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Abstract. The RET/RAS/RAF/MEK/ERK (extracellular signal-requlated kinase) pathway is an evolutionarily conserved, highly
specific three-tiered kinase cascade that regulates the expression of genes controlling cell proliferation, angiogenesis, growth,
survival, and migration. Aberrant activation of ERK signalling has been identified in various cancers as a result of genetic and
epigenetic alterations, making components of this pathway as attractive therapeutic targets. Granulocyte colony-stimulating
factor (G-CSF) is a hematopoietic growth factor that stimulates leukocyte production in the bone marrow. In addition to its
physiological role, G-CSF has been shown to be overexpressed in tumors, where it can promote angiogenesis and tumor
growth. The aim: to investigate the expression of G-CSF and activated ERK1/2 in thyroid carcinomas and their metastases (Mts).
Material and methods. Postoperative tumor tissue samples, Mts and conditionally normal (CN) tissue, obtained from the
surgical department of the Institute's clinic, were used for the studies. Patients with papillary thyroid carcinoma (PTC), medullary
thyroid carcinoma (MTC) and multinodular goiter (MNG) participated in the study. Blood plasma and mononuclear cell samples
were also studied. The amount of G-CSF and pERK1/2 was determined using ELISA kits. Results. Significant differences in
G-CSF and pERK1/2 levels were observed between CN tissue, MNG, and tumor tissues from patients with PTC/MTC. Phospho-
ERK1/2 levels in plasma and blood cells of PTC and MTC patients showed a significant excess of the kinase in patients with Mts,
compared with those without Mts. Conclusions. An increased concentration of activated ERK in both tumor tissue and blood
may serve as a potential marker of Mts in thyroid carcinomas. Of particular clinical significance is the marked deviation of this
indicator from normal levels in plasma and blood cells, suggesting its usefulness for preoperative prognostic assessment. G-CSF
levels may also reflect malignant transformation and metastatic progression in PTC. Given its role in promoting tumor growth
and angiogenesis, G-CSF may be a promising tumor marker and a potential therapeutic target in thyroid cancer.

Keywords: activated extracellular signal-requlated kinase, granulocyte colony-stimulating factor, papillary thyroid carcinoma,
medullary thyroid carcinoma, metastases.

The Ret/Ras/Raf/MEK/ERK pathway is an
evolutionarily conserved highly specific three-lev-
el kinase pathway that transduces growth signals
from cell membrane receptors to transcription
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factors. It regulates the expression of genes that
control important cellular processes: proliferation,
angiogenesis, cell growth, survival, and cell migra-
tion. Aberrant activation of MAPK signalling is
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frequently found in various cancers due to genetic
and epigenetic alterations, making them attractive
therapeutic targets [1-5].

This pathway consists of the serine-threonine
protein kinase Raf (A-Raf, B-Raf or C-Raf-1), the
highly homologous dual-specificity kinases MEK1
(MAP2K1) and MEK2 (MAP2K2), the ubiqui-
tously expressed serine-threonine protein kinase
ERK1 and its important homolog ERK2. MAPK
kinases are controlled by a complex network of
regulators, including the small GTPases Ras and
Rap, phosphatases and other kinases that influence
the amplitude, duration of pathway activity and its
compartmentalization. The MAPK cascade is acti-
vated by RET/PTC chromosomal translocations,
mutations in B-Raf (B-Raf, ), Ras, overexpres-
sion of wild-type genes and mutations of receptors
such as EGFR. Uncontrolled activity of the MAPK
signalling pathway is the basis of the pathogenesis
of thyroid cancer [2, 5-7].

G-CSF is a cytokine that stimulates the bone
marrow to produce leukocytes. It is a hematopoie-
tic growth factor that regulates bone marrow func-
tion by binding to the G-CSF receptor (G-CSFR)
to generate mature immune cells such as basophils,
eosinophils, and neutrophils [8]. G-CSF has been
found to be overexpressed in tumors and can also
stimulate angiogenesis and tumor growth [9]. In-
hibition of G-CSF significantly reduced tumor
vascularisation, growth, and Mts. Therefore, inhi-
bition of the G-CSF signalling pathway should be
considered in cancer treatment [10]. There is evi-
dence that patients with tumors that express high
levels of G-CSF are more aggressive, more difficult
to treat, have a poor prognosis, and a high mortal-
ity rate. Studies show that G-CSF has tumor-pro-
moting effects on both tumor cells and the tumor
microenvironment. The direct effects of G-CSF are
associated with promoting tumor cell proliferation,
migration and stem cell longevity. In addition, it
may promote the development of pro-tumorigen-
ic phenotypes of immune cells, such as M2 mac-
rophages, myeloid suppressor cells, and regulatory
T cells [11].

