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Abstract. Despite their rare occurrence, spinal tumors pose a serious problem for public health due to the difficulty
of their diagnosis and treatment. Neoplasms of the spine are divided into primary and secondary tumors (metastases)
by origin. Osteosarcoma is of great interest among primary tumors. Osteosarcoma is a malignant osteogenic tumor
consisting of neoplastic cells that produce osteoid. Osteosarcoma of the spine develops quite rarely, however, it is
characterized by a high degree of malignancy, local aggressiveness, a tendency to metastasis, as well as a long
asymptomatic course. The prognosis for osteosarcoma of the spine remains extremely unfavorable. All this indicates
the need to develop new methods and treatment regimens for osteosarcoma. One of the promising areas is the
development of drugs that affect the intracellular signaling pathway mTOR. mTOR is a serine/threonine protein kinase
that forms a catalytic subunit of two different protein complexes: mTORC1 and mTORC2. It has been established
that this signaling pathway regulates the processes of vital activity of the cell and the entire organism at the deepest
level. Its hyperactivation plays an important role in carcinogenesis, including in the pathogenesis of osteosarcoma. In
this regard, it was proposed to use drugs that affect the mTOR signaling pathway for its therapy. Such drugs include:
rapamycin, everolimus, temsirolimus, catalytic inhibitors of mTOR (MLN0128 and PP242), micro-RNA (miR-223
and miR-101), oleanolic acid, spautin-1, metformin and so on. It is proposed to combine these drugs with classical
chemotherapy to achieve better results in the treatment of osteosarcoma. At the moment, it is necessary to select
rational combinations and dosages of drugs.

Keywords: osteosarcoma of the spine, mTOR signaling pathway, mTORC1, mTORC2, rapamycin, autophagy inhibitors,
metformin, catalytic inhibitors of mTOR, PP242, classification of spinal neoplasms
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Pe3tome. HecMoTps Ha peakyto BCTpe4aemMoCTb, ONyXou NO3BOHOYHMKA NPEeACTaBNAT Cepbe3Hyo npobnemy 4ns
3[paBOOXPaHEHNs N0 NPUUMHE CAIOXHOCTM UX ANArHOCTUKM U neveHus. HoBoobpa3oBaHWs NO3BOHOYHOrO cTonba B
3aBNCUMOCTM OT NPOVUCXOXKAEHMS NOAPA3LENAOTCA HA NEPBUYHBIE U BTOPUYHbLIE ONYXONM, Unn Mmetactasbl. Cpeau
nepBrYHbIX Onyxonen GONbLLON MHTEPEC BbI3biBAET 0CTEOCAPKOMA, KOTOpas NpeAcTaBnseT coboi 3110KaYeCTBEHHYHO
OCTEOreHHY0 ONyX0Slb, COCTOALLYH0 U3 HEOMNACTUYECKUX KNETOK, KOTOpbIe NPOAyLMpyioT ocTeons. OcTeocapkoma
NO3BOHOYHMKA pa3BMBAETCS JOBOMNbHO PEAKO, OAHAKO XapaKTePU3yeTCs BbICOKOW CTENEHbI0 3MOKaYE€CTBEHHOCTH,
MECTHOM arpeCCMBHOCTLIO, CKITOHHOCTBIO K METACTa3WPOBaHNIO, a Takxe ANUTENbHbIM aCUMNTOMHbIM TEYEHUEM.
[MporHo3 npu ocTeocapkome NO3BOHOYHMKA OCTAETCA KparHe HebrnaronpusTHbIM. Bee 370 roBopuT 0 HEO6X0AMMOCTH
pa3paboTku HOBbIX METOZOB M CXeM Tepanuu ocTeocapkomMbl. OQHUM 13 NEPCNEKTUBHBIX HAaNPaBMNEHUN ABNSETCS
pa3paboTka npenapaToB, BO3AENCTBYIOLWMX HA BHYTPUKNETOYHbIA curHanbHbii nyTb mTOR. mTOR npefcraenset
coboi cepuH / TPEOHWHOBYIO NPOTENHKMHA3Y, KOTopas 0bpasyeT kaTanuTuyeckyto cybbeanHuLy ABYX pasnuyHbix
6enkoBbix komnnekcos: mMTORC1T n mTORC2. YcTtaHOBNEHO, YTO AaHHbIA CUTHANBHbIA NyTb perynnpyeT npoueccsl
KN3HEEATENbHOCTM KNETKM 1 BCEro opraHuama Ha rnyboyaniiem yposHe. Ero runepaktusayus urpaet 60nbLuyio
pOJib B KaHLEporeHese, B TOM YMCIe B NaTOreHe3e 0CTeocapkoMel. B ¢BA3M ¢ 3aTuM BbIno npesnoxeHo Mcnonb3oBathb
npenaparbl, BAMSAKLLME Ha curHanbHbln nyTe MTOR, ans ee Tepanuu. K Takum npenapaTtam OTHOCATCS: panamuuyH,
3BEPONUMYC, TEMCUPONUMYC, kKaTanuTuyeckne nHrnbutopsl mTOR (MLN0128 n PP242), mukpo-PHK (miR-223 n miR-
101), oneaHonoBas kucnota, cnaytuH-1, metdopmuH 1 T.4. MNpeanaraetca KOMOMHNPOBATL JaHHbIE Npenapartsl ¢
Knaccu4eckon XummuoTepanuen Ans GOCTUXKEHNS NTyYLIMX pe3ynbTaToB B NEYeHU 0CcTeocapkombl. B HacTosALwmum
MOMEHT HeobxoanmM nogbop pauynoHanbHbIX COMETaHW U 4O3MPOBOK NPEnapaTtos.

