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ABSTRACT

Aim. To evaluate changes in the transcriptome of head and neck squamous cell carcinoma (HNSCC) tissue cells
in patients after proton therapy.

Materials and methods. Biopsy material obtained from 3 HNSCC patients before and after proton therapy at a
total dose of 10 isoGy was homogenized, purified, and concentrated. Then total RNA was isolated with further
purification and concentration with the RNA Clean & Concentrator kit (Zymo Research). Library quantitation
was assessed using the Qubit 2.0 instrument (Invitrogen, Life Technologies). After isolation of 1 pg total RNA for
sequencing, libraries were prepared on the Illumina platform using the TruSeq RNA Sample Prep Kit v2 with a
10-cycle enrichment step according to the manufacturer’s recommendations. The quality of RNA and the resulting
libraries was checked using the Agilent 2100 Bioanalyzer system (Agilent Tec. Inc., USA). The RIN parameter
for RNA was at least 7. The library concentration was assessed by real-time PCR on the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, USA). Final libraries were pooled in equimolar ratios before sequencing on the
Illumina HiSeq 2500 platform using 50 base-pair paired-end reads. The Q20 parameter for all samples was > 97%,
and the number of reads averaged 60.2 million per sample. Raw reads were processed using the RTA 1.17.21.3 and
Casava 1.8.2 (Illumina). The enrichment analysis was performed using the PANTHER 17.0 software.

Results. The transcriptome analysis of HNSCC after proton radiation therapy (5 x 2 isoGy) at a total dose of
10 isoGy revealed 1,414 significantly differentially expressed genes. The 10 most and least expressed genes
and their associated signaling pathways were identified. A number of signaling pathways associated with the
underexpressed genes were detected in HNSCC after proton therapy, such as: STATS; PD-1 signaling pathway;
marked MET-mediated activation of PTK2 signaling pathway, PDGF signaling; CD22-mediated regulation of
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BCR; and FCERI-mediated MAPK activation. In addition to the above signaling pathways, activation of collagen
degradation, FCGR3A-mediated phagocytosis, and FCGR3A-mediated interleukin (IL)-10 synthesis are of interest.
In the enrichment analysis among highly expressed genes, keratinization and biological oxidation processes were
activated in HNSCC tissues after proton therapy.

Conclusion. Proton therapy in HNSCC leads to overexpression of genes involved in the regulation of keratinization
and biological oxidation processes as well as to underexpression of genes associated with suppression of signaling
pathways: STATS, PD-1, MET-mediated activation of PTK?2 signaling pathway, PDGF signaling; CD22-mediated
regulation of BCR; FCERI-mediated MAPK activation, collagen degradation, FCGR3A-mediated phagocytosis
activation, and FCGR3A-mediated IL-10 synthesis. All signaling pathways of underexpressed genes function in
HNSCC cells if there is no negative influence on the tumor from outside (irradiation or delivery of antitumor
drugs). The predominance of suppressed signaling pathways over activated ones most likely indicates a decrease in
the functional potential of cells after proton therapy. The dose-dependence of proton therapy effects requires further
study of changes in cellular and molecular-genetic signatures of HNSCC after proton therapy at different doses.

Keywords: head and neck squamous cell carcinoma, transcriptome, proton therapy, signaling pathways

Conflict of interest. The authors declare the absence of obvious or potential conflicts of interest related to the
publication of this article.

Source of financing. The study was supported by the Ministry of Science and Higher Education of the Russian
Federation (agreement No. 075-15-2022-294 dated April 15, 2022) and the Ministry of Science and Higher
Education of the Russian Federation, agreement No. 075-15-2021-1356 dated October 7, 2021 (identifier RF
0951.61321X0012, No. 15.SIN.21.0011).

Conformity with the principles of ethics. All patients signed an informed consent to participate in the study.
Before enrollment in the study, the study protocol and patient information and informed consent forms were
approved by an independent Ethics Committee (Protocol No. 634 of 17.11.2021, Protocol No. 684 of 02.03.2022).

For citation: Jumaniyazova E.D., Vishnyakova P.A., Chirkova M.V., Karpulevich E.A., Eremina 1.Z.,
Gordon K.B., Kaprin A.D., Fatkhudinov T.H. Study of head and neck squamous cell carcinoma transcriptome
after proton therapy. Bulletin of Siberian Medicine. 2024;23(1):37—47. https://doi.org/10.20538/1682-0363-2024-
1-37-47.

