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The review summarizes the results of the cycle of own research and literature data on biochemical 
mechanisms of combined action of taxanes with γ-irradiation and other antineoplastic agents on one of the 
most aggressive types of human cancer – anaplastic thyroid carcinoma. Antagonistic interplay between taxa-
nes and irradiation at the level of apoptotic mechanisms and regulators of the cell cycle are discussed. The 
effectiveness and prospects of using low concentrations of taxanes and low doses of fractional γ-irradiation 
are substantiated. Attention is paid to the role of inflammation and its key factor – NF-κB in the genesis of 
thyroid carcinomas and their treatment. Directions for further research are outlined.
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1. Anaplastic thyroid carcinoma

The Chernobyl accident led to the increase in 
thyroid cancer incidence in Ukraine. There is also 
a rise in anaplastic thyroid carcinoma (ATC) that 
originates from the thyroid follicular cells. This type 
of solid tumors is a relatively rare (1-5% of all malig-
nant thyroid tumors) but one of the most aggressive 
types of human cancer with an extremely poor prog-
nosis and almost 100% mortality due to uncontrolled 
systemic metastasis [1-3].

ATC is highly resistant to conventional cancer 
therapies. As a result, 90% of patients with anaplas-
tic thyroid carcinoma die within 6 months after diag
nosis (the median survival rate is just 4 months and 
has not increased over the past 50 years) and this 
type of cancer accounts for more than 50% of all 
thyroid-cancer-related deaths annually [4].

In contrast to differentiated thyroid cancer 
(DTC) cells (papillary thyroid carcinoma – PTC, and 

follicular thyroid carcinoma – FTC) ATC cells do 
not retain any of the biological features or functions 
of normal follicular cells, such as iodine uptake, thy-
roglobulin synthesis and TSH dependence [5].

ATC often originates in an abnormal thyroid 
gland. For example, a chronic goiter has been re-
ported in more than 80% of patients, and DTC is 
associated with ATC in some patients [5]. Chronic 
autoimmune thyroiditis (AIT) is also accompanied 
by the malignant transformation of thyroid tissue 
[6]. Progression to ATC has been attributed to a 
multistep dedifferentiation process that starts in a 
pre-existing DTC lesion (Fig. 1). This hypothesis 
is supported by the evidence that B-Raf and RAS 
mutations [7] (which occur in approximately 60 and 
12% of PTC, respectively) can be found at a higher 
frequency in ATC that contain the areas of DTC [8]. 
Therefore, the process of dedifferentiation is probab­
ly caused by the stepwise accumulation of somatic 
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mutations in cancer-related genes, particularly TP53 
and genes that encode proteins involved in the PI3K/
Akt pathway [9]. But the presence of pure ATC cases 
supports the idea of a direct normal follicular cell 
transformation to a completely undifferentiated cell 
[5].

In multistep carcinogenesis, ATC cells are 
generated directly from thyrocytes by multiple 
damage to their genomes and the emerging ability 
of unlimited proliferation, invasion, and metasta-
sis. However, since thyrocytes rarely proliferate in 
adults, it seems unlikely that after a few divisions 
they acquire all of these malignant features. From 
the molecular point of view, the main criticism of the 
classical model of multistep carcinogenesis is that 
anaplastic carcinomas, which are described to be 
derived from differentiated carcinomas by accumu-
lated mutations, do not undergo genetic alterations 
often observed in differentiated carcinomas. RET/
PTC and PAX8/PPARγ rearrangements are observed 
in a high prevalence of differentiated carcinomas but 
they are not detected in anaplastic carcinomas [10].

The cancer stem-like cell model suggests that 
a small number of cells within a tumor, known as 
CSC, are responsible for resistance to chemotherapy 

and radiation therapy, as well as for recurrent and 
metastatic disease. This model that may explain the 
aggressive behavior of some thyroid cancers, such 
as anaplastic cancer, the development of recur-
rent disease and metastases after surgery, and the 
resistance of some thyroid cancers to chemotherapy 
and radiation therapy, involves the existence of CSC 
(Fig. 1) [11, 12]. The model agrees with the fetal cell 
carcinogenesis of the thyroid, which suggests that 
stem cells give rise directly to well-differentiated 
and undifferentiated thyroid carcinomas [13].