KnioueBble cnoBa: octeocapkomMa N03BOHOYHMKA, curHanbHbin nyTe mTOR, mTORC1, mTORC2, panamuumH,
WHrMBMTOPLI ayTotarum, MeTopMmH, katanutudeckne nHrndutopsl mTOR, PP242, knaccudukaums HoBoo6pa3oBaHuii
NO3BOHOYHMKA
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BACKGROUND

Spinal tumors remain a serious problem for public
health care, which, despite their rare occurrence, are cha-
racterized by extreme complexity of their diagnosis and
treatment. Thus, vertebral column neoplasms are diag-
nosed annually in 2.5-8.5 cases per 100,000 population,
which is naturally much less frequent than degenerative-
dystrophic diseases and traumas [1, 2]. In this regard, spe-
cialists often do not consider them as a possible reason for
a patient’s treatment. This lack of oncological caution may
lead to delayed correct diagnosis and, consequently, to a
later start of therapy [1].

The main method of treatment of spinal neoplasms re-
mains surgical intervention, supplemented with chemothe-
rapy and radiation therapy if the malignancy of the tumor is
confirmed [3, 4]. The complex anatomical structure of this
region requires the surgeon to have knowledge not only in
traumatology and orthopedics, but also in neurosurgery,
neurology, oncology, etc. A related issue is spinal cord tu-
mors [5].

All the above-mentioned points to the significance and re-
levance of this problem, as well as the need to search for new
methods of therapy of spinal neoplasms.

CLASSIFICATION

Spinal neoplasms are subdivided by origin into prima-
ry and metastatic (secondary neoplasms). Primary non-
lymphoproliferative neoplasms of the spine account for
about 5% of all bone tumors (excluding hemangiomas) [4,
6], and in turn are subdivided into benign and malignant
neoplasms.

Benign neoplasms of the spine include enostosis,
osteoid osteoma, osteoblastoma, aneurysmal bone cyst,
osteochondroma, giant cell tumor (osteoblastoclastoma),
vertebral hemangioma, notochord cell tumor, pneumato-
cyst, and Schmorl’s cystic nodule [1, 7].

Enneking staging characterizes the activity of benign
neoplasms. Stage 1 — latent, stage 2 — active and stage
3 — aggressive [8].

Malignant neoplasms of the spine are divided into
nonmyeloproliferative — chondrosarcoma (7-12% of the
total number of malignant neoplasms of the spine), Ewing
sarcoma (8%), osteosarcoma (3-14%), chordoma (20%),
and myeloproliferative — multiple myeloma, solitary plas-
macytoma, lymphoma [4, 9].

The degree of malignancy, spread and presence of
metastases determines the stage of malignant neoplasms
according to Enneking. According to the stage, the type
and volume of treatment are chosen [1, 8].

Secondary neoplasms account for about 96% of the
total number of spinal tumors. The incidence of metastatic
lesions of the spine in disseminated malignant neoplasms
is very high. For breast cancer it is 68-74%, for prostate
cancer it is 60-68%, for lung cancer it is 40-50%, for thy-
roid cancer it is 36-42%, for kidney cancer it is 35%, for
salivary glands and ENT organs it is 12-22%, for bladder
cancer it is 16%, for esophagus and stomach cancer it is
13%, for pancreas cancer it is 6-12%, for colon cancer it
is 9%, for cervix and uterine body cancer it is 9%. Mela-
nomas, lymphomas, and sarcomas metastasize to the
spine less frequently [10, 11].

Classification of spinal neoplasms by origin and their
Enneking staging are presented in Figure 1.

The localization and degree of tumor spread are de-
scribed by the “Weinstein-Boriani-Biagini surgical staging
system” [12], as well as the “surgical classification of spinal
tumor lesions according to K. Tomita” [13] (Fig. 2).

Spinal cord tumors deserve special attention. In relation
to the spinal cord and its membranes, tumors are divided
into three groups:

* intradural intramedullary - those located in the thickness
of the spinal cord;

* intradural extramedullary tumors, which lie outside the
spinal cord and inside the dura mater;

 extradural tumors located outside the dura ma-

ter [14].

Sometimes tumors growing from vertebral column mas-
ses or surrounding tissues, when they penetrate the spinal
canal and compress the spinal cord, are also referred to as
extradural spinal cord tumors [5].