WccnepoBaHme TpaHCKpUNTOMAa NIOCKOKIETOYHOIO paKa rosioBbl U Wwew
nocsie NPOTOHHOro 06nyyeHns

OxxymaHuasosa 3.[1.', BuwHsakosa IN1.A."?, Ynpkosa M.B.3, Kapnynesuu E.A.2,
Epemuna U.3.", ToppoH K.B."*, Kanpun A.[I." 5, ®arxyguHoB T.X." ¢

! Hayuno-uccne0osamenbCKull UHCMumym MOJeKYIAPHOU u KIemounol meduyunvl Poccuticko2o ynusepcumema
Opyacovl Hapooos (HUH MKM PY/[H)
Poccusa, 117198, 2. Mocksa, yn. Mukayxo-Maxnas, 6

? Hayuonanvhvlil MEOUYUHCKULL UCCIe008AMENbCKULL YeHMP aKyuepemaa, 2unekoio2uu u nepunamonozuu (HMUL]
AIIT) um. axao. B.U. Kyraxosa
Poccus, 117997, o. Mockea, yn. Akademuxa Onapuna, 4

3 Unemumym cucmemnozo npozpammuposanus um. B.I1. Heannuxosa Poccutickou akademuu nayk (MCI1 PAH)
Poccusa, 109004, 2. Mocksa, yn. Anexcanopa Condxcenuybina, 25

* Meouyunckuii paouonozuueckuii Hayunviti yenmp (MPHL]) um. A. L{oi6a — punuan Hayuonanono2o meouyunckozo
uccne0osamenbckoeo yewmpa paouonozuu (uruan « HMHUL] paouonocuuy)
Poccus, 249036, 2. Obnunck, yn. Mapwana Kykosa, 10

> Hayuonanvholii Meuyunckuil ucciedosamenvcxuil yenmp (HMUL]) paouonozuu
Poccus, 249036, 2. O6nunck, yn. Koponesa, 4

¢ Hayuno-uccredosamenvckuti uncmumym mopghonozuu yenoseka (HUUMY) um. axkao. A.I1. Asyvina
Poccus, 117418, 2. Mockea, yn. Liopynel, 3

38 Bulletin of Siberian Medicine. 2024; 23 (1): 37-47



Original articles

PE3IOME

Leab — OlIeHUTH H3MEHEHUS TPAHCKPUTITOMA KJIETOK TKaHHU TUIOCKOKIETOYHOTO paka ronossl u men ([IPT'L) y
MAIUEeHTOB MOCIIe MPOTOHHOTO 00Ty deHNSI.

MatepuaJjibl 1 MeTObl. buorncuiinelii MaTepua, nony4eHHslid oT Tpex nauuenTos IIPT'IH 1o u nocie nporon-
HOro o0yryueHus: B cymMapHoii 1o3e 10 u3ol'p, ObLT MOABEPrHYT TOMOT€HU3ANH, OYUCTKE U KOHLEeHTpauun. [1o-
cie dero Obuia BeieneHa totansHast PHK ¢ mocnenyromeit ounctkoit u konuentpanueir Habopom RNA Clean
& Concentrator (Zymo Research), komuuectBo oneHuBanu ¢ nomoiupio npudopa Qubit 2.0 (Invitrogen, Life
Technologies). ITocne Beigenenus ToransHoit PHK u3 1 Mkr ms cexBenupoBanust Ha matdopme [llumina Obuin
NPUTOTOBJICHBI OMOIHOTEKH ¢ Uctonb3oBaHreM Habopa TruSeq RNA Sample Prep Kit v2 ¢ aTanom oboramieHus
B 10 LMKIOB B COOTBETCTBHU ¢ pekoMeHmauusmu npousBomurens. Kagectso PHK u momydyennsix Oubmanorex
MPOBEPSUIOCH C TIOMOLIBIO CHCTEMBI KalMULIPHOTO AiekTpodopesa Agilent 2100 Bioanalyzer (Agilent Tec. Inc.,
CIIA). ITapametp RIN mist PHK cocraBnsn He menee 7. KoHuenTpanuto OubIMOTEK OLIEHUBAIH € TIOMOIIBIO MO-
JMMepa3Ho LEMHON peakiuu B peanbHoM BpemeHu Ha nmpudope CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, CIITA). OxonuarenbHble OHOTHOTEKH 00BEANHSIIN B SKBUMOIISIPHBIX TPOMOPLHUSIX [Iepe]] CEKBEHHUPOBa-
nueM Ha mwiatdopme [llumina HiSeq 2500 ¢ ucronp3oBanneM napHO-KOHIEBBIX IIpouTeHuit o 50 ocHoBanwuii. [Ta-
pametp Q20 st Bcex 00pa3LoB coctaBui 0osee 97%, a KOIMYECTBO MPOUTEHUH B CpejHeM paBHsIoCh 60,2 MIIH
Ha oOpasew. Coipbie mpouTeHus ObLIH 00paboTanbl ¢ ucnosb3oBanrneM RTA 1.17.21.3 u Casava 1.8.2 (Illumina).
Amnanu3 oboraiieHus ObUT BBIIOJIHEH ¢ IOMOIIbI0 Iporpammuoro obecneuennss PANTHER 17.0.

