within the

perineural space (18). PNI was defined as the invasion of cancer

cells in, around, and through the nerves. Diagnostic criterion for

LVI was defined as the presence of tumor cells within an

endothelial-lined space that is usually devoid of a muscular wall

(www.cap.org/protocols-and-guidelines/cancerreporting-tools/

cancer-protocol templates). The pathology of the presence of PSM,

PNI, and LVI was reviewed by 2 senior pathologists through

comprehensive analysis of H&E staining results. For controversial

cases, a third pathologist was invited to reach group agreement.
Statistical analysis

Data were expressed as means ± SD or median with

interquartile range for continuous variables and number

(percentage) for categorical variables. The differences between

continuous variables were analyzed by unpaired t-tests or

MannWhitney U tests as appropriate. Categorical variables were
Frontiers in Endocrinology 0333
analyzed by c2-test. At first, all PCa subjects were divided into two

groups according to whether receiving NHT or not: non-NHT and

NHT groups, and clinicopathological variables including PSM were

compared between the two groups. Then all cases were divided into

two groups according to PSM status: non-PSM and PSM groups,

and clinicopathological variables were compared between the two

groups. Significant clinicopathological risk factors for PSM

examined by univariate logistic regression analysis were further

analyzed by multivariate logistic regression analysis to determine

the independent risk factors of PSM in non-NHT and NHT groups,

respectively. All tests were two-sided and a p-value <0.05 was

considered significant. The statistical analyses were performed

with SPSS version 22.0 software (Chicago, IL, USA).
Results

Characteristics of non-NHT and
NHT patients

The clinicopathological characteristics of the enrolled PCa

subjects were shown in Table 1.The mean age was 67.4 ± 6.7

years, mean BMI was 25.4 ± 3.2 kg/m2. Median preoperative PSA

was 15.3 (9.0-28.7) ng/ml, median preoperative prostate volume

was 35.2 (23.0-46.2) ml. The overall PSM rate was 33.3% (90/270),

and the accumulated distribution of locations was as following: apex

(62.2%, 56/90), fundus (41.1%, 37/90), body (37.8%, 34/90), vas

deferens/seminal vesicles (7.8%, 7/90).

Among all 270 PCa patients, 163 did not receive NHT and 107

received NHT. Among NHT patients, 82 cases accepted maximal

androgen blockade (MAB) therapy with median course of 3

months; 3 cases accepted simple castration therapy with median

course of 3 months; 22 cases accepted anti-androgen monotherapy

(AAM) with median course of 1 month. The PSM rate of non-NHT

and NHT group was 39.3% (64/163), 24.3% (26/107), respectively,
TABLE 1 Baseline characteristics of the PCa subjects underwent LRP according to the NHT stratification.

All subjects
(n=270)

Non-NHT
(n=163)

NHT
(n=107)

p value

Demographic characteristics

Age (years) 67.4 ± 6.7 66.7 ± 6.8 68.4 ± 6.4 0.032

BMI (kg/m2) 25.4 ± 3.2 25.0 ± 3.2 26.0 ± 3.2 0.017

Hypertension (n (%)) 116 (43.0%) 72 (44.2%) 44 (41.1%) 0.706

Diabetes mellitus (n (%)) 55 (20.6%) 33 (20.5%) 22 (20.8%) 0.959

Pelvic surgery history
(n (%))

20 (7.4%) 13 (8.0%) 7 (6.5%) 0.813

Clinicopathological parameters

PSA (ng/ml) 15.3 (9.0-28.7) 11.6 (7.7-21.2) 23.4 (12.3-45.6) <0.001

ISUP grade of biopsy (n (%)) <0.001

1 58 (22.2) 40 (25.6) 18 (17.1)

(Continued)
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TABLE 1 Continued

All subjects
(n=270)

Non-NHT
(n=163)

NHT
(n=107)

p value

2 61 (23.4) 46 (29.5) 15 (14.3)

3 57 (21.8) 36 (23.1) 21 (20.0)

4 46 (17.6) 23 (14.7) 23 (21.9)

5 39 (14.9) 11 (7.1) 28 (26.7)

Without biopsy 9 (3.3) 7 (4.3) 2 (1.9)

Prostate volume (ml) 35.2 (23, 46.2) 36.7 (28.2,46.9) 29.8 (21.4,45.8) 0.041

Interval time from puncture to LRP (days) 51.0 (36.0-105.5) 42.0 (32.0-55.3) 100.0 (52.0-178.0) <0.001

ISUP after LRP (n (%)) <0.001

1 35 (13.0) 26 (16.0) 9 (8.4)

2 69 (25.6) 52 (31.9) 17 (15.9)

3 72 (26.7) 48 (29.4) 24 (22.4)

4 22 (8.1) 10 (6.1) 12 (11.2)

5 72 (26.7) 27 (16.6) 45 (42.1)

Pathological stage (n (%)) 0.767

T1+T2 156 (57.8) 93 (57.1) 63 (58.9)

T3+T4 114 (42.2) 70 (42.9) 44 (41.1)

N (n (%)) 0.036

N0 234 (86.7) 147 (90.2) 87 (81.3)

N1 36 (13.3) 16 (9.8) 20 (18.7)

M (n (%)) 0.003

M0 254 (94.1) 159 (97.5) 95 (88.8)

M1 16 (5.9) 4 (2.5) 12 (11.2)

PSM (n (%)) 90 (33.3) 64 (39.3%) 26 (24.3) 0.011

PSM locations (n (%)) 0.123

apex 28 (31.1) 24 (37.5) 4 (15.4)

apex+fundus 11 (12.2) 7 (10.9) 4 (15.4)

apex+body 8 (8.9) 8 (12.5) 0

apex+fundus+body 5 (5.6) 3 (4.7) 2 (7.7)

apex+fundus+vas deferens/seminal
vesicles

4 (4.4) 2 (3.1) 2 (7.7)

fundus 11 (12.2) 6 (9.4) 5 (19.2)

fundus+body 5 (5.6) 4 (6.3) 1 (3.8)

fundus+body+vas deferens 1 (1.1) 0 1 (3.8)

body 15 (16.7) 9 (14.1) 6 (23.1)

vas deferens/
seminal vesicles

2 (2.2) 1 (1.6) 1 (3.8)

Accumulated PSM locations (n (%)) 0.048

apex 56 (62.2) 44 (68.8) 12 (46.2)

fundus 37 (41.1) 22 (34.4) 15 (57.7)

(Continued)
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and the difference was significantly different (p=0.011). The apex

was the most common location of PSM in non-NHT group (68.8%,

44/64), while the fundus was the most common location of PSM in

NHT group (57.7%, 15/26). There were significant statistical

difference in terms of age, BMI, PSA, ISUP grade of biopsy and

after LRP, prostate volume, the interval between biopsy and RP, pN

status, and metastasis between non-NHT and NHT groups

(p=0.032, p=0.017, p<0.001, p<0.001, 0.041, p<0.001, p=0.036,

p=0.003, respectively), while there were no significant difference

regarding pT, PNI, and LVI between the two groups (p=0.767,

0.333, 0.117, respectively).
Relation of PSM with the
clinicopathological characteristics of PCa

As shown in Table 2, the percentages of locally advanced PCa

(pT3+pT4), pN (+), cases without NHT and cases with LVI were

significantly higher in PSM group (n=90), when compared with

non-PSM group (n=180) (p<0.001, p=0.004, p=0.012, p=0.015).

There were no significant difference in terms of age, BMI,

hypertension, diabetes, history of pelvic surgery, PSA before

biopsy, ISUP grade before biopsy and after LRP, prostate volume,

the interval between biopsy and RP, metastasis, and PNI between

non-PSM and PSM groups (all p>0.05).
Correlation of clinicopathological
variables with the presence of PSM
in PCa patients without NHT

We performed univariate and multivariate logistic regression

analysis to evaluate the correlations of clinicopathological variables

with PSM in non-NHT group. As shown in Table 3, BMI, PSA

before biopsy, ISUP grade after LRP, pT, and pN were found to be

significantly and positively correlated with the presence of PSM in

univariate logistic regression analysis (p<0.05). In the stepwise

multivariate regression analysis, we added and adjusted

confounding factors including age, BMI, hypertension, diabetes,

history of pelvic surgery, prostate volume, and ultimately revealed

that the correlations of BMI, PSA before biopsy, ISUP grade after

LRP, pT, and pN with PSM remained significant after adjustment

for confounding factors (OR=1.160, 95%CI:1.034-1.301, p=0.011;
Frontiers in Endocrinology 0535
OR=3.385, 95%CI:1.386-8.268, p=0.007;OR=3.541, 95%CI:1.008-

12.444, p=0.049; OR=4.577, 95%CI:2.163-9.686, p<0.001;

OR=3.572, 95%CI:1.124-11.347, p=0.031, respectively).
Correlation of clinicopathological
variables with the presence of PSM
in PCa patients with NHT

As shown in Table 4, ISUP grade of biopsy, pT, pN, and LVI

were found to be significantly and positively correlated with the

presence of PSM (p<0.05) in PCa patients with NHT in univariate

logistic regression analysis. In the stepwise multivariate regression

analysis, only pT, pN, and LVI remained significantly correlated

with the presence of PSM after adjusting the mentioned

confounding factors in NHT group (OR=18.434, 95%CI: 4.976-

68.297, p<0.001; OR=7.181, 95%CI: 2.089-24.689, p=0.002;

OR=3.545, 95%CI:1.109-11.327, p=0.033).
Discussion

LRP is the most common treatment option for localized and

locally advanced PCa in China. The desirable outcomes after RP are

to achieve “trifecta” including oncological outcomes, continence, and

potency (19). Afterwards, some urologists presented the new concept

of “pentafecta” outcomes, which includes complications and PSM on

top of the traditional trifecta outcomes (20). No matter “trifecta” or

“pentafecta” standard is adopted, controlling oncological outcomes is

the most important task of LRP. However, PSM occurred in

postoperative pathological result, which would influence the

controlling of oncological outcomes and affect the prognosis

unfavorably. Therefore, knowing the common location and risk

factors of PSM is crucial and has great clinical value for developing

the surgical strategy and guiding adjuvant therapy after LRP. Our

current study firstly demonstrated the locations of PSM and

investigated the correlation between clinicopathological parameters

and PSM in PCa patients who underwent LRP with and without

NHT, and demonstrated that BMI, PSA, ISUP grade after LRP, pT

and pN were independent risk factors affecting PSM for patients

without NHT, while pT, pN, and LVI were independent risk factors

affecting PSM for patients with NHT. Our results have clinical
TABLE 1 Continued

All subjects
(n=270)

Non-NHT
(n=163)

NHT
(n=107)

p value

body 34 (37.8) 24 (37.5) 10 (38.5)

vas deferens/
seminal vesicles

7 (7.8) 3 (4.7) 4 (15.4)

PNI (n (%)) 180 (66.7) 105 (64.4) 75 (70.1) 0.333

LVI (n (%)) 37 (13.7) 18 (11.0) 19 (17.8) 0.117
fro
Data are expressed as n (%), mean ± SD, or median (interquartile range). The bold value indicated statistical significance. PCa, prostate cancer; LRP, laparoscopic radical prostatectomy; NHT,
neoadjuvant hormonal therapy; BMI, body mass index; PSA, prostate-specific antigen; ISUP, International Society of Urological Pathology; M, metastasis; PSM, positive surgical margin; PNI,
perineural invasion; LVI, lymphovascular invasion.
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implications for the prediction of PSM and guidance of operation

especially for those receiving NHT.

At present, there were many studies reporting PSM rate

globally. As summarized in Table 5 (21–29), PSM rate exceeded

25% in Chinese PCa patients, while PSM range was approximately

12-16.3% in the counterpart of other countries, the difference of

which can be explained by the more advanced PCa percentages in

China than other countries. The overall PSM rate was 33.3%, and

PSM without NHT was 39.3% in our study, which were a little

higher than those reported in some other centers in China (26–28).

Tumor location within the prostate can influence the risk of PSM.

In the current study, there were four locations of PSM according to

the pathological report: apex, fundus, body, and vas deferens/

seminal vesicles. Of the 90 cases of PSM, the apex accounted the

largest proportion, the only and accumulated proportion of apex

were 31.1% and 62.2%, respectively. Our results were in consistent

with one study reporting that the apex accounted for 59.1% among

all PSM locations after LRP (21). We summarized three reasons for

the high PSM of apex: (a) The apex is deep and closely neighbored

with deep dorsal vein complex, erectile nerve, and rectum, and thus

relatively difficult to get exposed during operation; (b) The apex

lacks of barrier of capsule, resulting in more susceptible to tumor

invasion; (c) There are many variations in the shape of the urethral

of apex, cutting perpendicular to urethral may increase the risks of

tumor residue. Tumors located at the ventral or dorsal part of the

prostate may also have different influence on PSM rate, which needs

further study.

The risk factors for PSM reported by different centers were

different (Table 5), and the subjects of almost all these studies

analyzed were the PCa cases without NHT. As the advanced PCa

accounts higher in China than the developed countries, the

percentage of PCa patients receiving NHT may increase with the

promotion and application of NHT. The protocol of NHT includes

MAB, castration, and AAM, lasting 3-9 months before surgery. In

our study, 39.6% of cases received NHT. Among the 107 patients

with NHT, 82 cases accepted MAB therapy with median course of 3
TABLE 2 Relation of PSM with the clinicopathological characteristics of
PCa patients underwent LRP.

Non-PSM
(N=180)

PSM
(N=90)

p
value

Age (years) 67.0 ± 6.6 68.2 ± 6.8 0.180

BMI (kg/m2) 25.3 ± 3.2 25.7 ± 3.3 0.292

Hypertension (n (%)) 78 (67.2) 38 (32.8) 0.897

Diabetes mellitus (n (%)) 38 (69.1) 17 (30.9) 0.872

Pelvic surgery history
(n (%))

12 (60.0) 8 (40.0) 0.623

PSA (ng/ml) 14.0 (8.5-27.3) 18.1 (9.5-
30.1)

0.068

PSA group (n (%)) 0.181

<10ng/ml 55 (73.3) 20 (26.7)

10-20ng/ml 50 (68.5) 23 (31.5)

>20ng/ml 59 (60.2) 39 (39.8)

Missing (n) 16 8

ISUP grade of biopsy (n (%)) 0.219

1 41 (70.7) 17 (29.3)

2 46 (75.4) 15 (24.6)

3 37 (64.9) 20 (35.1)

4 29 (63.0) 17 (37.0)

5 21 (53.8) 18 (46.2)

Without biopsy 6 3

Prostate volume (ml) 38.1 ± 19.9 39.0 ± 19.2 0.722

Interval time from puncture
to LRP (days)

51.0 (36.0-117.0) 50.5 (35.5-
79.3)

0.284

ISUP after LRP (n (%)) 0.205

1 26 (74.3) 9 (25.7)

2 49 (71.0) 20 (29.0)

3 49 (68.1) 23 (31.9)

4 16 (72.7) 6 (27.3)

5 40 (55.6) 32 (44.4)

Pathological stage (n (%)) <0.001

T1+T2 128 (82.1) 28 (17.9)

T3+T4 52 (45.6) 62 (54.4)

N (n (%)) 0.004

N0 164 (70.1) 70 (29.9)

N1 16 (44.4) 20 (55.6)

M (n (%)) 0.786

M0 170 (66.9) 84 (33.1)

M1 10 (62.5) 6 (37.5)

NHT (n (%)) 0.012

(Continued)
TABLE 2 Continued

Non-PSM
(N=180)

PSM
(N=90)

p
value

Yes 81 (75.7) 26 (24.3)

No 99 (60.7) 64 (39.3)

PNI (n (%)) 0.494

Yes 117 (65.0) 63 (35.0)

No 63 (70.0) 27 (30.0)

LVI (n (%)) 0.015

Yes 18 (48.6) 19 (51.4)

No 162 (69.5) 71 (30.5)
front
Data are expressed as n (%), mean ± SD, or median (interquartile range). The bold value
indicated statistical significance. PSM, positive surgical margin; PCa, prostate cancer; LRP,
laparoscopic radical prostatectomy; BMI, body mass index; PSA, prostate-specific antigen;
ISUP, International Society of Urological Pathology; M, metastasis; NHT, neoadjuvant
hormonal therapy; PNI, perineural invasion; LVI, lymphovascular invasion.
iersin.org

https://doi.org/10.3389/fendo.2023.1270594
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2023.1270594
months; 3 cases accepted castration therapy with median course of 3

months; 22 cases accepted AAM with median course of 1 month.

The protocol and duration of NHT were influenced by many factors

such as doctor’s suggestion, economic status of the family, and

psychological demands of the patient.

Our study demonstrated that BMI, PSA, ISUP grade after LRP,

pT and pN were independent risk factors affecting PSM for patients

without NHT. Of note, BMI can reflect the infiltration of pelvic fat.

For obese patients, pelvic fat can increase the difficulty of separation

due to adhesion and increase the risk of PSM. However, the

influence was relatively little with only OR value of 1.16.
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Previously conducted studies did not find BMI was an

independent risk factor for PSM (21, 23, 24, 26–29). Therefore,

the influence of BMI on PSMmay be negligible. In addition to BMI,

certain patient factors including history of pelvic surgery, and

anatomical variations can impact the risk of PSM. However, in

our study, we find that the correlation of pelvic surgery history with

PSM was insignificant after adjustment for confounding factors,

which could be explained by the small sample of cases with previous

surgeries in the pelvic area. Secin FP, et al. (21) reported that

preoperative PSA was an independent risk factor for PSM

(OR=1.15, 1.04-1.28,p<0.01). Jason P. Izard, et al. (30) also
TABLE 3 Logistic regression analysis for correlation of clinicopathological variables with the presence of PSM in PCa patients without NHT.

univariate mode p value Multivariate mode p value

OR (95%CI) OR (95%CI)

Age 1.026 (0.978-1.076) 0.292

BMI 1.112 (1.003-1.233) 0.044 1.160 (1.034-1.301) 0.011

Hypertension 0.876 (0.464-1.652) 0.682

Diabetes 1.228 (0.564-2.673) 0.605

History of pelvic surgery 0.667 (0.196-2.263) 0.516

PSA before puncture 1.033 (1.006-1.061) 0.017 1.031 (1.003-1.059) 0.028

<10ng/ml Reference Reference

10-20ng/ml 1.720 (0.751-3.940) 0.200 1.401 (0.572-3.432) 0.460

>20ng/ml 3.663 (1.563-8.587) 0.003 3.385 (1.386-8.268) 0.007

ISUP grade of biopsy

1 Reference

2 0.657 (0.265-1.625) 0.363

3 1.491 (0.597-3.725) 0.392

4 1.282 (0.451-3.641) 0.641

5 2.000 (0.519-7.703) 0.314

preoperative prostate volume 1.008 (0.991-1.025) 0.350

Interval time from puncture to LRP (days) 1.002 (0.998-1.006) 0.380

ISUP after LRP

1 Reference Reference

2 1.093 (0.396-3.014) 0.864 0.966 (0.317-2.946) 0.952

3 1.750 (0.638-4.802) 0.277 1.762 (0.558-5.563) 0.334

4 0.563 (0.097-3.267) 0.521 0.236 (0.021-2.648) 0.242

5 3.273 (1.054-10.158) 0.040 3.541 (1.008-12.444) 0.049

postoperative pathological stage T 3.833 (1.975-7.440) <0.001 4.577 (2.163-9.686) <0.001

pathological lymph node involvement 3.902 (1.287-11.833) 0.016 3.572 (1.124-11.347) 0.031

M 4.820 (0.490-47.387) 0.177

PNI 1.222 (0.630-2.369) 0.533

LVI 2.728 (0.997-7.460) 0.051 2.803 (0.961-8.175) 0.059
Univariate and multivariate logistic regression analysis were performed. The multivariate model was adjusted for age, BMI, hypertension, diabetes, history of pelvic surgery, prostate volume. The bold
value indicated statistical significance. The dependent variable was PSM of PCa. PSM, positive surgical margin; PCa, prostate cancer; NHT, neoadjuvant hormonal therapy; BMI, bodymass index; PSA,
prostate-specific antigen; ISUP, International Society of Urological Pathology; LRP, laparoscopic radical prostatectomy; M, metastasis; PNI, perineural invasion; LVI, lymphovascular invasion.
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reported that PSA was an independent risk factor for PSM, and the

PSM rate of PCa patients with PSA<4.0, 4-9.9, and>10 ng/ml was

12%, 20%, and 28%, respectively. In line with these reports, our

analysis showed that the OR of PSM for those with PSA>20ng/ml

was 3.385. PSA was secreted by prostatic epithelial cells, and PSA

elevation indicates that the highly aggressive PCa cells damage the

tissue barrier, increasing the risk of PSM. Our result demonstrated

that the OR of postoperative ISUP grade 5 for PSM was 3.54, which

was consistent with the conclusions reached by Secin FP (21), Yang

Rong (26), and Jason P. Izard (30). It is noteworthy that ISUP grade

after LRP is generally higher than the biopsy ISUP grade for the
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same case, and could more objectively reflect the tumor grade. In

our study, pT was an independent factor for PSM in non-NHT

patients with the highest OR value among all risk factors

(OR=4.577), which was partly in consistent with the studies (23,

27, 29) reporting pT was the only independent factor for PSM in

PCa patients without NHT. We divided pT into localized (T1+T2)

and locally advanced (T3+T4) stage, as advanced PCa break

through the capsule or invade the neighbor tissues, therefore the

PSM rate was higher in T3+T4 groups. Besides, we revealed that pN

was also an independent risk factor for PSM in non-NHT patients,

we believed that local lymph node involvement indicate the high
TABLE 4 Logistic regression analysis for correlation of clinicopathological variables with the presence of PSM in PCa patients with NHT.

univariate mode p value Multivariate mode p value

OR (95%CI) OR (95%CI)

Age 1.057 (0.981-1.137) 0.144

BMI 0.974 (0.846-1.121) 0.713

Hypertension 1.067 (0.436-2.612) 0.888

Diabetes 0.445 (0.120-1.651) 0.226

History of pelvic surgery 4.727 (0.984-22.721) 0.052

PSA before puncture 1.003 (0.993-1.012) 0.599

<10ng/ml Reference

10-20ng/ml 0.600 (0.143-2.511) 0.484

>20ng/ml 0.937 (0.284-3.087) 0.914

ISUP grade of biopsy

1 Reference Reference

2 1.231 (0.152-9.972) 0.846 1.205 (0.133-10.909) 0.868

3 1.333 (0.197-9.020) 0.768 1.288 (0.173-9.609) 0.805

4 3.500 (0.628-19.496) 0.153 3.627 (0.573-22.950) 0.171

5 6.000 (1.153-31.228) 0.033 5.718 (0.997-32.801) 0.050

preoperative prostate volume 0.988 (0.965-1.013) 0.346

Interval time from puncture to LRP (days) 1.000 (1.000-1.001) 0.347

ISUP after LRP

1 Reference

2 1.714 (0.152-19.359) 0.663

3 0.727 (0.058-9.159) 0.805

4 4.000 (0.363-44.113) 0.258

5 4.414 (0.506-38.526) 0.179

postoperative pathological stage T 14.75 (4.567-47.642) <0.001 18.434 (4.976-68.297) <0.001

pathological lymph node involvement 3.369 (1.205-9.418) 0.021 7.181 (2.089-24.689) 0.002

M 1.043 (0.260-4.183) 0.952

PNI 1.576 (0.566-4.390) 0.384

LVI 2.828 (0.992-8.064) 0.052 3.545 (1.109-11.327) 0.033
Univariate and multivariate logistic regression analysis were performed. The multivariate model was adjusted for age, BMI, hypertension, diabetes, history of pelvic surgery, prostate volume. The bold
value indicated statistical significance. The dependent variable was PSM of PCa. PSM, positive surgical margin; PCa, prostate cancer; NHT, neoadjuvant hormonal therapy; BMI, bodymass index; PSA,
prostate-specific antigen; ISUP, International Society of Urological Pathology; LRP, laparoscopic radical prostatectomy; M, metastasis; PNI, perineural invasion; LVI, lymphovascular invasion.
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aggressiveness of local tumor. It is challenging for surgeons to

completely remove large and aggressive tumors while preserving

negative surgical margins. Collectively, compared with previous

studies (21–30), there exist differences and similarities regarding the

risk factors for PSM in PCa cases without NHT in our study, which

could be explained by the sample size, the surgeon experience and

technique, and other factors.

Next, let’s focus on those PCa patients with NHT. Naiki, et al.

(31) reported that PSM rate was 27.8% (20/72) in PCa patients with

NHT, which was consistent with our result demonstrating PSM rate

was 24.3% in NHT groups. At present, it is generally recognized that

NHT can reduce prostate volumes and stages, decrease PSA levels

and PSM rate, but can’t improve the long-term survival. The

seemingly contradictory conclusion could be explained as follows:

NHT could improve the local control of tumor, but could not

eradicate the micrometastases (32). However, from another
Frontiers in Endocrinology 0939
perspective, as NHT can reduce PSM rate, and PSM rate was

closely correlated with biochemical recurrence and prognosis, NHT

is inferred to improve prognosis. Therefore, the exact relationships

among NHT, PSM and prognosis need further exploration.

In the current study, compared with non-NHT patients, the

NHT counterparts were older and with higher BMI and ISUP grade

before biopsy. In other words, the baseline parameters of the two

groups were significantly different, which was the reason why we

did not observe the decreasing effect of NHT on postoperative stage.

Our research firstly demonstrated that pT, pN and LVI were

independent risk factors for PSM in patients treated with NHT

before LRP. Generally speaking, the frequency of pT, pN, and LVI

would decrease after NHT, however, if one of these parameters was

still positive after NHT, then the local invasion was supposed to be

severe and increase the PSM rate.

It is noteworthy that the fundus rather than apex was the most

common location for NHT patients, which was different from non-

NHT patients. The could be explained as follows: on one hand,

NHT reduced prostate volume, and thus made apex exposed more

clearly during operation, helping to avoid PSM of apex; on the other

hand, NHT could cause evident adhesion between prostate fundus

and bladder neck, making the boundary difficult to distinguish and

causing PSM. The cases in our study were all performed in

extraperitoneal approach, and thus eliminated the bias caused by

different surgery approaches.

Some studies reported that low prostate volume was an

independent risk factor for PSM (21, 26), which was not observed

in our study. Some researcher (27) believed that the smaller the

prostate is, the larger the ratio between the tumor and the prostate,

and the easier the tumor exceed the limited range of pathological

staging and cause PSM. On the other hand, the smaller the prostate is,

the wider the operation space, reducing the difficulty of surgery and

risk of PSM. Therefore, we considered that the combined effect of the

two factors is the reason why the low prostate volume was not the

independent factor of PSM in our study. Moreover, the technique of

surgeons was closely related to PSM, all LRP were performed by the

same surgeon, who has proficient laparoscopic operation skills. The

degree of neurovascular bundle (NVB) dissection was determined by

the operating surgeon on the basis of the plane where the dissection

took place. There are three degrees of NVB dissection: intrafascial

(complete NVB sparing), interfascial (partial NVB sparing), and

extrafascial (complete/almost complete NVB resection). Generally,

in the current study, the surgeon preferred to spare NVB for the

localized low to intermediate-risk cases, and do not spare NVB for the

cases with extracapsular extension. In this way, we maximally

reduced the bias caused by operation skills in our study.

The present study might have two potential clinical

implications. First, urologists should dissect the urethral of the

prostatic apex more carefully when performing LRP on PCa

patients without NHT, and tackle the bladder neck more carefully

when performing LRP on cases with NHT, respectively, to avoid

PSM incidence as much as possible; second, preoperative BMI, PSA,

biopsy grade, and stage could be used to predict the PSM of

postoperative specimen and to estimate the prognosis, and the

influencing factors should be considered by laparoscopic surgeons

when planning the operation to decrease the incidence of PSMs.
TABLE 5 Summary of literature reporting PSM rate and related
independent risk factors for PSM in PCa patients underwent LRP.

Literature Total
cases
(n)

PSM
rate

Independent risk
factors

Secin FP (21),
2007

407 12% PSA, Gleason score, low
volume, interfascial pathway

Sooriakumaran
P (22), 2014

4918 16.3% /

Yao Zhu (23),
2015

94 17% pT

Wei Song (24),
2015

61 19.7% TNM stage after puncture, PSA,
positive percentage of the
needle biopsy.

Louie-Johnsun
MW (25), 2016

2943 15.9%
(T2:9.8%;
T3a:30.8%;
T3b:39.2%)

/

Rong Yang
(26), 2017

296 29.1% Gleason score, PNI, number of
positive cores in the biopsy
specimen, and low prostate
volume.

Zheng Zhang
(27), 2019

177 32.2% pT

Xiaojun Tian
(28), 2019

418 34% the percentage of positive
cores in preoperative biopsy,
clinical stage, f/t PSA, and age.

Pingxin Zhang
(29), 2020

99 26.3% pT

The current
study, 2023

270 33.3%

Without NHT 163 39.3% BMI, PSA before needle biopsy,
postoperative ISUP grade, pT
and pN

With NHT 107 24.3% pT, pN, and LVI
PSM, positive surgical margin; PCa, prostate cancer; LRP, laparoscopic radical prostatectomy;
PSA, prostate-specific antigen; pT, pathological stage T; PNI, perineural invasion; f/t,free/
total; NHT, neoadjuvant hormonal therapy; BMI, body mass index; ISUP, International
Society of Urological Pathology; pN, pathological lymph node involvement; LVI,
lymphovascular invasion. /, not reported.
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Conclusions

In conclusion, our study first demonstrated that PSM rate was

24.3% and the fundus was the most common location of PSM in

Chinese patients with NHT. The pT, pN, and LVI were independent

factors affecting the PSM for Chinese patients with NHT. By

comparison, PSM rate was 39.3% and the apex was the most

common location of PSM in Chinese patients without NHT. BMI,

PSA before needle biopsy, postoperative ISUP grade, pT and pN

were independent factors affecting the PSM for patients without

NHT. Our results provide reliable clinical implications for guidance

of LRP and prediction of PSM especially for those PCa patients

receiving NHT. For example, surgeons should pay more attention

to the resection extent when tackling the boundary of prostate

fundus and bladder neck in PCa patients with NHT, and use

preoperative clinicopathological parameters to predict the PSM

risks. The limitation of our study was that there might exist

selection bias because the data analyzed in the study were derived

from a single center, and studies from different hospitals are needed

for validation of our results.
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Pereira-Suárez and Ramı́rez-de-Arellano. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 02 February 2024

DOI 10.3389/fendo.2024.1333284
Positive correlation between the
nuclear expression of GPER and
pGLI3 in prostate cancer tissues
from patients with different
Gleason scores
Cecilia Rico-Fuentes1,2, Edgar Iván López-Pulido1,
Edsaúl Emilio Pérez-Guerrero2, Marisol Godı́nez-Rubı́3,4,
Julio César Villegas-Pineda2,5,
Martha Arisbeth Villanueva-Pérez6, Erick Sierra-Dı́az7,
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Prostate cancer (PCa) is the most prevalent cause of death in themale population

worldwide. The G Protein-Coupled Estrogen Receptor (GPER) has been gaining

relevance in the development of PCa. Hedgehog (Hh) pathway activation is

associated with aggressiveness, metastasis, and relapse in PCa patients. To date,

no studies have evaluated the crosstalk between the GPER and the Hh pathway

along different group grades in PCa. We conducted an analysis of paraffin-

embedded tissues derived from patients with different prognostic grade of PCa

using immunohistochemistry. Expression and correlation between GPER and

glioma associated oncogene homologue (GLI) transcriptional factors in the

parenchyma and stroma of PCa tumors were evaluated. Our results indicate

that GPER is highly expressed in the nucleus and increases with higher grade

groups. Additionally, GPER’s expression correlates with pGLI3 nuclear expression

across different grade groups in PCa tissues; however, whether the receptor

induces the activation of GLI transcriptional factors, or the latter modulate the

expression of GPER is yet to be discovered, as well as the functional

consequence of this correlation.
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1 Introduction

Prostate cancer (PCa) is the most common non-skin malignancy

in men and the fifth leading cause of cancer-related mortality

worldwide (1). Even though the current treatments are effective, the

molecular mechanisms related to metastasis, relapse, and treatment

resistance are not fully understood. Elucidating these mechanisms

would improve treatments and increase the therapeutic successes

among PCa patients. For this reason, it is essential to focus on the

molecules associated with this disease and the signaling pathways

activated by them. Estrogens are critical hormones that regulate the

development of hormone-sensitive tumors and growth disorders (2).

One of the hormonal receptors involved in PCa progression is the

G protein-coupled estrogen receptor (GPER), an estradiol-activated

receptor which has recently gained relevance in carcinogenesis because

it promotes cell migration and invasion (3). Its role in cancer is still

controversial; according to some authors GPER is protumoral (4),

while others propose it as antitumoral (5), this suggests that the

microenvironment might determine the effects and outcome of

GPER functions. Indeed, this receptor acts through non-genomic

signaling pathways related to cancer, such as mitogen-activated

protein kinase (MAPK) (6), phosphoinositide 3-kinase (PI3K)/AKT

(7), and hedgehog (Hh) pathway (8) in a cell-dependent manner.

Hh pathway is involved in wound healing, tissue regeneration

and cell homeostasis maintenance in adults, its dysregulation is

associated with cancer (9–11). Recently, a possible correlation has

been suggested between high GPER expression and its

overactivation of Hh signals increasing invasiveness and

metastatic potential in triple-negative breast cancer (12); however,

in PCa disease it has not been elucidated yet. These alterations are

mainly mediated by glioma-associated oncogene homologue (GLI)

transcriptional factors, which can be activated in a canonical (10) or

non-canonical manner (9). GLI1 is a strong activator, whereas GLI3

has an activator/repressor domain, allowing it to act depending on

the cellular context (13). Crosstalk with other pathways such as

MAPK and PI3K can also activate GLI factors in a non-canonical

manner (14). Therefore, GPER and activation of GLI factors

probably contribute to the progression of PCa.

Amongst the GLI factors family, GLI1 and GLI3 are essential in

various malignancies because they modulate cell self-renewal (15).

GLI1 is involved metastatic and hormone refractory PCa (16) whilst

GLI3 can either directly activate or repress target genes, including

Ptch, Cyclin D, and GLI1 (17) and its hyperactivation promotes

growth and migration under depletion of androgens (18). Because

the regulated expression of GLI1 and GLI3 is such a fundamental

process and since dysregulation of such factors by GPER can

contribute to the development and progression of PCa, it is

necessary to focus on the underlying carcinogenic processes.

GLI factors are susceptible to posttranslational modifications such

as phosphorylation, a phenomenon that modulates many intracellular

pathways usually through crosstalk between GPER and EGFR (19).

This variation between total and phosphorylated molecules leads to

the upregulation of transcription genes involved in cancer invasiveness

(20). However, this regulation has yet to be fully understood in PCa

disease. The latter highlights the relevance to understand the

phosphorylation status of GLI factors in the context of PCa.
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Currently, there is a lack of information regarding the

regulation that GPER exerts over GLI transcriptional factors in

the context of cancer. A report suggests that an increase expression

of GPER correlates with decreased nuclear GLI1 expression and

unfavorable prognosis in breast cancer (21). To date, there is no

evidence for a possible regulation of GLI3 by GPER. Thus, further

research on the interaction between GPER and GLI transcriptional

factors is needed to fully understand the mechanism involved.