Material and methods

The study protocol was approved by the Ethics
Committee of the ST «V.P. Komisarenko Institute
of Endocrinology and Metabolism of the NAMS of

Ukraines. All patients signed informed consent for
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further diagnostic and scientific studies of their bi-
omaterials.

Postoperative samples of tumor tissue, Mts and
CN (non-tumor, histologically unchanged tissue)
obtained from the Surgical Department of the
SI «V.P. Komisarenko Institute of Endocrinology
and Metabolism of the NAMS of Ukraine» were
used for the studies (88 specimens in total). Pa-
tients with PTC, MTC and MNG participated in
the study. Also were studied blood mononuclear
cell samples. Blood was obtained by standard ven-
ipuncture and stored in EDTA-coated tubes. Plas-
ma was separated by centrifugation for 10 minutes
after blood collection. Control blood samples were
taken from healthy individuals without thyroid
and other chronic diseases. The blood mononu-
clear cell were collected using Histopaque 1077
(Sigma, USA) [12]. The concentration of protein
in cell and tissue lysates was determined according
to Bradford [13]. Samples were stored at -80 °C
until use. The amount of G-CSF was determined
using EH0149 (FineTest, China) and pERK1/2 —
E-EL-H1698 (Elabscience, USA) ELISA Kkits.
Measurements were performed at an optical wave-
length of 450,/630 nm using a Stat Fax 3200 ELISA
plate analyzer (Awareness Technology, USA).

Statistical analysis and data presentation were
performed using Origin 2019b software. The re-
sults of the study are presented as M+SE. Student’s
t-test and nonparametric methods were used to
compare data groups. Values of p<0.05 were con-
sidered significant.

Results and discussion

1. Determination of activated pERK1/2 level in
thyroid carcinomas and benign neoplasms.

Patients with MTC, MTC+Mts, PTC, PTC+Mts,
and patients with MNG participated in the study.
The average age of the patients was 51.5+0.9 years.

The data obtained indicate that the level of acti-
vated pERK1/2 in the tumor tissue of MTC with-
out Mts does not differ from the CN thyroid tissue
(Table 1. Groups 1 and 2, Fig. 1), although we can
speak of a tendency (p=0.061) to an increase in the
level of pERK1 /2 in the tumor tissue. In MTC with
Mts, the amount of pERK1/2 is significantly high-
er than in the adjacent CN tissue, and in Mts it is
higher compared to the primary tumor (Table 1.
Groups 3-5, Fig. 1).
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The level of pERK1 /2 in the blood cells of MTC
patients with Mts is slightly higher than in patients
without Mts (Table 1. Groups 13 and 14, Fig. 1,
group 8 and 9). The amount of pERK1/2 in the
blood plasma of MTC patients with Mts is signif-
icantly (2.2 times) higher than in patients without
Mts (Group 17/18, Fig. 1, group 10/11).

In the MNG tissue, no significant difference be-
tween CN and goiter tissue was observed (Table 1.
Groups 11 and 12, Fig. 1, group 7).

Table 1. Phospho-ERK1/2 concentration in CN, tumor tissues of MTC, PTC, Mts,
MNG tissue, as well as in plasma and blood cells of patients with MTC, PTC.