ATC can be divided into B-Raf or RAS molecu
lar groups, or neither B-Raf nor RAS tumors with 
recurrent mutations in genes such as NF1, MTOR 
and the MutL-homologue family of DNA mismatch 
repair genes, which result in a hypermutator pheno-
type [14, 15].

B-Raf V600E and RAS mutations remain the 
main drivers in aggressive thyroid carcinoma, but 
ATC gains additional mutations. 

TP53 mutation (cumulative mutation rate 59%), 
TERT (telomerase reverse transcriptase) promoter 
mutation (up to 73%), EIF1AX (X-linked eukaryotic 
translation initiation factor 1A) mutation as well as 
frequent alterations in PIK3CA/AKT/mTOR path-

Fig.1. Main hypothesis on ATC origin. 1. Direct malignization of thyroid follicular cells (the least likely sce-
nario due to low proliferative activity of thyrocytes). 2. Further dedifferentiation of DTC (PTC and FTC) 
bearing B-Raf and RAS mutations but without RET/PTC and PAX8/PPARγ rearrangements. 3. Transformation 
of stem cells into cancer stem cells giving rise to ATC
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way (PIK3CA, PTEN, PIK3C2G, PIK3CG, PIK3C3, 
PIK3R1, PIK3R2, AKT3, TSC1, TSC2, mTOR), SWI-
SNF nucleosome remodeling complex (ARID1A, 
ARID1B, ARID2, ARID5B, SMARCB1, PBRM1, 
ATRX), DNA mismatch repair genes (MSH2, MSH6, 
MLH1), and histone methyltransferases (KMT2A, 
KMT2C, KMT2D, SETD2) are present at a higher 
frequency in advanced thyroid carcinomas [16]. 
EIF1AX, a gene related to eukaryotic translation 
initiation factor, is associated with progression from 
FTC to ATC, as EIF1AX mutations are closely as-
sociated with RAS mutations. Mutations in WNT 
signaling pathway, include CTNNB1 (β-catenin), 
APC, and AXIN1, with lower mutation frequency of 
3 to 4.5% in ATC [14, 17].

Other novel molecular alterations have been 
identified in ATC, such as mutations in the gene 
that encodes isocitrate dehydrogenase 1 (IDH1) and 
two point mutations in the ALK gene, Leu1198Phe 
(c.3592C>T) and Gly1201Glu (c.3602G>A) [5]. 
However, their role in ATC tumorigenesis is unclear.

Sixteen cancer-related genes, not typically 
identified as drivers of thyroid malignancy, were 
found to be present among the studied tumors. Some 
of these mutations were present in multiple samples 
and are strongly correlated with non-thyroid malig-
nancies, such as NF1, mTOR, ERBB2, DAXX, MLL2, 
and NOTCH2 [14].

Copy number alternations (CNAs) are common 
and widespread in advanced thyroid carcinomas, 
particularly ATC. Most CNAs detected in advanced 
thyroid cancers are related to specific tumor types 
and distinct driver gene mutations [17]. 

The clinical management of ATC according to 
recent American Thyroid Association guidelines re-
quires surgery, radiotherapy and chemotherapy [5]. 
Activation of mitogenic and angiogenic signaling 
pathways occurs in ATC, and preclinical models 
have shown that inhibition of key kinase steps in 
these pathways can have antitumor effects. Now, in 
addition to conventional therapies, novel molecular 
targeted therapies are promising. These drugs are 
often multiple receptor tyrosine kinase inhibitors, 
several of which have been tested in phase II and 
phase III of clinical trials, with modestly encoura
ging results [18].

But no unified ATC treatment improving 
overall survival has been established.

Now hundreds of new approaches to cancer 
treatment have been developed. However, in clinics, 
as to the last century, three main methods are used: 

surgery followed by chemotherapy and irradiation. 
Therefore, the task of researchers is to increase the 
effectiveness of the latter two methods while redu­
cing their toxicity to the body.