Therefore, this work aimed to evaluate whether the expression of

GPER in parenchyma and stromal tumor cells of PCa samples is

associated with the expression and phosphorylation of GLI

transcriptional factors; as well as to analyze if the expression of such

factors changes according to the prognostic categories (grade groups).
2 Materials and methods

2.1 Tissue samples

We studied paraffin-embedded tissues derived from patients

with different prognostic grade of PCa and that had been examined

and archived at the Pathology and Nephropathology, Diagnosis and

Research Center. Upon verification of the diagnosis and prognostics

categories (group grades), the samples were transported to our

laboratory and classified in four grade groups labelled 2,3,4, and 5 as

follows: GS 7 (3 + 4) (N=9), GS 7 (4 + 3) (N=18), GS 8 (4 + 4)

(N=11) and GS 9 (4 + 5) (N=15). Immunohistochemistry was

performed at the Diagnostic Pathology and Immunohistochemistry

laboratory at the University of Guadalajara, Mexico.
2.2 Automated immunohistochemistry

Formalin-fixed paraffin-embedded blocks of tissue samples

were cut into 5µm sections, which were then immunostained with

an automated BOND equipment (Leica Biosystems). A rabbit

polyclonal primary antibody against GPER from Abcam (Cat.

ab41565, Cambridge, UK) was used at a 1:200 dilution, followed

by 15 minutes of incubation with EDTA buffer. GLI1 and pGLI1

from Santa Cruz (Cat.sc515781) and Biorbyt (Cat.orb503729),

respectively, were used at a 1:100 dilution, followed by an

incubation step with EDTA buffer for 15 minutes for GLI and 30

minutes for pGLI1. Finally, GLI3 from Santa Cruz (Cat.sc74478)

and pGLI3 from Affinity Biosciences (Cat. AF7449) were used at a

1:100 dilution with 30 minutes of incubation with EDTA buffer and

30 minutes of incubation with citrate buffer, respectively. Diamond

diluent from Cell Marque™ Tissue Diagnostics (Cat. 938B-05) and

a DAB kit from Leica Biosystems, (Cat. DS9800) were used as

antibody buffer and for detection, respectively.

The immunohistochemical analysis was performed with and

Axioskop 2 plus light microscope (Carl Zeiss, Germany) coupled to

a digital camera Coolsnap (Photometrics, Tucson, USA). Images were

documented with Aperio LV1 scanner by Leica Biosystems and the

percentage of cell positive analysis was made using Qupath version

0.2.3 software with an image type of brightfield (H-DAB). The

analyses focused onto the nuclear and cytoplasmic staining and
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were performed using cell analysis and positive cell detection with

40x magnification. Measurements were made in parenchyma and

stroma of tumor tissues.

The images were analyzed in brightfield (H-DAB) using the

Qupath version 0.2.3 software. Initially, the image was adjusted to a

scale bar of 80mm or 40X magnification, then the tissue grid was

displayed and the area of interest was selected. After that, measure is

proceeded by the next sequence: analyze/cell detection/positive cell

detection. At this point, intensity threshold parameters are showed

and allows you to evaluate different cell compartment with +1, +2

and +3 intensities. The data is provided by the program and

recorded in an excel file for analyzed it in a statistical package.
2.3 Statistical analysis

We used the R version 4.1.2. software (22). Comparison of

percentage of positive cells between prognostic categories and

nuclear or cytoplasmatic expression were performed with two-

way ANOVA followed by Bonferroni correction as a post hoc.

Differences were considered significant at p-value < 0.05.
3 Results

3.1 GPER´s expression increases in higher
grade groups in prostate tissue samples

The expression of GPER was observed in tumoral and stromal

prostate tissues, and its location in both cases predominated in the

nucleus; however, it was also evidenced to a lesser extent in the

cytoplasm (Figures 1A, C). In PCa tissues, the nuclear expression

increased from grade groups 2 to 3 (p<0.05) and remained high in

grade groups 4 and 5 samples. Likewise, GPER´s cytoplasmic

expression increased significantly from grade groups 2 to 5

(p<0.001) and from grade groups 4 to 5 (p<0.01) in tumoral tissue

(Figure 1B). In the stromal tissue, the nuclear expression in all our
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groups was observed and it did not change significantly throughout

the different grade groups (Figure 1C); however, the cytoplasmic

expression decreased considerable from grade groups 3 to 4 (p<0.001)

while it increased from grade groups 4 to 5 (p<0.01) (Figure 1D).
3.2 GLI1 and pGLI1 expression
predominates regardless of grades groups

GLI1 and pGLI1 were expressed in the nucleus and cytoplasm

in both prostate tumor and stromal tissue (Figure 2). GLI1 was

mainly expressed in the cytoplasm of tumoral cells, significant

differences were found between grade 2 vs 5 in nuclei and

cytoplasm of (p<0.05) and p<0.01) respectively (Figures 2A, B).

In stromal tissue, GLI1 was expressed in both cellular

compartments with no significant changes along the different

groups (Figures 2C, D).

In the case of pGLI1 expression did not follow a pattern either

across the grade groups or across tissue type or cellular localization.

In tumoral tissues, pGLI1 was mainly expressed in grade groups 3

and 5 in both nucleus and cytoplasm; however, in grade groups 4 its

expression was almost null and differed significantly when

compared with grade groups 3 and 5 (p<0.0001 and p<0.001)

respectively (Figures 2E, F). In stromal tissue, pGLI1 was mainly

expressed in the nucleus of Gleason score 3 patients. Significant

differences were found between grade groups 2 vs 3 (p<0.01) and 3

vs 4 (p<0.01) in the nuclear expression of pGLI1. No significative

changes were observed in the pGLI1´s cytoplasmic expression in the

tumoral tissue (Figures 2G, H).
3.3 High nuclear expression in pGLI3 as
grade group increase in prostate
tumor tissues

In contrast to the other transcription factors, GLI3 and pGLI3

were lightly observed in the tumoral and stromal tissues (Figure 3).
B

C D

A

FIGURE 1

Expression of GPER in tumoral and stromal prostate tissue in different grade groups. Representative images of GPER in the parenchyma (A, B) and
stromal (C, D) PCa tumor tissues by immunohistochemistry with HE staining (x200). Scale bar 80 µm. *=p<0.05, **=p<0.01, ***=p<0.001.
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In tumoral tissue, the cytoplasmic expression of GLI3 decreases

considerably from grade groups 2 to 5 and 3 to 5 (p<0.0001). The

nuclear expression of GLI3 in these samples was low, and no

significant changes were observed in the different groups

(Figures 3A, B). As for the stromal tissue, GLI3 was absent in

practically all group grades with non-significant p values among

them (Figures 3C, D). Interestingly, nuclear pGLI3 increased

significantly from grade groups 2 vs 3 (p<0.001) and 2 vs 4,5

(p<0.0001) in addition the cytoplasmic expression also increases

from grades 2 vs 4 and 3 vs 4 (p<0.0001) (Figures 3E, F). Finally, the

expression of pGLI3 decreases significantly from grade groups 3 to 5

(p<0.05) in stromal tissue (Figures 3G, H).
3.4 GPER positively correlates with pGLI3
factors in tumor tissues

A Pearson correlation revealed that in the tumoral tissue

nuclear GPER positively correlates with nuclear pGLI3 (p<0.01)

and negatively correlated with nuclear GLI3 (p<0.01). While

cytoplasmic GPER positively correlates with cytoplasmic GLI1

and pGLI1 (p<0.01). Furthermore, there was a positive correlation

in the expression of GPER vs pGLI1 and pGLI3 in the nuclear

localization with a p<0.01 and p<0.001 respectively. Of note, these

GLI transcriptional factors (pGLI1 and pGLI3) also correlated with
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each other (p<0.05). As for the cytoplasmic expression, we

found that GLI1 was negatively correlated with GLI3 (p<0.01)

whereas nuclear pGLI3 had a positive correlation with pGLI1

(p<0.001) (Figure 4A).

In stromal tissue, there was a positive correlation between

nuclear GPER´s expression and GLI1´s in the cytoplasm (p<0.01).

Also, the cytoplasmic expression of GPER was positively correlated

with the nuclear pGLI3 (p<0.01). Moreover, nuclear pGLI1 and

pGLI3 were positively correlated (p<0.01) (Figure 4B).
4 Discussion

PCa is the most common malignancy that impacts men’s health,

generating a pathological andmolecular challenge in the understanding

of the disease. GPER has been identified in parenchymal and stromal

cells showing a dual role in proliferation depending on specific site of

expression in reproductive tissues and regulates protumorigenic events

by the activation of several signaling pathways (23). Hh pathway is a

key signaling pathway involved in stemness and associated to relapse

and bad prognosis (11) Not much is known about GPER and its

regulation of Hh transcriptional factors, nevertheless, this receptor can

trigger signaling cascades initiated in plasma membrane (24) leading to

a pro-tumorigenic environment that promote angiogenesis (25);

however, there is a limited information about biological significance
B
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FIGURE 2

Expression of GLI1 and pGLI1 in tumoral and stromal prostate tissue in different grade groups. Representative images of GLI1 in the parenchyma
(A, B) and stromal (C, D) tissues and pGLI1 in the parenchyma (E, F) and stromal (G, H) PCa tumor tissues by immunohistochemistry with HE staining
(x200). Scale bar 80 µm. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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of GPER and relation with Hh pathways in PCa tissue. In this study, we

evaluated the expression of GPER and its correlation of GLI factor

involved in PCa tissues with different prognostic groups.

Our first result indicates that GPER´s expression remains in

nuclear and increase in cytoplasmic compartments as grade groups

proceed in tumor parenchyma, this phenomenon is discordant with
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Rago et al. studies where cytoplasmic GPER expression was highly

observed in benign and decreases in prostate intraepithelial

neoplasia lesions from Italian patients (26). A possible

explanation might be the antibody used in both studies. Different

epitopes are recognized by the antibodies, the antibody used in

Rago´s research recognized extracellular domain (26) while the one
BA

FIGURE 4

Correlation of GPER and GLI transcriptional factors in nuclear (N) and cytoplasmic (C) expression in the parenchyma and stromal PCa tissues.
Heatmaps showing the correlation between the expression of GPER and GLI1, pGLI1, GLI3, and pGLI3 in parenchyma (A) and stromal (B) tissue.
*p<0.05, **p<0.01, ***p<0.001.
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FIGURE 3

Expression of GLI3 and pGLI3 in tumoral and stromal prostate tissue in different grade groups. Representative images of GLI3 in the parenchyma
(A, B) and stromal (C, D) PCa tumor tissues and pGLI3 in the tumoral (E, F) and stromal (G, H) PCa tumor tissues by immunohistochemistry with HE
staining (x200). Scale bar 80 µm. *=p<0.05, **=p< 0.01, ***=p<0.001, ****=p<0.0001.
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we used can detect a protein ubiquitously expressed 27). Nuclear

GPER was also reported by Marco Pupo et al. in breast cancer-

associated fibroblasts, they suggest that GPER translocate through

an importin-dependent mechanism and upregulated target genes

like c-fos and CTGF induce by estrogens (28). Our results can lead

to generate future perspectives performing cell fractions, to

determine gene expression that GPER is activated in PCa tissues.

GPER may modulate the expression of genes (23) associated to

the progression and development of PCa; however, further studies

are needed to prove this hypothesis. Thus, targeting this receptor

will provide a way to progress to a more precise approach to

hormone-related disease detection and management.

Another fact was the presence of GPER expression in cytoplasm

in tumoral and stroma PCa tissues, this remains as grade group

proceed which agrees with Rago (26) and T Yu (29) studies. Several

reports evidence GPER’s modulation on clinical outcome, for

instance Rago mentions that low expression of GPER is

associated with high expression of pAKT and pCREB involved in

cancer relapses (26); on the other hand, Yu et al. published that

GPER confers multidrug resistance in CAFs through a cAMP/PKA/

CREB dependent manner (29), therefore the expression of GPER is

crucial to determine the level of aggressiveness in PCa tissues.

Further analyses are required to demonstrate this fact in PCa.

In our results GLI1 full length (GLI1) was expressed mainly in

cytoplasmic location in stroma and tumor tissue regardless of the

grade group. This agrees with the observations made by Xing Liu

et al., research which suggest that suppressor of fused protein

(SUFU) has a negative regulation of Hh/GLI signaling activity,

which arrests GLI1 proteins in cytoplasm and prevents their

translocation to the nucleus (30). Therefore, SUFU protein affects

transcription activity in cytoplasmic location (31). To date, still no

evidence about correlation or interaction among GPER/SUFU/

GLI1 in participation of diseases.

On the other hand, we found GLI1 phosphorylated (pGLI1) in

tumor and stroma tissues where the expression was observed

mainly in Gleason 7 (4 + 3) and 9 (4 + 5) (grade groups 3 and 5

respectively). Currently there are no reports about the behavior

regarding presence and absence of pGLI1 along the different grade

groups in prostate cancer tissues; however, pGLI1 is known to

activate MAPK-ERK1/2 signaling in a SMO-independent manner

that can be induced by stimulation of VEGFA secreted by cancer

stromal cells in a paracrine manner in lung adenocarcinoma (13).

Therefore, more studies are required to elucidate the importance of

GPER/pGLI1 in tumor and stroma tissues.

Finally, we evaluated the expression of GLI3 full length (GLI3) in

our samples. Slight expression was found in both compartments

throughout grade groups. This was also observed by Diana Trnski

et al., concluding that the processing of GLI3 into repressor

transcriptional form is due to downregulation of GSK3b therefore

cell proliferation decreases in colon cancer (30). Also GLI3 is degraded

by proteasome induction of speckle-type POZ protein (SPO) (32)

during CRCP androgen deprivation (18). Therefore, SPO and GSK3b
are probably involved in downregulation or degradation of GLI3 and

promotes tumor aggressiveness in PCa tissues.
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Nevertheless, pGLI3 was observed in the nucleus of tumor

parenchyma cells and, interestingly, its expression increased as

the prognostic grade progresses. A few reports mention that

phosphorylation of this transcriptional factor regulates positively

(10) and negatively (33) in cancer, due to transactivation domain

and the presence of PKA, GSK3b, and bTrCP. Also, it has been

reported to directly interact with androgen receptor (AR), leading

to its nuclear translocation (9) and consequently activate target

genes, such as cyclinD1 and Fgf15 (34).

Due to the latter observations, we decided to evaluate if there was a

correlation between the expression of the evaluated molecules. We

observed a positive correlation among nuclear and cytoplasmic GPER

with pGLI3 in the nuclear localization. Currently, there is no evidence

on the regulation that GPER exerts in these compartments, and it needs

to be elucidated in PCa disease. GPER is known to modulate several

signaling pathways, PI3K/Akt among them, and the crosstalk between

this pathway and GLI activation has previously been reported (14).

This could stimulate importin-dependent mechanisms and modulate

GSK3b, enabling GPER and pGLI3 translocate into the nucleus.

Therefore, it would be an important perspective to evaluate the genes

activated by GPER and pGLI3 in the PCa disease.

As complementary data, GLI1 and GLI3 had a negative

correlation in their cytoplasmic expression in tumoral tissue. Both

factors can interact and modulate each other’s activity in cancer

cells (9). In PCa it is known that GLI factors are upregulated in

presence or absence of androgen, western blots showed that in the

presence of AR, GLI3 expression increased in LNCaP cells;

however, in the absence of AR GLI1 is predominated. This

suggests that hormonal factors and crosstalk from oncogenic

signaling pathways affects GLI transcriptional activity in PCa

disease (9, 13). This fact has been linked to several non-canonical

oncogenic growth signals and demonstrates the contribution of

GLI1in differentiation during cancer development (35).
5 Conclusion

GPER has been involved in the regulatory mechanisms in

prostate cancer cells; however, the mechanisms underlying these

effects are still not fully understood. In this work, the presence of

GPER in the nucleus was observed, and a positive correlation with

pGLI3 transcriptional factor was established. Interestingly this

correlation is maintained in the different prognostic groups.

Whether GPER regulates pGLI3 or vice versa is still yet to be

discovered, and further analysis should be conducted to solve this

question. In a future direction, it would be interesting to describe

the genes these molecules activate; this would light up the path in

understanding the antitumoral GPER actions.
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Pretreatment level of serum
sialic acid predicts both
qualitative and quantitative bone
metastases of prostate cancer
Jingtao Sun1†, Tian Tian2†, Naiqiang Wang1, Xuehui Jing1,3,
Laiyuan Qiu1, Haochen Cui1, Zhao Liu1, Jikai Liu1,
Lei Yan1 and Dawei Li1*

1Department of Urology, Qilu Hospital of Shandong University, Jinan, China, 2Respiratory and Critical
Care Medicine Department, Qilu Hospital of Shandong University, Jinan, China, 3Department of
Urology, Yucheng People’s Hospital, Dezhou, China
Background: Recently, serum sialic acid (SA) has emerged as a distinct

prognostic marker for prostate cancer (PCa) and bone metastases, warranting

differential treatment and prognosis for low-volume (LVD) and high-volume

disease (HVD). In clinical settings, evaluating bone metastases can

prove advantageous.

Objectives: We aimed to establish the correlation between SA and both bone

metastasis and HVD in newly diagnosed PCa patients.

Methods:We conducted a retrospective analysis of 1202 patients who received a

new diagnosis of PCa between November 2014 and February 2021. We

compared pretreatment SA levels across multiple groups and investigated the

associations between SA levels and the clinical parameters of patients.

Additionally, we compared the differences between HVD and LVD. We utilized

several statistical methods, including the non-parametric Mann-Whitney U test,

Spearman correlation, receiver operating characteristic (ROC) curve analysis, and

logistic regression.

Results: The results indicate that SA may serve as a predictor of bone metastasis

in patients with HVD. ROC curve analysis revealed a cut-off value of 56.15 mg/

dL with an area under the curve of 0.767 (95% CI: 0.703-0.832, P < 0.001) for

bone metastasis versus without bone metastasis and a cut-off value of 65.80

mg/dL with an area under the curve of 0.766 (95% CI: 0.644-0.888, P = 0.003)

for HVD versus LVD. Notably, PCa patients with bone metastases exhibited

significantly higher SA levels than those without bone metastases, and HVD

patients had higher SA levels than LVD patients. In comparison to the non-

metastatic and LVD cohorts, the cohort with HVD exhibited higher levels of

alkaline phosphatase (AKP) (median, 122.00 U/L), fibrinogen (FIB) (median, 3.63

g/L), and prostate-specific antigen (PSA) (median, 215.70 ng/mL), as well as

higher Gleason scores (> 7). Multivariate logistic regression analysis

demonstrated that an SA level of > 56.15 mg/dL was independently

associated with the presence of bone metastases in PCa patients (OR =
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2.966, P = 0.018), while an SA level of > 65.80 mg/dL was independently

associated with HVD (OR = 1.194, P = 0.048).

Conclusion: The pretreatment serum SA level is positively correlated with the

presence of bone metastases.
KEYWORDS

serum sialic acid, bone metastases, prostate cancer, low-volume disease, high-
volume disease
1 Introduction

Prostate cancer (PCa) is a prevalent malignancy that originates

from the male reproductive system. Despite a lower incidence rate

among Asians compared to Americans and Europeans (1), the

mortality and morbidity rates associated with PCa are on the rise in

China due to improvements in living standards, lifestyle changes,

and advancements in screening methods (2, 3). The use of prostate-

specific antigen (PSA) for population screening, diagnosis, and

monitoring of PCa has been a subject of controversy since its

purification (4). Although PSA screening has some benefits, such as

early detection of PCa, it also has several drawbacks, such as high

costs, long waiting times, limited sensitivity, and low specificity.

Current evidence suggests that the overall public health impact of

PSA screening is not significantly greater than its benefits (5–7).

Various treatment options are available for patients diagnosed with

early-stage PCa, including surgical removal, chemotherapy, and

castration therapy (8). Metastasis is the leading cause of death in

PCa, with lymph nodes near the primary tumor being the initial

sites of metastasis, followed by bone metastases (9). Currently, there

exists no efficacious treatment for patients afflicted with bone

metastases (10, 11). Multiple studies have demonstrated that

individuals with bone metastases stemming from PCa have a

poorer prognosis and a reduced quality of life (12). Consequently,

the timely identification of bone metastases in PCa patients is of

paramount importance. Although a bone scan is frequently

employed for early detection, its specificity is limited, resulting in

a high incidence of false-positive results. Given a thorough

comprehension of PCa, emission computerized tomography

(ECT) is regarded as one of the most effective techniques for

detecting bone metastases in patients at present (13–15). Despite

the expenses and radioactivity associated with the procedure, it is

deemed a valuable investment. Thus, there is an urgent need for

novel biomarkers to aid in the identification and long-term

monitoring of bone metastases in PCa patients.

Acetylneuraminic acid (sialic acid [SA]), a nine-carbon

monosaccharide initially reported in 1957, may serve as a potential

candidate. The termination of glycoprotein side chains and glycolipid

side chains, which are fundamental constituents of cellular membranes,

occurs at this location (16). Furthermore, this agent not only provides
0251
cytoprotection but also safeguards cell membranes (17). Multiple

studies have established a correlation between elevated levels of SA

and cancer, as evidenced in patients (18) with ovarian cancer (19),

breast cancer (20), oral cancer (21), and neck cancer (22). Additionally,

certain chemical agents have been shown to enhance disease invasion

by altering SA levels or impeding SA production, as demonstrated in

some studies (23, 24). A noteworthy correlation has been established

between SA levels and PCa (25, 26). Notably, patients with PCa who

exhibit elevated SA levels are more prone to exhibit heightened levels of

PSA, lactate dehydrogenase (LDH), and a-L-fucosidase (AFU), a

higher Gleason score, and a higher metastasis incidence rate (26). At

present, the primary treatment modalities for PCa include androgen

deprivation therapy, radiation therapy, ablative therapy, chemotherapy,

and emerging immunotherapies. In clinical settings, it may be

necessary to employ multiple approaches simultaneously (27–29).

However, this does not diminish the significance of thoroughly

assessing the metastatic load of patients prior to treatment in order

to determine appropriate treatment options and prognoses (30, 31).

Currently, investigations into the correlation between pretreatment SA

levels and the metastatic burden of PCa are limited. Therefore, our

study was designed to examine this potential association through

retrospective data analysis.
2 Materials and methods

2.1 Patients selection

This retrospective analysis was performed on 1202 PCa patients

diagnosed by prostate biopsy in our hospital’s Urology Department

between January 2014 and January 2021. The inclusion criteria

encompassed the following: (I) Absence of any prior cancer

diagnosis; (II) Absence of hematologic disorders to prevent potential

confounding of hematologic markers; (III) Availability of

comprehensive postoperative pathology findings; (IV) Availability of

comprehensive clinical data; (V) Diagnosed with PCa. Our study

excluded patients with any one or more of the following conditions:

(I) Patients with hematological diseases (Individuals diagnosed with

hematological disorders, or prescribed medications known to

potentially alter blood markers), known infections, and other
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malignancies; (II) Patients who had undergone prostate surgery (such

as transurethral resection) before their biopsies; (III) Pathologically

diagnosed patients with prostatic intraepithelial neoplasms and atypical

small acinar proliferations; (IV) Patients with incomplete clinical data.

Following that, we collected the following information from the

medical records of eligible patients: age at the time of diagnosis,

AKP, LDH, AFU, FIB, and PSA levels, pathological characteristics

(including pathological grade and stage), and ECT results. The data

screening process of the study is shown in Figure 1. Our study was

approved by the Medical Ethics Committee of Qilu Hospital of

Shandong University (KYLL-202208-044-1).
2.2 Data collection

Data were obtained from the database of Qilu Hospital of

Shangdong University, including age at the time of diagnosis,

AKP, LDH, AFU, FIB, and PSA levels, pathological characteristics

(including pathological grade and stage), and ECT results.

Pathological grades were evaluated using the Gleason system and

pathological stages were evaluated according to TNM 2021.

Assessment of bone metastasis was performed using ECT, where

a positive test result indicated the presence of metastatic lesions.

When an isolated condensed radionuclide spot was observed, this

was considered as one metastatic lesion.
2.3 Measurement of hematology indices

Five milliliters of venous blood was drawn from each patient

after they had fasted for 12 h in the early morning before any

clinical intervention was given. During the experiment, test tubes
Frontiers in Endocrinology 0352
containing a clot activator and gel were used to store blood samples,

which coagulated naturally at room temperature. The samples were

centrifuged for 10 min at 2000 rpm. After the serum was obtained,

the AKP, LDH, AFU, and SA concentrations were determined using

a Roche Cobas 8000 automatic analyzer. The normal concentration

range for AKP was 45.00 to 125.00 U/L; the normal concentration

range for LDH was 120.00 U/L to 230.00 U/L; the normal

concentration range for AFU was < 40.00 U/L; and the normal

concentration range for SA was 45.60 to 75.40 mg/dL. Before the

prostate biopsy, plasma PSA levels and FIB concentrations were

determined as well. To measure PSA and FIB levels, blood samples

(about 3.50 mL) were collected. Samples were collected in plastic

tubes with coagulant/separating glue for PSA analysis and in plastic

tubes containing 3.80% sodium citrate for FIB detection. The

normal concentration range for FIB was 2.00 to 4.00 g/L; the

normal concentration range for PSA was < 4.00 ng/mL.
2.4 Statistical analysis

In total, 1202 cases of PCa were enrolled. Based on frequency

analysis, AKP, LDH, AFU, FIB, and PSA did not have a normal

distribution, so medians (percentiles) were used instead. To determine

whether SA followed a normal distribution, the Kolmogorov-Smirnov

test was employed on the means and standard deviations (SDs) in

each group. Normally distributed data were analyzed using Student’s t

test. Non-normally distributed data were analyzed using the Mann-

Whitney U test or the Kruskal-Wallis H test. The correlation between

two parameters was analyzed using the Spearmanmethod. Categorical

variables are presented as numbers (percentages), and the Chi-square

test was used to compare the groups. The associations of different

parameters with the bone metastasis status and HVD were evaluated
FIGURE 1

The data screening process of the study.
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by univariate and multivariate logistic regression analysis. To establish

SA cut-off values, a receiver operating characteristic (ROC) curve was

plotted and the resulting area under the curve (AUC) was calculated.

The value with the largest Youden index (calculated as (sensitivity +

specificity) + 1) was defined as the optimal cut-off value. Differences

were considered to be statistically significant if P < 0.05. Statistical

analysis was performed using Statistical Package for Social Sciences

(SPSS) version 19.0 (SPSS, Inc., Chicago, IL, USA). The dynamic

nomogram is introduced as a model, wherein the summation of

individual patient scores on predictive factors enables the computation

of their total score and subsequent determination of their risk for the

outcome event. Variables exhibiting p values of 0.05 or lower in the

logistic regression analysis were incorporated into the nomogram.

Calibration curves and receiver operating characteristic (ROC)

analysis were utilized to assess the predictive capabilities of the

model. Additionally, decision curve analysis (DCA) was employed

to evaluate the net benefits of clinical interventions guided by the

model (R vision 4.1.3).
3 Results

3.1 Clinical characteristics of PCa patients

The characteristics of the patients are presented in Table 1. The

location and quantity of bone metastases in PCa patients were

assessed through ECT scanning as reported previously (32). The

total number of patients diagnosed with bone metastases was 64.
3.2 The relationship between serum sialic
acid and clinical characteristics

The median SA level in the cohort with bone metastases was

found to be 62.70 mg/dL, which was observed to be significantly

higher than in the non-bone metastasis cohort (53.75 mg/dl)

(P < 0.001) (Figure 2A). Further examination of the HVD and

LVD groups indicated that patients with HVD exhibited elevated

SA levels in comparison to patients with LVD (65.70 mg/dL)

(P = 0.003) (Figure 2B).

ROC curve analysis was conducted to determine the predictive

value of pretreatment SA levels for bone metastases. As depicted in

Figure 2C, a cut-off level of 56.15 mg/dL SA was obtained, with SA

levels above this threshold being associated with a higher risk of bone

metastases (AUC = 0.767; 95% CI: 0.703-0.832; P < 0.001; sensitivity:

0.813, specificity:0.631). Our assessment of the ROC curve derived

from SA levels of patients with LVD or HVD yielded an AUC of

0.766 (95% CI: 0.644-0.888), with an optimal threshold value of 65.80

mg/dL (sensitivity: 0.490, specificity:1.000) (Figure 2D).

As shown in Table 2, subjects in the present study were also

divided into two groups based on SA levels (≤ 56.15 mg/dL vs. >

56.15 mg/dL). A significant association was found between

pretreatment SA levels and AKP, LDH, FIB, and PSA levels,

Gleason score, pT stage, and bone metastasis (all P < 0.050).

Moreover, we divided the databases into two categories based on

their SA levels (≤ 65.80 mg/dL vs. > 65.80 mg/dL) (Table 3). In
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addition to AKP, LDH, FIB, and PSA levels, Gleason score, pT

stage, and HVD, pretreatment SA levels were significantly

associated with these parameters (all P < 0.050).
3.3 Comparison of serum sialic acid levels
between PCa patients with and without
bone metastasis

Data were missing for three PCa patients without bone

metastases. To determine the parameters that differ between the

three groups, we excluded patients with missing data. The first group

had no bone metastasis, the second group had LVD, and the third

group had HVD. P1 denotes the outcome of comparing the group

without bone metastasis to the LVD group, whereas P2 represents the

result of comparing the group without bone metastasis to the HVD

group. Lastly, P3 signifies the outcome of comparing the LVD group

to the HVD group. The three groups are compared in Table 4.

Between any two groups, there was no statistically significant
TABLE 1 Clinical characteristics of selected PCa patients (n = 461).

Parameter Values

Age (years) 70.00 (64.00, 76.00)

AKP (U/L) 73.00 (59.50, 95.00)

LDH (U/L) 194.00 (174.00, 224.00)

AFU (U/L) 16.00 (13.00, 20.00)

FIB (g/L) 3.13 (2.66, 3.65)

PSA (ng/mL) 34.87 (11.78, 125.30)

SA (mg/dL) 55.90 (50.75, 63.50)

Pathological grade

Low (GS ≤ 7) 197 (42.73)

High (GS > 7) 242 (52.49)

Missing information 22 (4.77)

Pathological stage

pT2 340 (73.75)

pT3 5 (1.08)

pT4 98 (21.26)

biopsy 18 (3.91)

ECT (bone metastasis burden)

Without bone metastases 160 (34.71)

LVD patients 13 (2.82)

HVD patients 51 (11.06)

Suspicion 88 (19.09)

ECT not performed 149 (32.32)
Data are presented as median (P25, P75) or n (%). AKP, alkaline phosphatase; LDH, lactate
dehydrogenase; AFU, a-L-fucosidase; FIB, fibrinogen; PSA, prostate-specific antigen; SA,
serum sialic acid; PCa, prostate cancer; T, tumor; pathological grades are categorized as high
grade and low grade using GS; pathological stage is assessed based on postoperative pathology
results (not biopsy) in accordance with the 2021 TNM classification system.
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difference in age and AFU levels. In addition, there were statistically

significant differences in PSA and AKP levels between any two

groups. The HVD group had higher FIB levels compared with the

non-metastatic and LVD groups (P < 0.050). The HVD group had

higher Gleason scores compared with the non-metastatic (P = 0.000)

and LVD groups (P = 0.001). There were no statistically significant

differences in FIB levels (P = 0.417), and Gleason scores (P = 0.340)

between the group without metastatic disease and LVD patients.

When the LVD group was compared to non-metastatic patients (P =

0.143) and the HVD group (P = 0.409), there was no statistically

significant difference in LDH levels. There was, however, a statistically

significant difference in LDH levels between the patients without

metastatic disease and the HVD group (P = 0.000).
3.4 The relationship between serum sialic
acid levels and HVD

To further examine the clinical effects of pretreatment SA levels

in the diagnosis of bone metastases and HVD, a logistic regression

analysis was conducted. The final model selection was made using a

backward stepdown selection process. As shown in Table 5, elevated

SA levels significantly predicted poor diagnostic outcomes of bone
Frontiers in Endocrinology 0554
metastases in the univariate and multivariate analysis (P < 0.050). In

addition, elevated AKP levels, high PSA levels, and high Gleason

score were significantly associated with the diagnosis of bone

metastases based on univariate and multivariate analysis (AKP:

univariate analysis: HR = 1.034, P = 0.000 and multivariate

analysis: HR = 1.029, P = 0.000; PSA: univariate analysis: HR =

1.007, P = 0.000 and multivariate analysis: HR = 1.005, P = 0.000;

Gleason score: univariate analysis: HR = 3.023, P = 0.001 and

multivariate analysis: HR = 4.372, P = 0.003) (Table 5).

Interestingly, in HVD patients, elevated SA levels were significantly

predicted. Both univariate and multivariate logistic regressions

showed that elevated SA levels, PSA levels and high Gleason score

are independently associated with HVD patients (all P < 0.050)

(Table 6). However, HVD was not significantly correlated with AKP

based on univariate and multivariate logistic regressions (Table 6).
3.5 Nomogram model of bone metastasis
and HVD

As shown in Figure 3, all significant factors for bone metastasis

(Figure 3A) and HVD (Figure 3B) occurrence were integrated into

the nomogram for predicting the probabilities of bone metastasis
A B

DC

FIGURE 2

(A) Comparison of SA levels between bone metastases and without bone metastases in PCa patients; (B) Comparison of SA levels between LVD and
HVD in PCa patients with bone metastases; (C) ROC curves for determination of cut-off value of SA levels regarding prediction of bone metastases
in PCa patients; (D) ROC curves for determination of cut-off value of SA levels regarding prediction of HVD in PCa patients; HVD, high volume
disease; LVD, low volume disease.
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TABLE 3 Comparison of clinical parameters between groups presenting distinct ranges of SA levels (≤65.80 mg/dL vs. >65.80 mg/dL).

Parameter SA ≤ 65.80 mg/dL (n = 365) SA > 65.80 mg/dL (n = 96) Statistics P

Age (years) 71.00 (64.00, 76.00) 69.00 (61.25, 76.00) −1.453 0.146*

AKP (U/L) 68.00 (57.00, 83.50) 102.00 (73.25, 152.50) −7.556 0.000*

LDH (U/L) 191.00 (171.00, 214.00) 214.00 (181.25, 263.00) −4.419 0.000*

AFU (U/L) 16.00 (13.00, 20.00) 16.00 (13.00, 19.75) −0.392 0.695*

FIB (g/L) 2.94 (2.61, 3.34) 4.25 (3.64, 5.20) −12.298 0.000*

PSA (ng/mL) 29.07 (10.85, 94.13) 94.12 (21.93, 344.28) −5.350 0.000*

Gleason score (≤7 vs. >7) 166/182 31/60 5.422 0.020#

pT stage (T1-2 vs. T3-4) 286/67 54/36 17.757 0.000#

HVD patients 26 (66.70) 25 (100.00) 10.458 0.001#
F
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Data are presented as median (P25, P75), n/n, or n (%). *Z-values; #x2 values; HVD, high-volume disease; AKP, alkaline phosphatase; LDH, lactate dehydrogenase; AFU, a-L-fucosidase; FIB,
fibrinogen; PSA, prostate-specific antigen; SA, serum sialic acid; PCa, prostate cancer; T, tumor; pathological grades are categorized as high grade and low grade using GS; P < 0.05 is considered as
statistically significant.
TABLE 4 Comparison of clinical parameters among non-metastatic (Group 1), LVD (Group 2), and HVD group (Group 3).

