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SPHINGOSINE-1-PHOSPHATE AS ANEW DIAGNOSTIC, PROGNOSTIC BIOMARKER
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Sphingosine-1-phosphate have long been implicated in different biological processes including cell migration, proliferation,
and cell death. Our hypothesis is based on the possible role of sphingosine-1-phosphate as a biomarker of poor prognosis in prostate
cancer and effectiveness of intensity-modulated radiation therapy. The Tomo System there were treated 41 patients with locally
advanced cancer prostate. To determine free sphingosine, we used a method based on the extraction of sphingoid bases with diethyl
ether, in our modification. The levels of normal tissue sphingosine-1-phosphate are significantly higher as compared with prostate
cancer. There is a significant correlation between plasma prostate-specific antigen and tumor tissue sphingosine-1-phosphate in
prostate cancer. Sphingosine-1-phosphate is synthesized in the tumor tissue of prostate cancer 2-fold less than in the surrounding tumor
tissue. After radiation therapy, its level in the prostate tumor increases 3-fold, and in the tissue surrounding the tumor 1.5-fold, which
indicates the development of the radiation-induced bystander effect. Our data provide the first evidence that tumor tissue sphingosine-
1-phosphate is a significant prognostic marker for prostate cancer mortality.
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CP®IHIO3UH-1-®OCDAT SIK HOBUH JIATHOCTHYHHUI, TPOTHOCTUYHUN
BIOMAPKEP PAKY IEPEJIMIXYPOBOI 3AJI03U TA EPEKTUBHOCTI IHTEHCHUBHO-
MOJYJIbOBAHOI PAJTIOTEPAIIII

Coinrozun-1-gocar Gepe ygacTs y pi3HUX 010J0TIYHHX Iponecax, BKIIOYAI0YN Mirpaniio KIiTHH, Iporidepamnito Ta
3aru6ens kiiTrH. Hamna rimoTesa 3acHoBaHa Ha MOXJIIHBIH poii cdinro3uH-1-pocdaty sik Giomapkepa HECTIPUSATIUBOTO IIPOTHO3Y
IIPU paKy MepeaMiXypoBoi 3a103H Ta eeKTUBHOCTI IIPOMEHEBOI Tepallii 3 MOJIyJIbOBAaHOIO IHTEHCHUBHICTIO. 3a cucTteMoro Tomo
System nponikoBanuii 41 XBOpuii Ha MICIIEBO MOLIMPEHUH paK MepeaMiXypoBoi 3amo3u. s BU3HAYEHHS BIJILHOTO CiHrO3MHY
BHUKOPHCTOBYBAJIM METO/], 3aCHOBAHHH Ha €KCTPAKIi1 ChiHr0iTHUX OCHOB AieTHIOBUM edipoM, Hamoi Moandikamnii. BctanoneHo,
o piBHI chinrosnH-1-pocdary B HOpMATHHUX TKAHMHAX 3HAYHO BUIII MOPIBHIHO 3 PAKOM MepeaMiXypoBoi 3ano3u. IcHye 3HauHa
KOpeIsiliss MDK IPOCTaToO-CeNU(piYHIM AHTHTEHOM IUTa3MH Ta CcgiHro3uH-1-ocharoM NyXNIMHHOI TKAaHWHM HPH PaKy
nepeamMixypoBoi 3a03u. Cinrosun-1-docdat cuHTE3yeThCS B My XIMHHIN TKAHHUHI paKy HepeIMiXxypOBoi 3103 B 2 pa3u MEHILIE,
HDK y HaBKONMIIHIA ImyxnuHHIK TKaHuHi. [licas mpomeHeBoi Tepamii HOro piBeHb y MyXJIHMHH HEPEAMIXYpOBOI 3al03H
301bLIy€eThCS B 3 pa3y, a B HABKOJMILIHIA MyXJIMHY TKaHWHU B 1,5 pasa, 1110 CBIYMTH PO PO3BUTOK pajiailiifHO-iHIyKOBaHOTO
edexry cBiaka. Hami naHi € mepImmM CBiT4eHHSAM TOTO, MO chiHro3uH-1-ocdar myxmMHHOI TKAHUHA € 3HAYHAM NIPOTHOCTHIHIM
MapKepoM CMEPTHOCTI BiJl paKky IepeaMiXypoBoi 3aJI03H.
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The study is a fragment of the research projects “Development and implementation of innovative technologies for the
diagnosis of oncogynecological and oncourological diseases based on liquid biopsy data of extracellular DNA and stem cells”,
state registration No. 0123U101248 and “Biomarker diagnostics of oncourological diseases™, state registration
No. 0118U001025.