PesyabTaThl. B xone Tpanckpunromuoro ananusa [TPT1I nocie nstukpatHoro o6irydeH s HalMEeHTOB IPOTOHAMHU
(2 m30I'p) B cymmapuoii nose 10 uzol'p 6bu10 06HapyxeHo 1 414 3HaunMo auddepeHIranbHO IKCIPECCHPOBAHHBIX
reHoB. Brinenens! 10 Hanbosee M HauMeHee IKCHPECCHPYEMbBIX I'€HOB U aCCOLMUPOBAHHBIC C HUMH CHUTHAJIBHbIC
nytu. B [IPT'T nocne o6mydeHust npoToHaMu OOHApPYXKEH sl CUTHAIBHBIX MyTel, CBA3aHHBIX C HU3KOJKCIIPEC-
cupoBaHHbIMH reHamu, Takux kak STATS; curnansueiii myts PD-1; ormeuena MET-onocpenoBanHasi akTuBaius
curnanbHoro myti PTK?2, nepenaua curnanos PDGF; CD22-onocpenosannas perynauus BCR; aktusanus MAPK,
onocpenoBannas FCERI. Kpome BblleHa3BaHHBIX CHTHAJIBHBIX IyTeil oOpamiaer Ha ce0s BHUMAaHUE aKTHUBALHS
nporiecca pacnana koiarena, FCGR3A-omocpenosannoro ¢darouutosa 1 FCGR3A-omocpeoBaHHOTO CHHTE3a
unrepneikiuna-10 (IL10). [Ipu ananuze oboramieHus cpeu BEICOKOIKCIpeccupyeMbix reHoB B Tkauu [1PT'1I ocie
IIPOTOHHOTO 00 TyYeHUsl ObLIN aKTHBUPOBAHBI ITPOLIECCH OPOTOBEHHUS U OMOJIOTMYECKOT0 OKHUCIICHHSI.

3axaouenne. O6myuenue nporonamu npu [TPT'TI npuBOANT K rHIIEP3KCIPECCHN T€HOB, BOBICYEHHBIX B PETy-
JISIIUIO MIPOLIECCOB OPOTOBEHUS M OMOJIOTMYECKOTO OKUCIICHUST; THIIOIKCIIPECCHH TEHOB, CB3aHHBIX C MOABJICHNU-
eM curHaneibix myteil: STATS, PD-1, MET-onocpenoBanHOl akTuBanuu cursanbHoro mytu PTK2, nepenaun
curHanos PDGF; CD22-onocpenoBannoii perymsanuu BCR; aktusanun MAPK, onocpenoBannoit FCERI, npo-
necca pacnana komiarena, akruauu FCGR3A-omocpenoBannoro ¢aromuroza # FCGR3A-omocpenoBaHHOTO
cunTe3a IL10. Bee curHansHble IyTH THIOAKCIPECCHPOBAHHBIX T€HOB (YHKIHOHHPYIOT B Kietkax [TPTIII, ecan
HETaTHBHOTO BIIMSHHS HA OIyXOJb HE OKa3bIBAaeTCSI U3BHE (OOJIydeHHE MM IIOCTYIUICHHE HMPOTHBOOITYXOJIEBBIX
npemnapaTos). [IpeoOnananne moaBICHHBIX CUTHAIBHBIX IyTel HaJ aKTHBHPOBAHHBIMY, BEPOSTHEE BCETO, CBUIE-
TENILCTBYET O CHIDKCHUH (DYHKITHOHAIIBHOTO MOTEHIIHAIIA KJICTOK IT0ciIe 00IydeHHs IpOoTOHaMH. Jl0303aBHCHMOCTD
sddexroB IIT 00ycraoBmHBacT HEOOXOMUMOCTD JaIbHEHIIEr0 M3yUSHUs] H3MEHEHNI KICTOYHBIX M MOJEKYJISIp-
Ho-reHeTndeckux curaatyp [IPT'III nocne npoToHHOTO 00IydeHNUs pa3HBIMHA JTO3aMH.