Parameter Group 1 (n = 160) Group 2 (n = 13) Group 3 (n = 51) P1 (sta) P2 (sta) P3 (sta)

Age (years) 71.00 (64.00, 75.00) 69.00 (68.00, 75.00) 68.00 (63.00, 76.00) 0.804 (−0.248*) 0.409 (−1.066*) 0.531 (−0.627*)

AKP (U/L) 67.50 (56.00, 78.00) 90.00 (69.00, 96.00) 122.00 (95.00, 276.00) 0.007 (−2.719*) 0.000 (−8.090*) 0.002 (−3.163*)

LDH (U/L)
185.50

(168.00, 211.50)
197.00

(178.00, 222.50)
212.00

(182.00, 273.00)
0.143 (−1.466*) 0.000 (−4.126*) 0.409 (−0.826*)

AFU (U/L) 16.00 (13.00, 20.75) 18.00 (15.50, 27.00) 18.00 (13.00, 23.00) 0.056 (−1.909*) 0.141 (−1.471*) 0.332 (−0.970*)

FIB (g/L) 2.96 (2.62, 3.39) 2.91 (2.75, 3.51) 3.63 (3.01, 4.47) 0.417 (−0.812*) 0.000 (−4.879*) 0.026 (−2.228*)

PSA (ng/mL) 31.01 (11.54, 79.01) 58.23 (28.56, 138.17) 215.70 (104.50, 507.60) 0.092 (−1.687*) 0.000 (−7.090*) 0.002 (−3.062*)

GS (≤7 vs. >7) 82/75 5/8 12/39 0.340 (0.911#) 0.000 (12.801#) 0.001 (10.458#)

SA > 56.15 mg/dL 59.00 (36.88) 8.00 (61.54) 44.00 (86.27) 0.079 (3.082#) 0.000 (37.771#) 0.101 (2.695#)

SA > 65.80 mg/dL 21.00 (13.13) 0.00 (0.00) 25.00 (49.02) 0.341 (0.906#) 0.000 (29.227#) 0.001 (10.458#)
Data are presented as median (P25, P75), n/n, or n (%). *Z-values; #x2 values; LVD, low-volume disease; HVD, high-volume disease; P1, Group 1 vs. Group 2; P2, Group 1 vs. Group 3; P3, Group
2 vs. Group 3; sta, statistics; PSA, prostate-specific antigen; T, tumor; P < 0.05 is considered as statistically significant.
TABLE 2 Comparison of clinical parameters between groups presenting distinct ranges of SA levels (≤56.15 mg/dL vs. >56.15 mg/dL).

Parameter SA ≤ 56.15 mg/dL (n = 237) SA > 56.15 mg/dL (n = 224) Statistics P

Age (years) 70.00 (64.00, 75.50) 70.00 (64.00, 76.00) −0.045 0.964*

AKP (U/L) 64.00 (53.00, 77.50) 82.00 (68.25, 118.50) −9.386 0.000*

LDH (U/L) 187.00 (169.00, 210.00) 198.00 (179.00, 241.50) −4.519 0.000*

AFU (U/L) 16.00 (13.00, 20.00) 16.00 (13.00, 20.75) −0.870 0.384*

FIB (g/L) 2.76 (2.53, 3.09) 3.61 (3.17, 4.27) −12.556 0.000*

PSA (ng/mL) 24.27 (10.50, 66.48) 66.67 (16.19, 216.95) −5.239 0.000*

Gleason score (≤7 vs. >7) 115/107 82/135 8.712 0.003#

pT stage (T1-2 vs. T3-4) 197/31 143/72 24.536 0.000#

Metastatic patients 12 (10.60) 52 (46.80) 36.010 0.000#
Data are presented as median (P25, P75), n/n, or n (%). *Z-values; #x2 values; AKP, alkaline phosphatase; LDH, lactate dehydrogenase; AFU: a-L-fucosidase; FIB, fibrinogen; PSA, prostate-
specific antigen; SA, serum sialic acid; PCa, prostate cancer; T, tumor; pathological grades are categorized as high grade and low grade using GS; P < 0.05 is considered as statistically significant.
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and HVD. Among them, age, SA levels, and AKP levels were

divided according to their cut-off values. The ROC curve

demonstrated good discrimination in predicting PCa (Figure 4A)

and in predicting HVD (Figure 4D). In addition, the DCA curves

and calibration curves indicated good agreement between the

predicted and observed probabilities of bone metastasis

(Figures 4B, C) and HVD (Figures 4E, F).
4 Discussion

PCa is a prevalent malignancy among men and is a significant

contributor to mortality (33). PCa ranks as the third most

frequently detected cancer in males, with an estimated 1.4 million

global diagnoses projected for 2021, and it stands as the fifth

primary contributor to cancer-related mortality. Various risk

factors, encompassing genetic predisposition, advanced age,

ethnic background, elevated testosterone levels, and lifestyle

choices, significantly influence the initiation of PCa. Moreover,

the incidence of PCa exhibits notable variation across diverse

geographical regions, with developed and industrialized nations
Frontiers in Endocrinology 0756
demonstrating a heightened prevalence (34, 35). Furthermore,

research suggests that the incidence of PCa is positively correlated

with advancing age among patients (34, 36). The overall incidence

rate stands at 31 cases per 100,000 males across all age groups, while

the lifetime cumulative risk is estimated at 3.9%. Notably, the

prevalence of PCa among men aged 75 and above exceeds one in

four individuals (37, 38). While the majority of cases are indolent

and do not result in death, a substantial number of cases present

with intermediate- or high-risk localized, locally advanced, or

metastatic cancer despite treatment (39). The primary cause of

PCa-related mortality is metastatic disease, which occurs when PCa

cells proliferate beyond the prostate and disseminate to other

organs, particularly the lungs, liver, bones, and lymph nodes (40).

The likelihood of bone metastasis is significantly higher in patients

with PCa who present with both osteoblastic and osteolytic lesions

(41). The treatment of PCa has become increasingly diverse due to

the wide range of available techniques (42). Local therapy is

advantageous for many individuals, and patients who undergo

radical prostatectomy have a better prognosis than those who

receive radiation therapy (43). Presently, androgen deprivation

therapy is the standard treatment for metastatic hormone-
TABLE 5 Univariate and multivariate logistic regression analysis of selected parameters in PCa and its bone metastases.

Variable
Univariate regression Multivariate regression

HR 95% CI of OR P-value HR 95% CI of OR P-value

Age 0.982 0.947-1.018 0.322 / / /

LDH 1.014 1.007-1.022 0.000 / / /

AKP 1.034 1.021-1.047 0.000 1.029 1.015-1.044 0.000

AFU 1.042 0.997-1.088 0.066 1.067 1.005-1.132 0.033

FIB 1.409 1.092-1.818 0.008 / / /

PSA 1.007 1.004-1.009 0.000 1.005 1.002-1.008 0.000

SA (mg/dL): >56.15 vs. ≤56.15 7.418 3.665-15.014 0.000 2.966 1.203-7.315 0.018

Gleason score 3.023 1.599-5.715 0.001 4.372 1.637-11.673 0.003
fro
PCa, prostate cancer; LDH, lactate dehydrogenase; AKP, alkaline phosphatase; FIB, fibrinogen; PSA, prostate-specific antigen; HR, hazard ratio; P < 0.05 is considered as statistically significant;
95% CI: 95% confidence interval.
TABLE 6 Univariate and multivariate logistic regression analysis of selected parameters in LVD patients and HVD patients.

Variable
Univariate regression Multivariate regression

OR 95% CI of OR P-value OR 95% CI of OR P-value

Age 0.973 0.901-1.051 0.493 / / /

LDH 1.002 0.996-1.008 0.511 / / /

AKP 1.018 1.000-1.036 0.046 / / /

AFU 0.937 0.857-1.025 0.157 / / /

FIB 2.660 1.026-6.891 0.044 / / /

PSA 1.008 1.001-1.015 0.021 1.013 1.001-1.025 0.028

SA (mg/dL): >65.80 vs. ≤65.80 1.131 1.026-1.247 0.013 1.194 1.001-1.423 0.048

Gleason score 2.031 0.558-7.388 0.282 31.217 1.985-490.831 0.014
HVD, high-volume disease; LDH, lactate dehydrogenase; AKP, alkaline phosphatase; FIB, fibrinogen; PSA, prostate-specific antigen; HR, hazard ratio; P < 0.05 is considered as statistically
significant; 95% CI, 95% confidence interval.
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sensitive PCa. Furthermore, the combination of second-generation

antiandrogens has been shown to increase the survival rate of men

with metastatic castration-resistant PCa (M0 CRPC) (44, 45).

However, aggressive treatment methods for PCa can result in

significant adverse effects on continence and erectile function (46,

47). Therefore, it is imperative to accurately determine the clinical

type and stage of PCa prior to initiating treatment.

Notably, clinically significant disparities between HVD and

LVD have been observed in PCa, with LVD often being

characterized as oligo-metastatic based on numerous studies (32,

48). Numerous clinical trials have established a correlation between

(49–51). Furthermore, a consensus has yet to be reached on the

definitions of HVD and LVD. Notably, both CHARTED and

LATITUDE scores, which share many similarities, have been

identified as significant predictors of survival. Consequently, we

have opted to differentiate between HVD and LVD based on the

CHARTED experiment’s definition (52).

Research has indicated that SA molecules are integral to the

process of cancer metastasis. The progression of malignant tumors

towards migration, invasion, and metastasis involves alterations in

the levels of numerous intracellular and extracellular proteins, as

well as modifications to normal cellular behavior, including

extracellular matrix degradation, reduced cell adhesion,

heightened cell motility, and augmented local microvessel

formation, ultimately culminating in metastasis.

Prior research has demonstrated the significant involvement of

adhesive glycoproteins in tumormetastasis, whereby the upregulation

of 2-6-sialyltransferase and fibronectin expression influences the

migratory capacity of mouse liver cancer cells (53). Furthermore,
Frontiers in Endocrinology 0857
SA has been identified as a mediator of tumor cell adhesion to

platelets, white blood cells, and vascular endothelial cells, while also

reducing cell adhesion to collagen IV (a constituent of the basement

membrane) and intercellular adhesion (54). Moreover, it has been

demonstrated that the capacity to interact with nerve cell adhesion

molecules can be augmented, thereby promoting the invasion,

migration, and metastasis of neoplastic cells (55).

Despite the currently available antitumor pharmacological

regimens, bone metastases originating from PCa have yet to be

effectively managed. In comparison to antiangiogenic agents and

matrix metalloproteinase inhibitors, pharmacotherapy targeting

aberrant SA receptors may prove to be a more efficacious strategy

in the future for combating tumor metastasis. AL10, a novel

sialyltransferase inhibitor, has been shown to impede the

adhesion, migration, actin expression, and invasion of malignant

cells (56). Furthermore, SA, a molecule exhibiting a strong

attraction towards anticancer drugs, presents a promising avenue

for the advancement of antitumor therapy. Notably, highly

metastatic tumor cells express certain adhesion molecules,

including CD22 (57), and exhibit a heightened capacity for

binding with SA. Consequently, anticancer drugs bound to SA

can accumulate on the surface of tumor or metastatic cells, thereby

augmenting the efficacy of the drugs. The development of such

drugs has emerged as a prominent area of research.

The present study investigated the levels of SA in 461 patients

prior to treatment, in conjunction with other pertinent indices and

clinical characteristics. Furthermore, ROC curves were generated to

predict bone metastases and HVD in PCa patients based on

preoperative SA levels. The optimal diagnostic cut-off value for
A

B

FIGURE 3

(A) A nomogram for predicting bone metastasis of PCa patients. (B) A nomogram for predicting HVD patients. The nomogram is used by summing
all points identified on the scale for each variable. The total points projected on the bottom scales indicate the probabilities of bone metastasis and
HVD. PCa, prostate cancer.
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discriminating between patients with and without bone metastases

was determined to be 56.15 mg/dL, while the optimal diagnostic cut-

off for distinguishing between LVD and HVD was 65.80 mg/dL. We

also presented AUC, sensitivity, and specificity as measures of

accuracy. Our findings indicate that an elevated level of SA exhibits

high sensitivity and specificity in the diagnosis of bone metastases in

patients with PCa. Notably, pretreatment SA levels were significantly

higher in patients with HVD compared to non-metastatic patients

and patients with LVD. Multivariate regression analysis revealed that

SA is independently associated with HVD. Therefore, elevated SA

levels may serve as a valuable diagnostic tool for identifying

osteometastases and HVD in PCa patients.

In this study, an examination was conducted on pretreatment

SA levels in a cohort of 461 patients, alongside other pertinent assay

indices and clinical characteristics. Consistent with previous

research by Goswami K (58) and Cong Zhang (26) et al., our

findings indicate a significant elevation in SA levels among patients

with bone metastasis compared to those without, as well as higher

SA levels in patients with HVD compared to those with LVD.

Subsequently, patients diagnosed with PCa were subsequently

stratified based on age, AKP, LDH, FIB, and PSA levels. The

findings revealed a strong association between SA levels and

LDH, AKP, FIB, and PSA. These results align with the

conclusions drawn by Crook MA et al. (59), as no statistically

significant correlation was observed between SA levels and age.

Furthermore, a notable correlation was observed between SA levels

and pathological grade, whereby higher pathological grades were
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accompanied by elevated SA levels. The patients were categorized

into three groups based on the results of ECT: those without bone

metastases, those with LVD, and those with HVD. The levels of SA

exhibited a gradual increase across the three groups, with SA levels

being lowest in the group without bone metastases, followed by the

LVD group, and highest in the HVD group. ROC curves were then

generated to assess the predictive value of preoperative SA levels for

bone metastases and HVD. The optimal diagnostic cut-off points,

determined by the maximum Younden index (60), were found to be

> 56.15 mg/dL for distinguishing between bone metastases and the

absence of bone metastases, and > 65.80 mg/dL for distinguishing

between HVD and LVD. The picture also displayed the AUC,

sensitivity, and specificity values for determining accuracy. It was

evident that elevated SA levels exhibited high sensitivity and

specificity in diagnosing bone metastases and HVD in PCa

patients. Furthermore, SA levels were included in both univariate

and multivariate analyses, which revealed their significance in

diagnosing bone metastases and HVD. Consequently, elevated SA

levels hold promise in the diagnosis of bone metastases and HVD in

PCa patients.

Notwithstanding, there exist several constraints that necessitate

consideration in this study. First, a retrospective study was conducted

in a single location, which may have led to a statistically significant

degree of selection bias. Second, despite the recognition of ECT as the

“golden standard” for identifying skeletal metastases, this technique

may still yield an erroneous diagnosis for patients with PCa. Third,

despite the implementation of rigorous enrollment criteria, it was not
A B

D E F

C

FIGURE 4

ROC curve (A), DCA curve (B) and calibration curve (C) for assessing the discrimination and calibration of the nomogram in predicting the
probabilities of bone metastasis. ROC curve (D), DCA curve (E) and calibration curve (F) for assessing the discrimination and calibration of the
nomogram in predicting the probabilities of HVD.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1338420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Sun et al. 10.3389/fendo.2024.1338420
feasible to entirely eliminate conditions that could impact plasma SA

levels, such as varicose veins in the lower extremities and

atherosclerosis. Finally, certain HVD patients may have had

undetected visceral metastases due to inadequate assessment. To

validate these findings, it will be imperative to conduct multicenter

prospective studies with larger sample sizes.

In summary, pretreatment plasma SA levels exhibit a positive

correlation with the number of bone metastases and are

independently linked to HVD. These results suggest that SA

levels in the bloodstream may serve as a potential marker for

more accurate diagnosis and treatment of advanced PCa.
5 Conclusion

The present study established a correlation between SA levels

and the clinicopathological characteristics of patients with PCa and

HVD. Elevated SA levels prior to surgery could serve as an indicator

of increased malignancy risk and advanced cancer stages. The

findings of this study suggested that SA levels could serve as a

valuable screening and prognostic marker for PCa and HVD.
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Association between circulating
immune cells and the risk of
prostate cancer: a Mendelian
randomization study
Xuexue Hao †, Congzhe Ren †, Hang Zhou †, Muwei Li,
Hao Zhang and Xiaoqiang Liu*

Department of Urology, Tianjin Medical University General Hospital, Tianjin, China
Background: There is still limited research on the association between immune

cells and the risk of prostate cancer. Further investigations are warranted to

comprehend the intricate associations at play.

Methods: We used a bidirectional two-sample Mendelian randomization (MR)

analysis to investigate the causal relationship between immune cell phenotypes

and prostate cancer. The summary data for immune cell phenotypes was derived

from a study cohort, including 3,757 individuals from Sardinia with data on 731

immune cell phenotypes. The summary data for prostate cancerwere obtained from

the UK Biobank database. Sensitivity analyses were conducted, and the combination

of MR-Egger and MR-Presso was used to assess horizontal pleiotropy. Cochran’s Q

test was employed to evaluate heterogeneity, and the results were subjected to

FDR correction.

Results: Our study identified two immune cell phenotypes significantly associated

with the risk of prostate cancer, namely CD25 on naive-mature B cells (OR = 0.998,

95%CI, 0.997-0.999, P= 2.33E-05, FDR = 0.017) and HLADR onCD14- CD16- cells

(OR = 1.001, 95%CI, 1.000-1.002, P= 8.01E-05, FDR= 0.03). When adjusting FDR to

0.2, we additionally found six immune cell phenotypes influencing the incidence of

prostate cancer. These include FSC-A on B cells (OR = 1.002, 95% CI, 1.001-1.002,

P= 7.77E-04, FDR=0.133), HLADRon plasmacytoid dendritic cells (OR= 1.001, 95%

CI, 1.000-1.001, P = 0.001, FDR = 0.133), CD14+ CD16- monocyte % monocytes

(OR = 1.002, 95% CI, 1.001-1.003, P = 0.001, FDR = 0.133), and HVEM on effector

memory CD4+ T cells (OR = 1.001, 95% CI, 1.000-1.002, P = 0.002, FDR = 0.169),

which are positively correlated with the risk of prostate cancer. Conversely, CD25 on

IgD+Bcells (OR=0.998,95%CI,0.997-0.999,P=0.002,FDR=0.169)andMonocytic

Myeloid-Derived Suppressor Cells AC (OR = 0.999, 95% CI, 0.999-1.000, P = 0.002,

FDR = 0.17) are negatively correlated with the risk of prostate cancer.

Conclusion: This study has revealed causal relationships between immune cell

phenotypes and prostate cancer, supplying novel insights that might aid in

identifying potential therapeutic targets of prostate cancer.
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frontiersin.org0161

https://www.frontiersin.org/articles/10.3389/fendo.2024.1358416/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1358416/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1358416/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1358416/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2024.1358416&domain=pdf&date_stamp=2024-02-09
mailto:xiaoqiangliu1@163.com
https://doi.org/10.3389/fendo.2024.1358416
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2024.1358416
https://www.frontiersin.org/journals/endocrinology


Hao et al. 10.3389/fendo.2024.1358416
Introduction

Prostate cancer is the second most common cancer in males, with

an incidence rate second only to lung cancer. It is also the most

common cancer in the male urinary system (1). The incidence of

prostate cancer increases with the age of males (2). Additionally, there

are significant differences in the incidence of prostate cancer based on

race and geographic location. There is a 40-fold difference in incidence

rates between African American males with the highest incidence and

native Asian males with the lowest incidence in the United States (3).

Western Europe, Northern Europe, North America, and other

countries are high-incidence regions for prostate cancer, while

regions such as Asia and North Africa have relatively lower

incidence rates of prostate cancer (4). In addition to recognized age

factors, risk factors for prostate cancer also include genetics, baldness,

height, and others. Additionally, there are modifiable risk factors,

including diet, smoking, and alcohol consumption (5).

An increasing number of studies have found a complex and close

association between the immune system and cancer (6, 7). Many

immunotherapies, such as immune checkpoint inhibitors or direct

targeting of the tumor immune microenvironment, are used in

cancer treatment, focusing on various immune cells within the

immune system (8). Under normal circumstances, immune cells

exert anti-tumor effects through immune surveillance and immune

cytotoxicity. However, under certain conditions, certain immune cells

may also promote the progression of tumors (9). This dual effect of

immune cells occurs in various cancers. Studies have found a positive

correlation between higher levels of FOXP3+ T cells mediating

immune tolerance and lower levels of CD8+ T cells mediating

cytotoxicity with the risk of breast cancer, colorectal cancer, and

lung cancer in normal healthy populations (10). Similarly, research

suggests that changes in the composition of immune cell tissues are

linked to an elevated or reduced risk of specific cancers (11).. Immune

cells also play a crucial role in prostate cancer (12–14). Studying the

connection between immune cells and prostate cancer will contribute

to exploring the mechanisms of prostate cancer, providing more

potential treatment methods, and alleviating the burden on patients

and society. Currently, there is still limited research on the association

between immune cells and the risk of prostate cancer (15). More

studies are needed to understand the complex connections involved.

Mendelian randomization (MR) is a method that utilizes genetic

variations as instrumental variables (IVs) to assess observed causal

relationships (16). The purpose of this approach is to simulate a

randomized controlled trial, mitigating the influence of potential

confounding factors in observational studies (17). Traditional

observational studies determine disease risk factors by examining

the relationship between exposure and outcomes. However, these

studies may be limited in drawing valid causal conclusions due to

confounding factors or reverse causation (18). Compared to

traditional observational studies, MR is valuable for investigating

causal relationships between risk factors and clinical diseases because

genetic variations are randomly assigned at conception, typically

unrelated to confounding factors, and unaffected by reverse causation

(19). Our research aims to explore a causal relationship between

immune cell traits and prostate cancer through a comprehensive two-

sample bidirectional MR analysis.
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Methods

Study design

The flowchart of the two-sample bidirectional Mendelian

randomization (MR) analysis for immune cell phenotypes and the

risk of prostate cancer is depicted in Figure 1. Initially, we employ

immune cell phenotypes as the exposure to analyze which immune

cell phenotypes may have potential causal relationships with the

risk of prostate cancer. Subsequently, we use prostate cancer as the

exposure and explore the potential reverse causal relationships with

immune cell phenotypes. Single nucleotide polymorphisms (SNPs)

are utilized as IVs in the study. The selected IVs satisfy three crucial

assumptions: (1) IVs are associated with the risk exposure. (2) IVs

are unrelated to any confounding factors influencing the exposure-

outcome relationship. (3) IVs can only affect the outcome through

the exposure and not through any other pathways (20). Any IVs

violating the three major assumptions will be excluded.
Data sources

Immunology-related GWAS data sources
Our research data is derived from open GWAS databases and

the UK Biobank database. The studies involved have all been

approved by the local ethics committee. This study did not collect

new data and does not require new ethical approval.

The summary statistics of immune cell phenotypes are derived from

the GWAS database. GWAS data identifier from GCST90001391 to

GCST90002121 (https://www.ebi.ac.uk/gwas/studies/GCST90002121). A

cohort study involving 3,757 Sardinian individuals reported data on 22

million variants for 731 immune cell phenotypes. The 731 immune cell

phenotypes consist of 118 absolute cell counts (AC), 192 relative counts

(RC), 389median fluorescence intensities (MFIs) of surface antigens, and

32 morphological parameters (MP).

This study involved the collection of peripheral blood from blood

donors, which was then subjected to flow cytometry analysis

following antibody staining. This process allowed for the

identification and quantification of different cell subpopulations (21).

GWAS data sources for prostate cancer
Prostate cancer data were obtained from the UK Biobank

database, comprising a study population of 462,933 individuals of

European descent. The case group consisted of 3,269 individuals,

and the control group included 459,664 individuals, involving

9,851,867 SNPs.
Selection of IVs
We set the threshold for SNPs related to immune cell

phenotypes at P < 1 × 10-5. Additionally, we conducted a Linkage

Disequilibrium (LD) check on these SNPs (r2 = 0.001 and

kb = 10,000). The values of r2 or kb represent the degree of

linkage disequilibrium between two loci, indicating that if there is

LD between two loci, their allele frequencies are not independent

but correlated in some way. For SNPs related to prostate cancer, we
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applied a threshold of P < 5 × 10-8 and similarly performed LD

checks (r2 = 0.001 and kb = 10,000). We calculated the F-statistic for

each SNP, and SNPs with low F-values (< 10) were removed as IVs

to assess IV strength and mitigate weak instrument bias (22).

Finally, we utilized the PhenoScanner database to exclude SNPs

associated with potential confounding variables.

Statistical analysis
In order to explore the causal relationship between immune cell

phenotypes and the risk of prostate cancer, this study primarily

utilized the TwoSampleMR and MRPRESSO packages in R (4.2.3).

The main conventional MR analysis methods employed included

Inverse Variance Weighting (IVW), MR-Egger, Weighted Median,

Weighted Mode, and MR-Presso. Depending on the specific

situation, choose random or fixed-effect IVW. IVW, as the primary

analytical method, aims to estimate the causal relationship between

exposure factors and outcomes by combining the effects of various

genetic variations, providing a comprehensive causal estimation.

However, IVW has limitations as it relies on the three fundamental

assumptions mentioned earlier and can only avoid the influence of

confounding factors in the absence of horizontal pleiotropy.

Therefore, when using the IVW method, the potential for

horizontal pleiotropy must be considered (23).

In this study, we employed a combination of MR-Egger and

MR-Presso to assess the presence of horizontal pleiotropy (P < 0.05

considered to indicate horizontal pleiotropy). Additionally,

Cochran’s Q test was utilized to assess heterogeneity among the

selected SNPs (P < 0.05 considered to indicate heterogeneity).

Compared to MR-Egger, which detects and quantifies the degree

of horizontal pleiotropy through intercept testing, MR-Presso can

identify and address outliers beyond horizontal pleiotropy (24).
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To explore reverse causality, the same methods were used for

reverse MR analysis of immune cell phenotypes and prostate cancer.

Moreover, considering the issue of multiple testing, FDR correction

was performed using the online tool Bioladder. According to previous

studies, FDR < 0.2 is considered suggestive of a causal relationship,

while FDR < 0.05 is considered to indicate a significant

causal relationship.
Results

The causal effect of immunophenotypes
on prostate cancer

We first analyzed the causal effects of 731 immune cell phenotypes

as exposure variables on prostate cancer, and the results of the analysis

are shown in Figure 2. Our research findings revealed that two immune

cell phenotypes are significantly associated with the risk of prostate

cancer. Specifically, CD25 on naive-mature B cells (OR = 0.998, 95%

CI, 0.997-0.999, P = 2.33E-05, FDR = 0.017) shows a significant

negative correlation with the risk of prostate cancer, while HLA DR

on CD14- CD16- cells (OR = 1.001, 95% CI, 1.000-1.002, P = 8.01E-05,

FDR = 0.03) exhibits a significant positive correlation with the risk of

prostate cancer. When adjusting the false discovery rate (FDR) to 0.2,

we identified associations between six immune cell phenotypes and the

risk of prostate cancer. Among them, FSC-A on B cells (OR = 1.002,

95% CI, 1.001-1.002, P = 7.77E-04, FDR = 0.133), HLA DR on

plasmacytoid dendritic cells (OR = 1.001, 95% CI, 1.000-1.001,

P = 0.001, FDR = 0.133), CD14+ CD16- monocyte % monocytes

(OR = 1.002, 95% CI, 1.001-1.003, P = 0.001, FDR = 0.133), and

HVEM on effector memory CD4+ T cells (OR = 1.001, 95% CI, 1.000-
FIGURE 1

The design of bidirectional Mendelian randomization (MR) study by Figdraw.
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1.002, P = 0.002, FDR = 0.169) are positively correlated with the risk of

prostate cancer, while CD25 on IgD+ B cells (OR = 0.998, 95% CI,

0.997-0.999, P = 0.002, FDR = 0.169) and Monocytic Myeloid-Derived

Suppressor Cells AC (OR = 0.999, 95% CI, 0.999-1.000, P = 0.002, FDR

= 0.17) are negatively correlated with the risk of prostate cancer.

Subsequently, a horizontal pleiotropy test was conducted using MR-

Egger and MR-Presso in combination. No horizontal pleiotropy was

detected in the above results, and Cochran’s Q test revealed no

heterogeneity in all outcomes. Following that, scatter plots and

funnel plots also supported these findings (Supplementary Figures 1,

2). We further employed a heatmap for visual analysis of the research

results. Initially, we filtered out the IDs of all positive results of immune

cell phenotypes based on the p-values from the IVW method.

Subsequently, different colors in Figure 3 represent the p-values of

sensitivity analysis results for each immune cell phenotype.
The causal effect of I prostate cancer
on immunophenotypes

In the reverse MR analysis, we identified some positive results,

but after FDR correction (FDR < 0.05), no statistically significant

results were observed. Similarly, after adjusting to FDR < 0.2, no

meaningful results were detected.
Frontiers in Endocrinology 0464
Discussion

Through a two-sample bidirectional MR study, we identified

two immune cell phenotypes significantly associated with the risk of

prostate cancer (FDR < 0.05). After adjusting for FDR < 0.20, an

additional six immune cell phenotypes were found to be related to

the risk of prostate cancer. In the reverse MR analysis, we also

observed some positive results; however, after FDR correction, no

significant correlations were identified.

Our study revealed a significant negative correlation between

CD25 on naive-mature B cells and the risk of prostate cancer.

Additionally, CD25 on IgD+ B cells also showed a negative

correlation with the risk of prostate cancer, while FSC-A on B

cells exhibited a positive correlation with the risk of prostate cancer.

CD25 constitutes a component of the interleukin-2 (IL-2) receptor

and is exhibited on the surface of diverse immune and non-immune

cellular entities (25). The role of CD25 may vary significantly

depending on its expression on different cell types. Regulatory T

cells (Tregs) promote tumor progression, and CD25 is widely

expressed on Tregs. Studies have found that depleting Tregs

through anti-CD25 antibodies can exert an anti-tumor immune

effect (26–28). However, recent research has found that agonists

preserving the activity of CD25 can activate tumor-specific CD8 T

cells, exerting an anti-tumor immune effect (29). These studies
FIGURE 2

Forest plots showed the causal effect of immunophenotypes on prostate cancer. nsnp, nonsynonymous single-nucleotide polymorphism; OR, odds
ratio; CI, confidence interval; PFDR, P value corrected by FDR.
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highlight the complex and crucial role of CD25 in tumor

immunotherapy. Our study found that CD25 on naive-mature B

cells and CD25 on IgD+ B cells are protective factors against

prostate cancer. This finding aligns with similar conclusions from

current research. Naive-mature B cells refer to B cells that have

matured but have not been activated. In tumor immunity, naive-

mature B cells may play an anti-tumor role by stimulating immune

responses and assisting other immune cells (29). IgD+ B cells are a

subset of B cells in the immune system, and they engage in immune

responses through the surface expression of IgD. On B cells, IgD can

coexist with other immunoglobulins, collectively regulating

immune reactions (30). Studies have found the expansion of

clonal B cells in both the blood and sentinel lymph nodes

of prostate cancer patients, with a predominant presence of

immature B cells in the blood (12). This reflects the protective

role of B cells, including immature B cells, in prostate cancer.

Our study identified HLA DR on CD14- CD16-, CD14+ CD16-

monocyte %monocyte, and HLA DR on plasmacytoid Dendritic

Cell as risk factors for the incidence of prostate cancer. CD14 and

CD16 are surface markers on immune cells, playing crucial roles in

signal recognition, signal transduction, and enhancement of

immune responses. They exert significant functions in both

tumor and non-tumor diseases (31, 32). In the Monocyte panel,
Frontiers in Endocrinology 0565
they were identified based on HLA-DR positivity. Pavlovic et al. has

found reduced expression of the monocyte HLA-DR molecule in

prostate cancer (33). A previous study indicated that enhancing

monocyte function in the human body can be achieved by

upregulating HLA-DR, contributing to anti-prostate cancer effects

(34). Monocytes were categorized into classical cells (CD14+CD16

−), non-classical cells (CD14−CD16+), and intermediate cells

(CD14+CD16+) (21). Although the role of HLA-DR on CD14-

CD16- is rarely mentioned, a recent study (35) still highlights its

significant involvement in schizophrenia, warranting further

attention. Currently, there is no dedicated study on the specific

mechanism of HLA DR on CD14- CD16- in the development of

prostate cancer. Further research is needed to validate our findings

and explore the potential mechanisms involved. Plasmacytoid

Dendritic Cells are multifunctional immune cells, and their

clinical significance in the tumor microenvironment (TME)

remains unclear (36), previous studies have found the

immunosuppressive role of plasmacytoid dendritic cells in gastric

cancer (37). The mechanisms by which they function in prostate

cancer still require further exploration. Our study also found that

Monocytic Myeloid-Derived Suppressor Cells (M-MDSCs) may be

a potential protective factor in the development of prostate cancer.

M-MDSC and polymorphonuclear MDSC (PMN-MDSC) are two
FIGURE 3

The heatmap depicting the IDs of immune cell phenotypes with positive results and the p-values from the sensitivity analysis: The outer circle
represents the IDs of immune cell phenotypes, while the inner circle uses different colors to indicate the p-values of different sensitivity
analysis results.
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main cellular subtypes of myeloid-derived suppressor cells

(MDSCs). Morphologically, M-MDSCs resemble monocytes,

while PMN-MDSCs have a multi-lobed nucleus similar to

polymorphonuclear (PMN) cells. Moreover, these two subtypes

express different surface molecules, and their distribution varies

across different tumors (38). Previous studies have found that

PMN-MDSCs contribute to the progression and immune evasion

of prostate cancer (39, 40). Idorn et al. have identified increased

expression of M-MDSCs in patients with castration-resistant

prostate cancer, suggesting its involvement in the immune

suppressive environment of prostate cancer patients (41). Further

specific research is needed to elucidate these findings.

The strengths of our study include the first-time application of

MR methods to investigate the relationship between immune cell

phenotypes and prostate cancer. Our conclusions were derived under

strict examination of horizontal pleiotropy, reducing the interference

of confounding factors and the impact of reverse causality on the

results. Additionally, our study identified immune cell phenotypes

significantly associated with prostate cancer, which have been less

explored in previous research. This may provide new insights for

exploring potential immunotherapeutic targets in prostate cancer.

Our study also has some limitations. Although we included 731

immune cell phenotypes in our research, there are still some immune

cell phenotypes that could not be analyzed due to data limitations.

Additionally, since the data sources are predominantly of European

descent, limited to adults, and do not support stratification by gender

and age, this may impact the generalizability and accuracy of the

results. This study is based on a cohort study of individuals from

Sardinia. The Sardinian population possesses unique genetic

characteristics, and the study conclusions may not be applicable to

broader populations. Future validation in larger and more diverse

patient cohorts is necessary to ensure the robustness and

generalizability of our conclusions. Furthermore, the selection of

instrumental variables for immune cell phenotypes (P < 1×10−5) and

the interpretation of reverse results (FDR < 0.2) are not as stringent.