2. Action of taxanes

Taxanes are the most potent anticancer drugs 
introduced into medical practice during the last 
several decades. They have been used for treat-
ment of certain types of human malignancies such 
as ovarian, breast, lung, and head and neck cancer 
with relative success. Trials have been performed to 
expand the list of tumors that can be treated with pa-
clitaxel (Ptx) and docetaxel (Dtx), including human 
thyroid cancers [19, 20]. The understanding of the 
molecular mechanisms of a chemotherapeutic agent 
action in cancer and normal cells is indispensable 
for planning the evidence based clinical applications.

All ATC cell lines we tested were sensitive to 
Ptx and Dtx, although to a different extent. In pri-
mary thyrocytes the drug displayed substantially 
lower cytotoxicity (Fig. 2). In thyroid cancer cells, 
Ptx induced changes, characteristic to apoptosis 
such as poly (ADP-ribose) polymerase and procas-
pase cleavage and alteration of membrane asymme-
try, only within a narrow concentration range, from 
1 to 30 nM. Maximum was observed at 10-25 nM 
and further increase of Ptx concentration to 100 nM 
resulted in a reduction of caspases activation [19]. 
Low Ptx concentrations caused changes in the cell 
cycle that are typical of apoptosis without cell cy-
cle arrest. At higher concentrations, other form(s) 
of cell death possibly associated with mitochondrial 
collapse was/were observed. At Ptx concentration of 
100 nM, most cells lost their mitochondrial mem-
brane potential [21]. 

In ATC cells low doses of Ptx enhanced Bcl-2 
phosphorylation and led to its degradation observed 
on the background of increasing Bax level and ac-
cumulation of survivin and proteins-inhibitors of 
apoptosis (cIAP1/2, XIAP). 

According to flow cytometry data, low Ptx 
concentrations induced apoptosis in vast majority of 
ATC cells. We observed apoptosis in ~20% of the 
KTC-2 cells at Ptx concentrations as low as 1 nM. At 
15 nM of the drug, the proportion of apoptotic cells 
increased to 83%. 50 nM of Ptx caused apoptotic 
and possibly other forms of death in almost entire 
cell population. An increased level of subG1 cells 
is paralleled by massive apoptosis suggesting that 
namely this form of cell death is the predominant 
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mechanism of ATC cell elimination at low Ptx con-
centrations. Higher drug doses starting from 50 nM 
arrested cell cycle in G2/M phase. Upon Ptx action, 
the increase in the number of cells with manifesta-
tions of accelerated senescence was insignificant 
[21].

C-jun-NH2 terminal kinase (JNK) and to a 
lesser extent p38MAPK activation was essential for 
the apoptosis in KTC-2 and ARO cells, whereas Raf/
MEK/ERK, phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K)/Akt and NF-κB were likely to com-
prise main survival mechanisms [19, 22]. 

To increase Ptx efficacy, it is essential to un-
derstand fine biochemical changes induced by the 
drug in thyroid cancer cells. Ptx is well known to 
cause microtubules hyperpolymerization that in turn 
results in cell cycle alterations/arrest [23, 24], but the 
detailed mechanisms of its effects on cell cycle ma-
chinery are still unclear.

Low doses of Ptx, that cause apoptosis, en-
hanced retinoblastoma protein (pRb) phosphoryla-
tion, decreased the expression of cyclin-dependent 
kinase inhibitors р27KIP1 and p21WAF1, activated 

phosphatase Cdc25C (dephosphorylation of ser216), 
which in turn activated Cdk1 by removing inhibi-
tory phosphate at 15 tyrosine residues, significantly 
increased in Cdk1 cofactor cyclin B1 expression and 
potentiated the accumulation of phosphorylated p53 
and the peptidyl-prolyl cis-/trans-isomerase Pin1. 
Thus, low concentrations of the drug cause activa-
tion of mitogenic cell cycle factors in KTC-2 cells 
[25].

High Ptx doses (>50 nM) that cause cell cy-
cle arrest and necrosis-like cell death drastically 
decreased Pin1 level in all studied cell lines. Drug-
induced Pin1 accumulation could probably facilitate 
cell cycle transition and in parallel contribute to apo-
ptosis via the p53/p73-dependent mechanism. A de-
crease of Pin1 levels at higher doses of Ptx may be a 
reason for G2/M cell cycle arrest and necrosis [25].