Sphingolipids, such as ceramide, ceramide 1-phosphate (C1P), glucosylceramide, sphingosine, and
sphingosine-1-phosphate (S1P), have long been implicated in different biological processes including cell
migration, proliferation, and cell death [6, 7, 14]. S1P is a lysophospholipid mediator found in the blood
which has been shown to participate in a wide range of biological responses, including stimulation of cell
proliferation, inhibition of apoptosis and regulation of cell shapes and motility. Biological activities of S1P
are mediated through the S1P receptors, a family of G protein-coupled cell surface receptors [15]. Studies
over the years have highlighted the significance of sphingolipids in human diseases including but not
limited to lysosomal storage diseases, autoimmune diseases, cardiovascular diseases, infectious diseases,
inflammation, COVID-19 and cancer [7, 14]. The dysregulation of sphingolipid metabolism in various
human cancer types suggests that bioactive sphingolipids are vital for tumor growth and survival [7].

Prostate cancer (PCa) is the third most common cancer worldwide, and the second most common
cancer among men [12, 13]. Escape of prostate cancer (PCa) cells from ionizing radiation—induced (IR-
induced) killing leads to disease progression and cancer relapse. The influence of sphingolipids, such as
ceramide and its metabolite sphingosine 1-phosphate, on signal transduction pathways under cell stress is
important to survival adaptation responses [3].
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Over the past decade, with the advent of advanced CT-based treatment, planning intensity
modulated radiotherapy has gained ascendency over other radiation approaches for primary prostate cancer
treatment [3, 4, 8]. For patients who have not undergone prostatectomy, radiation therapy involves a
treatment course of greater than 70 Gy usually administered in daily fractions of 1.8 to 2 Gy over a 7- to
9-week period. Therefore, for purposes of better control of such patients, the molecular mechanisms
underlying PCa cell radioresistance and methods to interdict such resistance must be understood in order
to maximize the curative potential of radiation therapy [3].

Our hypothesis is based on the possible role of sphingosine-1-phosphate as a biomarker of poor
prognosis in prostate cancer and effectiveness of intensity-modulated radiation therapy.

The purpose of the study was to investigate the association between tissues sphingosine-1-
phosphate and overall survival in patients with prostate cancer.

Materials and methods. The studies were carried out on the basis of city and regional hospitals
of the Luhansk region and Ukrainian Center of Tomotherapy, Kropyvtskyy between 2015 to 2021. In
accordance with the provisions of the Declaration of Helsinki by the World Medical Association of the last
revision and informed consent for the use of biological material was obtained in all patients prior to
inclusion in the study. Research permission was obtained from the Bioethics Committee of the Lugansk
State Medical University (Rubizhne, Ukraine, number 25/2015).

The patients’ epidemiological data, laboratory examination, complications, clinical outcomes, and
treatment plan were extracted from medical records.

Of total, only those patients with prostate-specific antigen (PSA) levels between 0.66-92 ng/mL,
a Gleason score between 5-10, and a clinical stage defined as T3a, or T3b were considered, yielding 98
subjects. We retrospectively reviewed the clinical data of 98 high-risk prostate cancer patients who
underwent radiotherapy. Biochemical recurrence of disease was defined in accordance with the Phoenix
criteria (PSA > PSA nadir +2 ng/ml) [2, 4].