Groups  Specimens M=SE %=SE
Tissue
1 CN tissue 9.89+1.89 (n=5) 100.00+£19.14
2 MTC 14.7243.49 (n=5) 148.85+35.24
3 CN tissue 11.15+0.89 (n=5) 100.00+ 7.97
4 MTC 16.174£0.42 (n=5) 145.02+3.79°
5 Mts 18.89+0.94 (n=5) 169.42+8.40%
6 CN tissue 5.01+1.40 (n=5) 100.00+28.03
7 PTC 11.65+4.12 (n=5) 232.68+82.30°
8 CN tissue 11.7342.80 (n=5) 100.02+23.91°
9 PTC 33.2949.45 (n=5) 283.84+80.57¢
10 Mts 15.104£2.94 (n=5) 128.75+25.08°
11 CN tissue 9.34+4.76 (n=4) 100.00+50.99
12 MNG 11.9042.54 (n=4) 1274342724
Cells
13 MTC 21.68+1.30 (n=3) 100£5.99
14 MTC+Mts 24.98+0.09 (n=4) 115.21£042"
15 PTC 11.5241.73 (n=3) 100.00+15.03
16 PTC+Mts 25.3542.82 (n=4) 220.15+24.47%
Plasma
17 MTC 46.70+15.36 (n=3)  100.00+32.90
18 MTC+Mts 107.12+£2.33 (n=5)  229.40+5.00"
19 PTC 102411642 (n=4) 100.00+16.03
20 PTC+Mts 197.30+46.95 (n=4) 192.65+45.85"

Note. M — arithmetic mean; indices show significant differences between the
corresponding groups, p<0.05. pERK1/2 levels are given in pg/ml for blood
plasma and pg/jg of total protein for tissues and cells.

Unlike MTC, the level of activated ERK1/2
in tumor tissue of PTC without Mts is more than
2 times higher than the level of CN tissue (Table 1,
groups 6 and 7, Fig. 2). The same picture is ob-
served for PTC with Mts, although the level of ki-
nase in Mts did not differ from CN tissue. There is
also a significant (almost 3-fold) difference in the
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Fig. 1. Percentage ratio of pERK1/2 concentrations in conventionally normal
and tumor tissues of MTC, Mts, MNG and in the blood of patients with MTC.

Note. 1, 3,6 — CN tissue; 2 — MTC without Mts; 4 — MIC tissue with Mts; 5 — Mts;
7 —MNG;, 8 — blood cells, MTC without Mts; 9 — cells, MTC with Mts; 10— plasma:
MTC without Mts; 11 — plasma: MTC without Mts; 1, 3, 6 — 100% for tissues,

— 100% for blood cells and 10 — 100% for blood plasma. + — significant diffe-
rences from the previous column in each group, p<0.05.

amount of pERK1/2 in PTC with Mts compared to
corresponding CN tissue (Table 1, groups 9 and 8,
Fig. 2, group 6). In goiter tissue, the amount of
pERK1/2 does not differ from CN tissue. The differ-
ence between pERK1 /2 levels in CN tissue between
PTC with and without Mts is noteworthy (Table 1,
groups 6 and 8), which can indicate a mutual influ-
ence of the tumor and adjacent normal tissue.

Determination of pERK1/2 levels in plasma and
blood cells of PTC patients showed a significant ex-
cess (~2-fold) of the kinase in PTC patients with
Mts, compared with PTC without Mts (Table 1,
groups 15, 16 and groups 19, 20, Fig. 2, groups 8-9
and 10-11).

Thus, in most cases, pERK1/2 levels differ in pa-
tients with tumors that have not metastasized from
those in patients with Mts. Changes in the level of
activated kinase in cells and blood plasma, which can
be determined preoperatively are of particular inter-
est. This indicator can also be used for differentiation
between benign (goiter) and malignant tumors.

2. Determination of G-CSF level in thyroid tissues
and blood plasma of patients with PTC.

Determination of the G-CSF content in thyroid
tissues and blood plasma of patients showed a sig-
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Fig. 2. Percentage ratio of pERK1/2 concentrations in the tissue, cells and plas-
ma of patients with MNG, CN, tumor tissues of PTC and Mts.

Note. 1, 3, 5 — CN tissue; 2 — MING; 4 — PTC without Mts; 6 — PTC with Mts; 7 — Mts;
8 blood cells, PTC without Mts; 9 — cells, PTC with Mts; 10 — blood plasma, PTC
without Mts; 11— plasma, PTCwith Mts. 1, 3, 5—100% for tissues, 8— 100% for cells
and 10— 100% for blood plasma. + — significant diifferences from the previous
column ineach group, p<0.05.

nificant increase of the factor in tumor tissue and,
especially, in Mts (Table 2, groups 1-5, Fig. 3). Also,
a twofold increase in the level of G-CSF was ob-
served in the blood plasma of patients with PTC +
Mts (Table 2, Fig. 3, groups 6-7).