KuroueBble cl10Ba: IIIOCKOKIETOUHBIH Pak FOJIOBEI M IIEH, TPAHCKPHUIITOM, TPOTOHHOE O0TydeHUe, CHIHAIIbHbIE
yTH

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOH(OINKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKanueil HaCTOSIIEeH CTaThH.

Hcrounuk ¢punancupoBanusi. PaGora BemonHeHa npu (GHMHAHCOBOW MoAJep)Kke MUHHUCTEPCTBa HAyKH U BBIC-
nrero oopaszosanus Poccuiickoit @enepanmu (cornamenue Ne 075-15-2021-1356 ot 7.10.2021 (unentuduxatop
P® 0951.61321X0012, Ne 15.CHH.21.0011)). OGcueTs! BBINOIHEHBI IPH pUHAHCOBOIT Mo iepkke MuHuCTEepCTBa
HAYKH | BbIclIero oopasosanus Poccuiickoit @enepanuu (cornamenne Ne 075-15-2022-294 ot 15.04.2022).

CooTBeTcTBHE MPUHIKNAM 3THKH. Bce manueHTs! noamicany NHGOPMUPOBAHHOE COTJIACHe Ha yJacTHE B HC-
crnenoBaHny. VccienoBanme oq00peHO HE3aBUCHMBIM KOMHTETOM II0 3THKe (TpoTokon Ne 634 ot 17.11.2021,
nportokoa Ne 684 ot 02.03.2022).

Jast uurupoBanus: /[xymanusizoa 3./1., Bumnskosa I1.A., Yupkoa M.B., Kaprynesuu E.A., Epemuna 1.3.,
I'opnon K.b., Kanpun A.Jl., ®arxynunos T.X. MccnenoBanue TpaHCKPUNTOMA IUIOCKOKJIETOYHOIO paka rojio-
BBl W IICH IOCJTE MPOTOHHOTO OOMydYeHUs. broanemensv cubupckoi meduyunsvl. 2024;23(1):37-47. https://doi.
org/10.20538/1682-0363-2024-1-37-47.
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INTRODUCTION

Head and neck squamous cell cancer (HNSCC)
ranks 7th in the overall incidence of malignant neo-
plasms with 0.7 million new cases per year [1, 2].
Characteristic features of HNSCC are frequent recur-
rences and low 5-year survival rates for both local-
ized and advanced stages of the disease (69 and 34%,
respectively) [1]. Low patient survival is associated
with late diagnosis, poor response to various treat-
ments, and high recurrence rates [2—4]. In most cases,
HNSCC is diagnosed at a locally advanced stage, for
which radiation therapy (RT) with or without concom-
itant radiosensitizing chemotherapy is one of the main
treatment approaches used in 80% of cases [5].

Proton therapy (PT) is one of the most promising
types of corpuscular radiation. Its implementation
into clinical practice allows to minimize the occur-
rence of radiation-related adverse events. The ther-
apeutic effect of PT consists in persistent damage to
the genetic material of tumor cells, leading to their
death [6]. At the same time, the cytotoxic effect of
protons is caused both by direct damage to the DNA
chain of tumor cells and by indirect induction of re-
active oxygen species (ROS) formation [7] and stim-
ulation of apoptosis (due to caspase-3 activation by
protons) [8].

In our previous review [9], we described the bio-
logical effects of PT. Nasopharyngeal squamous cell
cancer is considered to be one of the main indications
for PT due to its complex anatomy and proximity to
critical anatomical structures and organs, such as op-
tic chiasm, temporal lobes and brain stem, pharyngeal
constrictor muscles, and salivary glands [10]. Several
studies demonstrated a significant reduction in the in-
cidence of acute post-radiation complications in pa-
tients with nasopharyngeal squamous cell carcinoma
receiving PT compared to patients receiving classical
RT [11].

The accumulating clinical experience in applying
proton radiation therapy significantly outpaces basic
radiobiological research and contributes to the in-
creasing number of proton centers in different coun-
tries of the world [12]. However, limited knowledge
about the molecular and genetic changes induced by
PT in tumor cells hinders the development of new
therapeutic and combination strategies. This study is
devoted to the description of transcriptional changes
in HNSCC cells after PT.

The aim of the study was to evaluate changes in
the transcriptome of HNSCC tissue cells in patients
after PT.