A prerequisite for summing up the image-guided radiotherapy technology (IGRT) intensity-
modulated radiation therapy (IMRT) is the IGRT technique (radiation therapy under image guidance).
These conditions are met by the Tomotherapy System (Tomo HD), presented in Ukrainian Center of
Tomotherapy, Kropyvtskyy.

The material for the study was cancerous tissue (n=21), peri-tumor normal prostate tissue (n=21)
of patients without prostate radiation therapy after prostatectomy. As well as adenocarcinoma tissue (n=21)
and tissue surrounding the tumor (n=21) after tomoradiotherapy. Cancerous tissue, peri-tumor normal
prostate tissue and normal prostate tissue distant from the cancer were collected from surgical specimens
immediately after operation, excised and frozen in liquid nitrogen. Tumor and adjacent normal tissues were
collected in microcentrifuge tubes and flash-frozen in liquid nitrogen immediately after surgical resection.
Approximately 50 mg of tissue was homogenized in a cold sucrose isolation medium (0.25M sucrose, 1mM
EDTA, pH=7). The levels of S1P were determined exactly as previously described [1, 9]. Total protein was
guantitated using Bradford’s reagent (Bio-Rad Laboratories, Hercules, CA).

Data Processing. Statistical and graphical analyses were done using STATISTICA 7.0 (StatSoft
Inc. USA, version 7.0) and and MedCalc Version 20.218 64 bit (MedCalc Software, Ostend, Belgium).
Parametric data were summarized as mean (standard error) (Mean+SEM). Kolmogorov—Smirnov test was
applied to examine the normality of data distribution. To examine group-wise differences, unpaired
Student’s t-test was used. Nonparametric results are expressed as median (Me) and interquartile range
(IQR). The difference between study groups was tested by a nonparametric Mann-Whitney U test was
used. Receiver operating characteristics (ROC) curve analysis was performed to estimate optimal cut-off
values, maximizing sensitivity and specificity according to the Youden index. Survival analysis was
performed using the Kaplan—Meier method; univariate and multivariate analyses were undertaken using
log rank test and Cox’s regression model, respectively. A p-value below 0.05 was considered statistically
significant. The Cox proportional hazards regression model was used to assess the effect of serum PSA and
Sphingosine-1-phosphate levels on clinical outcomes in survival analysis.

Results of the study and their discussion. A total of 42 PCa patients were included in the study.
The median age was 69.5 (IQR: 65-76) years. Circulating levels of serum PSA and sphingosine-1-
phosphate of PCa-tumor tissue before and after Tomotherapy were measured in samples of PCa patients or
control patients with no history of cancer (n=20), and correlated with the clinical stage and grade (Table 1).

Levels of S1P were significantly higher (2-3-fold higher) in peri-tumor normal tissue than in PCa-
tumor tissue before Tomotherapy (56.18+1.83 nmol per mg protein vs 19.71+1.63 nmol per mg protein,
p<0.000001) and after Tomotherapy (67.42+2.06 nmol per mg protein vs 48.57+1.74 nmol per mg protein,
p<0.000001). Serum PSA decreased in patients with prostate cancer 1 month after Tomotherapy by 9-fold
(2.97 ng/ml IQR 2.0 —4.42 vs 18.48 ng/ml IQR 12.68 —40.0, p<0.000001).
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Table 1
Levels of serum PSA and Sphingosine-1-phosphate in prostate cancer patients who underwent radiotherapy

- Serum PSA, ng/ml Sphingosine-1-phosphate,
Clinical groups nmol/mg of protein tissues
Median Q2s Qs Mean+SEM
healthy donors (control group) (n=20) 0.9 0.32 1.18
patients with PCa (n=21) 18.48 12.68 40.0
Kruskal-Wallis test p* <0.000001
Mann-Whitney U Test p* <0.000001
patients with PCa after Tomotherapy (n=21) 2.97 2.0 4.42
1
Kruskal-Wallis test p]% :_0%002042%%
. pt <0.000001
Mann-Whitney U Test p?<0.000001
PCa-tumor tissue 19.71+1.63
(n=21)
PCa-peri-tumor normal tissue 56.18+1.83
(n=21) p® <0.000001
. 48.57+1.74
E’nC:az-il)Jmor tissue after Tomotherapy pj <0, 000001
p* =0.004484
PCa-peri-tumor normal tissue after 67.424+2.06
Tomotherapy p* <0.000001
(n=21) p* =0.000208