The G-CSF concentration in the control
blood (plasma of healthy individuals) was 52.28+
11.62 pg/mL.

Thus, the G-CSF level can also be an indicator
of malignant transformation and Mts in PTC.

Dysfunction of the Ras-ERK pathway is a major
trigger for the development of most types of cancer,
including thyroid cancer [5-7, 14, 15]. Activation
of the ERK cascade occurs in the most cancer types
with activating mutations of this pathway being
the most common oncogenic factor for all cancer
types. On the other hand, elevated ERK expression
in tumor cells can lead to apoptosis and senescence
[16-18].

The ERK signalling cascade (specifically the
ERK2 isoform) is associated with the self-renewal
capacity of cancer stem cells that drive Mts. ERK
and MMP (matrix metalloproteinases) are two mo-
lecular components involved in cellular processes,
especially cell invasion and Mts. The ERK pathway
can directly upregulate the MMPs expression, such
as MMP-1, MMP-2, and MMP-9. This activation
increases the MMPs ability to degrade the extracel-
lular matrix that promotes cell migration, invasion,
and ultimately Mts. The ERK pathway can activate
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Table 2. G-CSF concentration in normal, tumor tissue of PTC, Mts, and in
blood plasma of patients with PTC

Groups Specimens G-CFS G-CFS (%)
Tissue

1 CN 74.43+10.59 (n=5) 100.00+14.22

2 PTC 171.58427.74 (n=5) 230.52+37.27

3 CN 82.5349.96 (n=5) 100.00+13.38

4 PTC + Mts 123.97+£0.61 (n=5) 150.21+0.82°

5 Mts 320.09+64.94 (n=5) 387.83+87.25%
Plasma

6 PTC 469.69+155.81 (n=7) 100.00+33.17

7 PTC + Mts 939.82+257.95 (n=8) 200.09+54.92°

Note. The amount of G-CSF is given in pg/mL for blood plasma and pg/iig of
total protein for tissues. The indices show significant differences between the
corresponding groups, p<0.05.
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Fig. 3. Percentage ratio of G-CSF concentrations in tissues, plasma and blood
cells of patients with PTC.

Note. 1, 3 — CN tissue; 2 — PTC without Mts; 4 — PTC — with Mts; 5 — Mts; 6 — blood
plasma of patients with non-metastatic PTC; 7 - plasma of patients with PTC+Mts.
1, 3—100% for tissues, 6 — 100% for blood plasma. + — significant differences from
the previous column in each group, p<0.05.

proteins that deform cancer cells and allow them to
move through body tissues [19-21]. Given its role in
Mts, the ERK signaling cascade is a major target for
the development of new cancer therapies [4]. Block-
ing the ERK/MAPK signaling pathway can inhibit
the effects of signals that promote cell movement, po-
tentially slowing or stopping Mts. And since MAPK
dysfunction is a cause of cancer, this cascade is an
important therapeutic target [3-5, 7, 22, 23]. The
most effective drug combination for ERK treatment
is dabrafenib + a highly selective and ATP-competi-
tive ERK inhibitor SCH772984 [7].
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G-CSF promotes tumor growth and angiogene-
sis, which can be minimized by anti-G-CSF antibod-
ies. Thus, G-CSF may be a potential tumor marker.
These data suggest that elevated levels of G-CSF
and G-CSFR in tumors lead to adverse outcomes in
cancer patients by promoting tumor proliferation,
migration, and angiogenesis, and therefore these
factors are potential tumor targets for cancer ther-
apy [24]. Surufatinib, an oral angioimmunokinase
inhibitor that selectively targets VEGFR, FGFRI,
and CSF-1R, is being developed for the treatment
of solid tumors, including neuroendocrine tumors.
Phase IT development is ongoing for other solid tu-
mors, including thyroid cancer [25].