3. Combined action of taxanes 
and other agents
3.1. Ionizing radiation

Since Ptx mainly affects the microtubules thus 
blocking cell division, usage of additional agents that 

Fig. 2. Comparison of Ptx action on normal and cancer cells of thyroid. The figure shows the effective con-
centrations of Ptx for FTC (FRO cell line) and ATC (KTC-2). It can be seen that already a concentration of 
2 nM is effective and starting from a concentration of 25 nm the cell viability does not change. Normal thy-
rocytes proved to be more resistant to taxanes due to low proliferative activity. The differences from control 
(without Ptx) and differences between normal and cancer cells are significant starting at a concentration of 
2 nM (P < 0.01). Differences between ATC and FTC cells are significant starting at a concentration of 25 nM 
(P < 0.05)
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would damage DNA in tumor cells to cause geno-
toxic stress is a plausible modality. One of the agents 
widely used in combination with chemotherapy, is 
the ionizing radiation (IR). It is believed that Ptx en-
hances tumor cell radio sensitivity [26, 27], possibly 
due to cell cycle arrest at G2/M phase, in which the 
cells are considered to be more sensitive to radiation 
[27]. 

The data obtained in the in vivo experiments 
showed that IR significantly inhibited but did not 
abrogate xenograft tumor growth. Ptx effect was 
stronger, and the combination therapy with Ptx and 
IR led to the decrease of tumor volume to 0-0.3% of 
the control [28]. Thus, IR enhanced the effect of Ptx, 
and after 20 days of treatment, tumors regressed. 
It seems that a combination of chemotherapy and 
DNA-damaging agents may be effective for ATC 
treatment. Therefore it was important to elucidate 
the biochemical mechanisms of combined action of 
Ptx and IR in ATC cells.

Study of the IR action on the KTC-2 cell survi
val showed that high (5-20 Gy) doses of γ-irradiation 
had almost no evident effect in the first 24 h. A sig-
nificantly lower cell survival was observed only at a 
dose of 20 Gy. It is noteworthy that in the first 24 h 
low doses of radiation – 0.5-2 Gy were more effec-
tive than higher doses. In 48 and 72 h after irradia-
tion (5-20 Gy) the dose-dependent decrease in cell 
survival was observed. Anaplastic cancer cell line 
with wild-type TP53 (KTC-2) was more sensitive to 
radiation exposure than cell lines with inactive gene 
(ARO) [29].

Study of the combined action of Ptx and IR on 
cell survival showed that the final effect was depen­
dent on Ptx concentration. Data obtained at 1 nM, 
5 nM and 25 nM of Ptx. At 5 nM of Ptx the cyto-
toxic effect of IR at a dose of 5Gy was insignificant. 
Thus, it may be noted that at this concentration Ptx 
exhibits clear radioprotective effect [29]. A weak 
radioprotective effect of Ptx was also noted earlier 
[30].

Both proapoptotic and antiapoptotic factors   
activation under the joint action of IR (5 Gy) and Ptx 
(25 nM) was observed. Ptx and γ-irradiation sepa-
rately essentially increased the expression of proa-
poptotic protein Вах in KTC-2 cells. However, both 
agents combined reduced Вах content in the cells 
compared with the action of Ptx and IR as single 
agents. In addition, the enhanced expression of apo-
ptosis inhibitor survivin under combined action of 
Ptx and IR was observed. The decrease of Bax and 

the increase of survivin expression may indicate the 
attenuation of apoptotic process in tumor cells [29]. 

Further studies showed that IR dose of 5 Gy did 
not activate caspase-3, and caspase-8, while 25 nM 
of Ptx activated caspase-8 and, especially, the main 
effector caspase-3. A combination of Ptx and IR 
increased activation of both caspases. Besides, the 
enhanced phosphorylation of antiapoptotic protein 
Bcl-2 under the combined action of Ptx and IR was 
observed.

IR itself does not essentially activate apoptotic 
mechanisms in KTC-2 cells. There was no activa-
tion of caspase-3 and PARP cleavage. The effect of 
Ptx was noticeably stronger. The amount of acti-
vated caspase-3 increased significantly and that of 
intact PARP decreased more than 20 times. This ef-
fect was abolished in the presence of JNK inhibitor 
indicating the participation of this protein kinase in 
Ptx-dependent apoptosis [29].