Finally, we hope that future research will involve larger sample sizes

and more comprehensive Mendelian randomization studies to

further explore the relationship between immune cell phenotypes

and prostate cancer.
Conclusions

This study has revealed causal relationships between immune

cell phenotypes and prostate cancer, supplying novel insights that

might aid in comprehending the pathogenic mechanisms of

prostate cancer and identifying potential therapeutic targets.
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infiltration of CD209(+) dendritic cells and CD163(+) macrophages in the peritumor
area of prostate cancer is predictive of late adverse outcomes. Front Immunol (2023)
14:1205266. doi: 10.3389/fimmu.2023.1205266

15. Kwon JTW, Bryant RJ, Parkes EE. The tumor microenvironment and immune
responses in prostate cancer patients. Endocrine-related Cancer (2021) 28:T95–t107.
doi: 10.1530/ERC-21-0149

16. Sekula P, Del Greco MF, Pattaro C, Köttgen A. Mendelian randomization as an
approach to assess causality using observational data. J Am Soc Nephrol: JASN (2016)
27:3253–65. doi: 10.1681/ASN.2016010098

17. Bowden J, Holmes MV. Meta-analysis and Mendelian randomization: A review.
Res Synthesis Methods (2019) 10:486–96. doi: 10.1002/jrsm.1346

18. Kim MS, Song M, Shin JI, Won HH. How to interpret studies using Mendelian
randomisation. BMJ Evidence-Based Med (2023) 28:251–4. doi: 10.1136/bmjebm-2022-
112149

19. Weith M, Beyer A. The next step in Mendelian randomization. eLife (2023) 12:
e86416. doi: 10.7554/eLife.86416

20. Lor GCY, Risch HA, FungWT, Au Yeung SL, Wong IOL, ZhengW, et al. Reporting
and guidelines for mendelian randomization analysis: A systematic review of oncological
studies. Cancer Epidemiol (2019) 62:101577. doi: 10.1016/j.canep.2019.101577

21. Orrù V, Steri M, Sidore C, Marongiu M, Serra V, Olla S, et al. Complex genetic
signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet
(2020) 52:1036–45. doi: 10.1038/s41588-020-0684-4

22. Wang K, Han S. Effect of selection bias on two sample summary data based
Mendelian randomization. Sci Rep (2021) 11:7585. doi: 10.1038/s41598-021-87219-6
Frontiers in Endocrinology 0767
23. Mbutiwi FIN, Dessy T, Sylvestre MP. Mendelian randomization: A review of
methods for the prevention, assessment, and discussion of pleiotropy in studies using
the fat mass and obesity-associated gene as an instrument for adiposity. Front Genet
(2022) 13:803238. doi: 10.3389/fgene.2022.803238

24. Boehm FJ, Zhou X. Statistical methods for Mendelian randomization in genome-
wide association studies: A review. Comput Struct Biotechnol J (2022) 20:2338–51. doi:
10.1016/j.csbj.2022.05.015

25. Peng Y, Tao Y, Zhang Y, Wang J, Yang J, Wang Y. CD25: A potential tumor
therapeutic target. Int J Cancer (2023) 152:1290–303. doi: 10.1002/ijc.34281

26. Villanueva MT. Anti-CD25 antibody tips the T cell balance. Nat Rev Drug
Discovery (2021) 20:18. doi: 10.1038/d41573-020-00206-w

27. Lee JH, Jung KH, Kim M, Lee KH. Cysteine-specific (89)Zr-labeled anti-CD25
IgG allows immuno-PET imaging of interleukin-2 receptor-a on T cell lymphomas.
Front Immunol (2022) 13:1017132. doi: 10.3389/fimmu.2022.1017132

28. Zhang J, FuQ, He Y, LvH, Qian Y, Zhang Y, et al. Differences of circulating CD25(hi)
bregs and their correlations with CD4 effector and regulatory T cells in autoantibody-positive
T1D compared with age-matched healthy individuals. J Immunol Res (2022) 2022:2269237.
doi: 10.1155/2022/2269237
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Develop prediction model to
help forecast advanced prostate
cancer patients’ prognosis after
surgery using neural network
Shanshan Li1, Siyu Cai2,3, Jinghong Huang4, Zongcheng Li5,
Zhengyu Shi6, Kai Zhang7, Juan Jiao1*, Wei Li 2*

and Yuanming Pan 2*

1Department of Clinical Laboratory, The Seventh Medical Center of Chinese PLA General Hospital,
Beijing, China, 2Cancer Research Center, Beijing Chest Hospital, Capital Medical University/Beijing
Tuberculosis and Thoracic Tumor Research Institute, Beijing, China, 3Dermatology Department,
General Hospital of Western Theater Command, Chengdu, Sichuan, China, 4Department of
Biochemistry, School of Medicine/Key Laboratory of Xinjiang Ministry of Education, Shihezi University,
Shihezi, Xinjiang, China, 5Urinary Surgery Department, The First People’s Hospital of Ziyang, Ziyang,
Sichuan, China, 6Chengdu Eighth People’s Hospital, Chengdu, Sichuan, China, 7General Department,
Beijing Chest Hospital, Capital Medical University/Beijing Tuberculosis and Thoracic Tumor Research
Institute, Tongzhou District, Beijing, China
Background: The effect of surgery on advanced prostate cancer (PC) is unclear

and predictive model for postoperative survival is lacking yet.

Methods: We investigate the National Cancer Institute’s Surveillance,

Epidemiology, and End Results (SEER) database, to collect clinical features of

advanced PC patients. According to clinical experience, age, race, grade,

pathology, T, N, M, stage, size, regional nodes positive, regional nodes

examined, surgery, radiotherapy, chemotherapy, history of malignancy, clinical

Gleason score (composed of needle core biopsy or transurethral resection of the

prostate specimens), pathological Gleason score (composed of prostatectomy

specimens) and prostate-specific antigen (PSA) are the potential predictive

variables. All samples are divided into train cohort (70% of total, for model

training) and test cohort (30% of total, for model validation) by random

sampling. We then develop neural network to predict advanced PC patients’

overall. Area under receiver operating characteristic curve (AUC) is used to

evaluate model’s performance.

Results: 6380 patients, diagnosed with advanced (stage III-IV) prostate cancer

and receiving surgery, have been included. The model using all collected clinical

features as predictors and based on neural network algorithm performs best,

which scores 0.7058 AUC (95% CIs, 0.7021-0.7068) in train cohort and 0.6925

AUC (95% CIs, 0.6906-0.6956) in test cohort. We then package it into a Windows

64-bit software.
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Conclusion: Patients with advanced prostate cancer may benefit from surgery. In

order to forecast their overall survival, we first build a clinical features-based

prognostic model. This model is accuracy and may offer some reference on

clinical decision making.
KEYWORDS

prediction model, prostate cancer, prognosis, surgery, neural network, deep learning
Background

Prostate cancer (PC) is the second-most common solid organ

malignancy globally and the most prevalent solid organ malignancy

in males in the United States (1). In Western nations, the second-

most prominent cause of men’s cancer-related mortality is also PC,

and more than 30,000 men die from it in the United States (2). Race,

age, family history, obesity, and other conditions are mainly risk

factors for PC (3, 4). Usually, PC patients with T3-T4, prostate-

specific antigen (PSA) ≥ 20 ng/ml, lymph node or distant site

metastasis have the potential for being diagnosed with

advanced PC.

Advanced PC is typically regarded as incurable. On one hand,

since Charles Huggins initially observed the impact of androgen

deprivation therapy (ADT) on metastatic PC patients, inhibition of

androgen receptor signaling with ADT has been the basis of therapy

for metastatic PC. ADT has involved several types, like surgical

castration or pharmacological castration. However, despite the fact

that ADT provides about 1-2 years’ remissions in the majority of

patients, PC can grow resistant, called metastatic castration-

resistant PC (5). On the other hand, traditionally, advanced PC is

still dominated by ADT treatment, and radical prostatectomy (RP)

is rarely the first option. The primary cause may be that the

presence of tumor extension into the rhabdosphincter, rectal wall,

and seminal vesicles usually implies a poor prognosis and is often

accompanied by fatal surgical complications (6, 7). However, with

the improvement and refinement of surgical technology,

particularly the introduction of robot-assisted radical

prostatectomy (RALP), the prognosis of advanced PC is steadily
pecific antigen; ADT,

y; RALP, robot-assisted

; PFS, progression-free

sults; AJCC, American

hrinkage and selection

r receiver operating
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improving, and the rate of surgical complications may also be

handled (7, 8). In recent years, cytoreductive prostatectomy (CP)

has gradually attracted attention. Some evidence suggests a feasible

role for CP in metastatic PC (9–11). Axel Heidenreich et al.

observed that advanced PC patients responding well to

neoadjuvant androgen deprivation therapy had a better

progression-free survival (PFS) (38.6 vs 26.5 months, P = 0.032)

after CP than control group (9). These findings imply that surgery

might be a novel and effective treatment option for advanced PC.

However, there is no consensus on which patients are appropriate

or how to predict their outcome.

In this study, we investigate the National Cancer Institute’s

Surveillance, Epidemiology, and End Results (SEER) database for

records regarding PC patients with staged III-IV and undergoing

surgery, and create a neural network prediction model to estimate

their postoperative survival. We then package the model into a

software, which is convenient for clinicians to use and decision-

making assistance.
Methods

Patients and datasets

Retrieving with SEER*Stat (8.4.0), we utilize the 17 Registries

database (2000–2019), which covers approximately 26.5% of the

U.S. population, and set “Site and Morphology. Site recode ICD-O-

3/WHO 2008” as “Prostate” to get the raw data of prostate cancer.

Raw data are filtered to reserve patients diagnosed in 2010-2015

years for they containing the detailed 7th American Joint

Committee on Cancer (AJCC) stage and confirmed as stage III-

IV with complete surgery records. Samples with missing values are

omitted, and 5 samples are taken out due to their contradictory

records about lymphatic metastasis. 6380 samples are adopted

finally. Then all patients are divided into train cohort (70% of

total) and test cohort (30% of total) by random sampling. Train

cohort is used to conduct survival models, validated by its own and

test cohort. According to SEER’s criteria, tumor diameters

exceeding 989mm are still recorded as 989mm, and patients over

the age of 100 are still documented as 100 (Figure 1).

The SEER program registries routinely collect demographic and

clinic data, and the mortality data reported by SEER were provided
frontiersin.org
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by the National Center for Health Statistics, according to SEER

website. The 17 Registries database (2000-2019) is submitted in

November 2021, and the follow-up cut-off date is December 31,

2019, according to SEER description manual. We have signed the

SEER Research Data Use Agreement to acquire access.
Data cleaning and feature engineering

Usually more predictive variables show a better performance, so

we collect them as much as possible. According to clinical

experience, age, race, grade, pathology, T, N, M, stage, size,

regional nodes positive, regional nodes examined, surgery,

radiotherapy, chemotherapy, history of malignancy, clinical

Gleason score (composed of needle core biopsy or transurethral

resection of the prostate specimens), pathological Gleason score

(composed of prostatectomy specimens) and PSA are the potential

predictive variables. At first, all clinical features above are used to

conduct models, with evaluated fitting and overfitting in both train

and test cohorts.

Then, considering the potential multicollinearity among these

variables (though sometimes not considered in neural network
Frontiers in Endocrinology 0370
model), we apply least absolute shrinkage and selection operator

(LASSO) regression to screen clinical features mentioned above.

The key to LASSO regression is to allocate an appropriate lambda

value, which is confirmed by a 5-fold cross validation and the

minimum one is adopted. The clinical features with a non-zero

coefficient in LASSO regression (short for LASSO variables) are

taken out to build prognostic model. Only the train cohort is used in

this process, and R package glmnet is used to achieve work above.
Survival model training and evaluation

All data are separated into two parts, train cohort for LASSO

regression and conducting models, and test cohort for further

validation. Some variables (T and M) are merged, although they

are shown specifically on the baseline table.

Using the pytorch platform based on python 3.9.7, we construct

a deep learning survival model to predict overall survival (OS)

probability of the PC patients. The deep learning survival model

contained input layers (the clinical features), activation layers

(convert the computing results to nonlinear ones), drop out layers

(silence some neurons randomly to avoid overfitting) and batch
FIGURE 1

Flow chart of this study. SEER, Surveillance, Epidemiology, and End Results database; AJCC, American Joint Committee on Cancer; LASSO, least
absolute shrinkage and selection operator; PSA, prostate-specific antigen.
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normalization layers (ensure that the mean and variance of the

input variables are fixed within a certain range to improve model

performance). We turn on the early stopping function, which can

end training automatically when model’s performance gets no

improvement after several rounds of trainings (set as 30 rounds

here). Batch size training is enabled and 512 samples are used each

time. Adam is designated as optimizer with 0.05 learning rate.

Numerical clinical features are normalized (subtract the mean and

divide by the standard deviation) and categorical clinical features

are transformed into number encodings before training. Python

package pandas, numpy, pycox, matplotlib, lifelines and scikit-learn

assist us with the above process.

The traditional CPH model has been built too, to make a

contrast, with the help of python package lifelines. All models are

conducted using both all clinical features collected this time or

LASSO filtered ones.

The main evaluation indicator is area under receiver operating

characteristic curve (AUC). An AUC closer to 1.0 reflects the model

perfect in predicting, while a model scoring 0.5 AUC tends to

random guess. We evaluate models in both train and test cohorts,

reporting the mean AUC and 95% confidence interval (CIs)

by Bootstrap.

The neural network is compressed as a graphical user interface

(GUI) software for clinicians to use finally.
Survival analysis

All data both train and test cohorts are finally employed to

conduct Cox proportional hazard (CPH) regression, revealing the

hazard ratio (HR) and 95% CIs to discover influential factors of

advanced prostate adenocarcinoma (8140/3) after surgery. A forest
Frontiers in Endocrinology 0471
plot is drawn to visualize results above with the use of R package

ezcox, survival and survminer.
Statistical analysis

This study is analyzed with R software. The comparison

between train cohort and test cohort is assessed using Student’s t

or Mann-Whitney U test for continuous variables, Chi-square test

for categorical variables. P < 0.05 of two-sided is considered

statistically significant.

This research is conducted in accordance with the Declaration

of Helsinki. This retrospective cohort study uses data from the

publicly available SEER database, patients’ information has been

anonymized and not traceable. And the data submitters have gotten

informed consent from participants and obtained the ethical

permission. Given that, this research is exempted from ethical

applications and written consent.
Results

Clinical characteristics

A total of 6380 patients, diagnosed with advanced (stage III-IV)

PC and receiving surgery, have been included. After random

sampling, 4466 (70% of total) in train cohort and 1914 (30% of

total) in test cohort. The detailed clinical information is displayed in

Table 1. Two cohorts have no significant difference in clinical

features. The mean age is 63.28 years old in train cohort and 63.1

years old in test cohort. Most patients are white and diagnosed with

grade III in two cohorts. Adenocarcinoma is the most common
TABLE 1 Clinical information of two cohorts.

Train cohort Test cohort

Statistical method P value(N=4466) (N=1914)

No. (%)

Age Student’s t 0.3349

Mean (SD) 63.28 (6.84) 63.1 (7.08)

Race Chi-square 0.8640

White 3611 (80.86) 1542 (80.56)

Black 410 (9.18) 173 (9.04)

Other 445 (9.96) 199 (10.40)

Grade Chi-square 0.7252

I 22 (0.49) 13 (0.68)

II 1079 (24.16) 472 (24.66)

III 3354 (75.10) 1423 (74.35)

IV 11 (0.25) 6 (0.31)

(Continued)
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TABLE 1 Continued

Train cohort Test cohort

Statistical method P value(N=4466) (N=1914)

No. (%)

Pathology Chi-square 0.3535

8140/3: Adenocarcinoma, NOS 4399 (98.50) 1880 (98.22)

8201/3: Cribriform carcinoma, NOS 2 (0.04) 0 (0)

8246/3: Neuroendocrine carcinoma, NOS 2 (0.04) 0 (0)

8255/3: Adenocarcinoma with mixed subtypes 11 (0.25) 6 (0.31)

8480/3: Mucinous adenocarcinoma 5 (0.11) 4 (0.21)

8481/3: Mucin-producing adenocarcinoma 1 (0.02) 1 (0.05)

8490/3: Signet ring cell carcinoma 0 (0) 2 (0.10)

8500/3: Infiltrating duct carcinoma, NOS 29 (0.65) 16 (0.84)

8550/3: Acinar cell carcinoma 14 (0.31) 5 (0.26)

8574/3: Adenocarcinoma with neuroendocrine differentiation 3 (0.07) 0 (0)

T Chi-square 0.9349

T2 11 (0.25) 2 (0.10)

T2a 7 (0.16) 3 (0.16)

T2b 6 (0.13) 4 (0.21)

T2c 90 (2.02) 37 (1.93)

T3 10 (0.22) 6 (0.31)

T3a 2774 (62.11) 1181 (61.70)

T3b 1506 (33.72) 654 (34.17)

T4 62 (1.39) 27 (1.41)

N Chi-square 0.1863

N0 3747 (83.90) 1631 (85.21)

N1 719 (16.10) 283 (14.79)

M Chi-square 0.1256

M0 4431 (99.22) 1905 (99.53)

M1a 5 (0.11) 2 (0.10)

M1b 29 (0.65) 5 (0.26)

M1c 1 (0.02) 2 (0.10)

Stage Chi-square 0.0897

III 3686 (82.53) 1613 (84.27)

IV 780 (17.47) 301 (15.73)

Size Wilcoxon signed-rank 0.1028

Median (IQR) 23 (17, 32) 22 (17, 30)

Regional nodes positive Wilcoxon signed-rank 0.2139

Median (IQR) 0 (0, 0) 0 (0, 0)

Regional nodes examined Wilcoxon signed-rank 0.4381

Median (IQR) 7 (3, 12) 7 (4, 12)

(Continued)
F
rontiers in Endocrinology
 0572
 fro
ntiersin.org

https://doi.org/10.3389/fendo.2024.1293953
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2024.1293953
pathology type. Most patients are staged T3a, N0, M0 or stage III.

The median tumor diameter is 23 mm in train cohort and 22 mm in

test cohort. The median regional nodes positive is 0 and median

regional nodes examined is 7 in both two cohorts. Most patients got

no radiotherapy or chemotherapy, and had no history of

malignancy. The median Gleason score is 7 (either clinical or

pathology) in two cohorts. The median PSA is 8 ng/ml in train

cohort and 7.8 ng/ml in test cohort. The median survival time is 75

months in train cohort and 73 months in test cohort. Most patients

survive in both two cohorts.
Predictive variables

We conduct models using all clinical features at first. Then

LASSO regression is used to discover non-zero coefficient variables

and screen clinical features (Supplementary Figure 1A). Concrete

coefficient values are exhibited on Supplementary Table 1. Finally,

these clinical features are picked out: age, M, stage, chemotherapy,
Frontiers in Endocrinology 0673
history of malignancy, clinical Gleason score, pathological Gleason

score, which all above are short for LASSO variables. All variables

and LASSO variables are both used to conduct models too, by neural

network and CPH. Prior to training, numerical clinical features are

standardized according to their mean and standard deviation

(Supplementary Table 2), and categorical clinical characteristics

are converted into number encodings (Supplementary Table 3).
Model performance

LASSO variables are input, then a neural network is finished

training after 35 epochs, according to the deep learning custom and

tuning. The model has 0.6811 AUC (95% CIs: 0.6799-0.6849) in

train cohort and 0.6779 AUC (95% CIs: 0.6740-0.6790) in test

cohort (Table 2). The training curve has been saved in

(Supplementary Figure 1B).

When it comes to all variables, a neural network is finished

training after 36 epochs. And this model scores 0.7058 AUC (95%
TABLE 1 Continued

Train cohort Test cohort

Statistical method P value(N=4466) (N=1914)

No. (%)

Radiotherapy Chi-square 0.3138

No 3613 (80.9) 1569 (81.97)

Yes 853 (19.1) 345 (18.03)

Chemotherapy Chi-square 0.1210

No 4423 (99.04) 1903 (99.43)

Yes 43 (0.96) 11 (0.57)

History of malignancy Chi-square 0.7347

No 4164 (93.24) 1789 (93.47)

Yes 302 (6.76) 125 (6.53)

Gleason score (clinical) Wilcoxon signed-rank 0.6437

Median (IQR) 7 (7, 8) 7 (7, 8)

Gleason score (pathology) Wilcoxon signed-rank 0.3687

Median (IQR) 7 (7, 8) 7 (7, 8)

PSA Wilcoxon signed-rank 0.5917

Median (IQR) 8 (5.6, 13.4) 7.8 (5.6, 13.3)

Survival time Wilcoxon signed-rank 0.0592

Median (IQR) 75 (58, 96) 73 (57, 95)

Dead Chi-square 0.5402

No 4015 (89.90) 1711 (89.39)

Yes 451 (10.10) 203 (10.61)
fro
SD, standard deviation. Grade I, well differentiated; Grade II, moderately differentiated; Grade III, poorly differentiated; Grade IV, undifferentiated, anaplastic. NOS, not otherwise specified. IQR,
inter-quartile range. Gleason score (clinical), composed of needle core biopsy or transurethral resection of the prostate specimens. Gleason score (pathology), composed of prostatectomy
specimens. PSA, prostate-specific antigen.
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CIs, 0.7021-0.7068) in train cohort and 0.6925 AUC (95% CIs,

0.6906-0.6956) in test cohort (Table 2). The training curve has been

saved in (Supplementary Figure 1C).

We also execute CPH regression to compare, using all variables

and LASSO variables. The LASSO variables’ AUC is 0.6657 (95%

CIs: 0.6633-0.6686) and 0.6719 (95% CIs: 0.6653-0.6707) in train

and test cohort respectively. All variables get AUC of 0.6639 (95%

CIs: 0.6604-0.6657) and 0.6696 (95% CIs: 0.6678-0.6731) in train

and test cohort respectively. Overall speaking, neural network has a

better performance than CPH (Table 2).
Model’s further evaluation
and compression

Then we suggest the model calculating with all variables and

based on neural network to serves as the survival predictive tool for

advanced PC patients after surgery (DeepPC). The architecture of

DeepPC is as follows: it has 10 layers, including a linear layer (17 x

16 nodes), an activation layer (Relu function), a batch

normalization layer, a dropout layer (10%), a linear layer (16 x 16

nodes), another activation layer (Relu function), another batch

normalization layer, another dropout layer (10%), a linear layer

(16 x 1 nodes) and the final activation layer (Sigmoid

transformation) (Figure 2A). The detailed parameters of DeepPC

are stored in Supplementary Figure 2.

We then validate DeepPC further in its 1-, 3-, 5- and 10-years

prediction of PC patients’ OS. For 1 year, DeepPC gets 0.6303 AUC

(95% CIs, 0.5250-0.7357), 0.5764 specificity, 0.6957 sensitivity,

0.9973 negative predictive value (NPV) and 0.0084 positive

predictive value (PPV) in train cohort, and 0.6210 AUC (95%

CIs, 0.4381-0.8039), 0.4129 specificity, 0.8750 sensitivity, 0.9987

NPV and 0.0062 PPV in test cohort. For 3 years, DeepPC has 0.6834

AUC (95% CIs: 0.6331-0.7336), 0.7025 specificity, 0.5897

sensitivity, 0.9845 NPV and 0.0506 PPV in train cohort, and

0.6708 AUC (95% CIs: 0.5896-0.7519), 0.6907 specificity, 0.6222

sensitivity, 0.9870 NPV and 0.0462 PPV in test cohort. For 5 years,

DeepPC shows 0.7294 AUC (95% CIs: 0.6974-0.7615), 0.6078

specificity, 0.7362 sensitivity, 0.9745 NPV and 0.1017 PPV in

train cohort, and 0.6751 AUC (95% CIs: 0.6225-0.7276), 0.7021

specificity, 0.6017 sensitivity, 0.9641 NPV and 0.1172 PPV in test

cohort. For 10 years, DeepPC scores 0.6990 AUC (95% CIs: 0.6733-
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0.7248), 0.6178 specificity, 0.6748 sensitivity, 0.9440 NPV and

0.1659 PPV in train cohort, and 0.7136 AUC (95% CIs: 0.6754-

0.7517), 0.7216 specificity, 0.6373 sensitivity, 0.9434 NPV and

0.2145 PPV in test cohort. (Table 3) The receiver operating

characteristic curves (ROC) of DeepPC in 1-, 3-, 5- and 10-years’

performance are illustrated in Figure 2B.

We then compressed DeepPC into a GUI Windows software

(Figure 2C). When age, race, grade, pathology, T, N, M, stage, size,

regional nodes positive, regional nodes examined, surgery,

radiotherapy, chemotherapy, history of malignancy, clinical Gleason

score (composed of needle core biopsy or transurethral resection of the

prostate specimens), pathological Gleason score (composed of

prostatectomy specimens) and PSA of one prostate cancer patient

are inputted, user can click “Predict!” button to launch the pre-trained

DeepPC. After calculating, it will automatically open the user’s default

browser to draw the patient’s survival curve (Kaplan-Meier curve)

(Figure 2D). The curve is interactive. When the user hovers over, the

specific month and survival probability will pop up automatically. We

also keep the original python edition for easier processing when we

need to predict the survival of PC patients in batches

(Supplementary Figure 3).
Survival analysis

Two cohorts are carried in Cox regression to identify the protective

and dangerous factors of advanced prostate adenocarcinoma (8140/3)

after surgery. The visualization of patients’ clinical data is shown in

Figure 3. After analysis, age (HR 1.03, 95% CIs 1.02 - 1.04, P < 0.001),

history of malignancy (HR 1.53, 95% CIs: 1.18 - 1.98, P = 0.001),

clinical Gleason score (HR 1.16, 95% CIs: 1.04 - 1.29, P = 0.005) and

pathological Gleason score (HR 1.50, 95% CIs: 1.34 - 1.66, P < 0.001)

tend to dangerous factors. And other race (HR 0.74, 95% CIs: 0.55 -

1.00, P = 0.048), regional nodes examined (HR 0.99, 95% CIs: 0.98 -

1.00, P = 0.020) tend to be protective factors (Figure 4).
Discussion

PC is the most common male malignant tumor and the second

most fatal tumor, with 20% progressing to potentially lethal illness

(12). PC patients with low malignant potential or indolent disease
TABLE 2 The performance of conducted models.

Cox proportional hazard model Neural network survival model

Train cohort Test cohort Train cohort Test cohort

AUC 95% CI AUC 95% CI AUC 95% CI AUC 95% CI

LASSO vars 0.6657 0.6633-0.6686 0.6719 0.6653-0.6707 0.6811 0.6799-0.6849 0.6779 0.6740-0.6790

All vars 0.6639 0.6604-0.6657 0.6696 0.6678-0.6731 0.7058 0.7021-0.7068 0.6925 0.6906-0.6956
AUC, area under receiver operating characteristic curve. CI, confidence interval. LASSO vars, least absolute shrinkage and selection operator screened out the predictive variables, including age,
M, stage, size, chemotherapy, history of malignancy, Gleason score clinical (composed of needle core biopsy or transurethral resection of the prostate specimens) and Gleason score pathology
(composed of prostatectomy specimens).
ALL vars, all variables collected this study, including LASSO variables, race, grade, pathology, T, N, regional nodes positive, regional nodes examined, radiotherapy and PSA (prostate-
specific antigen).
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typically receive active surveillance regimens, patients with localized

disease tend to get radiotherapy and RP surgery, and patients with

aggressive or metastatic PC usually undergo a combination of

several ADT-based therapies such as hormonal therapy,

radiotherapy, chemotherapy, and immunotherapy (12).

Trauma, bleeding, and survival benefit or not, are the main

reasons that there has been controversy over whether advanced PC

should undergo surgical treatment in the past. However, with the

boom of treatment like minimally invasive surgical therapy,

individuals with advanced PC are no longer confined to ADT

(13). Surgery, and radiation, with or without ADT, are
Frontiers in Endocrinology 0875
increasingly being used to treat advanced PC patients, particularly

locally advanced PC patients (10, 14). John F. Ward et al. found the

respective cancer-specific survival (CSS) rates of 5652 T3 advanced

PC patients after RP were 95%, 90% and 79%, and the

complications and incontinence rate was similar to T2 PC

patients (15). Chao-Yu Hsu et al. reported that in 235 T3a PC

patients after RP, the OS of 5 and 10 years reached 95.9% and

77.0%, and CSS was 98.7% and 91.6% respectively. They also

observed 23.5% cT3a PC patients were clinically over-staged

(pT2), which might cause them lose the surgery chance as a result

(16). After analyzing 1093 cT4 PC patients, Peter A. S. Johnstone
B

C D

A

FIGURE 2

The structure (A), receiver operating characteristic curves (B), graphical user interface (C), and computational results (D) of survival predictive tool for
advanced prostate cancer patients after surgery (DeepPC). PSA, prostate-specific antigen.
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et al. noticed that T4 PC patients who received RP treatment had

the highest 5-year OS and relative survival rate when compared to

those who got therapy ADT, radiotherapy or ADT and

radiotherapy combination treatment (17). Ryan K Berglund et al.

also believed neoadjuvant goserelin acetate and flutamide therapy

followed by RP was feasible and might be an alternative to a strategy

of combined radiation and ADT (18). RP has also been shown to

improve survival in PC individuals with lymph nodes and distant

metastases. Thomas Steuber et al. noted that among 158 localized

PC patients with lymph node metastasis, patients after RP had

longer PFS compared with unoperated patients (P = 0.005) (19).

Jutta Engel et al. also held the view that lymph node positive

patients with full RP had better survival than patients with

abandoned RP, and that RP was a significant independent

predictor of survival (P < 0.0001) (20). After identifying 8185

patients, Stephen H. Culp et al. thought metastatic PC patients

having RP (67.4% in OS and 75.8% in disease-specific survival, DSS)

or brachytherapy (52.6 in OS and 61.3% in DSS) had substantially

higher than no surgery or radiation therapy patients (22.5% in OS

and 48.7% in DSS, respectively) (P < 0.001) (21). Axel Heidenreich

also observed in adequately-chosen males with metastatic PC who

react well to neoadjuvant ADT, CP or RP is a viable option (9).

The present quandary is determining which advanced PC

patients may benefit from surgery and what their unique

prognosis is (10). Accurately estimating an advanced PC patient’s

prognosis is not only a worry for patient and his families, but it is

also a potential reference for clinical decision-making. For example,

in the clinical scenario that we imagine, doctors can utilize DeepPC

to estimate the difference or benefit in OS probability between

performing surgery and not doing, when talking about an advanced

prostate cancer patient. Besides, some concerns are heightened by

the fact that the existing evidence of advanced PC patients’ surgical

benefit is still retrospective, with no prospective randomized

controlled clinical studies. In light of this condition, we attempt

to develop a model to forecast advanced PC patients’ survival.

At present, the most often used technique for constructing

prediction models is based on CPH, which investigates the

relationship between variables and survival time and provides

recommendations on their HR based on a linear hypothesis. As a

semi-parametric and linear model, it may not be suitable to predict

survival for limited precision. Therefore, the DeepSurv algorithm,

developed by Eu-Tteum Baek and colleagues, has been taken a good
Frontiers in Endocrinology 0976
use of completing this study (22, 23). DeepSurv converges deep

neural network and CPH regression, and it can find out about the

complex and nonlinear relationships between prognostic clinical

variables and an individual’s probability of mortality in true world,

which has shown huge potential on medical field (24–26). Our

previous studies have also demonstrated DeepSurv may outperform

CPH in predicting tumor patients’ survival (27, 28). Therefore, we

construct survival models using both CPH and DeepSurv algorithm

this time, using all variables collected or LASSO to filter potential

predictive clinical features, and chose the better one to serve as the

final model.

In this study, we include 6380 diagnosed with advanced (stage

III-IV) PC patients who got surgery from SEER database. After

random sampling, 4466 samples (70% of total) in train cohort are

used to construct prediction model to forecast their prognosis, and

1914 samples (30% of total) in test cohort are utilized to validate this

model further. The model using all collected clinical features as

predictors and based on neural network algorithm performs best,

which scores 0.7058 AUC (95% CIs, 0.7021-0.7068) in train cohort

and 0.6925 AUC (95% CIs, 0.6906-0.6956) in test cohort. We then

package it into a Windows 64-bit software.

There is currently no predictive model for postoperative

survival in patients with advanced PC. We reviewed other

postoperative prostate cancer prediction models designed for

non-advanced PC. Enchong Zhang et al. developed a PC

prognostic model based on six DNA methylation sites, which

scored 0.823-0.891 AUC. But their model lacks validation on

independent datasets (29). Linda G W Kerkmeijer et al. analyzed

3383 localized PC patients, and built a model to predict their DSS

before treatment. The C-statistic of their model was 0.78 (95% CIs:

0.74 - 0.82) (30). Zezhen Liu et al. constructed an immune-related

biomarker-based risk model to predict PC prognosis, which got

0.749-0.804 AUC (31). (Supplementary Table 4) These findings

suggest that the use of biomarkers such as gene expression may

improve the accuracy of PC prognostic prediction.

The AUC of DeepPC is about 0.7, showing predictive value but

moderate. On the one hand, it could be due to the large difference in

prognosis for advanced prostate cancer, while on the other, it could

be due to diverse surgical procedures. Because the SEER database

lacks extensive descriptions of surgical procedures and biomarker

information, the impacts discussed above are not included in this

analysis, which limit model’s performance. Besides, models in this
TABLE 3 The performance of neural network model in 1-, 3-, 5- and 10-years’ survival prediction.

Train cohort Test cohort

1 year 3 years 5 years 10 years 1 year 3 years 5 years 10 years

AUC 0.6303 0.6834 0.7294 0.6990 0.6210 0.6708 0.6751 0.7136

AUC 95% CI 0.5250-0.7357 0.6331-0.7336 0.6974-0.7615 0.6733-0.7248 0.4381-0.8039 0.5896-0.7519 0.6225-0.7276 0.6754-0.7517

Specificity 0.5764 0.7025 0.6078 0.6178 0.4129 0.6907 0.7021 0.7216

Sensitivity 0.6957 0.5897 0.7362 0.6748 0.8750 0.6222 0.6017 0.6373

NPV 0.9973 0.9845 0.9745 0.9440 0.9987 0.9870 0.9641 0.9434

PPV 0.0084 0.0506 0.1017 0.1659 0.0062 0.0462 0.1172 0.2145
AUC, area under receiver operating characteristic curve; CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1293953
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2024.1293953
B
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FIGURE 3

Clinical data’s visualization of postoperative survival in patients with advanced prostate adenocarcinoma (8140/3) and receiving surgery, including
categorical (A) and numerical (B) clinical features. PSA, prostate-specific antigen.
FIGURE 4

Multivariate Cox regression to find the influential factors of advanced prostate adenocarcinoma (8140/3) patients’ overall survival after surgery. PSA,
prostate-specific antigen.
Frontiers in Endocrinology frontiersin.org1077

https://doi.org/10.3389/fendo.2024.1293953
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Li et al. 10.3389/fendo.2024.1293953
study are established only based on SEER data, and more

prospective and multi-center data may better train and validate

DeepPC. We and other researchers can investigate upgrading these

metrics in future study in order to increase DeepPC performance.
Conclusion

Patients with advanced prostate cancer may benefit from

surgery. In order to forecast their overall survival, we first build a

clinical features-based prognostic model. This model is accuracy

and may offer some reference on clinical decision making.
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Introduction: Curcumin is gaining recognition as an agent for cancer
chemoprevention and is presently administered to humans. However, the
limited number of clinical trials conducted for the treatment of prostate
cancer is noteworthy. Animal models serve as valuable tools for enhancing
our understanding of disease mechanisms and etiology in humans. The
objective of this study was to examine the anti-prostate cancer effects of
curcumin in vivo for comprehending its current research status and potential
clinical applicability.

Methods: Our methodology involved a systematic exploration of animal studies
pertaining to curcumin and prostate cancer, as documented in PubMed, Web of
Science, Embase, Cochrane Library, CNKI, Wanfang database, Vip database, and
SinoMed, up to 03 September 2023. Risk of bias was assessed using the SYRCLE
Animal Study Risk of Bias tool. The results were combined using the RevMan 5.3.

Results: A comprehensive analysis was conducted on 17 studies encompassing
263 mouse transplantation tumor models. The findings of this meta-analysis
demonstrated that curcumin exhibited a superior inhibitory effect on the volume
of prostate cancer tumors inmice compared to the control group (standardizedmean
difference [SMD]: 1.16, 95% confidence interval [CI]: 0.52, 1.80, p < 0.001). Additionally,
curcumin displayed a more effective inhibition of mice prostate cancer tumor weight
(SMD:−3.27, 95%CI:−4.70,−1.83,p<0.001). Furthermore, in termsof tumor inhibition
rate, curcumin exhibited greater efficacy (SMD: 0.25, 95% CI: 0.23, 0.27, p < 0.001).
Moreover, curcumin more effectively inhibited PCNA mRNA (SMD: −3.11, 95% CI:
−4.60,−1.63,p <0.001) andMMP2mRNA (SMD:−3.19, 95%CI: 5.85,−0.53, p<0.001).

Conclusion: Curcumin exhibited inhibitory properties towards prostate tumor
growth and demonstrated a beneficial effect on prostate cancer treatment,
thereby offering substantiation for further clinical investigations. It is important
to acknowledge that the included animal studies exhibited considerable
heterogeneity, primarily because of the limited number of studies included.
Consequently, additional randomized controlled trials are required to
comprehensively assess the efficacy of curcumin in humans.