The ERK pathway, specifically ERK2, controls
G-CSF expression, and when the pathway is acti-
vated, it can enhance G-CSF production by cancer
cells. Conversely, G-CSF can activate the ERK
pathway in carcinoma cells, leading to increased
proliferation, migration, and expansion of cancer
stem-like cells. Studies have shown that higher
levels of G-CSF and ERK activation are often as-
sociated with more aggressive and invasive cancer
cell lines and poor patient prognosis. In gastric and
colon cancer, G-CSF and its receptor have been
shown to be overexpressed, and the G-CSF/ERK
pathway promotes cancer cell proliferation and
migration. The G-CSF/ERK pathway may con-
tribute to resistance to certain therapies, such as
anti-VEGF antibodies, by mobilizing immune cells
that support tumor growth [26, 27].

Our data suggest that activated ERK and
G-CSF concentrations in tumor tissue and in the
blood may be promising markers of thyroid car-
cinoma aggressiveness and Mts formation, along
with other factors such as PCNA [28], expression
of isoform p60 of ribosomal protein kinase S6 [29],
expression of epithelial-mesenchymal transition
(EMT) transcription factor ZEB1 and tight junc-
tion zonula occludens-1 protein [30, 31], levels of
hypoxia-inducible factor-1a [32], matrix metallo-
proteinase 2 [21] and TGF-B1 [33].

Conclusions

1.The extracellular signal-regulated kinase
pathway controls the expression of granulocyte
colony-stimulating factor, and can enhance the pro-
duction of the factor by cancer cells. Granulocyte
colony-stimulating factor can activate the extracel-
lular signal-regulated kinase pathway in carcinoma

cells, which leads to increased proliferation, migra-
tion and expansion of cancer stem-like cells.

2. An increase in the concentration of activat-
ed extracellular signal-regulated kinase in both
tumors, and blood may be metastasis markers of in
thyroid carcinomas. Of particular value is the clear
difference of this indicator from the norm in plasma
and blood cells, which can be used for prognostic
purposes in the preoperative period.

3. Granulocyte colony-stimulating factor pro-
motes tumor growth and angiogenesis, and may be
a potential tumor marker and target in cancer treat-
ment. The level of granulocyte colony-stimulating
factor may also be an indicator of malignant transfor-
mation and metastases in papillary thyroid carcinoma.

Limitations

This study has several limitations as it was con-
ducted at a single center; therefore, the obtained
results require confirmation in larger, multicenter
studies. Furthermore, the relatively small number of
patients in the overall cohort and in individual sub-
groups may have influenced the measured levels of the
parameters studied. There are also certain difficulties
with collecting postoperative experimental material,
particularly medullary thyroid carcinoma samples.
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EKCMNPECIA TPAHYNOLNTAPHOIO
KOJIOHIECTIIMYNIOOH0I0 ®AKTOPA TA
AKTIIBOBAHOI NOSARJNITNHHOI CUTHATN-
PET'YJIbOBAHOI KIHA3W NP KAPLWHOMAX
LNTONOAIBHOI 3AJIO31 TA METACTA3AX

b.b. l'yaa, MN.M. 3iHny, B.M. MNywkapbos, H.I. JleBuyk,

E.A. llenkosomn, M.10. bonros
LY «IHCTUTYT eHAoKpUHONOrii Ta 0OMiHY peyoBwH iM. B.I. KomicapeHka
HauioHanbHOT akagemii MeanyuHmX Hayk YKpaiHm»

Pe3stome. Llnax RET/RAS/RAF/MEK/ERK (no3aknitmHHa curHan-pe-
rynbOBaHa KiHas3a) — Ue eBOMIOLiINHO KOHCePBATUBHWI, BUCOKOCME-
UMIUHNIA TPVPIBHEBWIA KIHA3HWIA KacKam, AKWIA PErymioe ekcnpeciio
reHiB, WO KOHTPOMIOTL Nponidepallito KNiTuH, aHrioreHes, picT, Bu-