Notes: PSA — Intergroup by the Mann-Whitney U test. p! — significant differences between control group and test groups.
2_ significant differences between patients with PCa and patients with PCa after Tomotherapy. SP1 data are means + SEM for Gaussian
variables. Intergroup by the T-test Students. p® — significant differences of SP1 between tumor tissue and test groups. p* — significant
differences of SP1 between peri-tumor normal tissue and test groups.

The Spearman non-parametric correlation was used to investigate the correlation between plasma
level PSA in patients PCa and sphingosine-1-phosphate of PCa-tumor tissue before and after Tomotherapy.
The correlation coefficients between plasma level PSA and S1P of PCa-tumor tissue showed astrong and
negative correlation (p =0.0001, r =-0.737). In addition, the correlation coefficient between plasma level
PSA after Tomotherapy and S1P of PCa-tumor tissue has a moderate and negative correlation
(p =0.001, r =-0.674). The S1P of PCa-tumor tissue coefficient had a moderate and negative correlation
(p =0.007, r =-0.587) with S1P-PCa-peritumor normal tissue. The correlation of S1P-PCa-peritumor
normal tissue and S1P-PCa-tumor tissue after Tomotherapy were not significant (p =0.048, r =-0.448).
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Fig. 1. ROC analysis: receiver operating characteristic (ROC) curves for PSA and Sphingosine-1-phosphate measured in a) PSA-
patients with PCa; b) PSA-patients with PCa after Tomotherapy; c) S1P-patients with PCa; d) S1P-patients with PCa after
Tomotherapy.

Note: Here and in the following figures: p<0.001 — calculated by univariate logistic regression analysis.
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Patient age was not correlated with PSA (p =0.498, r =0.16), PSA after Tomotherapy
(p =0.422,r =-0.19), S1P of PCa-tumor tissue (p=-0.3,r=0.196), S1P of PCa-tumor tissue after
Tomotherapy (p =0.147, r =0.54).

ROC-analysis was used to evaluate the diagnostic performance of serum PSA profile in the
differentiation between control group (healthy donors) and patients with PCa befor and after Tomotherapy
(Fig.1, Table 2).

Table 2
The sensitivities, specificities and the cut-off value of PSA and Sphingosine-1-phosphate levels
in patients with PCa

cut-off | Area, | Sensi- Speci-
Groups value | AUC | tivity 95% CI ficity 95% CI p-value
patients with PCa >15.6 | 0.964 | 92.31 64.0-99.8 92.86 | 76.5-99.1 | <0.0001
Serum PSA. ng/ml [ patients with PCa <5.93 | 0.793 | 84.62 | 54.6-98.1 | 78.57 | 59.0-91.7 | <0.0001
after Tomothe-rapy
Sphingosine-1- PCa-tumor tissue <347 | 0.921 | 100.0 | 76.8-100.0 75.0 | 55.1-89.3 | <0.0001
phosphate, nmol/mg [ pCa-tumor tissue after | >34.7 | 0.931 | 100.0 | 76.8-100.0 | 78.57 | 59.0-91.7 | <0.0001
of protein tissues Tomothe-rapy