MATERIALS AND METHODS

Biopsy material of tumor tissue was obtained from
3 patients with HNSCC before and after PT at the
total irradiation dose of 10 isoGy (relative biologi-
cal effectiveness (RBE) coefficient 1.1). All patients
signed an informed consent to participate in the study.
The study was approved by the independent Ethics
Committee (Protocol No. 634 of 17.11.2021, Protocol
No. 684 of 02.03.2022). The study was carried out in
compliance with the ethical principles set out in the
WMA Declaration of Helsinki “Ethical principles for
medical research involving human subjects” amended
in 2000 and Rules of Good Clinical Practice in the
Russian Federation adopted by the order of the Min-
istry of Health of Russia No. 266 of 19.06.2003. The
study participants were identified only by the patient
number.

The patients were irradiated with protons using a
fixed horizontal proton beam in the sitting position on
the PT complex Prometheus (Protom, Russia). All pa-
tients underwent daily verification of the position us-
ing integrated cone beam computed tomography. The
thickness of the slices was 1 mm. Patient fixation was
performed using a reinforced thermoplastic mask and
head restraints.

Biomaterial processing was performed using
aseptic techniques and sterile materials. Total RNA
was isolated from the tissue after homogenization
with Teflon beads in QIAzol (Qiagen), followed
by purification and concentration with the RNA
Clean & Concentrator kit (Zymo Research).
Quantitation was assessed using the Qubit 2.0 in-
strument (Invitrogen, Life Technologies). After iso-
lation of 1 pg total RNA for sequencing, libraries
were prepared on the Illumina platform using the
TruSeq RNA Sample Prep Kit v2 with a 10-cycle
enrichment step according to the manufacturer’s rec-
ommendations.

The quality of RNA and the resulting libraries
was checked using the Agilent 2100 Bioanalyzer sys-
tem (Agilent Tec. Inc., USA). The RIN parameter for
RNA was at least 7. The concentration of libraries
was assessed by real-time PCR on the CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, USA).
Final libraries were pooled in equimolar ratios before
sequencing on the Illumina HiSeq 2500 platform us-
ing 50 base-pair paired-end reads. The Q20 parameter
for all samples was > 97%, and the number of reads
averaged 60.2 million per sample. Raw reads were
processed using the RTA 1.17.21.3 and Casava 1.8.2
(llumina).
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The nf-core/rnaseq pipeline version 3.0 was used
to obtain expression matrices from FASTQ files. The
pipeline was run with the GRCh38 reference genome,
alignment was performed using the STAR tool, and
quantification was performed using the Salmon tool.
The differential gene expression analysis was per-
formed between tumor samples before and after PT.
It was performed independently using several tools,
such as DESeq2, EBSeq, limma-voom, NOISeq, and
edgeR. For each tool, tables with differential gene ex-
pression scores were generated. The results obtained
were compared using the Hobotnica metric [13].

Hobotnica is a tool for assessing the quality of
differential expression tools. The tool is based on the
quality quantification approach based on the ability
to separate data from different experiments based on
distance matrices. Cut-off values for differential gene
expression were |log2FC| > 1, p < 0.05 for DESeq2,
limma-voom and edgeR, g > 0.9 for NOISeq, and
[log2FC| > 1, PPDE > 0.95 for EBSeq. For multiple
comparisons, the Bonferroni correction and the Wald
maximin criterion (extreme pessimism criterion) were
used to calculate the p value. Based on the comparison
results, DESeq2 performed better when comparing
tumor samples before and after PT. The enrichment
analysis was performed using the PANTHER 17.0
software. The threshold for statistical significance for
including a signaling pathway in the list of enriched
pathways was p < 0.05 (Table 1).

Table 1

The assessment of the differential gene expression tool quality
using the Hobotnica tool

Tool Hobotnica score
DESeq2 1
EBSeq 0.96
edgeR 0.5
limma-voom 0.5
NOISeq 0.67

To establish significance, the data were analyzed
by the paired Student’s f-test using the GraphPad
Prism 8 statistical software package (GraphPad Soft-
ware). The significance level was set at p < 0.05. For
multiple comparisons, the Bonferroni correction and
the Wald maximin criterion (the criterion of extreme
pessimism) were used, which are generally considered
as the most cautious ones.

RESULTS

The transcriptome analysis of HNSCC tumor tissue
after proton radiation therapy (5 x 2 isoGy) at a total
dose of 10 isoGy revealed 1,414 significantly differen-
tially expressed genes. We identified 10 genes based
on the minimum (with the most reduced expression)
and maximum (with the most increased expression)
LOG2FC values. The lowest expression after PT was
observed in the following genes: CLEC4E, IGHV2-70,
P2RXI1, SLC543, MYBPCI, RP11-551L14,1, FCRLA,
FAM304, IGHV2-26, IGHV2-5 (Table 2).