XMBaHHA Ta Mirpauilo. AbepaHTHa akTuBauia curHanivry ERK B pe-
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3ynbTaTi FeHeTUYHUX Ta enireHeTUUHUX 3MiH Oyna BrUABNeHa B Pi3HUX
BMOAX PakKy, WO PobuTb KOMMOHEHTM LibOro WAAXY NPUBabABIMM
TepaneBTUYHUMN  MilUeHAMM. [PaHYNOLUMTAPHIUIA  KONMOHIECTUMYIIO-
tounin dpakTop (G-CSF) — Le remonoeTnuHnii GakTop POCTY, AKWIA CTH-
MYJIIOE BUPOOIEHHS NENKOLWTIB Y KICTKOBOMY MO3KY. Byno noka3saHo,
o oKpim cBoei disionoriuroi poni, G-CSF HaamipHO ekcnpecyeTbea
B NyX/IMHax, A€ BiH MOXe CNpWATU aHrioreHesy ta pocTy MyxXavHW.
Mera. [locninuTi ocobnmeocTi ekcnpecii G-CSF i akTnsoBaHoi ERK1/2
Y KapuuHOMax LIMTONOAIOHOI 3an03mn Ta ix meTacTasax. Marepian
i metoan. [Ina [OCNiKEHDb BMKOPUCTOBYBANMCA MicnaonepalinHi
3pa3sky NYyXIMHHOT TKaHWHW, MeTacTasiB (MTC) Ta yMOBHO HOpMasbHOT
(YH) TKaHWHW, OTPUMaHI 3 XipypPriuHOro BifAINeHHA KNiHIKM IHCTUTYTY.
Y nocnifkeHH 6panu y4acTb NauieHTV 3 NaninAapHo KapUMHOMO
wurononi6Hoi 3ano3w (MKLL3), meaynapHoto kapumnHomoto (MKLL3) Ta
6araToBy3nosumM 3060M (BB3). Takox AOCHIAKYBANNCA 3pa3KM Ma3-
MW KPOBi Ta MOHOHyKneapHux knituH (MHKK). Kinbkicts G-CSF Ta
PERK1/2 BM3Hauanu 3a gonomoroto Habopis ans IOA. PesynbraTm.
BiporigHi sigmiHHoCTI B piBHAX G-CSF Ta pERK1/2 cnoctepiranuca mix
YH TKaHMHOMW, BB3 Ta NyXAMHHUMK TKaHWHaMK nauienTis i3 MMKLL3/
MKLL3. BsHaueHHa pocho-ERKT/2 y nna3mi Ta KNiTMHax Kposi naLli-
eHTiB i3 MKLL3 Ta MKLL3 nokasano 3HayHe nepeBuLLieHHA PiBHA KiHa3N
B MauieHTiB i3 MTC nopiBHAHO 3 NauieHTamn 6e3 MTc. BucHoBKwM. [1ia-
BYLLEHa KOHLEHTPaLiA akTnoBaHO! ERK AK y NyxXfIMHHIN TKaHWHI, TaK i
B KPOBI MOXe CYXXUTV NOTEHUINHUM MapKepOM MeTacTa3yBaHHA Kap-
umHom 3. Ocobnwvee KiiHiuHE 3HAUEHHA Ma€E CYTTEBE BiAXMIEHHA
LbOro MOKa3HWKa Bif HOPMasbHVX PIBHIB Y Na3mi Ta KNiTMHax KPosi,
WO CBIAYUTL NPO MOr0 KOPUCHICTL ANA nepeaonepauinHoil NporHoc-
TUYHOI OUiHKK. PiBeHb G-CSF Takox Moxe BigobpaxaTy 3M0aKICHY
TpaHchopmallito Ta MeTacTaTuury nporpecito npu MKLL3. Bpaxosyto-
UK Oro ponb Yy CNPUAHHI POCTY NyXAKHWM Ta aHrioreHe3y, G-CSF moxe
6yTV NepCneKkTVBHUM OHKOMAPKEPOM Ta MOTEHLIMHOI0 TepanesTHY-
HO MileHHI0 npu paky 3.

KniouoBi cnoBa: akT1BOBaHa MO3aKMiTMHHA CUrHaN-perynboBaHa
KiHa3a, rpaHyNoLUMTapHUIA KOMOHIECTUMYMIOYMIA GaKTOpP, NaninApHa
KapuMHOMa LMTONOAIGHOT 331031, MefynApHa KapUMHOMa LMTOMO-
Ni6HOT 3a103W, MeTacTasu.
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