In relation to the length of the spinal cord, neoplasms of
the cervical, thoracic, lumbar, and sacrococcygeal sections
are distinguished. Craniospinal tumors and cauda equina
tumors are distinguished separately [5] (Fig. 3).

PRIMARY NEOPLASMS
OF THE SPINE

Primary neoplasms of the spine have different histoge-
nesis. There are tumors of bone, fat, fibrous, nervous tissue,
nerve sheaths, adjacent paravertebral soft tissues, and lym-
phatic vessels [4, 15].

As mentioned above, primary spinal neoplasms are quite
rare compared to secondary neoplasms and account for only
4% of the total number of spinal tumors, but benign primary
tumors are often asymptomatic, so their true prevalence is
unknown. Malignant primary neoplasms are characterized by
high local aggressiveness and have the potential to metasta-
size, which further emphasizes the relevance of the problem
[1, 4,10, 11].
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HoBsoo6pa3oBaHuA N03BOHOYHMKA N0 npoucxoxaeHuio / Neoplasms of the spine by origin
= o BropuuHble (MeTactasbl B NO3BOHOYHMK) /
0,
MepeuyHble / Primary (4 °) Secondary (metastases to the spine)(96%)
i ’ MeTacTazbl npu pake / Metastases in
Do6pokauecTBeHHble / Benign 3n0KauectBeHHble / Malignant o i
+ + e Mono4Hol xenesbl / Breast CA (68-
5 £ g 74%);
HocTo3 / Enostosis; . HemuenonponndepatmusHble /| |* TMpeacrarensront . / Prostate CA (60-
Octeoung-octeoma /  Osteoid- Nerimuelo o cliferaine 68%);
osteoma; yEon : e Jlerkoro / Lung CA (40-50%);
e OcTeobnactoma/ Osteoblastoma; | |® XOHApocapkoma A . LWuTosuaHoit . / Thyroid CA (36-
o AHeBpM3MaTHueCKas KOCTHas Chondrosarcoma (7-12%); 42%);
kucta / Aneurysmal bone cyst; e Capkoma lOuHra / Ewing's||® 20‘“‘” / Kidney CA (35%3 /
. JIOHHbIX Kene3 u JIOP-opraHos
e OcteoxoHapoma %):
Oy 'u'(;) : / sarcoma (8%); Cancer of the salivary glands and ENT
I'S Sl il e Ocreocapkoma / organs (12-22%);
s MICLEONCTON Lad onny)nb Osteosarcoma (3-14%); e Mouesoro ny3bips / Bladder CA
(ocTeobnacroknactoma) / Giant o SR @ e (T (16%);
cell tumor (osteoblastoclastoma); : e Muwesoga u xenyaka / Esophageal
o Beprebpanbhan remamruoma /| | Muenonponndepatustbie  / and stomach CA (13%);
Vertebral hemangioma; Myeloproliferative diseases: e TomKenynouHoit x. / Pancreatic CA
e HoToXopAHO-KeTouHas e MHoXecTBeHHaa muenoma / (6-12%);

0/ ).
onyxonb / Notochordal cell Multiple myeloma; 5 Tonfmro Sine colp FA B3
T e llenkn u Tena matkm / cervical and
nHeBN'aTOFMCTa / Pneumatocyst; Solitary plasmacytoma; A TaK¥Xe npu menaHome, AUMbOMax,
KMCTO3H'bIM Ysen LWmopna / o Jlumdoma J Lymphoma capkomax / As well as for melanoma,
Schmorl's cystic node. lymphomas, sarcomas.

CragupoBaHue no Enneking / CraguposaHue no Enneking / Staging by Enneking:
inelb e e IA cr. / Stage |IA — Hu3KasA CTeneHb 3/710Ka4YECTBEHHOCTU, HOBOOOPa3oBaHWE He BbIXOAWT 3a
Stagmg y Enneking: npeaensl nopaxkeHHom koctu / low degree of malignancy, the neoplasm does not extend beyond
e 1-acrt. /Stage 1 — nateHTHas /| | the affected bone;
latent: * IB c1. / Stage IB — H/3KaA CTeneH b 3/I0Ka4 eCTBEHHOCTM, HOBOOBPa30BaHME BbIXOAWT 3a Npesenbl
¢ nopaseHHoM koctu / low degree of malignancy, the neoplasm extends beyond the affected bone;
® 2ac / Stage 2 — aKTMBHaA / e IIA cr. / Stage IIA — BbicOKas cTeneHb 3/10Ka4eCTBEHHOCTU, HOBOOBPa3oBaHME He BbIXOAUT 3a
active; npeAenbl NopaxeHHOM KocTu 6e3 mertactasos / a high degree of malignancy, the neoplasm does
e 3-3 cT / Stage 3 _| | notgo beyond the affected bone without metastases;
5 e |IB ct. / Stage IIB — BbICOKas CTenmeHb 3/10KAaYeCTBEHHOCTM, HOBOOOPA3OBaHWE BLIXOAMUT 3a
arpeccuBHas / aggressive. npeaenbl NMopaxeHHoM KocTu 6e3 metacta3os / a high degree of malignancy, the neoplasm
extends beyond the affected bone without metastases;
e lll ct. / Stage Ill — HOBOOGpa3oBaHMe KocTM ¢ meTacTasamu / bone neoplasm with metastases.