Table 2

The most underexpressed genes in HNSCC biopsy samples after proton therapy

Genes p-value | LOG2FC Deciphering the name Functions
. . . Encodes a member of the C-type lectin / C-type lectin-like domain
CLEC4E 1.89E-06 -5.0 C-Type Lectin Domain Fami- (CTL/CTLD) superfamily involved in cell adhesion, cell-to-cell signal-
ly 4 Member E . . . . . .
ing, glycoprotein metabolism, inflammation, and immune response

Immunoelobulin Heav Provides antigen-binding activity and immunoglobulin receptor-binding

IGHV2-70 8.57E-06 -5.1 & Y activity; participates in the activation of the immune response, defense
Variable 2-70 . . .
against another organism and phagocytosis
The protein encoded by this gene belongs to the P2X family of G-pro-
P2RX1 3.99E-05 -5.2 Purinergic Receptor P2X 1 tein-coupled receptors. It functions as an ATP-controlled ion channel
and provides fast and selective permeability for cations
SLC543 2 37E-05 52 Solute Carrier Family 5 Involved in 1n9s1t01 metabohsm; qansmembrane transport of monosac-
Member 3 charides; import of myo-inositol across the plasma membrane
MYBPCI 0.000185 -5.2 Myosin Binding Protein C1 Involved in the contraction of transverse striated muscles
RP11-551L14,1 | 0.011218 -5.3 No data No data
FCRLA 0.000857 53 Fe Receptor Like Protein A Involved in humoral immunity: 'flntlbody-mduced destruction of
IgG-coated antigens and cells
FAM304 0.000853 -5.3 Family W ith Sequence Simi- Its exact function is unclear, but its activation has been linked to cancer
larity 30 Member A
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Table 2 (continued)

Genes p-value | LOG2FC Deciphering the name Functions
IGHV?2-26 0.002372 54 Immunoglobuhn Heavy Involved in activation of the immune response; defense against another
Variable 2-26 organism; phagocytosis.
Immunoelobulin Heav Provides antigen-binding activity and immunoglobulin receptor-binding
IGHV2-5 0.018504 -5.4 & y activity. Activates immune response; defense against another organism;
Variable 2-5 .
phagocytosis.

The highest gene expression in HNSCC biopsy
samples after PT was observed in the following genes:
PIK3R2; CTD-307407,11; GOLGAG6LY; GPIBB;
NPIPA2; RP11-96020,4;, AC008132,13; SNX31;
RPI1-127D3,4; RPL21P119 (Table 3).

In order to determine whether significantly highly
expressed and low-expression genes belong to differ-
ent signaling pathways, we performed the enrichment
analysis for each of these groups of genes separate-
ly. In tumor tissue samples after PT, compared to
tumor tissue before it, among low-expression genes,
the signaling pathways presented in Table 4 were de-
tected more than others. A number of signaling path-

ways related to low-expression genes were detected
in HNSCC after PT, such as: STATS; PD-1 signaling
pathway; marked MET-mediated activation of PTK2
signaling pathway, PDGF signaling; CD22-mediated
regulation of BCR; FCERI-mediated MAPK activa-
tion. In addition to the above signaling pathways, col-
lagen degradation, FCGR3A-mediated phagocytosis
activation, and FCGR3A-mediated interleukin (IL)-
10 synthesis attract attention (Table 4).

In the enrichment analysis among highly expressed
genes, the processes of keratinization and biological
oxidation were activated in HNSCC tissue after PT
(Table 5).

Table 3

The most highly expressed genes in the samples of HNSCC biopsies after proton therapy