Systematic Review Registration: (https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42023464661), identifier (CRD42023464661).
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1 Introduction

Prostate cancer (PCa) is a malignant neoplasm associated with
high morbidity and mortality rates. Statistical data indicate that in
2020, there were a projected total of 1,414,259 newly diagnosed
cases of PCa worldwide, constituting approximately 7.3% of all
newly diagnosed patients with cancer and positioning it as the
second most prevalent cancer type. Additionally, PCa is expected
to cause 375,304 deaths by, accounting for approximately 3.8% of
all cancer-related fatalities (Sung et al., 2021). The prevalence and
fatality rates of PCa have increased substantially within the
framework of the progressively aging population. Projections
indicate that by 2040, the global incidence of PCa is anticipated
to surge to approximately 2.3 million fresh cases, accompanied by
740,000 fatalities (National Health Commission of the People’s
Republic of China, 2019; Ferlay et al.). PCa has emerged as a
significant determinant of wellbeing and mortality in men. The
principal therapeutic modalities for PCa include surgery,
radiotherapy, and chemotherapy. Nevertheless, these
interventions are not without limitations and may adversely
affect patients’ quality of life; hence, it is imperative to address
the constraints of existing therapies by advancing and
implementing novel anticancer drugs that exhibit enhanced
therapeutic efficacy and minimize adverse effects. In this
context, herbal extracts have garnered considerable attention, as
substantiated by scientific research indicating their potential to
inhibit tumor growth (Singh et al., 2022; Bai et al., 2023).
Curcumin, a polyphenol derived from turmeric, is commonly
used in culinary applications owing to its antioxidant,
antimicrobial, and anti-inflammatory properties (Hewlings and
Kalman, 2017). A previous meta-analysis has demonstrated the
therapeutic potential of curcumin for the treatment of malignant
tumors (de Oliveira et al., 2022). To date, there is a lack of
published meta-analyses examining the efficacy of curcumin in
PCa treatment. Nonetheless, curcumin has demonstrated a
significant effect on various PCa cell types when used as a
therapeutic intervention (Termini et al., 2020). Previous studies
have demonstrated that curcumin has multiple mechanisms of
action in relation to PCa. Primarily, it exerts inhibitory effects on
the prostate-specific antigen (PSA) by reducing its function and
inhibiting its activity, thereby leading to decreased transcriptional
activity of the androgen receptor (AR) and diminished expression
of AR protein in LNCaP cells (Hewlings and Kalman, 2017).
Furthermore, it has been demonstrated that curcumin can
impede the activation of NF-κB induced by tumor necrosis
factor and facilitate apoptosis in cells affected by PCa (Yang
et al., 2005). Additionally, curcumin can hinder PCa
progression by upregulating miR-143 and FOXD3 in
DU145 and PC-3 cells and concurrently downregulating
PGK1 expression (Cao et al., 2017). Furthermore, the inhibition
of metastasis and survival of DU145 and PC-3 cells by curcumin
via the Notch-1 signaling pathway has garnered significant interest
in the medical field, highlighting the potential therapeutic value of
curcumin in the management of PCa.

Despite the existence of prospective randomized controlled trials
on curcumin for PCa (Ide et al., 2010; Hejazi et al., 2016), the limited
number of studies and the lack of uniform outcome indicators
prevents the execution of a meta-analysis. Currently, there is a

growing body of research focusing on animal testing of curcumin for
PCa, as animal models serve as valuable tools to enhance our
understanding of human disease mechanisms and etiology (Sena
et al., 2014). Understanding the mechanisms underlying the
therapeutic effects of curcumin in PCa remains incomplete,
indicating the need for further investigation. Consequently, the
clinical use of curcumin remains a distant prospect. Moreover,
the translation of findings from animal studies into human
clinical trials poses significant challenges. In this regard, meta-
analyses of animal study data are valuable as they facilitate the
identification of disparities between preclinical and clinical trial
outcomes and aid in enhancing the design of clinical trials
(Vesterinen et al., 2014). The primary and paramount
recommendation to enhance reproducibility and translation, as
outlined by Spanagel, is to perform preclinical meta-analyses
(Spanagel, 2022). Hence, our objective was to investigate the
therapeutic effects and potential significance of curcumin in
animal models of PCa to offer a point of reference for clinical
investigation and pharmaceutical advancement.

2 Data and methods

2.1 Registration

This study adhered to the PRISMA guidelines for reporting
systematic reviews and was prospectively registered
with PROSPERO (https://www.crd.york.ac.uk/PROSPERO/
#myprospero) (ID: CRD42023464661).

2.2 Search strategy

PubMed, Embase, Cochrane Library, Web of Science, CNKI,
Wanfang, VIP, and SinoMed databases were systematically searched
from their inception until 03 September 2023. In addition, a manual
search of the references of the included studies was performed. The
search strategy was designed based on the following criteria: (1)
study population: animal models of PCa and (2) intervention:
curcumin. Table 1 presents the search strategy used for the
PubMed database.

2.3 Inclusion criteria

2.3.1 Research object
(1) Animal models were limited to rats and mice; (2) PCa

models; (3) complete papers, not abstracts; (5) the resulting data
were available and could be extracted; (6) control group; and (7) no
restrictions on publication time and language.

2.3.2 Intervention
(1) The experimental group was only administered a certain

dose of curcumin, and the source of curcumin was not restricted; (2)
the control group was administered equal amounts of placebo (such
as normal saline and polyethylene glycol) or other drugs (such as
paclitaxel and alpha-tomatine); and (3) there was no restriction on
the method of taking the medicine, either orally or by injection.
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2.3.3 Outcome measures
Tumor volume (calculated using the formula: Tumor volume

(mm3) = π/6 (long diameter × short diameter)2), tumor weight (g),
tumor inhibition rate (calculated as (mean tumor weight of control
group - mean tumor weight of experimental group)/mean tumor
weight of control group * 100%), proliferating cell nuclear antigen-
mRNA (PCNA-mRNA), and matrix metallo peptidase (matrix
metallo peptidase2-mRNA, MMP2-mRNA). (5) Type of study:
animal experiment (randomized control: intervention and control
groups). There were no restrictions on the publication time
or language.

2.4 Exclusion criteria

(1) Studies with incomplete or unanalyzable data; (2) cell tests,
reviews, abstracts, letters, plans, or in vitro studies; (3) curcumin was
used in the control group; and (4) curcumin was not the main
component of the intervention in the experimental group.

2.5 Literature screening

Two researchers (Wang and Zhang) independently used the
literature management software EndnoteX9 to screen literature.
First, duplicate literature is excluded by searching for duplicate
literature. Titles and abstracts were read according to the inclusion
and exclusion criteria. If the PICOS met the inclusion criteria, the
study was included. Documents were excluded if the exclusion
criteria were met. Finally, we read the full text and judge whether
the literature meets the inclusion criteria, and if it does, we include it.
After screening was completed, the two participants were compared,
and if the results were the same, the included study was finally
determined. Otherwise, a third researcher (Jing Chen) was consulted
or the decision was discussed.

2.6 Data extraction

Two researchers (Wang and Zhang) designed the data
extraction tables based on the information required for the

research. After reaching a mutual agreement, the necessary
information was filtered. Two studies independently extracted
data from articles or graphs. The extracted information included
the first author, year, sample size, age, intervention, study duration,
dose, and outcome indicators. If the data could not be extracted, the
author was contacted via email for missing or additional data.
Finally, the extracted data were entered into EXCEL. If the
extracted outcome index data were continuous, they were
uniformly expressed as means and SD. If the outcome index data
were binary, they were expressed as the number of occurrence cases
® and number of samples (n). If not, they were converted. If the
information extracted by the two people was inconsistent, it was first
discussed upon. On still being unsolved, it was either further
discussed upon or a third researcher was consulted to decide (Chen).

2.7 Quality evaluation

Two researchers (Wang and Zhang) used the SYRCLE Animal
Studies Bias Risk Tool (Hooijmans et al., 2014a) to conduct bias risk
assessment. SYRCLE’s Risk of Bias tool is an adapted version of the
Cochrane risk-of-bias tool used in animal intervention studies. This
was an objective assessment of possible biases or confusion in the
tools used for the design, conduct, and measurement of the animal
experiments. Its suitability for different types and domains of animal
experiments covered six areas of bias: selection, implementation,
measurement, loss to follow-up, reporting, and others. In each area,
the risk of bias was judged to be low (+), unclear (?), or high risk (−).
Two researchers independently assessed the risk of bias in the
included studies, and if there was a disagreement, a third
researcher (Chen) was consulted for resolution.

2.8 Statistical analysis

The meta-analysis was conducted using Revman5.4 and
Stata 16.0 software. Relative risk (RR) was employed for
dichotomous data, whereas standardized mean difference
(SMD) was used for continuous data. The effect estimates
were calculated using 95% confidence intervals (CIs).
Initially, a heterogeneity test was conducted to address

TABLE 1 PubMed search strategy.

Search number Query

1 Curcumin [MeSH Terms]

2 (((((((Curcumin [Title/Abstract]) OR (1,6-Heptadiene-3,5-dione, 1,7-bis(4-hydroxy-3-methoxyphenyl)-,
(E,E)-[Title/Abstract])) OR (Turmeric Yellow [Title/Abstract])) OR (Yellow, Turmeric [Title/Abstract]))

OR (Curcumin Phytosome [Title/Abstract])) OR (Phytosome, Curcumin [ Title/Abstract])) OR
(Diferuloylmethane [Title/Abstract])) OR (Mervia [Title/Abstract]))

3 1 OR 2

4 Prostatic Neoplasms OR Prostatic Intraepithelial Neoplasia [MeSH Terms]

5 1. ((prostat* [Title/Abstract] AND (cancer* [Title/Abstract] OR malignan* OR carcinom* [Title/Abstract]
OR tumo* OR neopla* [Title/Abstract] OR adenocarcinom* OR intraepithelial OR adeno* [Title/Abstract])

6 4 OR 5

7 3 AND 6
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anticipated heterogeneity, with the I2 statistic (Higgins and
Thompson, 2002) being employed for this purpose. In light
of the absence of uniformity across animal studies, a random-
effects model was chosen, and various statistical techniques,
such as meta-regression, subgroup analyses, and sensitivity
analyses, were employed to investigate the origins of
heterogeneity. Funnel plots were generated to examine
publication bias, adhering to the Cochrane Handbook’s
recommendation to include at least 10 relevant literature
sources. Assessment of publication bias involved a visual
assessment of funnel plot asymmetry.

3 Results

3.1 Results of literature screening

A comprehensive search was conducted on 3,332 papers,
eliminating 2,005 duplicates. Subsequently, 1,267 papers were
excluded based on an evaluation of their titles and abstracts.
Upon further examination of the full text, an additional
43 papers were excluded for various reasons, such as the absence
of endpoint indicators suitable for inclusion, lack of a control group,
incomplete data, inadequate trial plan or abstract, intervention not

FIGURE 1
Literature screening process.
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TABLE 2 Basic characteristics of the included studies.

First author Country Year Age Cell
types

Intervention (I/C) Administration Cases
(I/C)

Treatment
(week)

Outcome indicator

Zhang (2013) China 2013 4w PC-3 Curcumin placebo intraperitoneal
injection

6.6 4 Tumor volume, tumor weight

Ye (2015) China 2015 4-5w PC-3 Curcumin, Polyethylene
glycol

intraperitoneal
injection

5.7 2 Tumor volume, PCNAmRNA

QI et al. (2015) China 2015 4w PC-3 Curcumin, saline intraperitoneal
injection

6.6 4 MMP2mRNA

Qi (2009) China 2009 4w PC-3 Curcumin, Paclitaxel intraperitoneal
injection

6.6 4 Tumor suppressor, PCNAmRNA,
MMP2 mRNA

MAO et al. (2019) China 2019 4-5w RM-1 Curcumin, DMSO intraperitoneal
injection

10.10 2 Tumor weight, tumor suppression

Limin et al. (2007) China 2007 4-6w PC-3 Curcumin, polyethylene
glycol

intraperitoneal
injection

6.6 4 Tumor volume, tumor weight, tumor
inhibition

Roy et al. (2016) China 2016 4w PC-3 Curcumin, Polyethylene
glycol

intraperitoneal
injection

6.6 4 tumor weight

LI et al. (2013) China 2013 4-6w PC-3 Curcumin, saline intraperitoneal
injection

12.12 4 Tumor volume, tumor weight, tumor
inhibition

ZHAO et al. (2010) China 2010 4-6w PC-3 Curcumin, placebo intraperitoneal
injection

6.6 4 Tumor volume,
PCNAmRNA,MMP2mRNA

Zhao et al. (2018) China 2017 - LNCaP Curcumin, DMSO intraperitoneal
injection

4.4 7 Tumor volume

Yang et al. (2015) China 2015 - PC-3 Curcumin, Polyethylene
glycol

intraperitoneal
injection

8.8 4 Tumor volume, tumor weight, tumor
inhibition

Dorai et al. (2001) United States of
America

2001 6-8w LNCaP Curcumin, feed profess conviction 10.10 6 Tumor volume

Khor et al. (2006) United States of
America

2006 6w PC-3 Curcumin, PEITC intraperitoneal
injection

12.12 4 Tumor volume, tumor weight

Huang et al. (2015) China 2015 6-7w PC-3 Curcumin, α-Tomatine intraperitoneal
injection

9.9 4 Tumor volume, tumor weight

Fernández-Martínez et al.
(2009)

Spain 2009 5-6w PC-3 Curcumin, NS-398 intraperitoneal
injection

8.8 4 Tumor volume, tumor weight,
MMP2mRNA

Cheng et al. (2020) China 2020 5-8w LC540 Curcumin, DMSO intraperitoneal
injection

6.6 1 Tumor volume, tumor weight

Barve et al. (2008) United States of
America

2008 - PC-3 Curcumin, PEITC profess conviction 12.9 16 PCNAmRNA

I, test group; C, control group; DMSO, dimethyl sulfoxide; PEITC, phenethyl isothiocyanate.
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involving curcumin, and absence of PCa. Ultimately, 17 animal trials
were deemed eligible for inclusion. Figure 1 shows the results of the
literature review.

3.2 Basic characteristics

Seventeen animal experiments involving the use of mouse
transplantation tumor models were included in the analysis. The
experimental group consisted of 132 mice, whereas the control
group consisted of 131 mice, resulting in a total of 263 mice used
in the study. Among the included studies, 13 originated in China
(Limin et al., 2007; Qi, 2009; ZHAO et al., 2010; LI et al., 2013;
Zhang, 2013; Huang et al., 2015; QI et al., 2015; Yang et al., 2015; Ye,
2015; Roy et al., 2016; Zhao et al., 2018; MAO et al., 2019; Cheng
et al., 2020). Additionally, three studies were conducted in the
United States (Dorai et al., 2001; Khor et al., 2006; Barve et al.,
2008), while one study was conducted in Spain (Fernández-Martínez
et al., 2009). Curcumin, obtained from Sigma (USA), was
administered to the test group predominantly intraperitoneally,
with only a few studies utilizing oral administration. The control
group, in contrast, received a placebo intervention. Table 2
summarizes the basic characteristics of the included studies.

3.3 Risk of bias assessment

Three studies (QI et al., 2015; Roy et al., 2016; MAO et al., 2019)
used the random number table method to address selection bias,
whereas one study (Dorai et al., 2001) employed randomization to
allocate participants into intervention groups. The remaining
studies did not provide sufficient information on their
approaches to selection bias. Regarding implementation bias, only
one study (ZHAO et al., 2010) reported the use of randomization
and blinding, whereas the remaining studies did not explicitly state
their methods. Blinding was not described in any of the studies,
indicating potential measurement bias. The risks of lost visits,

reporting, and other biases were relatively low. Figures 2, 3 show
the results of the risk of bias assessment.

3.4 Meta-analysis results

3.4.1 Tumor volume
Twelve studies (Dorai et al., 2001; Higgins and Thompson, 2002;

Khor et al., 2006; Limin et al., 2007; Fernández-Martínez et al., 2009;
ZHAO et al., 2010; LI et al., 2013; Zhang, 2013; Hooijmans et al.,
2014a; Huang et al., 2015; Yang et al., 2015; Ye, 2015; Roy et al., 2016;
Zhao et al., 2018; Cheng et al., 2020) included in the analysis
provided data on the tumor volume. The findings revealed a
noteworthy suppressive effect of curcumin on PCa tumor volume
in mice compared to that in the control groups (SMD: 1.16, 95% CI:
0.52, 1.80, p < 0.001). A considerable heterogeneity was observed
among the included studies (I2 = 89%). Figure 4 shows a forest plot
of tumor volume after curcumin treatment of PCa.

3.4.2 Tumor weight
Ten studies (Khor et al., 2006; Limin et al., 2007; Fernández-

Martínez et al., 2009; LI et al., 2013; Zhang, 2013; Huang et al., 2015;
Yang et al., 2015; Roy et al., 2016; Cheng et al., 2020) provided data
on tumor weight, and the findings revealed a significant inhibitory
effect of curcumin on the tumor weight of PCa in mice when
compared to the control groups (SMD: −3.27, 95% CI:
−4.70, −1.83, p < 0.001). Notably, substantial heterogeneity was
observed among the included studies (I2 = 88%). Figure 5 shows a
forest plot of tumor weight after curcumin treatment of PCa.

3.4.3 Tumor suppression rate
Tumor suppression rates were reported in five studies (Limin

et al., 2007; Qi, 2009; LI et al., 2013; Yang et al., 2015; MAO et al.,
2019). The findings indicated that curcumin exhibited a significantly
higher tumor inhibition rate in mouse PCa than in the control group
(SMD: 0.90, 95% CI: 0.44, 1.36, p < 0.001). Figure 6 shows a forest
plot of the tumor inhibition rate of curcumin treatment in PCa.

FIGURE 2
Results of risk of bias assessment.
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3.4.4 PCNA mRNA
Four studies (Barve et al., 2008; Qi, 2009; ZHAO et al., 2010; Ye,

2015) documented the presence of PCNA mRNA. The findings
indicated that curcumin exhibited superior inhibition of PCNA
mRNA in mice PCa tumors when compared to the control group
(SMD: −3.11, 95% CI: −4.60, −1.63, p < 0.001). Figure 7 shows a forest
plot of PCNA mRNA expression after curcumin treatment in PCa.

3.4.5 MMP2 mRNA
Three studies (Qi, 2009; ZHAOet al., 2010;QI et al., 2015) examined

the expression ofMMP2mRNA and found that curcumin demonstrated
a significantly greater inhibitory effect on MMP2 mRNA in a mice
transplant tumor model of PCa when compared to the control group
(SMD: −3.19, 95% CI: −5.85, −0.53, p < 0.001). Figure 8 shows a forest
plot of MMP2 mRNA expression after curcumin treatment in PCa.

FIGURE 3
Forest plot of tumor volume for curcumin treatment of prostate cancer.

FIGURE 4
Forest plot of tumor weight for curcumin treatment of prostate cancer.

FIGURE 5
Forest plot of tumor inhibition rate for curcumin treatment of prostate cancer.
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FIGURE 6
Forest plot of PCNA mRNA for curcumin treatment of prostate cancer.

FIGURE 7
Forest plot of MMP2 mRNA for curcumin treatment of prostate cancer.

FIGURE 8
Forest plot of subgroup for curcumin treatment of prostate cancer.
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3.5 Meta regression

We performed a meta-analysis of duration and dose. The results
showed that the curcumin dose affected the tumor inhibition rate
(p < 0.05) (Table 3). Subsequently, we performed a subgroup
analysis of the doses. Subgroup analysis showed that the effect of
100 mg/kg curcumin (SMD: 0.83, 95% CI: 0.294.1.37) was better
than 50 mg/kg curcumin (SMD: 0.66, 95% CI: 0.21.1.10), which
proved that the meta regression results were correct (Table 4).

3.6 Subgroup and sensitivity analyses

We performed a subgroup analysis of PCa cell types and doses.
The results showed that: (1) ginger had different effects on different
PCa cells. The effect of the PC - 3 (SMD: 11.30, 95% CI: 20.07, 2.53)
was superior to that of the LNCaP (SMD: 4.41, 95% CI: 11.49, 2.66).
The effect of the PC - 3 (SMD: 11.30, 95% CI: 20.07, 2.53) was
superior to the LNCaP (SMD: 4.41, 95% CI: 11.49, 2.66). (2)
Different doses of curcumin had different effects on outcome
indexes. In terms of tumor volume, effect of ranking was
100 mg/kg (SMD: 11.30, 95% CI: 20.07, 2.53) > 50 mg/kg (SMD:
9.13, 95% CI: 14.44, 3.83) > 30 mg/kg (SMD: 5.00, 95% CI: 10.64,
0.63). The effect on tumor weight was 100 mg/kg (SMD: 7.80, 95%
CI: 12.13, 3.46) > 50 mg/kg (SMD: 6.30, 95% CI: 9.01, 3.58). The
tumor inhibition rate was 100 mg/kg (SMD: 0.83, 95% CI: 0.294,

1.37) to 50 mg/kg (SMD: 0.66, 95% CI: 0.21, 1.10). The results of the
subgroup analysis showed a positive correlation between the
curcumin dose and results; the higher the dose, the better the
effect (Table 4; Figure 9). Contour-weighted funnel plots and
cut-and-complement methods showed a low likelihood of
publication bias (Figure 9, Table 5).

Sensitivity analysis was performed on the results of the meta-
analysis. The following results were obtained: tumor volume (SMD:
−3.04, 95% CI: 4.51,-1.57, p = 0.0001), tumor weight (SMD: 3.62,
95% CI: 5.14,-2.09, p = 0.0001), tumor inhibition rate (SMD: 0.90,
95% CI: 0.44, 1.36, p = 0.0001), PCNA mRNA (SMD: 3.45, 95% CI:
5.10, 1.81, p = 0.0001), andMMP2mRNA (SMD: 3.56, 95% CI: 6.46,
0.67, p = 0.0001). The results of sensitivity analysis showed that the
results of the meta-analysis were stable (Table 6).

4 Discussion

4.1 Summary of evidence

This study included 17 meta-analyses that aimed to examine the
evidence derived from animal studies on the therapeutic efficacy of
curcumin in the treatment of PCa. The findings indicated that
curcumin exhibited inhibitory effects on PCNA and
MMP2 mRNA expression and the growth of malignant tumors
in PCa cells of animal models when compared to control groups.
The stability of the results was confirmed through a sensitivity
analysis. Furthermore, the meta-regression analysis demonstrated
that the dosage of curcumin had a significant impact on the rate of
tumor inhibition in the animal model. Through subgroup analysis, a
positive correlation between the dosage of curcumin and the
outcomes was determined, indicating that higher doses of
curcumin yielded more favorable effects.

4.2 Mechanisms underlying the therapeutic
effects of curcumin in PCa management

Curcumin exhibits anticancer properties, as demonstrated in a
meta-analysis conducted by de Oliveira et al. (de Oliveira et al., 2022).

TABLE 3 Meta-regression results of curcumin in the treatment of prostate
cancer.

Intervention Trials Outcome indicator

Treatments Dosages

MMP2 mRNA 3 - 0.603

PCNAmRNA 4 0.557 0.808

Tumor volume 12 0.071 0.509

tumor weight 10 0.658 0.183

Tumor Suppression Rate 5 0.286 0.033

TABLE 4 Results of subgroup analysis.

Outcomes Subgroup Trials SMD95% CI P

Tumor volume PC-3 10 −3.20 (-4.94,-1.46) 0.0001

LNCaP 2 −4.41 (−11.49.2.66) 0.22

100 mg/kg 4 −11.30 (-20.07,-2.53) 0.0001

50 mg/kg 5 −9.13 (-14.44,-3.83) 0.0001

30 mg/kg 2 −5.000 (−10.64.0.63) 0.069

Tumor weight 100 mg/kg 5 −7.80 (-12.13,-3.46) 0.0001

50 mg/kg 5 −6.30 (-9.01,-3.58) 0.0001

Tumor inhibition rate 100 mg/kg 4 0.83 (0.294.1.37) 0.0001

50 mg/kg 5 0.66 (0.21.1.10) 0.0001

MMP2mRNA 100 mg/kg 3 −3.63 (-6.80,-0.46) 0.0001
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The analysis revealed that curcumin exerts therapeutic effects on
various tumor types, including the inhibition of tumor growth
(SMD: −3.03; 95% CI: −3.84, −2.21; p < 0.00001), reduction in
tumor volume (SMD: −7.30; 95% CI: −11.39,-3.21; p < 0.00001),
and decrease in tumor weight (SMD: −3.96; 95% CI: −6.22, - 1.70;
p = 0.0006). Furthermore, studies have indicated that curcumin exhibits
a greater affinity for PCa cells than for healthy prostate epithelial cells in
individuals without the disease, suggesting its potential as a
chemopreventive agent against human PCa (Srivastava et al., 2007).
However, the existing body of meta-analytical studies on the efficacy of
curcumin in PCa remains insufficient. This study, in contrast, revealed
significant reductions in both prostate tumor volume and weight, as
well as the inhibition of PCa cell growth, following curcumin
administration. These effects were attributed to three primary
pathways of action. First, curcumin can impede PCa LNCaP cell
viability and induce apoptosis (Mukhopadhyay et al., 2001;

Nakamura et al., 2002). Curcumin exhibited anti-proliferative
properties in LNCaP cells, resulting in a dose-dependent reduction
in DNA synthesis efficiency (Mukhopadhyay et al., 2002). Additionally,
it downregulated the expression of G1/S-specific cyclin D1, which is
frequently overexpressed in various tumor cells and is a crucial target for
inhibiting tumor cell proliferation (Bharti et al., 2003; Shankar and
Srivastava, 2007; Mahammedi et al., 2016; Yang et al., 2017; Choi et al.,
2019; Termini et al., 2020; Ferlay et al.). Curcumin exerted inhibitory
effects on the proliferation of PCa cells by downregulating cyclin
D1 expression, thereby impeding the transition of tumor cells from
the G1 to S phase. Disruption of cell cycle led to apoptosis. In addition,
curcumin upregulated Bax, which promotes apoptosis, and
downregulated Bcl-2, which inhibits apoptosis in cancer cells. Bcl-2
and Bax expression is closely associated with apoptosis in cancer cells.

In the present study, curcumin exhibited a noteworthy
advantage in suppressing PCNA mRNA and MMP2 mRNA in
comparison to the control group (p < 0.05). PCNA mRNA, a
recently discovered probe for assessing the proliferative activity
of PCa cells, reflects the extent of cell proliferation (Squires et al.,
2003). PCNA mRNA serves as a robust positive marker of the
proliferative activity of PCa cells, thereby emerging as a novel
determinant for assessing the biological behavior of PCa. Strong
positive expression of PCNA mRNA signifies the presence of PCa
cells with heightened proliferative activity, elevated malignancy
levels, and an unfavorable prognosis, thus establishing a novel
criterion for evaluating the biological behavior of PCa (Park
et al., 2005; Prusty and Das, 2005). MMP2 mRNA is a member
of the matrix metalloproteinases (MMPs), a group of proteins that

FIGURE 9
(A) Weighted funnel plot of tumor volume. (B) Weighted funnel plot of tumor weight.

TABLE 5 Results of publication bias detection.

Outcomes Trim and fill method outcome Hedges’s g 95% CI

Tumor volume Observed −1.34 −1.75,-0.94

Observed + Imputed −1.144 −1.54,-0.73

Tumor weight Observed −1.96 −2.43,-1.493

Observed + Imputed −1.56 −2.018,-1.10

TABLE 6 Sensitivity analysis results.

Outcomes SMD95% CI P

Tumor volume −3.04 (−4.51,-1.57) 0.0001

Tumor weight −3.62 (-5.14,-2.09) 0.0001

Tumor Suppression Rate 0.90 (0.44.1.36) 0.0001

PCNAmRNA −3.45 (−5.10,-1.81) 0.0001

MMP2mRNA −3.56 (-6.46,-0.67) 0.0001
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have been demonstrated to be associated with tumor metastasis
(Dos Reis et al., 2009). Additionally, MMPs play a role in tumor
growth regulation by maintaining the integrity of cellular pathways
(Dorai et al., 2000a). The expression of MMP2 is minimal in benign
prostate hyperplasia tissues, whereas in PCa tissues, its expression
level correlates with the degree of proliferation. MMP2 is highly
expressed in PCa tissues and plays a crucial role in the metastatic
progression of prostate tumors (Dorai et al., 2000b). The findings
from the cellular assay demonstrated that curcumin could impede
the expression of PCNA and MMP2 in PCa cells, thereby
highlighting its distinctive merits in PCa management (Hong
et al., 2006; Teiten et al., 2011). However, given the limited
number of incorporated studies, further rigorous investigations
encompassing both the fundamental and clinical realms are
imperative to substantiate the efficacy of curcumin in suppressing
PCNA mRNA and MMP2 mRNA.

4.3 Current status of clinical research and
future application potential

Currently, the use of curcumin for PCa treatment relies primarily on
preliminary investigations and limited clinical studies, resulting in
insufficient evidence. However, few published clinical studies have
substantiated the efficacy and safety of curcumin in the treatment of
PCa. For instance, Mahammedi conducted a study involving 30 patients
with desmoplasma-resistant PCa, administering a combination of
docetaxel/prednisone and curcumin. The findings of the study
conducted by Choi et al. (2019) revealed that a significant reduction
in PSA levels was observed in 59%of the participants, with 14%achieving
complete normalization. Additionally, 40% of the patients reported
experiencing symptom relief. Furthermore, the study demonstrated
that the adverse effects were attributable to the administration of
docetaxel rather than curcumin, as the latter exhibited no toxic
effects. The trial, which was randomized and double-blinded,
encompassed a sample of 97 individuals diagnosed with PCa and
indicated a statistically significant decrease in the proportion of
patients experiencing PSA progression over a 6-month treatment
period in the curcumin group compared with that in the placebo
group (10.3% vs 30.2%, p = 0.00259). Additionally, the incidence of
adverse eventswas lower in the curcumin group (15.56%) than that in the
placebo group (34.78%). Notably, the Clinical Trial Registry platform
(https://beta.clinicaltrials.gov) currently hosts numerous ongoing clinical
studies on curcumin for PCa, with some already completed or in progress
(e.g.,NCT02064673,NCT04731844,NCT03211104,NCT03769766, etc.).
Increasing attention on curcumin treatment for PCa indicates its
potential for broad clinical applications. Consequently, our future
focus will be directed towards closely monitoring clinical studies on
curcumin for PCa, aiming to gather additional clinical evidence.

4.4 Factors affecting curcumin treatment
of PCa

Several clinical studies have demonstrated that curcumin dosage
plays a significant role in its effectiveness (de Waure et al., 2023).
High doses of curcumin, such as 3.6 g/d for 6 months or 8 g/d for
28 days, have been shown to effectively reduce tumor volume and

enhance survival rates (Kuriakose et al., 2016; Santosa et al., 2022).
These findings are consistent with those of the present study.
Furthermore, studies have indicated that the physicochemical
properties of curcumin influence its efficacy. Notably, curcumin
exhibits poor water solubility and low systemic bioavailability of
approximately 0.47% when administered orally (Mirzaei et al.,
2017). Encapsulation of curcumin within polymeric nanocarriers
has been suggested as a potential solution to improve its
physicochemical properties (Klippstein et al., 2015). Polymer
nanocapsules, which are characterized by vesicular nanostructures
encompassing an oily core encased by a polymer wall, have been
extensively studied to enhance curcumin stability, augment its
apparent water solubility, improve its bioavailability, and enhance
its in vivo anti-inflammatory (Asadirad et al., 2022), neuroprotective
(Hoppe et al., 2013), and antitumor effects (Zanotto-Filho et al.,
2013). This will significantly enhance the advancement of curcumin-
based pharmaceuticals and clinical utilization of curcumin. The
findings of this study indicate that curcumin has a more pronounced
effect on PC-3 cells than on LNCaP cells. Currently, there is a lack of
evidence elucidating the underlying reasons, which is potentially
attributable to the limited number of LNCaP cells included in this
study (only two studies). Given the limited number of included
studies, further research is warranted to validate the effects of
curcumin dosage, treatment duration, administration method,
PCa cell type, and other relevant factors on its efficacy.

4.5 Strengths and limitations of this study

Strengths of this study: This study is the inaugural systematic
review of animal studies investigating the effects of curcumin on
PCa. The evidence derived from these studies holds immense
potential for evaluating the effectiveness and possible clinical
applications of curcumin in cancer treatment. Consequently, this
evidence can serve as a foundation for the design and
implementation of clinical trials as well as the advancement of
novel therapeutic interventions.

Limitations of this study: The inability to conduct a meta-
analysis of the clinical studies was attributed to the limited
number of available trials. This limitation was further
compounded by the absence of standardized protocols in the
included animal trials, resulting in substantial heterogeneity in
terms of study design, disease staging, control group, dose, and
regimen. Meta-analysis of animal trials may exhibit even greater
heterogeneity than clinical studies (Hooijmans et al., 2014b).
Consequently, numerous meta-analyses on animal tests have
encountered challenges in addressing this issue (de Oliveira et al.,
2022; Luís et al., 2023; Dan et al., 2024). Subgroup analyses have been
commonly performed to address heterogeneity. However, owing to
the limited number of articles within each subgroup, we conducted a
subgroup analysis solely on dosage, precluding the examination of
factors, such as the mode of administration, treatment duration, and
treatment frequency. The findings from the subgroup analyses
indicated that dosage exerted an impact on the results, albeit
without a substantial reduction in heterogeneity. The meta-
analysis conducted by e Oliveira TV et al. (de Oliveira et al.,
2022) examined the impact of curcumin’s mode of
administration, dose, and treatment duration on the outcomes
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reported in various articles. The findings revealed that these factors
did not significantly influence the results and there was no
substantial reduction in heterogeneity. These findings are
consistent with the results of this study. Furthermore, a
significant number of experimental studies lack comprehensive
reporting of randomization methods, allocation concealment, and
randomization of outcome assessments, thereby leading to an
indeterminate risk of selection, implementation, and
measurement biases. Consequently, there is a pressing need to
enhance the methodological rigor of animal testing, given that
the findings of such studies frequently inform clinical
applications. Petersen et al. (Petersen et al., 2016). Discussed the
limitation of interpreting preclinical studies, arguing that this
increases the difficulty of evaluating the results of preclinical
studies owing to differences in pharmacokinetics and
pharmacodynamics between humans and animals. He
recommends the creation of consensus guidelines for evaluating
the conduct and reporting of preclinical research findings. Meta-
analyses of animal experiments should be referenced in the future,
which will help improve the quality of evidence in animal
experiments.

5 Conclusion

Determining the underlying factors contributing to the
heterogeneity in animal studies remains challenging because of
the substantial variations observed in experimental settings.
Nonetheless, animal studies are imperative to unravel the etiology
of these diseases and evaluate the safety and effectiveness of
therapeutic interventions. In the present investigation, we
examined the effects of curcumin in preclinical trials targeting
PCa. The findings revealed a favorable outcome associated with
curcumin administration in PCa treatment, with dosage potentially
influencing its efficacy. Notwithstanding the limited number of
incorporated studies and the substantial variability in the
outcomes, this meta-analysis methodically and impartially
measured the impact of curcumin in the management of PCa,
thereby offering significant insights for clinical investigations.

Consequently, additional double-blind, placebo-controlled,
randomized clinical trials are required to assess the efficacy of
curcumin in humans.
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Prostate cancer is the second most commonly diagnosed cancer in men. The

mammalian insulin-like growth factor (IGF) family is made up of three ligands

(IGF-I, IGF-II, and insulin), three receptors (IGF-I receptor (IGF-1R), insulin

receptor (IR), and IGF-II receptor (IGF-2R)), and six IGF-binding proteins

(IGFBPs). IGF-I and IGF-II were identified as potent mitogens and were

previously associated with an increased risk of cancer development including

prostate cancer. Several reports showed controversy about the expression of the

IGF family and their connection to prostate cancer risk due to the high degree of

heterogeneity among prostate tumors, sampling bias, and evaluation techniques.