Fig. 1.
Puc. 1.

Classification of spinal neoplasms by origin. CA — cancer
Knaccudmkauus HoBooGpa3oBaHUit NO3BOHOYHMKA MO NPONCXOXAEHUIO

Nevertheless, the improvement of imaging techniques and OSTEOSARCOMA
the development of surgical technologies have made it pos-
sible to achieve significant progress in their diagnosis and
treatment [16, 17]. In particular, surgical interventions on the
spine, whether radical tumor removal or palliative surgeries,
reliably reduce the severity of pain syndrome and neurological
deficit caused by compression of the spinal cord and spinal
nerve roots, which significantly improves the quality of life of
patients. In addition, the mandatory task of surgeons is to
restore the stability of the affected spinal-motor segments [18].

Osteosarcoma is a malignant osteogenic tumor consis-
ting of neoplastic cells that produce osteoid or a substance
histologically indistinguishable from it in at least one field of
view [19].

The morphologic classification of osteosarcomas ac-
cording to the “International Classification of Diseases —
Oncology (WHO, 2017)" is quite complex and is presented
in Table 1 [20].
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Cuctema xupypruyeckoro craguposaHua no Weinstein-Boriani-Biagini / Weinstein-Boriani-
Biagini Surgical Staging System

Mo3BOHOK, pasaeneH Ha 12 30H N0 YacOBOW CTPesiKe B aKCManbHOM npoekuun /

The vertebra is divided into 12 zones clockwise in the axial projection.

Bblaensercsa 5 ypoBHeit BOBNeUEHUs OKPY»Katowmx TkaHewn / There are 5 levels

of involvement of surrounding tissues:

A — BHEKOCTHbI MATKOTKaHHbI KOMMOHEHT / extraosseous soft tissue;

B — BHYTPUKOCTHbIM (NOBEPXHOCTHLIN) / intraosseous (superficial);

C — BHYTPUKOCTHbIi (rny6okuit) / intraosseous (deep);

D — BHEKOCTHbIN (3KCTpaaypanbHbiit) / extraosseous (extradural);

E — BHEKOCTHbII (MHTpaaypanbHblit) / extraosseous (intradural).

MpoaonbHOE pacnpocTpaHeHWe onyxonesoro npouecca 0603HayaeTcs YUCIOM

BOBNeueHHbIX No3BoHKOB / The longitudinal spread of the tumor process is

indicated by the number of vertebrae involved.

Xupypruueckaa Knaccudpukauma onyxonesbix NOpayKeHuii No3BoHOYHMKa no K. Tomita /
Surgical classification of tumor lesions of the spine according to K. Tomita
MuomecTaeHHO®
nopamenue U skip-
metacrasst / multiple

ecTpacccansHoe Nopamenus [
Extra-compartmental

HMHTpacccanbHoe nopameHne [
Intra-compartmental

Tun 4,
InmaypansHoe

pacnpoct panedie |
Type 4. Epddusral
extension.

Tun 7 f Type 7

Tun 1. Teno nnw gyra
nozsonua f Type 1.
Vertebral body or arch.

Tun 2.

PacnpocTpaHeHe Ha
HOMKY NOIBOHKE /
Type 2. Pedicle
extension.

Tan 5.

Napageprefpansuoe .
pacnpocTpaseqne | |
Type 5. Paravertebra

eighboring

sEgments.

extension,
Tun 2. Nopamenne —
TENA, HORKM, gy [ PACNPOCTPaNEHIE B
Tfpﬂ 3. Lesion of the COCEAHWE (.fué.ﬁuj
body, pedicle, arches, Type & Extension 1o

Fig. 2.
Puc. 2.

In accordance with the International Classification of
Diseases — Oncology (ICD-Q), each neoplasm is also as-
signed a topographic index, and two indices are used for
osteosarcomas: C40 - bones and articular cartilage of limbs
and C41 — bone and articular cartilage of other and un-
specified sites. For example, a neoplasm of the tibia cor-
responds to the index C40.2.

More convenient for clinicians is the classification given
in his works by Dr. E.R. Musaev, corresponding member of
the Russian Academy of Sciences. According to this clas-
sification, the following subvariants of osteosarcomas are
distinguished: by the degree of malignancy — high and low;
by localization — central, para-osteal and periosteal; by cell

Classification of spinal neoplasms by localization and degree of spread
Knaccudmkaums HoBooGpa3oBaHUi NO3BOHOYHMKA MO JIOKANM3aLWUK U CTENEeHU pacnpocTpaHeHus

type — osteoblastic, chondroblastic, fibroblastic and so on;
by etiology, radioinduced osteo-sarcomas, osteosarcomas
on the background of Paget’s disease, as well as osteosar-
comas of unidentified etiology are distinguished [4] (Fig. 4).