With respect to survival, the optimal cut-off values identified by ROC analysis were as follows:
PSA of patients with PCa, 15.6 ng/ml; PSA of patients with PCa after Tomotherapy, 5.93 ng/ml; S1P PCa-
tumor tissue, 34.7 nmol/mg of protein tissues; S1P PCa-tumor tissue after Tomotherapy, 34.7 nmol/mg of
protein tissues. The values of area under the curve (AUC) were 0.964 (0.854 to 0.998) for PSA of patients
with PCa; 0.793 (54.6 to 98.1) for PSA of patients with PCa after Tomotherapy; 0.921 (76,8 to 100,0) for
sphingosine-1-phosphate of PCa-tumor tissue; 0.931 (76,8 to 100,0) for sphingosine-1-phosphate of PCa-
tumor tissue after Tomotherapy. The median follow-up was 45.0 months (95 % CI range=20.04 to 60.0
months). Five-year overall survival was 68.29 % (Fig.2).
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Fig. 2. Kaplan—Meier survival curves of PCa patients with different cut-off values of the of indexes investigated: a) PSA-patients

with PCa; b) PSA-patients with PCa after Tomotherapy; ¢) S1P-patients with PCa; d) S1P-patients with PCa after Tomotherapy. p
value by Long-rank test.

The Kaplan—Meier survival curves, after classifying the patients on the basis of Youden cut-offs
obtained by ROC curves, showed significant lower survival with higher values of PSA of patients with
PCa (HR =348.05; 95 % CI 76.9 to 1575.1, p = 0.0001), PSA of patients with PCa after Tomotherapy (HR
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=16.7; 95 % CI 7.03 to 39.57, p < 0.0001), S1P PCa-tumor tissue (HR = 16.7; 95 % CI 7.03 to 39.57, p <
0.0001), S1P of PCa-tumor tissue after Tomotherapy (HR = 4,62; 95 % CI 1,46 to 14,58, p < 0.0091).

Next, we performed a Cox proportional hazards regression analysis of predictors of progression to
PSA levels. On univariate analyses, PSA before Tomotherapy >15.6 ng/mL (p=0.0001) and PSA nadir
after Tomotherapy <5.93 ng/mL (p=0.0001) were significantly associated with an increased risk of poor
prognosis of overall survival.

These data were also confirmed in a multivariate analysis. Estimates of the HR adjusted for pre-
Tomotherapy PSA (<15.6 ng/ml versus >15.6 ng/ml ) also confirmed these results (HR 101.9 [95 % CI
12.37 — 839.47], p<0.0001). On multivariate analyses, PSA after Tomotherapy <5.93 ng/mL was a
significant prognosticator (HR 8.89 [95 % CI 2.24-35.27], p= 0.0029).

We show that the levels of normal tissue S1P are significantly higher as compared with
PCa. Furthermore, there is a significant correlation between plasma PSA and tumor tissue S1P in PCa.
Finally, our data provide the first evidence that tumor tissue S1P is a significant prognostic marker for PCa
mortality. We have identified prostate tissue as the major source of S1P in our patients and shown a highly
significant downregulation of circulating PSA in PCa patients compared with control counterparts. The
authors Nunes J, et al. have previously shown that, the potential of S1P to have a role as a plasma marker
of human disease has been recently demonstrated by a study, which showed that plasma S1P was elevated
in patients with prostate cancer [11]. The fact that circulating S1P levels were lower in advanced PCa
patients led the researchers to conclude that this ruled out the possibility of S1P originating from cancer
cells. However, our study showed that S1P is synthesized both in the tumor tissue of adenocarcinoma of
the prostate and in the tissues surrounding the tumor. Moreover, S1P is synthesized in the tumor tissue 2-
fold less than in the surrounding tissue. And after radiation therapy, its level in the tumor increases 3-fold,
and in the surrounding prostate tissue too.

Overall, in this study we provide the first evidence that both plasma PSA and prostate tumor
tissue S1P before and after Tomotherapy have potential as diagnostic and prognostic markers for
human PCa.

Radiation affects not only its direct targeted cells but also non-irradiated neighbors. This is
evidenced by radiation-induced bystander effect (RIBE) that cells that were not exposed to radiation exhibit
effects as a result of intercellular communication. RIBE can also lead to biological changes in bystander
cells and tissues, including chromosomal rearrangement, genomic instability, DNA damage, gene
expression alteration, and apoptosis [5, 10], Sphingosine-1-phosphate, play important roles as second
messengers regulating biologic processes, such as cell growth, differentiation, migration, and apoptosis.
Our data indicate a direct involvement of S1P in the radiation-induced bystander effect.