Genes p-value LOG2FC Deciphering the name Functions
L . Phosphorylates phosphatidylinositol and similar
PIK3R2 0.001165114 4.9 Phosphomosmde-3-Kmase Regulatory compounds, creating secondary messengers import-
Subunit 2 . . .
ant in growth factor signaling pathways
CTD-307407.11 2 72E-06 46 No data Involved in the development.of the eyes, limbs,
heart, and reproductive system
GOLGAG6LY 1.59E-07 4.5 Golgin A6 Family Like 9 No data
GPIBB 4.01E-10 43 Glycoprotein Ib Platelet Subunit Beta Promotes platelet adhesion.
Nuclear Pore Complex Interacting Protein . .
NPIPA2 8.65E-10 4.0 Family Member A2 Involved in mRNA transport and protein transport
RP11-96020,4 3.93E-11 3.8 No data No data
AC008132,13 1.07E-11 3.6 No data No data
SNX31 7.48E-13 3.4 Sorting Nexin 31 Involved in intracellular protein transport
RP1-127D3,4 7.48E-13 3.4 No data No data
RPL21P119 4.15E-12 34 Ribosomal Protein L21 Pseudogene 119 Pseudogene
Table 4
Signaling pathways of HNSCC associated with low-expression genes after proton therapy
Number of genes from the ref- | Number of genes related Fold FDR Proba-
Reactome pathways erence list of the database to this signaling pathway | enrich- | p value | bility of false
in a normal human population | in the submitted samples ment positives
Activation of STATS
R-HSA9702518.2 10 4 15.63 |3.15E-04| 1.60E-02
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Table 4 (continued)

Number of genes from the ref- | Number of genes related Fold FDR Proba-
Reactome pathways erence list of the database to this signaling pathway | enrich- | p value | bility of false
in a normal human population | in the submitted samples ment positives
PD-1 signaling pathway
R-HSA-389948 3 29 7 9.43 2.58E-05| 2.22E-03
Collagen degradation 64 14 855 [7.25E-09| 6.03E-06

R-HSA-1442490.4

MET -mediated activation of signaling

pathway PTK2 30 6 7.81 2.42E-04 1.31E-02
R-HSA-8874081.2

PDGF signaling

R-HSA-186797 5 54 8 5.79 1.48E-04| 9.44E-03
AKT1 E17K signaling pathway in cancer

R-HAS-5674400.2 26 5 7.51 9.44E-04| 4.13E-02
CD22-mediated BCR regulation

R-HSA-5690714.3 67 9 5.25 1.13E-04| 7.43E-03
Interferon-gamma signaling

R-HSA-877300.6 91 12 5.15 1.00E-05 1.09E-03
FCERI-mediated MAPK activation

R-HSA-2871796.3 89 11 4.83 4.03E-05| 3.14E-03
FCGR3A-mediated synthesis of IL-10 100 12 469 2376-05| 2.11B-03

R-HSA-9664323.2

Here and in Table 5: 1 Fold enrichment is defined as the percentage of genes in the submitted samples belonging to the indicated pathway compared
to the background set of genes. 2 +/-. A positive sign indicates overrepresentation of this category of genes in the experiment (more genes than
expected). Conversely, a negative sign indicates underrepresentation. All signaling pathways showed overrepresentation.

Table 5
Activated signaling pathways of HNSCC associated with highly expressed genes after proton therapy
Number of genes from the ref-| Number of genes related Fold FDR
Reactome pathways erence list of the database in a | to this signaling pathway | enrich- | p value Probability of
normal human population in the submitted samples | ment false positives

Formation of the keratinizing membrane
R-HSA-6809371.5 129 14 6.96 4.57E-08 1.14E-04
Biological oxidation
R-HISA-211859.3 220 15 4.37 3.83E-06 4.77E-03

The data obtained in the course of this research
work are unique in their kind, as there is limited in-
formation on PT-induced changes at the transcrip-
tome level in the literature. This is due, firstly, to the
difficulty of collecting biopsies from patients, since
for such analysis it is necessary to collect material
before PT and after irradiation in order to identify
significantly altered signatures. Secondly, not all
centers have the necessary expensive equipment
for PT, and often clinicians limit themselves to pre-
scribing classical photon radiation therapy. Thirdly,
transcriptional analysis and bioinformatic data pro-

cessing are rather complicated and require highly
qualified specialists.

DISCUSSION

The transcriptome is a dynamically changing
system influenced by various factors. As a precision
oncology assay, the transcriptional analysis has only
recently begun to be used [14, 15]. There are no data
in the literature describing changes at the level of the
HNSCC transcriptome induced by PT. Understanding
the transcriptional heterogeneity of HNSCC contrib-
utes to the development of diagnostic and prognostic
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biomarkers that will enable to select personalized
therapy, leading to increased positive responses to
antitumor therapy and improved outcomes / increased
number of positive responses to treatment.

The key role for the activation of signal transduc-
ers and activators of transcription 5 (STATS) has been
found in many malignancies. In most cases, STATS
enhances squamous epithelial cell growth, increases
migration and invasion of cells in squamous cell can-
cer, and induces phenotypic and molecular changes
associated with epithelial — mesenchymal transition
[16]. In HNSCC, STATS activation correlates with
enhanced tumor growth, invasion, and epithelial —
mesenchymal transition [17]. Suppression of STATS
was observed after PT in HNSCC.