Osteosarcoma is characterized by a high degree of ma-
lignancy and unfavorable prognosis, but it develops quite
rarely. In the structure of all malignant neoplasms develop-
ing in the population, osteosarcoma of any localization ac-
counts for less than 0.001% [19, 21]. Osteosarcoma of the
spine, in turn, accounts for about 2% of all osteosarcomas
and from 3 to 14% of malignant tumors of the spine [1, 4].

More often this tumor localizes in the lumbosacral region
and involves the vertebral body in 90% [22]. Osteosarcoma
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HoBoo6pa3oBaHMA CMMHHOrO MO3ra U NO3BOHOYHMKA NO NoKanusauum /
Neoplasms of the spinal cord and spine by localization

Mo OTHOLW eHWIO K CMMHHOMY MO3Ty U ero o6o104Kkam /
In relation to the spinal cord and its membranes

MO OTHOLEHWNIO K ANMHHMKY CMIMHHOTO Mo3ra /
In relation to the length of the spinal cord

onyxons / Intradural
extramedullary tumor

onyxonb / Intradural
intramedullary tumor

WHTpasypanbHas UHTpagypanbHan KcTpagypanbHas %k
WHTpameaynnapHas 3KCTpameaynapHas onyxonb / An

extradural tumor

Onyxonu / Tumors:

1- KpaHuocnuHanbHblie / Craniospinal;

2- lLleitHoro otaena / Cervical spine;
3-I'pyaHoro otaena / Thoracic spine;

4- MoAacHuyHoro oTaena / Lumbar spine;

5- KpecTuLoBO-KOMYMKOBOro oTaena (Mo3rosoro
KoHyca) / Sacrococcygeal spine (cerebral cone);
6- KoHckoro xsocTa / Cauda equina.

Fig. 3.
Puc. 3.

generally has a bimodal age distribution. The first peak is
seen in the age group of 10-14 years and the second peak
is seen above the age of 40 years [19]. However, unlike
osteosarcoma of the extremities, osteosarcoma of the spine
occurs at older ages [4].

Due to the high degree of malignancy, the generally ac-
cepted standard of surgical treatment of osteosarcoma is
considered to be its radical removal en bloc, which provides
significantly better local control compared to intratumoral
removal [23].

Preoperative chemotherapy is a mandatory component of
treatment [24]. Osteosarcoma is considered a tumor conditio-
nally sensitive to chemotherapy [25]. Radiosensitivity of the tu-
mor is low, but radiation therapy may be administered in case
of incomplete removal or lump removal of the tumor [4, 23].

The prognosis of osteosarcoma depends on a large
number of factors, including the patient's age and gender,

Classification of tumors of the spinal cord and spine by their localization
Knaccudmkauma HoBooGpa3oBaHUi CMMHHOTO MO3ra U NO3BOHOYHKKA MO MX JIOKanu3auum

tumor size, presence of metastases, radicality of surgery,
stage, levels of alkaline phosphatase and lactate dehydro-
genase enzymes, tumor response to preoperative chemo-
therapy, etc. [19, 24].

To a large extent, the prognosis depends on the localiza-
tion of the tumor; thus, while in localized distal lesions of long
tubular bones in combination with radical resection the 5-year
survival rate is more than 80% [19], in osteosarcoma of the
spine the prognosis remains extremely negative due to the
complexity of radical intervention. According to some data,
in a group of 22 patients with osteosarcoma of the spine, the
median survival rate was only 23 months [4, 19, 24].

Therefore, there is a need to develop new drugs and
treatment regimens for osteosarcoma that would improve
the prognosis and increase the survival rate of patients.
One of the promising directions is the development of drugs
that affect the intracellular mTOR signaling pathway.
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Table 1
Morphological variants of ostesarkom in accordance with the International Classification of Diseases —
Oncology (WHO, 2017) [20]
Tabnuua 1

Mopdhonornyeckue BapuaHTbl ocTecapkoM B cooTBeTCTBUM C MexayHapoaHoii knaccudmkauum 6onesHen —
oHkonorus (BO3, 2017) [20]