Despite that, it is clear that several IGF family members play a role in prostate

cancer development, metastasis, and androgen-independent progression. In this

review, we aim to expand our understanding of prostate tumorigenesis and

regulation through the IGF system. Further understanding of the role of IGF

signaling in PCa shows promise and needs to be considered in the context of a

comprehensive treatment strategy.
KEYWORDS

prostate cancer, IGF-I, IGF-II, IGF-1 receptor, IGF-2 receptor
1 Introduction

Prostate cancer (PCa) is the fifth leading cause of cancer-related mortality in men

worldwide, as well as being the second most commonly diagnosed solid-organ cancer, after

lung cancer, in men (1, 2). PCa happens at a rate of 11.3 per 100,000 in developing

countries and 37.5 per 100,000 in industrialized countries (3). Similarly, mortality rates in
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developed and developing nations are 8.1 and 5.9 per 100,000,

respectively. According to current estimates, approximately 10

million males are presently diagnosed with PCa, with

approximately 400,000 deaths per year, and this figure is expected

to rise to over 800,000 by 2040 (3, 4). Although PCa is generally

diagnosed at an early stage, the risk-benefit ratio of the treatment

remains uncertain. It still represents a global challenge because of

the significant morbidity from the current form of therapy and the

long disease history and uncertainty in individual patients’ clinical

progress (5–7). Approximately 5% of men diagnosed with PCa are

diagnosed with distant metastases (often in multiple sites), and 15%

are diagnosed with locoregional metastases (8). Such cases have a

poor overall survival rate of only 30% for five years (8).
2 The insulin-like growth factor family

The mammalian insulin-like growth factor (IGF) family is made

up of three ligands (IGF-I, IGF-II, and insulin) and three receptors

(IGF-I receptor (IGF-1R), insulin receptor (IR), and IGF-II receptor

(IGF-2R)) (9). IGF-1R and IR are receptor tyrosine kinases (RTKs) that

are structurally similar hetero-tetramers. IR has two alternatively

spliced isoforms, IRA and IRB, whose functions are currently

unknown. IGF-II, which binds to IRA and IGF-1R and is a more

potent mitogen than IGF-I, has recently been demonstrated to control

IR isoforms rather than insulin-binding affinities (10). IRB governs

metabolic processes in adults, whereas IRA controls prenatal growth

and development and mediates the mitogenic effects of insulin. A

family of six IGF-binding proteins (IGFBPs) tightly controls the

amounts of IGF-I and IGF-II as well as their bioavailability in the

circulation and cells (11). IGFBPs are distinct from ligands and

receptors and have a greater affinity (pM) for IGFs than their

corresponding receptors (nM) (10). IGF-I and IGF-II are produced

by a variety of cells, including the liver and muscles, among others.

They are secreted constitutively as opposed to being retained in the cells

of origin, where they serve as paracrine/autocrine factors (12).
2.1 IGFs

In mammalian cells, the production of IGF-I is mainly induced

by growth hormones and transcriptional factors. Then it was shown

that IGF-II (67 amino acids) has comparable growth-promoting

properties but growth hormone does not regulate its expression

(13–15). Additionally, IGF-I and IGF-II are quite similar to insulin

in terms of amino acid sequence (16). The three disulfide

connections that are shared by these three peptides, allow them to

preserve the proper peptide shape. IGFs differ structurally from

insulin as they are composed of single chains with a connecting

domain (C domain) between the N-terminal B chain and the C-

terminal A chain. They result from the elimination of the N- and C-

terminal signal peptides from pre-pro-IGF peptides during post-

translational processing. The chaperone GRP94 aids in the folding

and maturation of the IGF peptides (17, 18).

Studies using knock-out and transgenic mice have revealed

additional details about the biological actions of mammalian IGFs.
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Igf1-null mice had a high postnatal mortality rate and were 30%

smaller and lighter than wild-type mice (19). The postnatal growth

retardation was also present in those who survived, and it was

particularly noticeable during both growth stages (pubertal and

post-pubertal). Their bones grew more slowly, and their organs

were proportionately smaller. Igf-1r knockout also caused a serious

growth deficit and was embryonically fatal in mice (19).

Despite the findings that unraveled the potential role of IGF-I

and IGF-II in development, it is still reported that the expression of

both IGF-I and IGF-II is tissue-dependent and time-dependent

(20). On the other hand, the role of IGF-II in physiology and disease

has been the subject of far fewer investigations than that of IGF-I.

However, like IGF-I, most tissues in adults produce IGF-II, with the

liver producing the majority of the circulating levels. Notably, IGF-

II levels in adults are roughly three times higher than IGF-I. Despite

this, IGF-II is thought to play crucial roles in fetal growth and

development, and it is abundant in the fetal skeletal muscle (12, 21).

The stimulation of the IRA to promote stem cell self-renewal is

another unique action of IGF-II. Moreover, the expansion of neural

progenitor cells and neural stem cell maintenance is supported by

IGF-II/IRA signaling (22).
2.2 IGFBPs

It was evident that the preponderance of circulatory IGFs was

much larger than the concentration of peptides in the bloodstream

because IGFs were not bound to binding proteins (23). In humans

and other mammals, six highly similar high-affinity IGF-binding

proteins (IGFBP-1 to IGFBP-6) were identified (24). IGFBPs are

pluripotent and used in a variety of metabolic processes. All IGFBPs

have conserved three subdomains, including high-affinity IGF-

binding terminal domains. Contrarily, one other unstructured

domain (known as the central linker domain), is thought to be

responsible for the various functions that are unique for each IGFBP

(25). Furthermore, it has been reported that the specific function of

IGFBP is affected by many post-translational modifications (such as

proteolytic cleavage, glycosylation, and phosphorylation). Although

this division may not be rigorous, it is possible to roughly divide the

functions of IGFBPs into those that rely on their ability to bind and

control the activity of IGFs and those that appear to be independent

of direct IGF binding (26, 27).

Due to the higher affinity of IGFBPs for IGF-I and IGF-II, the

availability of free IGFs decreases and this inhibits them from

binding and activation of their receptors. IGFBPs have two key

functions that are both critical to the metabolism of IGFs (28). IGFs

are produced and swiftly secreted via the constitutive secretory

route, as tissues do not contain any intracellular storage of IGFs

despite their widespread distribution throughout the body. As soon

as they are secreted, IGFs bind to high-affinity IGFBPs, creating

binary complexes of about 30–40 kDa. IGFs bound to two IGFBPs,

IGFBP-3 and IGFBP-5, can join with the acid-labile subunit (ALS),

a third glycoprotein, to form a ternary complex that is about 150

kDa in size (29). Without the ability to store them in tissues, the

body can build up enormous IGF reservoirs due to IGFBPs. In

humans, the total amount of IGFs in circulation is about 100 nM,
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with 80–90% of that amount being found in the ternary complex

with IGFBP-3 (30). The second important function of IGFBPs is the

creation of new pathways for giving IGFs specificity. IGFs are made

in most tissues and can regulate the bulk of cell processes. IGFBPs

are synthesized in numerous tissues, at different times, in various

amounts, and in several combinations to add some specificity to the

IGF activity (12).

Furthermore, at the cellular level, IGFBPs can boost IGF activity

in several different ways. This can happen by altering the kinetics of

IGF ligand/receptor interactions and preventing receptor

downregulation, or by changing the interactions between IGFBPs

and ECM or cell surfaces thus localizing and increasing the IGF

concentrations near to cell receptors (31).
2.3 IGF receptors

Both IGF-1R and IR are synthesized as polypeptide precursors,

which are then modified post-translationally, where a and b
subunits are formed upon the cleavage of the precursor molecule.

The heterotetramer receptor is made up of two a and two b
subunits that are joined together by disulfide bridges. 627 amino

acids make up the IGF-1R -subunit, 196 of which are found in the

extracellular domain. The intracellular and extracellular domains

are joined by a brief transmembrane domain (TM). The

juxtamembrane domain (JM), enzymatic tyrosine kinase (TK)

domain, and C-terminal domain are the three subdomains of the

b-subunit’s intracellular domain. Positions 976 to 981 are occupied

by the TK ATP-binding motif (GXGXXG), while position 1003

contains a catalytic lysine that is essential for Mg-ATP binding. The

activation loop of the TK domain contains a trio of tyrosines at

positions 1131, 1135, and 1136 that are crucial for receptor

autophosphorylation. The JM region contains an NPEY motif

that, after being phosphorylated, serves as a docking site for Shc

and the insulin receptor substrates (IRS), whose recruitment

signifies the start of the downstream signaling process. The

internalization of receptors, which controls signaling, depends on

the NPEY motif (32, 33).

Generally, the IGF-1R, which is expressed on most cells, plays

specialized roles in well-differentiated cells such as neurons as well

as being involved in cellular proliferation and anti-apoptosis during

growth and development. The IGF-pluripotent IR’s roles, however,

are still being defined; for instance, a novel function for the IGF-IR

in viral entry into cells has just been identified (34).

Several tissue-growth-related transcription factors, including

androgen and estrogen receptors, high-mobility group A1

(HMBA1), Krüppel-like factor 6 (KLF6), eukaryotic translation

initiation factor 2 (E2F1), and c-Jun, upregulate IGF-IR

expression (12, 35). In contrast, several tumor-suppressor genes,

including p53, WT1, and BRCA1 downregulate it (36–38).
3 Post-receptor signaling

The binding of IGF-I, IGF-II, or insulin ligand to the IGF-1R

initiates a series of events. The binding of IGFs to their receptors
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activates both MAPK and PI3K-AKT pathways, which results in

downstream cellular effects (such as cellular proliferation, anti-

apoptosis, and differentiation actions) through other downstream

molecules (39). Furthermore, IGF-1R signaling could be mediated

through several proteins such as JNK, Jak1, Jak2, focal adhesion

kinase, and TIMP2 (40). Moreover, crosstalk between IGF-1R and

G-protein coupled receptors (GPCRs) has been reported which may

indicate a potential role of IGF-1R in cancer.

IRS 1-4 and other signaling proteins, such as Shc, bind to the

IGF-1R at the extracellular subunit as a result of the binding of IGF-

I and IGF-II (41). This autophosphorylation of the subunit residues

prepares it to serve as a docking site for these proteins. PI3(p110)

kinase’s subunit catalyzes the recruitment of protein kinase B (Akt)

to the cell membrane (42), causing its phosphorylation and

activation, then PI3 regulatory kinase’s component, p85, is

recruited by IRS-1. Bcl2 antagonist of cell death (Bad), glycogen

synthase kinase 3 (GSK3), forkhead transcription factors (FOXO1),

and Akt substrate of 160 kDa are only a few of the many substrates

for activated Akt (AS160). These elements have a major role in

controlling cell metabolism and apoptosis (42, 43). By

phosphorylating the protein Tuberous Sclerosis Protein (TSC2),

Akt controls protein synthesis by loosening its inhibition on Rheb

and activating the mammalian target of rapamycin (mTORC1). A

set of mitogen-activated protein kinase (MAPKKK, MAPKK, and

MAPK) pathways can be initiated by the phosphorylation of IRS-1

and Shc, which can also result in the recruitment of Grb2, SOS, and

Ras. These pathways can then be activated, which promotes cell

growth, migration, and survival (44, 45).

Recent research has shown that the IGF-1R (and IR) can

migrate to the nucleus in both healthy and cancerous cells

through mechanisms that are still being fully elucidated, although

sumoylation is thought to be one method. The IGF-1R can bind to

DNA and control the transcription of its own receptor gene as well

as genes involved in apoptosis and the cell cycle. A more thorough

analysis of the whole range of IGF-1R effects within the cell was

completed (46).

The internalization of the IGF-1R is a complicated process that

includes subcellular transport, intracellular signaling, and recycling

of the receptor to the surface in addition to partial destruction of the

receptor. The ligand binding process starts with the IGF-increased

IR’s internalization (endocytosis). Through substrates that

specifically bind to tyrosine residues 1250 and 1251 in the C-

terminus, internalization, and degradation play a part.

Internalization separates the ligand from the receptor via the

acidic endosomal route, where caveolin- or clathrin-dependent

mechanisms may be used for internalization (47). The lysosomal

or proteasomal routes are both options for the receptor’s

degradation. The process of receptor ubiquitination, which is

brought on by ligand interaction, results in the receptor’s

destruction by the proteasome. The receptor concentration on the

surface may therefore be downregulated as a result of ligand binding

and internalization, even though the levels may be adjusted by

increased IGF-1R gene expression. A collection of proteins called

adhesion-associated proteins may regulate subcellular transport.

These include the discoidin domain receptor 1 (DDR1), non-

receptor tyrosine adhesion kinase FES-related (FER), and non-
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integrin collagen RTK. The IGF-1R can translocate to the nucleus or

the Golgi apparatus’ internal membrane compartments for

destruction (28, 47). Intracellular signaling, which appears to be

important in the migratory behavior of cancer cells, can be started

by the IGF-1R in the Golgi. IGF-I induces the translocation of IGF-

1R to the nucleus, where it may bind with DNA to increase

transcription, with consequences that seem to support an

aggressive cancer phenotype (28, 47).
4 The role of the IGF family
in carcinogenesis

The IGF family plays a critical role in various cellular processes

such as proliferation, differentiation, and apoptosis (Figure 1). In

particular, IGFBPs protect IGFs from degradation and regulate

their interactions with the receptors. High circulating levels of the

potent mitogen, IGF-I, were previously associated with an increased

risk for breast, prostate, lung and colorectal cancers (48–51). Both

mitogens, IGF-I and IGF-II, were identified to be overexpressed in

various cancer types such as sarcoma, leukemia, breast, lung, colon,

stomach, esophagus, liver, pancreas, kidney, thyroid, brain, ovary,

cervical, endometrial and prostate cancers (52–57). High IGF-IR

expression was positively associated with worse disease outcomes

for several cancer types, including prostate and gastric cancer, as

well as renal cell carcinoma (58–60).

IGF-I, the crucial peptide hormone involved in controlling

human growth and development, functions by promoting cell

growth and preventing apoptosis (54, 61, 62). Such actions have a

significant impact on the tumor development (63). Other members

of the IGF family directly affect cancer-related cellular activities and

interact with a wide range of molecules that are crucial for cancer
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initiation and progression. IGF-I has been associated with the

activation of the MAPK and PI3K signaling pathways (64).

Additionally, diet and exercise have an impact on the expression

and production of IGF-I (65). IGF-I overexpression was previously

identified to induce tumor development (66, 67), while high

expression of IGF-1R and IGF-II triggered cancer metastasis (68).

Additionally, IGF-1R was reported to be essential for cell

transformation triggered by oncogenes and tumor-virus proteins

(53). Several approaches were implemented to inhibit the mitogenic

effect of IGF signaling including eliminating IGF-1R from the cell

membrane, blocking the interaction of IGFs with IGF-1R, or

interrupting the signal transduction pathway (53, 69–71). On the

other hand, IGF-2R is known to antagonize the effect of IGF-II,

where tumors that had low expression of IGF-2R or possessed IGF-

2Rmutations and could not hence degrade IGF-II, had much higher

growth rates (72, 73). Thus, restoring IGF-2R expression induced

apoptosis and reduced the growth of cancer cells (74).

IGFBPs regulate the interaction between IGF-I and IGF-1R and

affect the mitogenic activity of IGF-I (75–84). One of the most studied

IGFBPs is IGFBP-3 which prolongs the half-life of the IGFs and

regulates their availability to the cell surface receptors (85, 86).

Besides, IGFBP-3 has anti-proliferative actions affecting cancer

growth (87, 88). It was previously reported that serum levels of

IGFBP-3 were inversely associated with cancer risk in those patients.

Also, IGFBP-3 was found to inhibit breast and prostate cancer growth

and induce apoptosis (89–91). Moreover, vitamin D and its synthetic

analogs could increase the expression of IGFBPs and reduce IGF-1R

and IGF-II in breast and prostate cancer (92–95). Another factor

affecting the expression of IGF family members is the expression of

tumor suppressor genes. For example, wild-type p53 protein induces

IGFBP-3 expression, represses the transcription of IGF-II, and

suppresses IGF-1R expression (96–101).
FIGURE 1

Structure and role of insulin growth factor (IGF) family, including binding proteins, ligands, and receptors, in multiple processes involved
in carcinogenesis.
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5 The impact and expression of the
IGF family in neoplastic prostate cells
and tissues

During the transition from benign to malignant state in prostate

cancer, several IGF family members change. For instance, IGF-I,

IGFBP-2 and IGFBP-5 levels rise, while IGF-IR and IGFBP-3 levels

lessen (82, 102–104). The controversial reports about the expression

of the IGF family and its connection to prostate cancer risk and

development may be the result of the high degree of heterogeneity

among prostate tumors, sampling bias, evaluation techniques, or

the experimental design (105).

Some proteases produced in the pros tate cancer

microenvironment were previously identified to enhance IGF-I/

IGF-1R signaling. These include prostate-specific antigen (PSA),

human kallikrein 2, trypsin, and cathepsin D, which were identified

to degrade IGFBPs, thus releasing free mitogenic IGF-I (106, 107).

High IGF-I expression and low IGFBP-3 in prostate cancer were

identified as contributors to cancer initiation and progression by

affecting cellular transformation, apoptosis, and metastasis (108).

IGF-I and IGFBP-3 expression in prostate cancer patients was

strongly associated with more advanced or aggressive disease,

indicating a critical role in cancer progression (49). Further

studies highlighted the potential of IGF-I as a strong predictor of

advanced rather than early-stage prostate cancer (109). On the

contrary, a study by Ma et al. reported no significant associations

between free IGF-I and other IGF-I biomarkers with lethal and non-

lethal prostate cancer (110). However, blood levels of IGFBP-3

showed contradictory results in prostate cancer (111). Serum levels

of IGF-I, IGF-II, IGFBP-2, IGFBP-4, and IGFBP-5 were found to be

higher in prostate cancer patients (82, 103, 112–116). Moreover,

IGFBP-2 expression was found to be higher in the prostate cancer

tissue compared to the normal tissue counterpart (102). Neither

IGF-II nor IGFBP-2 concentrations were associated with prostate

cancer risk (117). On the other hand, low levels of IGFBP-3 were

reported in the serum and prostate tumor tissue of cancer patients

(102). Moreover, IGF-I was found to be significantly elevated while

IGFBP-3 was reported to be reduced in prostate cancer tissues

(118). Also, such an expression was found to be linked to tumor size

and hyperplasia (118, 119). IGF-I and IGFBP-3 plasma levels were

suggested to be indicators of prostate cancer risk (112). Moreover,

the lower IGFBP-3 levels could lead to enhanced IGF-I

bioavailability (85). In addition, the plasma levels of IGFBP-3

were considerably lower in African-American men compared to

white men (120, 121). This could support the findings that African-

American men have a higher incidence of prostate cancer than

white men (122). Additionally, high IGF-I levels in the blood/serum

of healthy men were associated with a high risk of developing

prostate cancer (123, 124). This suggests that prolonged exposure to

high concentrations of IGF-I could trigger carcinogenesis of

prostate epithelial cells (125). Therefore, targeting IGF-I could be

a potential therapeutic approach in prostate cancer.

When compared to the benign prostate epithelium, primary

prostate cancer had higher levels of IGF-1R expression, which is

further escalated in metastasis (126). This was further supported by
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studies using human prostate xenografts where higher IGF-1R

expression was found in metastatic and androgen-independent

tumors (127, 128). Also, transgenic mice with a prostate-specific

deletion of IGF-1R and the tumor suppressor gene p53 had more

aggressive prostate cancer than their wild-type counterparts (129).

In vitro, studies indicated that IGF-I stimulated the proliferation

of various prostate cancer cell lines (22Rv1 and DU145) by the

activation of the AKT/ERK/MAPK pathway (130). Also, IGF-I

regulated the invasion potential of DU145 prostate cancer cells by

controlling the activity of MMP-2 and MMP-9 as well as secreted

TIMP-2 levels, that are transduced via the PI3K and MAPK

pathways (131). Further, IGF-I was described to regulate the

expression of miR-143, leading to an increase in IGFR expression

in PC-3 and DU145 prostate cancer cell lines. Such an effect was

found to lead to resistance to docetaxel treatment (132).

Additionally, it has been demonstrated that IGF-I activated

androgen receptor signaling in prostate cancer cells via the IGF-

1R-forkhead box protein O1 (FOXO1) signaling axis, which is also

implicated in castration-resistant prostate cancer (133–135). In

vivo, PC-3 tumors proliferate at a considerably slower rate in

IGF-I-deficient hosts than in IGF-I-expressing hosts (136). Mice

injected with the androgen-sensitive and PSA-producing LNCaP

cell line were found to develop tumors and their serum PSA levels

were correlated with tumor volume (137). Also, mice fed a low-fat

diet with xenografts of LAPC-4 showed a decrease in tumor size

along with a reduction in the IGF-I expression (138). Other in vivo

studies reported that the blocking of IGF-1R in combination with

castration inhibited prostate cancer growth (139, 140). However,

the most thoroughly studied IGF-1R inhibitor, limsitinib, was

explored in a phase II study, where it did not significantly

alleviate prostate-specific antigen levels after 12 weeks of

treatment or increase the overall survival in men with metastatic

castrate-resistant prostate cancer (141).

IGFBP-3 is the most prevalent form of the IGFBPs, which has

been linked with prostatic growth. The majority of serum and

prostatic IGF-I binds to IGFBP-3, thus regulating its concentrations

(142). IGFBP-3 was identified to have anti-tumor effects by

regulating multiple processes such as adhesion, motility,

proliferation, and invasion of prostate cancer cells (143).

Additionally, in vitro studies using PC3 or DU145 cell lines

showed that IGF-I regulates cell adhesion and motility that is

needed for the formation of a pre-metastatic niche (144). This

was reported to be mediated through integrin expression especially

a3, a5, and b1 expression pattern and distribution (145).

The second most prevalent IGFBP is IGFBP-2, which has a

growth inhibitory effect on healthy prostate epithelial cells but a

strong stimulatory effect on prostate cancer cells via the activation

of MAPK and PI3K pathways (146). Also, high IGFBP-2 levels in

prostate cancer patients not receiving neoadjuvant hormonal

therapy had worse survival compared to patients with low

IGFBP-2 levels, thus indicating an androgen effect on the IGFBP-

2 action (147).

Proteases targeting IGFBPs are known to degrade IGFBPs into

small fragments, thus reducing the affinity of IGFBPs to IGFs.

Prostate-specific antigen (PSA) is known to be an IGFBP protease

while g-nerve growth factor (NGF) is also known to degrade
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IGFBPs 3, 4, 5, and 6, thereby boosting IGF action (11).

Furthermore, other proteases such as human kallikrein 2 (hK2),

trypsin, MMPs, and cathepsin D, present in the prostate tumor

microenvironment were identified to affect IGFBP-3 and release

free IGF-I (107). Protease-resistant IGFBPs could be a potential

therapeutic agent in cancer therapy by preventing the mitogenic

activity of IGF. Also, it was interesting to find that inhibiting the

signaling pathway of epidermal growth factor (EGF), had a

suppression effect on IGF-I in prostate cancer cells (148). The

protease PAPP-A is responsible for the cleavage of IGFBPs 2, 4, and

5 (149), which was previously linked to cancer development in

various types including prostate cancer (150–155). A possible

explanation for the role of PAPP-A is through increasing the

levels of IGFs and their downstream signaling pathway (156).

Studies have reported that PAPP-A levels were elevated in

prostate cancer patients, especially those with metastasis (157).

On the other hand, several studies reported that the protease-

resistant IGFBP-4 led to an inhibition of cell growth and

angiogenesis (155, 158). Other in vitro and in vivo studies

indicated that the mutant IGFBP-2 was able to inhibit tumor

growth possibly by inhibition of angiogenesis (159).

A subgroup of IGFBPs is called IGFBP-related proteins

(IGFBPs-rP) also termed the CNN family (124). These IGFBP-rPs

could be critical for the regulation of stromal and epithelial cell

growth in the prostate. An interesting protein is insulin-like growth

factor binding protein-related protein 1 (IGFBP-rP1)/IGFBP-7. It

was found to possess tumor suppressor effects through inhibiting

cell growth, and triggering apoptosis and senescence (160). In

contrast, another study indicated that it could promote glioma

cell growth and migration (161). IGFBP-7 resulted in the activation

of the translational repressor 4E-binding protein 1 (4E-BP1) and

triggered apoptosis in IGF-1R+ cells. It suppressed IGF-1R

downstream signaling, hence hindering protein synthesis, cell

growth, and survival (162). In vitro and in vivo studies revealed a

downregulation of IGFBP-5 in prostate cancer cells that inhibited

IGF cell growth. In benign prostatic hyperplasia (BPH), IGF-II and

IGF-1R were found to be overexpressed by stromal prostate cells.

Also, these cells expressed IGFBP-5 which is identified to potentiate

the IGF actions (163). Reduced expression of IGFBP-rP1 is

associated with carcinogenesis, especially in highly tumorigenic

and metastatic prostatic cells (164). IGFBP-rP1 functions as a

tumor suppressor in prostate cancer cells, as its overexpression

slowed down growth and proliferation rates (165). Also, prostatic

cell growth is regulated by IGFBP-rP2 and IGFBP-rP3. Several

factors can affect the expression of IGFBP-rP2. For instance, TGF-b
boosts the expression of IGFBP-rP2 in both normal and cancerous

prostate cells while IGF-I could decrease its expression. IGFBP-rP3

may act as a growth stimulator for prostate cancer cells given that it

is preferentially expressed in malignant cells (166). CyrH61/

IGFBPs-rP4 is localized in the mesenchyme of the benign

prostatic tissue and is downregulated in prostate cancer tissues as

well as in cancer cell lines (124, 167).

Our understanding of prostate tumorigenesis and regulation

has been expanded especially due to our understanding of the IGF

system. A high IGF-I to IGFBP-3 ratio was linked with an increased

risk of prostate cancer and could be used as a predictor for prostate
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cancer development (168). On the other hand, another study by

Saleh SAK et al. reported that changes in the serum levels of IGF-I

and IGFBP-3 were not considered pre-diagnostic risk factors for

prostate cancer development (142). Besides, serum levels of total

PSA and free/total PSA ratio were found to be higher in prostate

cancer patients (142). Also, PSA and IGF-II showed the power of

prognosis and differentiation between prostate cancer and

BPH (169).
6 The link between IGF and prostate
cancer metastasis

Bones are the most frequent metastatic site for prostate cancer,

with 70–80% of patients experiencing skeletal metastases. Prostate

cancer can metastasize to numerous organs, including the liver,

lymph nodes, lung, and bone. The vertebral column, ribs, skull,

and proximal ends of the long bones are among the well-vascularized

parts of the skeleton where prostate cancer cells spread frequently.

IGF-I and IGF-II, as well as type I and type II IGF receptors, are

expressed by bone cells (170). High levels of IGF-I in the primary

tumor environment seem to encourage cancer cells to spread to the

bone in vivo. Moreover, prostate cancer cell lines that highly

expressed IGF-1R were likely to develop larger bone mass (171–

173). Notably, IGFs influence cell-cell adhesion andmotility of cancer

cells through the integrin system such as E-cadherin (174–176). The

likelihood of metastasis is influenced by such interactions (177–179).

Prostate cancer cells can release mediators that change the balance

between osteoblast and osteoclast activities, leading to osteoblastic

metastases. IGF-I plays a critical role in bone formation and bone

resorption through the receptor activator of the nuclear factor-B

ligand (RANKL) system in bone (180). IGF-I upregulates the

expression of RANKL by bone marrow stromal cells, and

osteoblasts, which can bind to RANK on the surface of osteoclast

precursors. This ligand-receptor interaction activates NF-kB, which
stimulates the differentiation of osteoclast precursors to osteoclasts

(180–183). Also, metastatic prostate cancer cells release a urokinase-

type plasminogen activator that binds to the corresponding receptor

on the surface of osteoblasts. This could trigger the proteolysis of

IGFBPs and increase in the bioavailability of IGFs, thus stimulating

the proliferation of osteoblasts and cancer cells (Figure 2). A study by

Goya M. et al. reported the potential of KM1468, a monoclonal

antibody against IGF-I and IGF-II that inhibited the development of

new bone formation and the progression of existing bone tumors

(184). Also, IGF-I is secreted by the liver, which attracts circulating

cancer cells drain and promotes colonization, proliferation, and the

establishment of metastasis (185).

IGF-1R was found to control lymphatic metastasis of cancer by

inducing the production of VEGF, thus promoting angiogenesis

and lymphangiogenesis (186). This was supported by high levels of

VEGF in prostate cancer patients with lymph node metastases

(187). Androgen deprivation activated FOXO-1 and upregulated

VEGF production by inhibiting the IGF-1R pathway (188). By

activation of the IGF-1R/Akt/NF-kB pathway, bone-derived IGF-I

is the link between metastasized cancer cells during bone

metastasis (189).
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7 The relation between IGF family and
androgen-independent progression
Prostate cancer could progress to be castration-resistant. Several

mechanisms have been put forth to explain the progression including:

1) constitutive activation of the androgen receptor due to alternative

splicing of the androgen receptor; 2) epigenetic mutations of the

androgen receptor; 3) transactivation of the androgen receptor by

growth factors and cytokines; and 4) intracrine steroidogenic

pathways within the prostate tumor (190–193).

Another critical aspect of the IGF family is that they play a role

in the progression of androgen-independent prostate cancer by

promoting the growth and survival of prostate tumor cells.

Alternative stimulatory pathways that were activated after

androgen withdrawal, were found to trigger intracellular signal

transduction pathways by completely avoiding or activating the

androgen receptor. For example, non-ligand activation of androgen

receptors could be initiated by IGF-I, MAPK, and AKT contributing

to cell proliferation in an androgen-depleted environment (194).

Also, prostate cancer mouse models showed progression from

androgen-dependence to androgen-independence to be associated

with an increase in IGF-I and decrease in IGFBP-3, further

suggesting their role in cancer aggressiveness (128). In mice,

castration induced upregulation of IGFBP-5 that enhanced the

development of androgen independence (195).

The effective treatment for patients with advanced prostate

cancer is androgen ablation, leading to tumor regression (195).

This is because proliferation of prostate cancer cells is dependent on

androgens. The androgen receptor is known to bind to testosterone

and dihydrotestosterone, after which a conformational change and

interaction with specific DNA elements occur. The development of

androgen-independent prostate cancer takes place as a consequence
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of the lack of apoptosis that triggers tumor cell survival (196).

Furthermore, other mechanisms are associated with the

development of androgen-independent prostate cancer including

an increase in the sensitivity of the androgen receptor by

coactivators as well as enhancement of the signaling pathways by

other growth factors (197, 198). Unlike androgens, IGF-I activates

tyrosine kinase-associated surface receptors, leading to the

proliferation of prostate cancer cells. This is besides the effect of

IGF-I on enhancing the androgen receptor transcriptional activity

and its sensitivity to suboptimal stimulation by low androgen levels

(199). Metastatic and androgen-independent prostate cancer

specimens exhibited an increase in IGF-1R expression (126–128).

On the other hand, other studies indicated that reduced IGF-1R

expression is required to induce androgen independence,

proliferation, and metastasis (200, 201). It was suggested that

dysregulation of IGF-1R expression through KLF6 loss-of-

function may be an intrinsic mechanism for prostate cancer

progression to hormone independence. Also, the tumor

suppressor BRCA1 was identified to interact with the androgen

receptor in prostate cancer cells and regulate IGF-1R production

(202). Furthermore, BRCA1 can suppress IGF-1R promoter activity

in androgen receptor-negative prostate cancer cell lines but enhance

IGF-1R expression at the transcriptional level in androgen receptor-

positive prostate cancer cell lines (203).

Also, long-term androgen suppression may boost the resistance

of prostate cancer cells to apoptosis through the inhibition of PI3K/

AKT pathway (204). IGF-1R expression can be enhanced by

androgens via the activation of the ERK pathway (205).

Neuropeptides, including endothelin-1, vasoactive intestinal

peptide, and neurotensin, were previously identified to boost IGF

signaling and stimulate androgen-independent prostate cancer

(111, 206–208). Moreover, castration or anti-androgen treatment

induces the expression of IGFBP-2,3,4 and 5 (209, 210). This could
FIGURE 2

Involvement of IGF ligands, receptors, and binding proteins in prostate cancer. The left panel illustrates the interplay of IGF-I in cancer initiation and
progression of prostate cancer, while the right panel highlights the IGF-I effect in metastasis of prostate cancer cells to bone tissue.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1396192
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Elemam et al. 10.3389/fendo.2024.1396192
be due to an adaptative mechanism to enhance IGF-I mediated

mitogenesis, thus leading to androgen independence progression

(195, 195, 211). Also, prostate cancer samples and cell lines

exhibited growth inhibition when treated with diethylstilbestrol

(DES) (212). The expression of the growth-promoting IGFBP-6

was reported to be induced by DES treatment, thus, highlighting its

contribution to the effect of DES in androgen-independent prostate

cancer (213). Pre-clinical evidence supported the utilization of

insulin/IGF-targeting agents in combination with androgen

deprivation therapy for prostate cancer. This is attributed to the

effect of insulin on the production of androgens by prostate cancer

cells, which accelerated the emergence of castration-resistant

prostate cancer (214).
8 New drugs targeting the IGF family

For many years now, the gold standard of treatment for advanced

or metastatic prostatic cancer has been androgen deprivation therapy

(ADT) and second-generation androgen receptors signaling

inhibitors (41). Unexpected resistance to castration and recurrence

in the form of castration-resistant prostate cancer, for which there are

few therapy choices, are regrettably major events contributing to the

poor longevity of patients with prostatic cancer, even though these

therapies initially demonstrated several pros (105). A lot of research

has been done to design agents that target the IGF family and its

signaling pathway. For instance, some studies aimed at reducing IGF-

I levels or inhibiting the activity of IGF-IR and the downstream

signaling pathways. Some of these drugs exhibited an anti-neoplastic

activity (184, 215, 216). Antagonists of the growth hormone-releasing

hormone, or growth hormone receptor (e.g., pegvisomant), and

analogs of somatostatin (e.g. octreotide) resulted in a reduction of

IGF-I levels (217). For instance, combinatorial therapy using

octreotide and complete androgen blockage had beneficial results

in patients with prostate cancer (218). Also, pegvisomant treatment

halted the proliferation of prostatic cancer cells (219). As such, anti-

IGF-1R monoclonal antibodies (mAbs), human neutralizing IGF

antibodies, and tyrosine kinase inhibitors (ligand-gated IGF-R)

have been developed. Part of these drugs have been evaluated in

clinical studies regarding prostatic cancer either alone or in

conjunction with traditional therapy (220).
8.1 Monoclonal anti-IGF-1R antibodies

The primary approach entails employing anti-IGF-1R mAbs to

impede ligand-receptor interactions, thereby inducing the

internalization and subsequent degradation of IGF-1R. For the

treatment of malignant tumors, a number of therapeutic mAbs

targeting IGF-1R have been developed, including ganitumab (IgG1)

(139), cixutumumab (IgG1) (221–223), and figitumumab (IgG2) (222,

224, 225). The antibodies that have undergone evaluation in clinical

trials have demonstrated anti-tumor growth effects to a certain degree

and have been well tolerated by the majority of participants.

Cixutumumab and figitumumab have shown mixed results in

clinical trials, with some benefits in PSA levels but inconsistent
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overall survival improvements (221, 226, 227). A12, another mAb,

demonstrated promise in preclinical studies by inhibiting cancer

cell growth, but requires further research (228, 229). Ganitumab, a

unique mAb that avoids interfering with insulin signaling, showed

good tolerability but lacks clinical trials in prostate cancer patients

(139, 222). Other mAbs like BIIB022 are being explored in other

cancers with positive safety profiles (230). Overall, IGF-1R mAbs

hold promise for prostatic cancer treatment, but further research is

needed to optimize their efficacy and safety, particularly in

combination therapies, while exploring new mAbs with improved

targeting strategies.
8.2 Neutralizing antibodies for IGF

Monoclonal antibodies that neutralize IGF ligands inhibit

proliferative and pro-survival signaling, which are initiated by

IGF ligands. IGF-I/II neutralizing monoclonal antibodies

simultaneously inhibit multiple IGF signaling pathways but do

not affect insulin receptor-b (INSR), which regulates glucose

homeostasis (231). As a result, they do not increase the risk of

hyperglycemia compared to IGF-1R/INSR tyrosine kinase

inhibitors. Few neutralizing antibodies for IGF have been

developed, including xentuzumab (IgG1) and dusigitumab (IgG2).