1. The levels of normal tissue S1P are significantly higher as compared with PCa. There is a
significant correlation between plasma PSA and tumor tissue S1P in PCa.

2. S1P is synthesized in the tumor tissue of prostate cancer 2-fold less than in the surrounding
tumor tissue. After radiation therapy, its level in the prostate tumor increases 3-fold, and in the tissue
surrounding the tumor 1.5-fold, which indicates the development of the radiation-induced bystander
effect.

3. Our data provide the first evidence that tumor tissue S1P is a significant prognostic marker for
PCa mortality.
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There was a comparative integrated clinical examination of 93 persons with combined combat thermomechanical
injuries, 87 persons with isolated extremity injuries involving bone fractures and 65 persons with isolated burn injuries. The said
examination covered the recording of integral body rheography, study of coagulation tests results, biochemical, immunological
blood indicators at admission on 1-3 and 5-7 days after the injury. The authors believe that only persons with extremely severe
combined combat thermomechanical injuries, when there are two or more isolated injuries (wounds and burns), experience severe
homeostasis disorders, which is demonstrated by the mutual aggravation syndrome with central hemodynamics as the leading link
in its pathogenesis.
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KJIHIKO-TATO®I3IOJIOI'TYHE OBIPYHTYBAHHS CUHJIPOMY B3A€EMHOI'O
OBTSIKEHHS ITPU KOMBIHOBAHIN BOMOBIN TEPMOMEXAHIUHIN TPABMI

VY 93 mocTpaxxaanoro 3 KOMOIHOBaHOK TEPMOMEXaHIYHOK 0OHOBOIO TpaBMOIO, y 87 — i3 i30Jb0BaHUM TTOPaHEHHIM
KIHI[IBOK 3 TIEPEJIOMOM KiCTOK Ta y 65 — i3 i30/Ib0BaHOIO OMIKOBOIO TPABMOIO ITPOBEICHO TOPIBHAJIBHE KOMIUICKCHE KIiHIYHE
0OCTEXEHHsI, IO BKIIOYA€ PEEcTpamilo iHTerpanbHoi peorpadii Tija, BUBYEHHS Koaryyorpamu, 0i0XiMIi9HHX, IMyHOJOTI9HHX
MOKa3HUKIB KPOBI Ha yac BCTymy, Ha 1-3, 5-7 10Oy micis TpaBMu. ABTOpPH BBa)XXarOTh, IO TUIBKU Y TOCTPAXKAANUX 3 BKpail
TSDKKOI0 KOMOIHOBAaHOO TEPMOMEXAHITHOIO GOMHOBOIO TPAaBMOIO, KON € JiBa i OiibIie i30160BaHi YIIKOKEHHS (TIOPAHEHHS Ta
OMIKOBHI KOMITOHEHT) PO3BHBAIOTHCST BUPAYKEH] TIOPYIIICHHS TOMEOCTAa3y, 10 3HAXOIUTD BiTOOPKEHHS Y «CHHIPOMi B3aEMHOTO
OOTSKCHHS» B TIATOTCHE31 SIKOTO, TIPOB1THOIO JIAHKOIO € IIEHTpaIbHA TeMOJIHAMIKA.

KuniouoBi ciioBa: cuHApOM B3a€MHOTO OOTSDKEHHS, KOMOiHOBaHa 601 0Ba TepMOMEXaHIUYHA TPaBMa, IIOK.

The study is a fragment of the research project “Development of modern methods of diagnostics and treatment of
purulent — septic complications of combat surgical trauma”, state registration No. 0120U101834

There was a comparative integrated clinical examination of 93 persons with combined combat
thermomechanical injuries, 87 persons with isolated extremity injuries involving bone fractures and 65
persons with isolated burn injuries. The said examination covered the recording of integral body
rheography, study of coagulation tests results, biochemical, immunological blood indicators at admission
on 1-3 and 5-7 days after the injury.
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