HoBoobpasosaHue / Neoplasm MOp(bOJ‘IOrI/I‘-Ie(.)KI/IVI. uperc/
Morphological index
Ocrteocapkoma, B[1Y / Osteosarcoma, NOS 9180/3
OcteoreHHas capkoma, bIY / Osteogenic sarcoma, NOS
Octeobnactuyeckas capkoma / Osteoblastic sarcoma
OcteoxoHapocapkoma / Osteochondrosarcoma
XoHgpobnacTuyeckas octeocapkoma / Chondroblastic osteosarcoma 9181/3
dubpobnactmueckas octeocapkoma / Fibroblastic osteosarcoma 9182/3
Octeochmbpocapkoma / Osteofibrosarcoma
Teneanrnaktatuyeckas ocreocapkoma / Telangiectatic osteosarcoma 9183/3
Octeocapkoma npu 6onestu Megxeta kocTent / 9184/3
Osteosarcoma in Paget's disease of bones
MenkokneTtoyHas octeocapkoma / Small cell osteosarcoma 9185/3
KpyrnokneTouHas octeocapkoma / Round-cell osteosarcoma
LleHTpanbHas octeocapkoma / Central osteosarcoma 9186/3
O0blyHas LeHTpanbHas octeocapkoma / Common central osteosarcoma
MegnynnsipHas octeocapkoma / Medullary osteosarcoma
BHyTpukocTHas BbicokoanddepeHLMpoBaHHas ocTeocapkoma / 9187/3
Intraosseous highly differentiated osteosarcoma
BHyTpuKoCTHas ocTeocapkoma H3KOW CTEeNeHu 31oKka4yeCcTBEHHOCTH /
Low grade intraosseous osteosarcoma
MapocTanbHas octeocapkoma / Parosteal osteosarcoma 9192/3
tOkcTakopTuKanbHas octeocapkoma / Juxtacortical osteosarcoma
MepuoctanbHas octeocapkoma / Periosteal osteosarcoma 9193/3
MoBepxHOCTHas ocTeocapKkoMa BbICOKOW CTENEeHU 3110Ka4eCcTBEHHOCTH / 9194/3
Superficial osteosarcoma of high malignancy
WUHTpakopTukanbHasa octeocapkoma / Intracortical osteosarcoma 9195/3

Note: NOS — not otherwise specified.
MpumeyaHue: BOY — 6€3 AONONHUTENBHBIX YTOYHEHWIA.

mTOR SIGNALING PATHWAY

mTOR (Mechanistic, formerly mammalian, target of ra-
pamycin), as the name suggests, is the direct target of ra-
pamycin action. Rapamycin (sirolimus) is a substance first
obtained from the culture of bacteria of the Streptomyces
hygroscopicus species found on Easter Island (Rapa Nui).
Rapamycin, by inhibiting the mTOR signaling pathway, was
found to exhibit unique anti-fungal, immunosuppressive and
antitumor properties [26-28].

mTOR is a serine / threonine protein kinase of the
PI3K-related kinase family that forms the catalytic subunit
of two different protein complexes: mTORC1 and mTORC2
[26, 28].

It has been found that mTORC1 plays a central role in
controlling the balance between anabolism and catabolism in
response to environmental conditions, regulates the relation-
ship between nutrition and cell growth, and mTORC2 in turn
is responsible for cell survival and tissue proliferation. Thus,
it is obvious that mTOR regulates the processes of cell and
whole organism life activity at the deepest level [26, 29, 30].

Researchers have suggested that hyperactivation of this
signaling pathway may lead to the development of a large
number of aging-associated diseases, including stimulation
of carcinogenesis. This hypothesis was confirmed experi-
mentally [26, 31, 32].

Let us elaborate on the relationship between mTOR hy-
peractivation and the pathogenesis of osteoarcoma.
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MopaBapuaHTbl octeocapkom / Subvariants of osteosarcoma: I
Mo cTenenu | Mo nokanusauum / | Mo KneTouHOMy | Mo stnonorum /
By localization: Tmny / By cell type: i :
| 3710Ka4yecTBEHHOCTH / y y /By yp By etiology:
According t'o the R LleHTpanbHble / R OcTeobnacTuyeckan PagmonHayumposaHHas
degree of malignancy: Central / Osteoblastic / Radio-induced
n T HbI Ha ¢poHe 6onesmu Negkera /
) BbicoKas / High Ly llapaocTanbHble | Ly XOHApOGﬂaCTMHe(':KaH L3 Against the background of
/ Paraosteal / Chondroblastic Paget's disease
MepunocTanbHble dubpobracTuieckas n HeycranosnenHoit
- Hwu3kas / Low — R — ; - L3 stuonorum / Unidentified
/ / Periosteal 1.4. / Fibroblastic, etc. etiology
Fig.4. Subtypes of osteosarcomas (according to Musaev E.R.)
Puc. 4. Moatunkl octeocapkom (no Mycaesy 3.P.)

ROLE OF mTOR SIGNALING PATHWAY
IN THE PATHOGENESIS OF OSTEOSARCOMA

It has been found that mTORC1 activates the enzyme
S6K (ribosomal protein kinase), which in turn phosphorylates
and activates several substrates that promote mRNA trans-
lation, including elF4B (a positive regulator of 5’cap com-
plex binding). S6K also enhances the translation efficiency
of spliced mRNA (EJK) through its interaction with SKAR
(a component of exon-junction complexes) [33]. In addition,
S6K suppresses the action of programmed cell death protein
(PDCD4 — elF4B inhibitor) [34]. On top of that, mTORCA1
itself inhibits the action of the 4EBP complex (eukaryotic
translation initiation factor elF4E binding protein) [35]. All of
the above induces protein synthesis and tumor cell growth.

In addition, mTORC1 suppresses the action of MGMT
methyltransferase and NDRG1 regulatory protein, which
promotes the accumulation of errors in the genome and
also contributes to carcinogenesis [36].