Human antibody xentuzumab (BI 836845) specifically targeted

IGF-I and IGF-II. It exhibited potential in the treatment of breast

cancer and in the mitigation of resistance in prostate cancer. It

mainly functions by inhibiting IGF-I levels and impeding its effects.

The initial trials were met with acclaim (232–234). Dusigitumab

(MEDI-573) is an additional IGF signaling-targeting antibody,

whose metabolic impact appeared to be comparatively lesser in

nature when compared to alternative IGF-targeting therapies.

Although it exhibited anti-tumor properties, its efficacy might be

constrained by its relatively low binding affinity (235).
8.3 Tyrosine kinase inhibitors of IGF-1R

Linsitinib targets the insulin and IGF-1R receptors and

demonstrated promise in preclinical research but had poor efficacy

in clinical trials for prostate cancer among other malignancies.

Though it was well tolerated, neither the tumor response nor PSA

levels were improved. Though further research is needed, linsitinib

may be helpful in breaking through chemotherapy resistance (141,

236, 237). An alternative tyrosine kinase inhibitor, BMS-754807, has

shown promise in preclinical research by reducing the proliferation

and causing cell death in cancer cells (238). It also affected insulin

receptors, though, which could have an effect on blood sugar

regulation (239). Its safety and effectiveness in prostate cancer

patients have not yet been evaluated in clinical trials.
9 Conclusions

PCa remains a public health burden. The relationship between

the IGF family and prostate cancer is intricate as IGF signaling plays
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a significant role in the development and progression of prostate

cancer. The activation of its downstream signaling pathways

promotes cell proliferation, migration, and invasion. Targeting

IGF signaling has been considered as a potential therapeutic

strategy for PCa. Researchers have explored various approaches to

inhibit IGF signaling using antibodies or small molecule inhibitors

against various components of the IGF signaling pathway.

Therefore, further understanding of the role of IGF signaling in

PCa shows promise and needs to be considered in the context of a

comprehensive treatment strategy.
Author contributions

NE: Writing – original draft, Writing – review & editing. HH:

Writing – original draft, Writing – review & editing. MS: Writing –

original draft, Writing – review & editing. WE: Writing – original

draft, Writing – review & editing. IT: Writing – original draft,

Writing – review & editing.
Frontiers in Endocrinology 09102
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA: Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492

2. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer
incidence and mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer. (2015) 136:E359–86. doi: 10.1002/ijc.29210

3. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA: Cancer J Clin. (2021) 71:209–49. doi: 10.3322/
caac.21660

4. He Y, Xu W, Xiao Y-T, Huang H, Gu D, Ren S. Targeting signaling pathways in
prostate cancer: mechanisms and clinical trials. Signal Transduction Targeted Ther.
(2022) 7:198. doi: 10.1038/s41392-022-01042-7

5. Cuzick J, Thorat MA, Andriole G, Brawley OW, Brown PH, Culig Z, et al.
Prevention and early detection of prostate cancer. Lancet Oncol. (2014) 15:e484–92.
doi: 10.1016/s1470-2045(14)70211-6

6. Desai MM, Cacciamani GE, Gill K, Zhang J, Liu L, Abreu A, et al. Trends in
incidence of metastatic prostate cancer in the US. JAMA Netw Open. (2022) 5:e222246.
doi: 10.1001/jamanetworkopen.2022.2246

7. Prostate cancer: a tale of two sides. Nat Rev Urol. (2019) 16:141. doi: 10.1038/
s41585-019-0152-z

8. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA: Cancer J Clin. (2018)
68:7–30. doi: 10.3322/caac.21442

9. Simpson A, Petnga W, Macaulay VM, Weyer-Czernilofsky U, Bogenrieder T.
Insulin-like growth factor (IGF) pathway targeting in cancer: role of the IGF axis and
opportunities for future combination studies. Targeted Oncol. (2017) 12:571–97.
doi: 10.1007/s11523-017-0514-5

10. Rosenzweig SA. The continuing evolution of insulin-like growth factor signaling.
F1000Research. (2020) 9(F1000 Faculty Rev):205. doi: 10.12688/f1000research.22198.1

11. Brahmkhatri VP, Prasanna C, Atreya HS. Insulin-like growth factor system in
cancer: novel targeted therapies. BioMed Res Int. (2015) 2015:538019. doi: 10.1155/
2015/538019

12. LeRoith D, Holly JMP, Forbes BE. Insulin-like growth factors: Ligands, binding
proteins, and receptors. Mol Metab . (2021) 52:101245. doi: 10.1016/
j.molmet.2021.101245

13. Yoshida T, Delafontaine P. Mechanisms of IGF-1-mediated regulation of skeletal
muscle hypertrophy and atrophy. Cells. (2020) 9:1970. doi: 10.3390/cells9091970

14. Cohick WS, Clemmons DR. The insulin-like growth factors. Annu Rev Physiol.
(1993) 55:131–53. doi: 10.1146/annurev.ph.55.030193.001023

15. Bach LA. The insulin-like growth factor system: towards clinical applications.
Clin Biochemist Rev. (2004) 25:155.
16. Miller BS, Rogol AD, Rosenfeld RG. The history of the insulin-like growth factor
system. Hormone Res Paediatrics. (2022) 95:619–30. doi: 10.1159/000527123

17. Denley A, Cosgrove LJ, Booker GW, Wallace JC, Forbes BE. Molecular
interactions of the IGF system. Cytokine Growth factor Rev. (2005) 16:421–39.
doi: 10.1016/j.cytogfr.2005.04.004

18. Vigneri R, Squatrito S, Sciacca L. Insulin and its analogs: actions via insulin and
IGF receptors. Acta diabetologica. (2010) 47:271–8. doi: 10.1007/s00592-010-0215-3

19. Stratikopoulos E, Szabolcs M, Dragatsis I, Klinakis A, Efstratiadis A. The
hormonal action of IGF1 in postnatal mouse growth. Proc Natl Acad Sci. (2008)
105:19378–83. doi: 10.1073/pnas.0809223105

20. Frasca F, Pandini G, Scalia P, Sciacca L, Mineo R, Costantino A, et al. Insulin
receptor isoform A, a newly recognized, high-affinity insulin-like growth factor II
receptor in fetal and cancer cells. Mol Cell Biol. (1999) 19:3278–88. doi: 10.1128/
MCB.19.5.3278
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166. López-Bermejo A, Buckway CK, Devi GR, Hwa V, Plymate SR, Oh Y, et al.
Characterization of insulin-like growth factor-binding protein-related proteins
(IGFBP-rPs) 1, 2, and 3 in human prostate epithelial cells: potential roles for IGFBP-
rP1 and 2 in senescence of the prostatic epithelium. Endocrinology. (2000) 141:4072–80.
doi: 10.1210/endo.141.11.7783

167. Pilarsky CP, Schmidt U, Eissrich C, Stade J, Froschermaier SE, Haase M, et al.
Expression of the extracellular matrix signaling molecule Cyr61 is downregulated in
prostate cancer. Prostate. (1998) 36:85–91. doi: 10.1002/(SICI)1097-0045(19980701)
36:2<85::AID-PROS3>3.3.CO;2-X

168. Li L, Yu H, Schumacher F, Casey G, Witte JS. Relation of serum insulin-like
growth factor-I (IGF-I) and IGF binding protein-3 to risk of prostate cancer (United
States). Cancer Causes Control. (2003) 14:721–6. doi: 10.1023/A:1026383824791
frontiersin.org

https://doi.org/10.1038/sj.pcan.4500295
https://doi.org/10.3389/fendo.2022.852382
https://doi.org/10.1016/S1569-9056(02)80120-8
https://doi.org/10.1158/0008-5472.Can-04-2446
https://doi.org/10.1158/0008-5472.Can-04-2446
https://doi.org/10.1158/0008-5472.Can-07-6531
https://doi.org/10.1158/0008-5472.CAN-20-4090
https://doi.org/10.1186/1475-2867-8-10
https://doi.org/10.1186/1475-2867-8-10
https://doi.org/10.18632/oncotarget.v8i63
https://doi.org/10.1158/1078-0432.CCR-07-0648
https://doi.org/10.1074/jbc.M610447200
https://doi.org/10.1158/1535-7163.MCT-19-0378
https://doi.org/10.1093/jnci/92.23.1910
https://doi.org/10.1093/jnci/92.23.1910
https://doi.org/10.1158/1535-7163.MCT-12-0648
https://doi.org/10.1007/s10585-017-9848-8
https://doi.org/10.1007/s10637-018-0574-0
https://doi.org/10.20517/2394-4722.2017.20
https://doi.org/10.20517/2394-4722.2017.20
https://doi.org/10.1677/ERC-08-0175
https://doi.org/10.3390/cancers11071020
https://doi.org/10.3390/cancers14020363
https://doi.org/10.3390/cancers14020363
https://doi.org/10.1002/ijc.11015
https://doi.org/10.1016/j.eururo.2004.12.015
https://doi.org/10.1016/j.ando.2016.04.015
https://doi.org/10.3109/01485018608986936
https://doi.org/10.1210/en.2010-1095
https://doi.org/10.1097/MAJ.0b013e31818967a3
https://doi.org/10.1093/jnci/djy209
https://doi.org/10.18632/oncotarget.3643
https://doi.org/10.1038/sj.bjc.6605141
https://doi.org/10.1038/nrc3215
https://doi.org/10.1038/ng1935
https://doi.org/10.1074/jbc.M112082200
https://doi.org/10.1038/bjc.2014.232
https://doi.org/10.1016/j.cca.2014.01.037
https://doi.org/10.1593/neo.08694
https://doi.org/10.1126/scisignal.2003184
https://doi.org/10.1210/jcem.79.5.7525636
https://doi.org/10.1210/jcem.79.5.7525636
https://doi.org/10.1210/jcem.83.12.5341
https://doi.org/10.1210/jcem.83.12.5341
https://doi.org/10.1210/endo.141.11.7783
https://doi.org/10.1002/(SICI)1097-0045(19980701)36:2%3C85::AID-PROS3%3E3.3.CO;2-X
https://doi.org/10.1002/(SICI)1097-0045(19980701)36:2%3C85::AID-PROS3%3E3.3.CO;2-X
https://doi.org/10.1023/A:1026383824791
https://doi.org/10.3389/fendo.2024.1396192
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Elemam et al. 10.3389/fendo.2024.1396192
169. Trojan L, Bode C, Weiss C, Mayer D, Grobholz R, Alken P, et al. IGF-II serum
levels increase discrimination between benign prostatic hyperplasia and prostate cancer
and improve the predictive value of PSA in clinical staging. Eur Urol. (2006) 49:286–92;
discussion 92. doi: 10.1016/j.eururo.2005.08.022

170. Gori F, Hofbauer LC, Conover CA, Khosla S. Effects of androgens on the
insulin-like growth factor system in an androgen-responsive human osteoblastic cell
line. Endocrinology. (1999) 140:5579–86. doi: 10.1210/endo.140.12.7213

171. Zhang XH, Jin X, Malladi S, Zou Y, Wen YH, Brogi E, et al. Selection of bone
metastasis seeds by mesenchymal signals in the primary tumor stroma. Cell. (2013)
154:1060–73. doi: 10.1016/j.cell.2013.07.036

172. van Golen CM, Schwab TS, Kim B, Soules ME, Su Oh S, Fung K, et al. Insulin-
like growth factor-I receptor expression regulates neuroblastoma metastasis to bone.
Cancer Res. (2006) 66:6570–8. doi: 10.1158/0008-5472.Can-05-1448

173. Heidegger I, Massoner P, Sampson N, Klocker H. The insulin-like growth
factor (IGF) axis as an anticancer target in prostate cancer. Cancer Lett. (2015)
367:113–21. doi: 10.1016/j.canlet.2015.07.026

174. Goel HL, Fornaro M, Moro L, Teider N, Rhim JS, King M, et al. Selective
modulation of type 1 insulin-like growth factor receptor signaling and functions by
beta1 integrins. J Cell Biol. (2004) 166:407–18. doi: 10.1083/jcb.200403003
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Association between cathepsins
and benign prostate diseases: a
bidirectional two-sample
Mendelian randomization study
Hongliang Cao1, Bin Liu1, Kejian Gong2, Hao Wu1, Yishu Wang3,
Haiyang Zhang4, Chengdong Shi1, Pengyu Wang1, Hao Du1,
Honglan Zhou1* and Song Wang1*

1Department of Urology II, The First Hospital of Jilin University, Changchun, China, 2Department of
Thoracic Surgery, The First Hospital of Jilin University, Changchun, China, 3Key Laboratory of
Pathobiology, Ministry of Education, Jilin University, Changchun, China, 4Department of
Prosthodontics, Hospital of Stomatology, Jilin University, Changchun, China
Objectives: The relationship between cathepsins and prostate cancer (PCa) has

been reported. However, there is a lack of research on cathepsins and benign

prostate diseases (BPDs). This study investigated the potential genetic link

between cathepsins and BPDs through the utilization of Mendelian

randomization (MR) analysis to determine if a causal relationship exists.

Methods: Publicly accessible summary statistics on BPDs were obtained from

FinnGen Biobank. The data comprised 149,363 individuals, with 30,066 cases and

119,297 controls for BPH, and 123,057 individuals, with 3,760 cases and 119,297

controls for prostatitis. The IEU OpenGWAS provided the Genome-wide

association data on ten cathepsins. To evaluate the causal relationship

between BPDs and cathepsins, five distinct MR analyses were employed, with

the primary method being the inverse variance weighted (IVW) approach.

Additionally, sensitivity analyses were conducted to examine the horizontal

pleiotropy and heterogeneity of the findings.

Results: The examination of IVW MR findings showed that cathepsin O had a

beneficial effect on BPH (IVW OR=0.94, 95% CI 0.89–0.98, P=0.0055), while

cathepsin X posed a threat to prostatitis (IVW OR=1.08, 95% CI 1.00–1.16,

P=0.047). Through reverse MR analysis, it was revealed that prostatitis had an

adverse impact on cathepsin V (IVW OR=0.89, 95% CI 0.80–0.99, P=0.035),

while no favorable association was observed between BPH and cathepsins. The

results obtained from MR-Egger, weighted median, simple mode, and weighted

mode methods were consistent with the findings of the IVW approach. Based on

sensitivity analyses, heterogeneity, and horizontal pleiotropy are unlikely to

distort the results.
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Conclusion: This study offers the initial evidence of a genetic causal link

between cathepsins and BPDs. Our findings revealed that cathepsin O was

beneficial in preventing BPH, whereas cathepsin X posed a potential threat to

prostatitis. Additionally, prostatitis negatively affected cathepsin V level. These

three cathepsins could be targets of diagnosis and treatment for BPDs, which

need further research.
KEYWORDS

cathepsins, benign prostate diseases, Mendelian randomization, bi-directional causal
effects, benign prostatic hyperplasia (BPH)
Introduction

Benign prostatic diseases (BPDs), mainly including benign

prostatic hyperplasia (BPH) and prostatitis, are prevalent

urological ailments affecting males globally (1, 2). Compression of

the urethra caused by BPH results in clinical symptoms that impact

the quality of life for individuals with BPH, including lower urinary

tract symptoms (LUTS), episodes of acute urinary retention, and

recurring urinary infections (3). Numerous investigations have been

carried out regarding the development of BPH; nevertheless, the

factors responsible for its occurrence and advancement are still

poorly understood (4). Prostatitis is classified into types I–IV by the

National Institutes of Health (NIH) in the United States. Chronic

prostatitis/chronic pelvic pain syndrome (CP/CPPS) of Type III is

categorized into inflammatory CPPS (IIIa) and noninflammatory

CPPS (IIIb), making up approximately 90%–95% of cases related to

prostatitis (5). Individuals diagnosed with CP/CPPS typically

encounter discomfort in the pelvic region, such as pain in the

pubic region or perineum, discomfort during sexual activity or

ejaculation, painful urination, frequent urination at night and/or a

sense of urgency, sexual difficulties, impotence, mental health

disorders, and reduced sperm quality (6, 7). Exploring the

etiology, diagnosis, and treatment of BPDs in public health has

significant practical implications by identifying the causal

association of risk factors that can be modified.

The group of lysosomal proteolytic enzymes known as cathepsins

plays a crucial role in preserving cellular homeostasis, which are

classified into multiple families, including serine proteases

(cathepsins A and G), cysteine proteases (cathepsins B, C, F, H, K,

L, O, S, V, W, and X), and aspartyl proteases (cathepsins D and E) (8,

9). They are associated with many cellular activities including protein

and lipid metabolism, autophagy, antigen presentation, growth factor

receptor recycling, cellular stress signaling, extracellular matrix

degradation, and lysosome-mediated cell death (10). Various

cathepsins have significant roles in various diseases due to their

participation in these essential processes (11). The association

between cathepsins and prostate cancer (PCa) has been reported,

such as cathepsin B. Nalle et al. found that the inhibition of invasion

and migration and the activation of apoptosis in PC3 and DU145
02109
prostate cancer cell lines can be achieved by targeting cathepsin B

(12). Moreover, the rise in serum levels of cathepsin B and the density

of cathepsin B may serve as innovative indicators for the progression

of the disease. However, they do not impact the survival of individuals

diagnosed with PCa (13). Furthermore, the generation of sphingosine

1-phosphate through acid ceramidase facilitates the invasion of PCa

by increasing the expression of cathepsin B (14). Despite several

studies suggesting potential applications of cathepsins in PCa disease,

there is a lack of studies exploring cathepsins in relation to BPDs.

Based on this, we will use Mendelian randomization (MR) to do such

a thing.

MR designs utilize genetic diversity as instrumental variables

(IVs) to explore the causal association between potential factors and

the specific disease, offering several advantages absent in

conventional epidemiology (15). In addition, using MR designs

can decrease the likelihood of reverse causality and minimize the

impact of confounding variables (16). The objective of this study

was to examine the causal connection between cathepsins and

BPDs, potentially identifying novel avenues for diagnosing and

treating BPDs.
Materials and methods

Study design

To establish the bidirectional causal connection between BPDs

and cathepsins, a Mendelian randomization (MR) study using two

samples was conducted. To investigate the causal relationship

between exposure and outcome, the research on MR utilizes

instrumental variables (IVs) and examines Single Nucleotide

Polymorphisms (SNPs). To acquire valid IVs, three essential

assumptions must be met: i) relevance assumption: the IVs must

be strongly linked to the exposure (cathepsins); ii) independence

assumption: the IVs should not be correlated with any confounding

factors; and iii) exclusion assumption: the IVs must solely impact

the outcome (BPDs) through the exposure (cathepsins) (17, 18).

Figure 1 shows the planned layout of bidirectional two-sample MR

between cathepsins and BPDs.
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GWAS statistics source

Summary statistics on BPDs obtained from FinnGen Biobank

(website: https://www.finngen.fi/en) were utilized. The dataset

included 149,363 (30,066 cases and 119,297 controls) and 123,057

(3,760 cases and 119,297 controls) separately for BPH and

prostatitis. BPH cases are defined in the database based on the

N40 criteria in the International Classification of Diseases 10 (ICD-

10) Revision codes, as well as the codes 600 in ICD-8 and ICD-9.

Prostatitis is a condition that causes inflammation in the prostate

gland, which can be caused by infection or non-infectious factors.

The objective of FinnGen Biobank, a collaboration between the

public and private sectors, is to gather and examine genetic and

medical information from 500,000 individuals involved in the

Finnish biobank (19). The IEU OpenGWAS (https://

gwas.mrcieu.ac.uk) provided the ten Genome-wide association

studies (GWAS) of cathepsins (20, 21). The details of GWAS

included in MR analyses are described in Table 1.
Selection of genetic instrumental variables

In order to obtain effective IVs, we selected SNPs that were highly

correlated with exposure. A conventional threshold was considered,

with significant genome-wide importance (P<5× 10-8), linkage

disequilibrium (LD), and an r2 less than 0.001 within a 10,000 kb

range. Consequently, the number of SNPs is insufficient to perform
Frontiers in Endocrinology 03110
MR, thus the following criteria were adopted.We identified SNPs that

showed genome-wide significance (P<5×10-6, and P<5×10-8 for BPH

in reverse MR), LD, and an r2<0.001 threshold within a 10,000 kb

range. We removed palindromic variants for incompatible alleles.

The F-statistics were calculated utilizing the following equation:

F =
R2(N − 1 − K)
(1 − R2)K

R2 represents the proportion of variance in exposure that can be

accounted for by the IVs, N is the sample size, and K is the number

of IVs. SNPs were considered for inclusion if the F-statistic was

more significant than or equal to 10, indicating a strong potential to

predict exposure (22). The Steiger test posits that the correlation

between SNPS and exposure should be greater than the outcome,

otherwise reverse causality will occur, and SNPS that fail the test

may be unrelated to exposure and excluded (23). MR-PRESSO is

capable of detecting horizontal pleiotropy and correcting it by

removing outliers. Furthermore, it is able to test the significance

of causal inference both before and after the aforementioned

correction (24). The chosen SNPs were the final instrumental

variables (IVs) for the following MR study.
MR analyses and sensitivity analyses

For MR analyses, five MR methods were employed, namely MR

Egger, weighted median, inverse-variance weighted (IVW), simple
FIGURE 1

The schematic of an MR study involving cathepsins and BPDs (BPH and prostatitis) using two samples. (A) In order for the MR study to be valid, three
essential assumptions must be met: i) relevance assumption: the IVs must be linked to the exposure; ii) independence assumption: the IVs should
not be correlated with any confounding factors; and iii) exclusion assumption: the IVs must solely impact the outcome through the exposure. (B) We
explore the bidirectional two-sample MR between cathepsins and BPDs. MR, Mendelian randomization; BPDs, benign prostatic diseases; BPH,
benign prostatic hyperplasia; IVs, instrumental variables.
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mode, and weighted mode. The IVW estimates were selected as the

primary method, and four additional methods were used to

improve their robustness in a broader range of scenarios (25).

Cochran’s Q test of IVW and MR Egger (26) also identified

heterogeneity. Additionally, the Pleiotropy Residual Sum and

Outlier methods (MR-PRESSO) were employed to evaluate and

rectify horizontal pleiotropy (24). Moreover, a Leave-one-out

analysis was conducted to assess if a solitary SNP influenced or

skewed the MR estimate. A funnel plot was employed to assess the

likely directional pleiotropy. A statistical significance was

determined when the significance level was below 0.05. Figure 2

displays the described workflow of MR and sensitivity analyses. The

statistical analyses were conducted in R software 4.3.1 using the

TwoSampleMR R package (version 0.5.7) and MR-PRESSO

(version 1.0).
Results

Table 2 displays the results of bidirectional two-sample MR

between cathepsins and BPDs, and we found three statistically

significant positive results. By utilizing the 12 SNPs associated with

cathepsin O, we discovered that elevated levels of cathepsin O can

decrease the risk of BPH (OR=0.94, 95%CI=0.89–0.98, p-

value=0.00553) through the implementation of IVW techniques

(Table 2; Supplementary Table 1; Supplementary Figure 1).

Moreover, the absence of significant heterogeneity (P-value >

0.05) was confirmed by the MR-Egger and IVW heterogeneity

tests. The absence of any impact was shown when using P-values

obtained from MR-Pleiotropy Residual Sum and Outlier methods

(MR-PRESSO) to evaluate horizontal pleiotropy (Table 3;

Supplementary Table 2). In the Leave-one-out sensitivity analysis

(Supplementary Figure 2A), there was no individual SNP that

significantly undermined the overall impact of cathepsin O on

BPH. The symmetrical funnel plot also suggests the absence of
Frontiers in Endocrinology 04111
pleiotropy (Supplementary Figure 2B). Furthermore, by employing

12SNPs, we discovered a correlation between elevated cathepsin X

levels and heightened susceptibility to prostatitis (OR=1.08, 95%

CI=1.00–1.16, p-value=0.0477) through the implementation of

IVW techniques (Table 2; Supplementary Table 3; Supplementary

Figure 3). Comparable to the findings mentioned above, there was

an absence of heterogeneity or horizontal pleiotropy in the

outcomes (P-value > 0.05) (Table 3; Supplementary Table 4;

Supplementary Figure 4).

In reverse MR, we found an association between genetically

predicted prostatitis and cathepsin V levels by utilizing 15

prostatitis-related SNPs (Supplementary Table 5). Using IVW

methods (Supplementary Figure 5), there is a decrease in the

expression of cathepsin V in prostatitis cases (OR=0.89, 95%

CI=0.80–0.99, p-value=0.0349). Similar to the analysis mentioned

earlier, no signs of pleiotropy and heterogeneity were detected in the

findings (P-value > 0.05) (Table 3; Supplementary Table 6;

Supplementary Figure 6).
Discussion

This study used MR to examine the reciprocal causal

connections between cathepsins and BPDs. The results indicate

that cathepsin O protected BPH, cathepsin X posed a risk for

prostatitis, and prostatitis had a negative impact on cathepsin V.

The findings provide valuable insights into the role of cathepsins in

developing BPDs, potentially influencing the development of

diagnostic and therapeutic strategies for cathepsins in patients

with BPDs.

Previous research has indicated an association between

cathepsins and PCa, which shows the possibility of clinical

application value. Incorporating 474 males who had a prostate-

specific antigen (PSA) concentration ranging from 2.0 to 10 ng/mL,

a negative digital rectal examination, and an enlarged prostate
TABLE 1 Details of GWAS included in MR analyses.

Trait IEU GWAS ID Consortium Ethnicity Sample size

BPH – FinnGen Biobank European 149363

Prostatitis – FinnGen Biobank European 123057

Cathepsin S prot-a-727 NA European 3301

Cathepsin F prot-a-722 NA European 3301

Cathepsin G prot-a-723 NA European 3301

Cathepsin H prot-a-725 NA European 3301

Cathepsin B prot-a-718 NA European 3301

Cathepsin O prot-a-726 NA European 3301

Cathepsin E prot-a-720 NA European 3301

Cathepsin X prot-a-729 NA European 3301

Cathepsin V prot-a-728 NA European 3301

Cathepsin D prot-b-51 NA European 3394
BPH, benign prostate hyperplasia. NA, Not acquired. “-“ indicates not applicable.
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(volume of at least 35 mL), a retrospective study revealed that

combining thrombospondin 1, cathepsin D with %fPSA in a model

could enhance the diagnosis of PCa and potentially decrease the

need for unnecessary prostate biopsies. This model demonstrated

improved specificity for PCa compared to using %fPSA alone (27).

In PCa patients, a different protein expression test showed elevated

levels of cathepsin S secreted by macrophages, indicating the

progression of PCa. Another research by Jennica found that

cathepsin H could regulate the migration of PCa cells (PC3) (28).

Moreover, cathepsin E amplifies the effectiveness of doxorubicin

against PCa cells in humans, which exhibit resistance to apoptosis

induced by TRAIL. The up-regulation of cathepsin B promotes the

invasion of PCa by producing sphingosine 1-phosphate by acid

ceramidase (29). PCa is linked to the heightened presence of
Frontiers in Endocrinology 05112
cathepsin B in plasma membrane/endosomal fractions, whereas

BPH or normal prostate are not (30). Despite several studies

suggesting potential applications of cathepsins in PCa disease,

more studies need to explore cathepsins for BPDs. Importantly,

this study is the initial MR to explore the correlation between

cathepsins and BPDs, which warrants additional experimental and

clinical investigation for validation.

There are multiple advantages to the current research. Initially,

it was the primary study to investigate the impact of cathepsins on

BPDs by utilizing extensive GWAS data from Finngen Biobank and

the IEU OpenGWAS. Furthermore, since the chosen IVs were

situated on a distinct chromosome, it is plausible that any

potential gene-gene interaction would have minimal impact on

the projected outcome. Furthermore, we employed various reliable
FIGURE 2

Workflow chart of MR discovering causality between cathepsins and BPDs (BPH and prostatitis). GWAS, Genome-Wide Association Study; BPDs,
benign prostate diseases; BPH, benign prostate hyperplasia; SNP, Single Nucleotide Polymorphisms; MR, Mendelian randomization.
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TABLE 3 Sensitivity analyses of MR analyses with a positive outcome.

Exposure Outcome P-value from Cochran’s
Q test (IVW)

P-value from Cochran’s
Q test (MR egger)

P value of
pleiotropy test

P value of
MR-PRESSO

Cathepsin O BPH 0.535 0.452 0.785 0.579

Cathepsin X Prostatitis 0.456 0.626 0.124 0.431

Prostatitis Cathepsin V 0.290 0.238 0.707 0.335
F
rontiers in Endocrin
ology
 06113
TABLE 2 Results of bidirectional two-sample MR between cathepsins and BPDs.

MR Reverse MR

Cathepsin SNPs Inverse variance weighted SNPs Inverse variance weighted

OR (95%CI) p_value OR (95%CI) p_value

Cathepsin S

BPH 20 1.00 (0.97–1.03) 0.983 35 0.92 (0.82–1.04) 0.174

Prostatitis 20 0.99 (0.92–1.06) 0.773 15 0.94 (0.84–1.05) 0.281

Cathepsin F

BPH 11 1.00 (0.97–1.04) 0.829 35 0.96 (0.86–1.09) 0.539

Prostatitis 11 0.99 (0.91–1.08) 0.815 15 1.00 (0.89–1.12) 0.937

Cathepsin G

BPH 9 1.01 (0.94–1.08) 0.881 35 1.02 (0.91–1.15) 0.719

Prostatitis 9 1.09 (0.93–1.28) 0.295 15 1.01 (0.91–1.12) 0.879

Cathepsin H

BPH 7 1.00 (0.97–1.02) 0.826 35 1.02 (0.91–1.15) 0.725

Prostatitis 7 1.03 (0.97–1.09) 0.315 15 0.94 (0.85–1.04) 0.217

Cathepsin B

BPH 17 1.02 (0.99–1.06) 0.238 35 0.98 (0.86–1.11) 0.713

Prostatitis 17 1.03 (0.95–1.12) 0.433 15 0.98 (0.88–1.08) 0.661

Cathepsin O

BPH 12 0.94 (0.89–0.98) 0.00553 35 1.01 (0.90–1.14) 0.840

Prostatitis 12 1.05 (0.94–1.17) 0.405 15 0.93 (0.82–1.06) 0.278

Cathepsin E

BPH 8 0.98 (0.93–1.05) 0.608 35 1.07 (0.93–1.24) 0.345

Prostatitis 8 0.99 (0.89–1.11) 0.895 15 1.04 (0.94–1.15) 0.488

Cathepsin X

BPH 12 1.00 (0.96–1.03) 0.773 35 0.97 (0.86–1.10) 0.641

Prostatitis 12 1.08 (1.00–1.16) 0.0477 15 0.92 (0.83–1.03) 0.158

Cathepsin V

BPH 7 0.94 (0.87–1.02) 0.160 35 0.97 (0.86–1.09) 0.615

Prostatitis 7 0.92 (0.75–1.13) 0.449 15 0.89 (0.80–0.99) 0.0349

Cathepsin D

BPH 7 1.01 (0.97–1.06) 0.574 27 0.96 (0.83–1.12) 0.635

Prostatitis 7 0.97 (0.87–1.07) 0.526 7 1.03 (0.83–1.28) 0.755
The red font represents statistically significant positive results. MR, Mendelian randomization; BPDs, benign prostatic diseases; BPH, benign prostatic hyperplasia.
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techniques to acquire the MR effects, including MR-PRESSO and

the Steiger test. Additionally, we assessed the existence of horizontal

pleiotropy. By employing the two-step MR analysis, we successfully

pinpointed the association between cathepsins and BPDs.

There are certain constraints in the current investigation.

Initially, while three cathepsins were found to be associated with

BPDs in our study, the effect was marginal and, probably, of limited

clinical relevance. At present, there is a paucity of studies

investigating the mechanism between cathepsins and BPDs.

Previous studies have demonstrated that cathepsins are involved

in all aspects of cellular activity and are strongly linked to the

development of various diseases. Further research may yet reveal

cathepsins to be a new diagnostic and therapeutic target for BPDs.

Nevertheless, this hypothesis requires further experimental

verification. Furthermore, the GWAS data may give rise to

potential nonlinear relationships or stratification effects.

Additionally, the findings might have restricted applicability to

individuals of non-European origin because only participants with

European heritage were included exclusively. This implies that the

causal relationship postulated in this paper is applicable solely to

European populations. The emergence of future GWAS data from

other ethnic groups will be useful to further explore this causal

inference. A comprehensive assessment of mixed populations will

be more useful to explore the causal relationship between

Cathepsins and BPDs at the genetic level. Lastly, given the

complexity of genetic and environmental factors influencing

BPDs and levels of cathepsins, we did not include possible

confounding factors in our analysis. It is very difficult to identify

confounding factors that affect both, and future studies should

further identify confounding factors that can affect both to further

improve the accuracy of results.
Conclusion

To summarize, our findings indicate that cathepsin O played a

beneficial role in BPH, cathepsin X posed a potential risk for

prostatitis, and prostatitis had an adverse impact on the

expression of cathepsin V. These cathepsins may become new

targets for future BPDs diagnosis and treatment, but further

validation is needed.
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Background: One of the primary reasons for tumor invasion and metastasis is
anoikis resistance. Biochemical recurrence (BCR) of prostate cancer (PCa) serves
as a harbinger of its distant metastasis. However, the role of anoikis in PCa
biochemical recurrence has not been fully elucidated.

Methods: Differential expression analysis was used to identify anoikis-related
genes based on the TCGA and GeneCards databases. Prognostic models were
constructed utilizing LASSO regression, univariate and multivariate Cox regression
analyses. Moreover, Gene Expression Omnibus datasets (GSE70770 and
GSE46602) were applied as validation cohorts. Gene Ontology, KEGG and
GSVA were utilized to explore biological pathways and molecular mechanisms.
Further, immune profileswere assessedusingCIBERSORT, ssGSEA, and TIDE,while
anti-cancer drugs sensitivity was analyzed by GDSC database. In addition, gene
expressions in the model were examined using online databases (Human Protein
Atlas and Tumor Immune Single-Cell Hub).

Results: 113 differentially expressed anoikis-related genes were found. Four genes
(EEF1A2, RET, FOSL1, PCA3) were selected for constructing a prognosticmodel. Using
the findings from theCox regression analysis, we grouped patients into groups of high
and low risk. The high-risk group exhibited a poorer prognosis, with a maximum AUC
of 0.897. Moreover, larger percentage of immune infiltration of memory B cells,
CD8 Tcells, neutrophils, and M1 macrophages were observed in the high-risk group
than those in the low-risk group, whereas the percentage of activated mast cells and
dendritic cells in thehigh-risk groupwere lower. An increasedTIDE scorewas founded
in the high-risk group, suggesting reduced effectiveness of ICI therapy. Additionally,
the IC50 results for chemotherapy drugs indicated that the low-risk group was more
sensitive to most of the drugs. Finally, the genes EEF1A2, RET, and FOSL1 were
expressed in PCa cases based on HPA website. The TISCH database suggested that
these four ARGs might contribute to the tumor microenvironment of PCa.

Conclusion: We created a risk model utilizing four ARGs that effectively predicts
the risk of BCR in PCa patients. This study lays the groundwork for risk
stratification and predicting survival outcomes in PCa patients with BCR.

KEYWORDS

prostate cancer, anoikis-related genes, biochemical recurrence, immune
infiltration, prognosis
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1 Introduction

Prostate cancer (PCa) is ranked as the most common cancer
among men worldwide, representing a considerable percentage of
cancer-related deaths in the male demographic (Sung et al., 2021).
According to estimations, PCa account for 29% of newly diagnosed
male malignancies in the United States in 2023. In China, the
occurrence of PCa has been on the rise with the aging population
and increased screening rates (He et al., 2022; Siegel et al., 2023).
Despite advancements in diagnostic and treatment options, around
30% of PCa patients who have radical prostatectomy developed
biochemical recurrence (BCR) within a decade, with two-thirds of
these recurrencesmanifestingwithin the first 2 years after surgery (Lin
et al., 2019). A rise in serumprostate-specific antigen (PSA) levels after
radical prostatectomy or radical radiotherapy signals biochemical
recurrence. This increase was typically an early indicator of PCa
progression, which could lead to PCa specific mortality or distant
metastasis (Pound et al., 1999; Dess et al., 2017). For patients with
BCR requiring salvage therapy, treatment options were limited (Wang
M. et al., 2022). Therefore, identifying reliable prognostic biomarkers
and understanding the underlying molecular mechanisms involved in
BCR were crucial for better risk stratification and personalized
treatment strategies in PCa.