Non-receptor protein — tyrosine kinase 2 (PTK?2),
also known as focal adhesion kinase (FAK), is a mul-
tifunctional regulator of cell signaling between tumor
cells and the tumor microenvironment. Activated
PTK2 is involved in the regulation of several cellu-
lar functions: adhesion, proliferation, and migration
[18, 19]. Proteomic analysis showed that PTK2 / FAK
overexpression is a biomarker of radioresistance of
HNSCC. Combinations of PTK2 / FAK inhibition
with radiation therapy are currently being investigated
as a therapeutic strategy to improve local control in
HPV-negative PRGS [20].

Activation of the PD-1/ PD-L1 signaling pathway
is associated with the induction and maintenance of
immune tolerance in tumor tissue by suppressing ef-
fector T cell functions [21]. PD-L1 expression levels
in HNSCC correlate significantly with marked clin-
ical progression and poor patient survival [22]. The
activity of PD-1 and its ligands PD-L1 or PD-L2 is
responsible for the activation, proliferation, and cyto-
toxic secretion of T lymphocytes [23]. Our transcrip-
tome analysis revealed suppression of this signaling
pathway.

IL-10 synthesis in HNSCC tumor tissue was also
reduced after PT. In the process of carcinogenesis, IL-
10 functions both as a pro-oncogenic cytokine, inhib-
iting antitumor immunity, and as an antitumor cyto-
kine, performing an antianginal role [24]. Importantly,
it is involved in the control of tumor cell proliferation
and invasion via the JAK / STAT signaling pathway
[25,26].

The PDGF / PDGEFR signaling pathway plays a
key role in tumor progression [27]. PDGF overex-
pression promotes tumor cell growth [28] and induces
angiogenesis [29] by affecting cells in the tumor mi-
croenvironment, thereby inducing tumor progression.

In addition, there is evidence that increased PDGF ac-
tivity in the tumor is associated with drug treatment
resistance caused by impaired capillary blood flow in
the tumor due to increased interstitial fluid pressure
[30]. In the present study, PT caused suppression of
the PDGF signaling pathway in HNSCC.

The mitogen-activated protein kinase (MAPK) sig-
naling pathway is a key mediator that integrates extra-
cellular signals to control cell proliferation, survival,
differentiation, senescence, and drug resistance [31].
HNSCC patients with high intratumoral expression of
p-MAPK1/3 (p-ERK1/2) are characterized by worse
survival [32]. It is believed that the altered kinase
signaling network including EGFR, PDGFR, PAKI,
PTK2 (FAK), and MAP2K2 seems to regulate aber-
rant changes in tumor tissue accompanying relapse
[33].

In addition to the above, detection of changes in
HNSCC after PT at the transcriptomic level will allow
to divide patients into groups with a different progno-
sis and response to treatment. For example, the sur-
vival of patients with HNSCC can be stratified by the
intensity of the keratinization process, especially in
patients with non-HPV-associated HNSCC. Activa-
tion of the keratinization process in HNSCC is associ-
ated with a poor prognosis and shorter overall survival
of patients [34].

CONCLUSION

PT in HNSCC leads to overexpression of genes
involved in the regulation of keratinization and bio-
logical oxidation processes as well as to underexpres-
sion of genes associated with suppression of signaling
pathways: STATS, PD-1, MET-mediated activation of
PTK2 signaling pathway, PDGF signaling; CD22-me-
diated regulation of BCR; FCERI-mediated MAPK
activation, collagen degradation, FCGR3A-mediated
phagocytosis activation, and FCGR3A-mediated IL.10
synthesis.

Summarizing the results obtained during the
transcriptome study of HNSCC after PT at a total dose
of 10 isoGy, the predominant number of suppressed
signaling pathways over the activated ones is of
great interest. At the same time, some of the detected
signaling pathways correspond to the data described
in the literature, while some of the pathways altered
during the study differ from the available data. All
signaling pathways of underexpressed genes function
in HNSCC cells if there is no negative influence on
the tumor from outside (irradiation or delivery of
antitumor drugs). The predominance of suppressed
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signaling pathways over activated ones most likely
indicates a decrease in the functional potential of cells
after proton therapy. The dose-dependence of proton
therapy effects requires further study of changes in
cellular and molecular-genetic signatures of HNSCC
after proton therapy at different doses.
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