Autophagy is a physiological process by which cyto-
plasmic material is delivered to the lysosome to provide
energy and nutrients to the cell. It is a strategic cell survival
mechanism that allows cells to reuse energy and nutrients
under extreme conditions. In addition, the process of au-
tophagy recycles damaged organelles and proteins. This
enables the cells of the whole organism in general and
bone tissue cells in particular to cope with oxidative stress,
which has an anticarcinogenic effect [37, 38].

mTORC1 blocks this process. It suppresses the action of
such important activators of autophagy as ULK1 (kinase) and
ATG14L complex [37], as well as the transcription factor of
lysosomal hydrolases and membrane proteins (TFEB) [38].

Thus, drugs inhibiting mTORC1 in this respect have a
complex dose-dependent effect. Under physiological condi-
tions, autophagy activation prevents carcinogenesis, but it

can also improve the survival of osteosarcoma cells under
conditions of nutrient deficiency and chemotherapy with other
cytostatics. This phenomenon can be leveled by combining
rapalogs with autophagy inhibitors, which will be mentioned
later [28, 30, 31].

At the same time, hyperactivated mTORC2 complex
promotes carcinogenesis. It activates SGK (kinase), a
FoxO1/3a substrate inhibitor, which prevents apoptosis
of osteosarcoma cells [39-41]. Along with this, mTORC2
activates Akt (a key effector of insulin signaling), which
further inhibits FoxO1/3a substrate and also stimulates
proliferation [39, 41, 42]. In addition, mnTORC2 promotes
the secretion of interleukin-1 (IL-1), which activates an-
giogenesis in growing tumors [39, 41, 43]. Hyperactivation
of mTOR may also indirectly contribute to osteosarcoma
metastasis [39, 41].

It should be noted that mTORC1 and mTORC2 are in a
complex inter-regulatory relationship. Thus, mTORC1 phos-
phorylates S6K, which suppresses mTORC2 activity, while
mTORC2 in turn stimulates mTORC1 via the Akt-TSC-Rheb
pathway [28, 30].

All the above-mentioned interrelationships are clearly
represented in the summarizing scheme (Fig. 5).

DRUGS AFFECTING THE mTOR SIGNALING
PATHWAY IN THE THERAPY OF OSTEOSARCOMA

The use of rapamycin and its derivatives, such as everoli-
mus and temsirolimus, for the treatment of tumors, including
osteosarcoma, has been proposed for quite some time. Ho-
wever, despite good in vitro results, no significant improve-
ment in patient survival has been achieved. As mentioned
above, this is largely due to the fact that rapalogs, by acti-
vating autophagy in tumor cells, increase their survival under
extreme conditions. In addition, this group of drugs has been
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Puc. 5.

The role of hyperactivation of the mTOR signaling pathway in the development of osteosarcoma: mTORC1 — mammalian target
of rapamycin complex 1; mMTORC2 — mammalian target of rapamycin complex 2; S6K — ribosomal S6 Kinase; 4EBP — eukaryotic
translation initiation factor 4E binding protein; SKAR — a component of exon-junction complexes; PDCD4 — programmed cell
death protein 4; elF4B — eukaryotic translation initiation factor 4B; elF4E — eukaryotic translation initiation factor 4E; ATG14L —
autophagy related 14; ULK1 — unc-51 like autophagy activating kinase 1; TFEB — transcription factor EB; MGMT — O6-alkylguanine
DNA alkyltransferase; NDRG1 — N-myc downstream regulated 1; p53 — transformation-related protein 53; TSC — tuberous
sclerosis complex; Rheb — Ras homolog enriched in brain; IL-1 — interleukin-1; SGK — serum/glucocorticoid regulated kinase;
Akt — RAC-alpha serine/threonine-protein kinase; Fox01/3a — forkhead box protein O1/3a

Ponb runepaktuBaumm curiansHoro nyty mTOR B npouecce pa3Butua octeocapkombli: MTORC1 — muileHb panamMuumHa mne-
konuTawwmx komnnekc 1; mTORC2 — muweHb panamuumHa MnekonuTalwWwmx komnnekc 2; S6K — pubocomanbHas S6-kuHa3a;
4EBP — Genok, cBsi3biBaloWmit hakTop MHULMaLUM TpaHenauum aykapuoT 4E; SKAR — KOMNOHEHT 3K30H-NepexoAHbIX KOMNIeK-
coB; PDCD4 — Genok nporpaMmupyemMoii knetouHon rubenu 4; elF4B — caktop nHMUMaumm TpaHcnsaumm aykapuwot 4B; elF4E —
thakTop MHMUMauuM TpaHcnauum aykapuot 4E; ATG14L — cBsizaHHbIN ¢ ayTodharveit komnnekc 14; ULK1 — unc-51-nogo6GHas
KWHa3a, akTuBupytowwas aytodparuio 1; TFEB — cpaktop TpaHckpunuumu EB; MGMT — O6-ankunryanuHoBas OHK-ankuntpaHcde-
pa3a; NDRG1 — N-myc, perynupyembiii Huxke no TeyeHnio 1; p53 — cBA3aHHbIN ¢ TpaHcdopmaumeir 6enok 53; TSC — komnnekc
Ty6epo3Horo ckneposa; Rheb — romonor Ras, o6oraweHHbIii B Mo3re; IL-1 — uHTepneikun-1; SGK — kuHasa, perynupyemas

cbiBopoTkomn/rnokokopTukongamm; Akt — RAC-anba cepun/TpeoHuH-npoTenHknHasa; Fox01/3a — pa3gBoeHHbIn 6nok 01/3a

shown to inhibit the mTORC1 complex but not mTORC2,
which also limits their therapeutic effect [28, 31, 39, 41].