Past studies have shown that some molecular prognostic
biomarkers other than anoikis may also predict the risk of BCR
of PCa. MiRNA such as miR-320a, miR-125A, and miR-196a were
reported to be used for predicting the recurrence of PCa after
radical prostatectomy (Pashaei et al., 2017; Zhan et al., 2020;
Konoshenko and Laktionov, 2021). Moreover, the expression
levels of mRNAs such as SAMD5 (Li et al., 2019) and ZNF154
(Zhang et al., 2018) served as prognostic biomarkers for predicting
the risk of BCR in PCa. Furthermore, seven immune-related genes
including (PPARGC1A、AKR1C2、COMP、EEF1A2、IRF5、
NTM and TPX2) were identified as prognostic markers,
showing an association with BCR-free survival in PCa patients
(Lv et al., 2021). In addition, Prognostic subtypes established using
senescence-associated lncRNAs were also closely associated with
BCR-free survival in PCa (Feng et al., 2023). However, these
molecular prognostic biomarkers above have not been validated
in clinical application. In addition, there were some
clinicopathological markers such as the Gleason score, clinical
stage and PSA levels which were also applied to predict BCR
following local PCa treatment (Cornford et al., 2017; D’Andrea
et al., 2018). Nevertheless, various clinical outcomes were observed
in these patients with the same biomarker (Li et al., 2019).
Therefore, more sensitive BCR-related biomarkers for
prediction should be developed.

Anoikis is a distinct type of programmed cell death that
occurs when cells detach from the extracellular matrix or
neighboring cells (Sattari Fard et al., 2023). This process is
primarily initiated through the interplay of intrinsic and
extrinsic pathways (Paoli et al., 2013). Anoikis is also a critical
mechanism in maintaining tissue homeostasis by eliminating
cells that have lost their anchorage, preventing their abnormal
accumulation, and preventing metastasis (Taddei et al., 2012).
Dysfunctions in anoikis can facilitate tumor invasion and
migration, the establishment of metastasis in distant tissues,
and the development of drug resistance (Kim et al., 2021).

Moreover, tumor cells are able to resist anoikis and survive by
utilizing a variety of ways, including EMT (Cao et al., 2016),
oxidative stress (Giannoni et al., 2008), and adjusting their
integrin levels (Hynes, 1992). Lots of research demonstrates
that anoikis is essential in the development of a multiple
cancers, like renal cancer (Wang et al., 2022), lung cancer (Jin
et al., 2018), and gastric cancer (Ye et al., 2020) as well as PCa
(Nepali and Kyprianou, 2023). Prior studies reported that several
anoikis-related genes (ARGs) were closely correlated to the
metastasis and invasion of PCa (Rennebeck et al., 2005; Lee
et al., 2021). For example, FLIP, an inhibitor of anoikis, was
found upregulated in a mouse model of PCa metastasis (Mawji
et al., 2007). Inhibiting the synthesis of FLIP protein reduces the
formation of distant tumors (Mawji et al., 2007). Moreover, focal
adhesion complex protein Talin1 was a prognostic biomarker,
which promote the migration and invasion of PCa through focal
adhesion signaling and resistance to anoikis (Sakamoto et al.,
2010). Furthermore, the expression of CENPF gene was
upregulated in human PC3 cells, and silencing CENPF
increases sensitivity to anoikis-induced apoptosis (Shahid
et al., 2018). In addition, AR may suppress cell deaths via
anoikis and entosis, potentially leading increased PCa
metastasis (Wen et al., 2014). There is still a necessity to
identify new genetic markers related to anoikis, which could
serve as a foundation for risk stratification in patients with
BCR of PCa.

In this study, we tried to explore the association between
ARGs and the risk of biochemical recurrence in PCa. For this
purpose, we employed differentially expressed ARGs from TCGA
and the GeneCards databases, establishing an ARG-based
signature to forecast biochemical recurrence outcomes in PCa.
Moreover, the predictive capacity of ARGs in assessing patient
prognosis using Gene Expression Omnibus (GEO) datasets
(GSE70770 and GSE46602) were validated. Furthermore, the
molecular and immune characteristics, sensitivity to
antineoplastic agents, and the effectiveness of immunotherapy
associated with the model in PCa were assessed. Finally, the
protein expression of prognostic genes was confirmed based on
the Tumor Immune Single-Cell Hub (TISCH) and the Human
Protein Atlas (HPA). The workflow of this research was
illustrated in Figure 1.

2 Materials and methods

2.1 Data collection

The clinical information and transcriptome matrix,
encompassing 497 prostate tumor samples and 52 adjacent-
normal samples, were acquired from TCGA database (https://
portal.gdc.cancer.g-ov/). The expressed genes (DEGs) were
differentially detected using the “limma” R package, employing
thresholds of |log2FC| > 1.0 and FDR <0.05. Furthermore, we
obtained two external validation cohorts, GSE70770 and
GSE46602, from the Gene Expression Omnibus (GEO) datasets
available at https://www.ncbi.nlm.nih.gov/geo/. In addition, a sum
of 912 genes related to anoikis (ANOIKIS-related genes or ARGs)
was procured from the GeneCards database (https://www.
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genecards.org/). The ARGs that were differentially expressed were
then retrieved by overlapping with the DEGs.

2.2 Construction of risk score model

In this study, 429 PCa patients were randomly allocated into
training and testing sets at a 1:1 ratio, and the training set was
employed to develop a risk score model based on ARGs.
Univariate Cox analysis, employing the R package “survival”,
was conducted to identify ARGs significantly associated with
BCR of PCa at a significance criterion of p < 0.05. Subsequently,
to mitigate the risk of overfitting the model, the least absolute
shrinkage and selection operator (LASSO) regression algorithm
along with 10-fold cross-validation were employed to narrow
down the candidate ARGs. Finally, multivariate Cox analysis was
performed to select ARGs independently predicting the
prognosis of PCa. A risk model was then constructed based on
the prognostic ARGs, with the formula: (coefficient × the
expression of EEF1A2) + (coefficient × the expression of RET)
+ (coefficient × the expression of FOSL1) + (coefficient × the
expression of PCA3).

Additionally, to stratify all qualified individuals into high-
and low-risk groups, the median risk score was used as
the threshold. To illustrate the survival discrepancies
between individuals in high- and low-risk categories, Kaplan-
Meier survival analysis was conducted, utilizing the “survival”
and “survminer” packages in R. The model’s performance to

predict was assessed by conducting the time-dependent
receiver operating characteristic (ROC) curve analysis,
executed with the “timeROC” package in R. Validation
of the model was also carried out in the independent
validation set.

2.3 Validation of risk model

To confirm the effectiveness of the prognostic model based
on ARGs, the GSE70770 and GSE46602 cohorts were selected as
external validation sets. Using the pre-established formula,
the risk score of each sample in these two cohorts was
calculated. Subsequently, based on the median risk score, all
samples from the two datasets were grouped as either low- or
high-risk group.

2.4 Construction of ARGs-based nomogram

The clinical and pathological features, encompassing aspects like
age, T stage, N stage, and risk score, were compiled and utilized to
develop a nomogram model through the use of the “rms” package in
R. This model aimed to estimate the possibility of BCR-free survival
in PCa patients at 3, 5, and 8 years. Furthermore, univariate and
multivariate Cox regression analyses were employed to identify
independent prognostic factors from the risk score and various
Clinicopathological features.

FIGURE 1
Flowchart of data collection and study design.
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2.5 Functional enrichment analysis

To analyze the differentially expressed genes (DEGs),
“clusterProfiler” R package and the “ggplot2” R package were used
to identified the biological processes and signaling pathways based on
Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) dataset. Additionally, the “c2.cp.reactome.v7.4.symbols.gmt”
was obtained from the MSigDE database, and the reactome pathway-
based analysis was carried out using the “GSVA” R package and the
“pheatmap” R package.

2.6 Analysis of immune infiltration landscape

The CIBERSORT algorithm utilizes the principle of linear support
vector regression to deconvolve the expression matrix of immune cell
subtypes to estimate the abundance of immune cells (Newman et al.,
2015). To examine the prevalence of diverse immune cell types in the
low- and high-risk groups, the CIBERSORT and CIBERSORTx (https://
cibersortx.stanford.edu/) were applied to estimate the level and
proportion of infiltration of different immune cells. Additionally, a
single-sample gene set enrichment analysis (ssGSEA) algorithm was
also used to evaluate the differences in immune cell infiltration levels
between the different risk groups, utilizing the “GSVA” package in R. The
disparities between the low-risk and high-risk groups were visualized
using the “ggplot2” package in R. In addition, the correlation between the
risk score values with the presence of immune infiltrating cells was also
investigated using CIBERSORT method.

2.7 Immunotherapy response and drug
sensitivity analysis

The immune evasion potential in PCa patient samples was
evaluated using the Tumor Immune Dysfunction and Exclusion
(TIDE) algorithm based on data from the TIDE database (http://
tide.dfci.harvard.edu/login/). The half maximal inhibitory
concentration (IC50) and the expected response of PCa patients
to anticancer drugs were calculated with the “oncoPredict” package
in R utilizing data from the Genomics of Drug Sensitivity in Cancer
(GDSC) database. In addition, the outcomes were visually
represented with the “ggplot2” package in the R
programming language.

2.8 Validation of prognostic genes

The Tumor Immune Single-Cell Hub (TISCH; http://tisch.
comp-genomics.org) was utilized for a comprehensive
investigation of the tumor microenvironment (TME)
heterogeneity, encompassing a wide range of datasets and cell
types. Therefore, we exploited the single-cell RNA sequencing
dataset PRAD_GSE141445 (Chen et al., 2021) from the TISCH
database for the analysis of the expression of identified ARGs in the
TME. To confirm the protein expression of prognostic genes
specifically in PCa tissues, immunohistochemistry data were
cross-referenced with the Human Protein Atlas (HPA; https://
www.proteinatlas.org/).

2.9 Statistical analysis

Continuous variables were evaluated using either the Wilcoxon
test or the t-test, depending on their suitability for the data. Spearman
correlation analysis was employed for correlational analyses. Kaplan-
Meier survival analysis was utilized for the generation of survival
curves, and comparisons between these curves were conducted
employing the log-rank test. A significance level of p < 0.05 was
considered suitable for all statistical assessments. All statistical analysis
were performed using R software (version 4.3.0).

3 Results

3.1 Identification of differentially
expressed ARGs

Gene expression data from both PCa samples and normal tissues in
the TCGA-PCa database were subjected to analysis, with 1822 DEGs
identified, comprising 1,052 downregulated and 770 upregulated genes
(Figure 2A). Subsequently, these DEGs overlapped with the 912 ARGs
extracted fromGeneCards. Finally, a total of 113 differentially expressed
ARGs was applied for further analysis. (Figure 2B).

3.2 Risk model construction based on the
ARGs prognostic signatures

To create a predictive signature for the biochemical recurrence
status in PCa patients, 429 individuals were randomly divided in equal
proportions into a training group (comprising 214 patients) and a
testing set (consisting of 215 patients). As shown in Figures 3A–C,
univariate Cox regression analysis and LASSO analysis were
conducted in the training set, identifying 7 ARGs associated with
the BCR rate. Moreover, the multivariate Cox regression analysis
found that 4 ARGs independently predictive of PCa prognosis, which
were selected to develop a risk prediction model (Supplementary
Figure S1A). The risk score was computed utilizing the following
formula: (0.261×EEF1A2 expression) + (−0.142×RET expression) +
(−0.196×FOSL1 expression) + (−0.184×PCA3 expression). Following
this, individuals with PCa were stratified according to the median risk
score, and then categorized into high- and low-risk groups. In the
training set, analysis of Kaplan-Meier survival curves implied that
individuals with elevated risk scores experienced a notably reduced
rate of BCR-free survival (Supplementary Figure S1B). The AUCwere
0.709, 0.765, and 0.808 for 3-, 5-, and 8-year BCR-free rates,
respectively (Supplementary Figure S1C). Risk plots revealed a
favorable relation between rising risk scores and the prevalence of
BCR in PCa (Supplementary Figure S1D). Furthermore, the
expression profiles of the four prognostic ARGs in both the
high-risk and low-risk groups were graphically depicted using
box plots and a risk heatmap. These findings revealed that
individuals with an elevated risk score demonstrated increased
expression of EEF1A2. In contrast, PCA3, RET, and
FOSL1 showed higher expression levels in the low-risk group,
as illustrated in Supplementary Figure S1E. The testing set was
then utilized for verification of the predictive accuracy of the risk
model. In Figures 3D,E, it is shown that there are significant
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FIGURE 2
Characterization of differentially expressed ARGs. (A) Volcano plot of DEGs in PCa. (B) Venn diagram of DEGs and ARGs.

FIGURE 3
Construction of risk model risk model based on the prognostic ARGs in PCa. (A) Univariate Cox regression analysis of the ARGs. (B,C) LASSO (least
absolute shrinkage and selection operator) regression. (D) K-M curves of BCR outcome between high- and low-risk score groups in the testing set. (E)
ROC curves for BCR-free predictive performance at 3-, 5-, and 8-year in the testing set. (F) The risk score distribution and BCR status of PCa patients in
the testing. (G,H) The boxplot and risk heatmap of the prognostic ARGs in the testing set.
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differences in the BCR-free survival rates among different risk
groups in the testing set. The AUC values for the BCR-free survival
rates at 3, 5, and 8 years are 0.721, 0.690, and 0.798, respectively,
indicating that the risk model based on ARGs has a good predictive
performance. Figures 3F–H display the risk distribution plots, gene
expression box plots, and risk heatmap of different risk groups in
the testing set.

3.3 Independent prognosis analysis of the
ARGs prognostic signature

We conducted both multivariate and univariate Cox regression
analyses on the comprehensive TCGA-PCa dataset to evaluate the
independence of the ARGs prognostic signatures for PCa. The

univariate Cox regression analysis unveiled a notable connection
between the BCR rate in PCa and factors such as risk score (HR =
1.364, p < 0.001), Gleason score (HR = 1.741, p < 0.001), N stage (HR =
1.845, p = 0.047), and T stage (HR = 2.891, p < 0.001) (Figure 4A). The
multivariate Cox regression analysis showed that the risk score (HR =
1.27, p < 0.001) and T stage (HR = 1.853, p = 0.048) were independent
prognostic indicators for PCa (Figure 4B). Subsequently, we developed a
new nomogram based on clinical pathological features and risk score to
predict the 3-, 5-, and 8-year BCR-free survival probabilities of PCa
patients (Figure 4C). To explore the prognostic value of the risk score
based on ARGs in different clinicopathological factors, we conducted
stratified subgroup analyses. As illustrated in Figure 4D, risk
stratification of the entire TCGA cohort showed that patients in the
high-risk group had notably poorer outcomes. Moreover, PCa patients
with different clinical pathological characteristics were divided into

FIGURE 4
The independence of the ARGs prognostic signatures for PCa. (A) Univariate Cox analysis and (B)multivariate Cox analysis shows the correlation of
the BCR-free occurrence and risk score, and clinicopathological factors. (C)A nomogrambased on the ARGs and clinicopathological factors. (D) The K-M
survival analysis in the different risk groups of PCa patients in the entire TCGA sets. The BCR-free rate of patients with PCa in the low- and high-risk group
among the (E) Age≤60; (F)N0. The box plots of correlation between risk scores and clinicopathological characteristics, including (G)Gleason score;
(H) T stage; (I) N stage.
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high-risk and low-risk groups based on the prognostic signature of
ARGs. Kaplan-Meier analysis displayed that the occurrence of BCR
showed a notably higher level in individuals with a high-risk score in
contrast to those in the low-risk group, particularly among individuals
aged ≤60 years and those with N0 status (Figures 4E,F). However, due
to small sample size or uneven distribution, in patients aged >60, with
different Gleason scores, and varying N and T stages, there was no
significant difference in BCR incidence (Supplementary Figure S2).
Furthermore, Figures 4G–I illustrated that higher risk scores are indeed
positively correlated with various adverse clinicopathological
characteristics, including higher Gleason scores, higher T stages, and

lymph node metastasis. These results indicated that the risk score
derived from ARGs can act as a prognostic factor that acts
independently in individuals with PCa. It could be effectively used
to predict the likelihood of BCR-free survival in PCa patients.

3.4 Validation of risk model based on
GEO cohorts

To assess the predictive precision of the risk model, we applied the
same methodologies to the GSE70770 and GSE46602 cohorts, utilizing

FIGURE 5
Validation of risk model based on GEO cohorts. K-M curves of BCR-free rate between high- and low-risk score groups in the (A) GSE70770, (F)
GSE46602. The AUC of the risk model in the (B)GSE70770, (G)GSE46602. The risk score distribution and BCR status of PCa patients in the (C)GSE70770,
(H) GSE46602. The boxplots of the prognostic ARGs in the (D) GSE70770, (I) GSE46602. The risk heatmap of the prognostic ARGs in the (E) GSE70770,
(J) GSE46602.
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them as external validation sets. Multivariate Cox regression analysis in
both cohorts exhibited the independence of the ARGs prognostic
signatures (Supplementary Figure S3). Survival analysis unveiled that
patient with low-risk scores displayed notably higher rates of BCR-free
survival in comparison to those with high-risk scores (Figures 5A,F),
aligning with the observations from the TCGAdataset. The AUC values
in the GSE70770 dataset were 0.753, 0.810, and 0.649 for 3-, 5-, and 8-
year BCR-free survival predictions, respectively. The AUC values for 1-,
3-, and 5-year BCR-free occurrence in theGSE46602 dataset were 0.812,
0.886, and 0.897, respectively (Figures 5B,G). Figures 5C–E,H–J visually
represents the distribution of risk scores, the expression levels of the four
prognostic ARGs, and the BCR status of individuals within the two
external validation sets. These data implied that the riskmodel performs
well in terms of prognosis.

3.5 Functional enrichment analysis of the
differentially expressed ARGs

The underlying biological functions and molecular mechanisms
of ARGs were revealed using functional enrichment analysis. ARGs
in PCa were shown to be significantly abundant in processes such as
cell-substrate adhesion, peptidyl-tyrosine phosphorylation, control
of protein serine/threonine kinase activity, cell-matrix adhesion, and
anoikis regulation (Figure 6A). The findings of the GSVA
enrichment analysis revealed the signature signaling pathways of

ARGs for PCa patient in the high- and low-risk groups (Figure 6B).
According to KEGG analysis, ARGs in PCa were largely implicated
in the PI3K-Akt signaling pathway, the MAPK signaling pathway,
and focal adhesion (Figure 6C). The outcomes implied that ARGs
might have a substantial role in the migration and metastasis of PCa.

3.6 Immune infiltration analysis

For assessing the pattern of immune cell infiltration in patients
with PCa, the CIBERSORT, CIBERSORTx and ssGSEA algorithms
were applied, focusing on two risk subgroups. The CIBERSORT
analysis showed that the high-risk group displayed a considerably
greater proportion of most immune cells. In contrast, the low-risk
group had a larger percentage of resting dendritic cells, activated
dendritic cells, activated mast cells, and eosinophils, as depicted in
Figure 7A. CIBERSORTx is an updated version of CIBERSORT, and
the results of both analyses were relatively consistent. Notably,
CIBERSORTx identified more cell types, such as plasma cells and
CD8 T cells, which showed higher infiltration levels in the high-risk
group (Figure 7B). The ssGSEA algorithm demonstrated that
individuals with a low-risk score showed a larger portion of mast
cells, T cells, T follicular helper cells (TFH), T helper two cells (Th2),
and myeloid-derived suppressor cells (MDSC). Conversely, the
fraction of effector memory CD4 cells and memory B cells was
greater in the high-risk group (Figure 7C). A correlation analysis was

FIGURE 6
Functional enrichment analysis of the differentially expressed ARGs in the different risk groups. (A) The results of GO enrichment analysis. (B) GSVA
analysis shows the REACTOME term of PCa patients in the different risk groups. (C) KEGG enrichment analysis of the differentially expressed ARGs.
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conducted to investigate the relationship between the abundance of
immune cells and the risk score. This analysis revealed that the risk
score was in a positive relationship with the presence of memory
B cells and activated NK cells, while it showed a negative
association with activated dendritic cells and mast cells (Figures
7D–G). Overall, our data suggested a correlation between ARGs
risk model and the immune infiltration landscape in
patients with PCa.

3.7 Immunotherapy response analysis

Given the wide range of immune infiltration among PCa
patients, we investigated the response to immunotherapy in
distinct risk groups. The TIDE analysis indicated that high-risk
PCa patients exhibited notably higher TIDE scores in contrast to

individuals in the low-risk group (Figure 8A). This suggested that
individuals with a high-risk score might have a diminished reaction
to immune checkpoint therapy. Additionally, the high-risk group
demonstrated elevated scores for MDSC, TAM.M2, and exclusion,
while showing a lower dysfunction score (Figures 8B–E).

3.8 Drug sensitivity analysis

To evaluate the response to chemotherapeutic drugs in the two
subgroups, we carried out a drug sensitivity analysis. The outcomes
indicated that the IC50 values of sabutoclax, vinblastine, rapamycin,
sepantronium bromide (YM155), docetaxel, mitoxantrone, and
paclitaxel were notably greater in the low-risk group. However, it
was observed that the high-risk group had a higher IC50 for
AZD8055, as indicated in Figures 9A–H. The findings

FIGURE 7
Immune infiltration analysis of PCa patients in risk groups. (A) The fraction of 19-type immune cells in different risk groups. (B)Differences in immune
infiltration of 22-type immune cells. (C) The proportion of 11-type immune cells in different risk groups. (D–G) The correlations between the four immune
cells abundance and risk scores.
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highlighted the diverse efficacy benefits of the selected
chemotherapeutic drugs on individuals with PCa in various risk
groups and could offer guidance for the selection of chemotherapy
for PCa patients.

3.9 Validation of prognostic genes

Based on the information available on the HPA website, we
observed that the EEF1A2 gene in the risk model exhibited high
expression in PCa cases, while the RET and FOSL1 genes showed
moderate or weak expression (Figure 10A). Furthermore, we
leveraged the single-cell RNA sequencing dataset
GSE141445 from the TISCH database to investigate the
expression of four ARGs within the TME. The
GSE141445 dataset comprise 18 cell clusters and eight
intermediate cell types, the distribution and quantity of these
clusters were depicted (Figure 10B). Figures 10C,D showed the
expression levels of the genes EEF1A2, RET, FOSL1, and
PCA3 in each cell type within the dataset. These data indicated
that these four ARGs may contribute in the tumor
microenvironment of PCa.

4 Discussion

Early recurrence is associated with a heightened risk of
metastasis in PCa, with 24%–34% of patients with BCR
progressing to metastatic disease (Pound et al., 1999; Boorjian
et al., 2011). Anoikis pertains to a distinctive form of
programmed cell death that is initiated when cells disconnect
from the extracellular matrix and become isolated from
neighboring cells. This mechanism significantly contributes to
inhibiting tumor invasion and metastasis. Consequently,

evaluating BCR risk based on the anoikis signature is essential
for improving the accuracy of PCa prognosis.

In this research, we identified four ARGs that are associated with
the risk of BCR in PCa. Utilizing these genes, we constructed a risk
model to forecast BCR in PCa using the TCGA dataset, and
subsequently, we verified the model in two GEO datasets.
Kaplan-Meier survival analysis exhibited a significantly higher
risk of BCR in the high-risk group in comparison to the low-risk
group. ROC analysis confirmed the effectiveness of the prognostic
model in predicting BCR events at 3-, 5-, and 8-year intervals. It was
worth noting that the majority of BCR times for patient samples in
the GSE46602 dataset were less than 8 years. Consequently, we
conducted ROC analysis to validate the prognostic model’s
performance in predicting 1-, 3-, and 5-year BCR events. The
multivariate and univariate Cox regression analyses showed that
the risk score derived from ARGs could serve as a standalone
prognostic indicator for forecasting BCR-free survival in
individuals with PCa. Additionally, we carried out a nomogram
to visually represent the influence of the risk score and various
clinicopathological characteristics on 3-, 5-, and 8-year BCR-free
survival. Taken together, the risk model, based on 4 ARGs,
demonstrated accurate assessment capabilities for predicting the
BCR risk in PCa patients.

In this study, we identified 4 ARGs for the construction of a BCR
risk model in PCa. Among these ARGs, patients with a high-risk
score reported greater EEF1A2, RET, and FOSL1 levels, but
PCA3 expression was reduced. Previous investigations elucidated
some correlations between these genes and the tumorigenesis and
pathophysiology of cancer. EEF1A2, a coding gene crucial for
protein translation elongation, has been demonstrated to exhibit
altered expression in numerous cancers (Cristiano, 2022), which
actively participate in the initiation and progression of various
cancer types during carcinogenesis (Anand et al., 2002; Hassan
et al., 2020; Jia et al., 2021). EEF1A2 was reported to facilitate the

FIGURE 8
Immunotherapy response analysis of PCa patients. (A) TIDE score (B) MDSC score (C) TAM.M2 score (D) T-cell dysfunction score (E) T-cell
exclusion score.
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migration, invasion, and metastasis of pancreatic cancer cells by
activating Akt and upregulating MMP-9 expression (Xu et al., 2013).
Inhibiting EEF1A2 leaded to a significant upregulation of apoptotic
pathway proteins (caspase3, BAD, BAX, PUMA), while elevated
levels of EEF1A2 promoted the proliferation and suppress apoptosis
of PCa cells (Sun et al., 2014).Worst et al. observed that EEF1A2 was
overexpressed in PCa with higher Gleason scores, and patients with
increased EEF1A2 expression had markedly shortened BCR-free
survival (Worst et al., 2017). These findings implied that
EEF1A2 played a role in the transformation and progression of
PCa, which was consistent with our observations of elevated
EEF1A2 expression in high-risk populations. RET is a receptor
tyrosine kinase, which can mediate cell proliferation, survival,
migration, and is associated with the progression of various
tumors (Hu et al., 2023). Our data indicated that high expression
of RET was linked to poor prognosis in PCa patients. It was reported
that RET expression played a crucial role in the survival,
proliferation, and anoikis resistance of medullary thyroid
carcinoma cells (Lian et al., 2017). In PCa, RET is expressed in

all PCa cell lines, and RET signaling can activate the AKT or ERK
pathways, promoting PCa transformation-related phenotypes by
activating the p70S6 kinase (Ban et al., 2017). Knocking down or
pharmacologically inhibiting the RET kinase in various mouse and
human neuroendocrine PCa models significantly diminished PCa
tumor growth and cellular vitality (VanDeusen et al., 2020). These
results suggested that RET was conducive to the development of
malignant characteristics in PCa cells, and further investigation of
the clinical potential of RET gene was warranted. The FOSL1 gene is
responsible for encoding Fos-related antigen 1 (FRA1), which is
elevated in breast cancer, colorectal cancer, lung cancer, and various
other malignancies (Jiang et al., 2020). Our data also indicated
FOSL1 gene was biomarker high expressed in PCa patients. It was
reported that the oncogene K-Ras elevated the expression of
ITGA6 through FOSL1 inducing resistance to anoikis (Zhang
et al., 2017). High expression of FOSL1 in PCa could enhance
the proliferation and metastasis of PCa cells by modulating the EMT
pathway (Luo et al., 2018). Therefore, as a promoter of EMT,
FOSL1 may have a significant impact on PCa carcinogenesis.

FIGURE 9
Analysis of drug sensitivity of PCa patients in the different risk groups. (A) Sabutoclax (B) Vinblastine (C) AZD8055 (D) Rapamycin (E) Sepantronium
Bromide (YM155) (F) Docetaxel (G) Mitoxantrone (H) Paclitaxel.
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Prostate Cancer Antigen 3 (PCA3) is a specific type of long non-
coding RNA (lncRNA) found in the prostate. The levels of PCA3 in
urine were commonly used as diagnostic biomarkers for PCa
(Lemos et al., 2019). Lauer et al. found that the upregulation of
lncRNA PCA3 and the downregulation of PRUNE2 might be early
(rather than late) molecular events in the progression of prostate
tumors, but were unrelated to BCR (Lauer et al., 2023). Another
study also suggested that PCA3 appeared to be an important marker

for early-stage or less invasive tumors of PCa, however, the gene
expression levels of PCA3 and PRUNE2, as well as the PCA3/
PRUNE2 ratio, could differentiate whether patients experience BCR
events (Dias-Neto et al., 2017). The differences in BCR outcomes
between these two studies might be attributed to the cohorts
included. Our findings were in line with the latter results,
indicating that PCA3 expression was higher in the group of
individuals with low risk of BCR compared to that in the high-

FIGURE 10
Validation of prognostic genes of ARGs. (A) Based on the HPA database, the immunohistochemical results for EEF1A2, RET and FOSL1. (B)
Annotations for all cell types in GSE141445 and the proportion of each cell type. (C, D) Proportions and expressions of FOSL1, EEF1A2, PCA3 and RET.
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risk group. In summary, EEF1A2, RET, and FOSL1 could serve as
prognostic risk factors for PCa. Conversely, PCA3 was negatively
correlated with PCa prognosis. The risk model based on these four
ARGs not only could be a prognostic marker for BCR in PCa but also
had the potential to be a novel prospective target gene for
PCa treatment.

We also conducted GO, KEGG, and GSEA enrichment studies on
the ARGs to better understand their putative biological roles and
molecular processes. As anticipated, these genes exhibited close
associations with the biological processes involving the regulation of
anoikis and were also linked to the signaling pathways of PI3K-Akt and
MAPK. According to current research reports, silencing
eEF1A2 significantly reduced the occurrence of hepatocellular
carcinoma by inhibiting the PI3K/Akt/NF-κB signaling transduction
(Qiu et al., 2016). Activating RET alterations have been shown to enhance
the activity of the PI3K/AKT and MAPK pathways, thereby promoting
the proliferation and development of various types of tumor cells
(Brzezianska and Pastuszak-Lewandoska, 2011; Regua et al., 2022). In
melanoma, sustained expression of FOSL1 was associated with
continuous overactivation of the MAPK pathway (Maurus et al.,
2017). Further, the process of anoikis resistance reported in several
studies is indeed related to the pathways we identified. Anoikis resistance
has been reported to induce alterations in the Ras/ERK and PI3K/Akt
signaling pathways, as well as matrix remodeling, in endothelial cells (de
Sousa Mesquita et al., 2017). Depleting mitochondrial DNA in prostate
epithelial cells induces the cell to develop anoikis resistance and enhances
its invasive ability by activating the PI3K/Akt2 signalling pathway (Moro
et al., 2009). Activation of the Src kinase-mediated MAPK pathway was
associated with angiogenesis in osteosarcoma cells anoikis resistance
(Gao et al., 2019). These studies suggested that ARGs may play a role in
the anoikis process of PCa by regulating the PI3K-Akt and MAPK
signaling pathways, further investigation is necessary to validate this
hypothesis.

Infiltrating immune cells serves a complex biological function in
PCa development. Studies have shown that low levels of mast cells in
cancer tissue are associated with poor outcomes such as BCR and
metastasis in PCa (Hempel et al., 2017; Sfanos, 2022). This is
consistent with our results of less mast cell infiltration in the
high-risk group. Our study found that the BCR high-risk group
had a higher proportion ofM1macrophages, which is consistent with
previous research, indicating that infiltrating M1macrophages are an
important adverse prognostic factor for BCR in PCa (Andersen et al.,
2021). Moreover, this study also showed that the infiltration level of
neutrophils significantly increases in the high-risk group. A study has
shown that enhancing the cytotoxicity of neutrophils in the bone
might be beneficial for the treatment of patients with bone metastatic
PCa (Costanzo-Garvey et al., 2020). Therefore, neutrophils may have
important therapeutic implications for bone metastasis patients in
the high-risk group. Furthermore, previous studies have reported
high levels of tumor-infiltrating CD8 T cells associated with BCR in
PCa (Ness et al., 2014), as well as specimens from patients in the
high-risk group and those with recurrence or progression of PCa
showing more B-cell infiltration (Woo et al., 2014). These findings
are consistent with our results, indicating a higher level of infiltration
of CD8 T cells and B cells in the high-risk group for BCR. It is worth
noting that although the samples in the single-cell RNA sequencing
dataset were not risk stratified, the proportions of B cells and CD8+

T cells in them were similar to those in the high-risk group in

immune infiltration, and these immune cells may play a similar role
in TME of PCa.

TIDE analysis was used to evaluate the potential clinical
efficacy of immunotherapy in different risk groups. An
elevated TIDE score implied an increased possibility of tumor
immune escape, indicating lower benefits from immune
checkpoint inhibitor (ICI) therapy for patients (Jiang et al.,
2018). Our findings indicated a higher TIDE score in the
high-risk group, which suggested that immunotherapy might
be less effective in this group of patients. In addition, we
calculated the sensitivity of different risk groups to PCa
chemotherapeutic agents using drug sensitivity analysis.
Clinical trials of commonly used chemotherapy drugs for PCa
have shown that using vinblastine or paclitaxel in combination
with estramustine can treat patients with locally advanced or
hormone-refractory PCa (Hudes et al., 1992; Zelefsky et al., 2000;
Kelly et al., 2001; Urakami et al., 2002). The combination of
docetaxel with androgen deprivation therapy (ADT) increased
survival for those with metastatic hormone-sensitive PCa
(Kyriakopoulos et al., 2018). Extensive clinical trials were
established the therapeutic efficacy of agents such as
rapamycin (Armstrong et al., 2010), sepantronium bromide
(YM155) (Tolcher et al., 2012), and mitoxantrone (de Bono
et al., 2010) in the treatment of PCa. In summary, the analysis
of chemotherapeutic drug sensitivity offered new theoretical
support for the clinical pharmacological management of PCa
potentially.

There are limitations for this study. Firstly, the clinical
cohort of all PCa cases in this study was obtained from
public databases, and the sample size was limited. Future
work will include larger clinical samples to enhance the
accuracy of the results. Secondly, the outcomes of this study
lacked validation through in vitro experiments. We will verify
the expression patterns of these four key genes in the clinical
samples using qPCR and immunohistochemistry, thereby
increasing the reliability of the conclusions. Lastly, the
potential mechanisms by which the four anoikis-related genes
regulated the prognosis of PCa patients are required further
investigation.

5 Conclusion

In conclusion, we developed a novel model incorporating
four ARGs for predicting the risk of BCR in PCa. Our results
offered a glimpse into the molecular and immunological
characteristics of ARGs in PCa. In addition, we did a
preliminary assessment of immunotherapy response and
chemotherapeutic drug sensitivity in PCa patients from
various risk groups. Collectively, this study potentially offered
vital guidance for predicting BCR events in PCa.
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SUPPLEMENTARY FIGURE S1
Construction and validation of risk model risk model. (A) Multivariate Cox
regression analysis of the ARGs. (B) The risk score distribution and BCR
status of PCa patients in the training set. (C) K-M curves of BCR outcome
between high- and low-risk score groups in the training set. (D) ROC curves
for BCR-free predictive performance at 3-, 5-, and 8-years in the training set.
(E-F) The boxplot and risk heatmap of the prognostic ARGsin the training set.

SUPPLEMENTARY FIGURE S2
The BCR-free rate of patients with PCa in the low- and high-risk group
among the (A) Age > 60 ; (B) Gleason score > 7; (C) Gleason score <= 7 ; (D)
N1; (E) T2; (F) T3/T4 .

SUPPLEMENTARY FIGURE S3
Validation of risk model based on GEO cohorts. The multivariate Cox
regression analysis in two cohorts (A) GSE70770 (B) GSE46602.
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