Therefore, new drugs inhibiting both complexes have
been developed. These include catalytic inhibitors of mTOR,
such as MLN0128 [44] and PP242 [45], an ATP-competitive
inhibitor of mTOR kinase; microRNAs (miR-101 [46] and
miR-223 [47]), a promising class of drugs that affect the ge-
netic apparatus of the cell and inhibit mTOR protein expres-
sion, and several others. Activity against both complexes
was also shown for oleanolic acid [48].

These drugs, in turn, were proposed to be combined with au-
tophagy inhibitors such as spautin-1. This combination was able
to significantly enhance apoptosis of osteosarcoma cells [49].

In addition, metformin, which activates TSC, the most
important inhibitor of mMTORC1, has been proposed for the
treatment and prevention of malignant neoplasms, inclu-

ding osteosarcoma [50]. The drug is economically advanta-
geous; moreover, its ability to overcome the negative effect
of high glucose concentration on osteogenesis is of great
interest [51].

The points of action of the described drugs are presented
in the summarizing scheme (Fig. 6).

It should be noted that most of these drugs are an ad-
dition to classical chemotherapy. They are proposed to be
combined, in particular, with doxorubicin, cisplatin, adriamycin,
high doses of methotrexate with leucovorin, etc. [39, 41]

Such combinations as temsirolimus and cisplatin; tem-
sirolimus and bevacizumab; mTOR catalytic inhibitors
(PP242 or microRNA) in combination with cisplatin; cucur-
bitacin B (ERK, Akt and mTOR inhibitor) in combination with
low doses of methotrexate have already demonstrated their
efficacy in osteosarcoma models [39, 41].
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Drugs affecting the mTOR signaling pathway in the treatment of osteosarcoma: mTORC1 — mammalian target of rapamycin

complex 1; mTORC2 — mammalian target of rapamycin complex 2; Rheb — Ras homolog enriched in brain; TSC — tuberous
sclerosis complex; Akt — RAC-alpha serine/threonine-protein kinase; S6K — ribosomal S6 Kinase; PP242 — selective mTORC2

inhibitor
Puc. 6.

Mpenapatbl, BNUsAOWMe Ha cUrHanbHbI NyTb MTOR, B Tepanuu octeocapkoMbl: mMTORC1 — muweHb panaMuuuHa MnekonuTato-

wmx komnnekc 1; mTORC2 — muwweHb panamuumHa MAeKonuTarwWwmx komnneke 2; Rheb — romonor Ras, o6oralleHHbIH B MO3re;
TSC — komnnekc Ty6epo3Horo cknepo3a; Akt — RAC-anbca cepuH/TpeoHNH-NpoTenHKkMHa3a; S6K — pubocomanbHas S6-kuHasa;
PP242 - cenektuBHbIi MHrM6UTOp MTORC2

CONCLUSION

AOMNONMHUTENBHAA UHOOPMALINA

Thus, despite the significant development of surgical and
conservative treatment methods, osteosarcoma, and in par-
ticular osteosarcoma of the spine, remains a threatening no-
sology with an unfavorable prognosis. Studies of the mTOR
signaling pathway not only shed light on aspects of the patho-
genesis of this disease, but also contribute to the develop-
ment of completely new therapeutic regimens. It is possible
that in the near future any of the drug combinations described
above will be approved for the treatment of patients with os-

teosarcoma.

ADDITIONAL INFORMATION

Bknap aBTopoB. Bce aBTOpbI BHECIN CYLLECTBEHHDIN
BKNag B pa3paboTky KOHLEeNnuuu, npoBeAeHne uccneoa-
HWS 1 MOAFOTOBKY CTaTbM, NPOYNN M 0400PUIM PUHANBHYHO
Bepcuto nepeg nybnvkaumen.

KoHnukT uHTepecoB. ABTOpbI [eKnapupytT OTCyT-
CTBUE SIBHbIX W MOTEHLMANbHbIX KOH(IMKTOB WHTEPECOB,
CBSA3AHHbIX C Nybnukauyein HacTosLen CTaTbMm.

WUcTouHuk cpuHaHcmpoBaHusa. ABTOpbI 3asBNsOT 06
OTCYTCTBUM BHELIHET0 PUHAHCMPOBAHUS NP MPOBELEHUM

NCCNeaoBaHms.
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