Since Ptx and IR affect the cell cycle, it was 
important to determine the status of main cycle 
regulators upon the action of these agents, both indi-
vidually and combined. The γ-rays (5 Gy) markedly 
increased the phosphorylation of Ser15 and stabili-
zation of p53 tumor suppressor in KTC-2 cells [29]. 
Ptx at 25 nM concentration, which induced the clas-
sical apoptosis in all ATC cells [19], also increased 
the phosphorylation of p53, but to a lesser extent, 
compared with IR. But in the presence of Ptx, IR-
dependent phosphorylation of p53 was significantly 
decreased [29]. Accumulation of p53 causes trans-
activation of the proapoptotic genes, particularly of 
Bax, which is one of the key factors in the mitochon-
drial pathway of apoptosis [31]. 

The same pattern of IR and Ptx actions is 
characteristic of phosphorylation of non-receptor 
tyrosine kinase c-Abl [29], which stimulates the 
accumulation of active p53 due to its stabilization 
[32, 33] and participates in Ptx-dependent processes: 
apoptosis induction and cell cycle arrest at G2/M 
phase [34]. The combined action of IR and Ptx al-
most completely abolishes the tyrosine kinase phos-
phorylation at Thr735, which is phosphorylated upon 
stress stimulation [29].

It is known that ATM (ataxia telangiectasia 
mutated) kinase and checkpoint kinase 2 (CHK2) 
mediate the effects of γ-irradiation on p53 activation 
[35]. Ptx and especially IR activate CHK2. In the 
presence of both agents, as in the case of p53, Bax 
and c-Abl, CHK2 phosphorylation and thus, activa-
tion was significantly decreased as compared to IR 
effect individually [29].

V. M. Pushkarev, O. I. Kovzun, V. V. Pushkarev et al. 
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The action of IR caused inactivation of another 
tumor suppressor – retinoblastoma protein (pRb), 
which occurred through cascade phosphorylation 
of pRb by cyclin/CDK complexes and in turn re-
sulted in the release of E2F family of transcription 
factors [36]. The joint effect of both agents led to 
a significant attenuation of IR effect in KTC-2 and 
FRO cells. Thereby, IR by itself can exhibit a certain 
mitogenic effect by stimulating the cell cycle regu-
lators involved in transition at the G1/S phase and 
initiation of DNA synthesis [29]. As was shown in 
previous section, Ptx also displays some mitogenic 
properties and this effect, apparently, is mediated by 
similar signaling mechanisms [25]. 

Summing up these data, it can be noted that Ptx 
and IR, in particular, induce activation of cell cycle 
regulatory proteins – p53, c-Abl, CHK2, which, de-
pending on the strength of external stress, determine 
the direction of cell processes and cell fate. Another 
important point is the inhibition of their activation 
under the simultaneous action of Ptx and IR. One 
can assume that the key factor, which determined 
this inhibition, was c-Abl activity [29]. c-Abl – a 
ubiquitously expressed non-receptor tyrosine kinase, 
which is activated in response to a variety of signals 
including the DNA damage and plays the important 
role in IR-induced apoptosis and DNA repair [37]. 
According to the latest data, c-Abl not only stabilizes 
and activates p53, but is necessary for full activa-
tion of upstream transducers – ATM and ATR [37], 
which in turn phosphorylate p53, CHK1, CHK2, 
BRCA1 and c-Abl itself. 

Thus, IR and Ptx are in antagonistic relations 
regarding phosphorylation and expression of several 
proteins that mediate the effects of both agents in 
tumor cells. Perhaps this is due to competition for 
common signaling pathways that are activated in re-
sponse to genotoxic stress and to stress related to 
cytoskeleton structure disturbance. This is indicated 
by the fact of increased phosphorylation of p53 in 
the presence of Ptx, which is a typical response to 
the DNA damage induced by radiation and other 
genotoxic agents. The antagonism between Ptx and 
IR in BCap37 (human breast cancer cell line) and 
KB (human epidermoid carcinoma cell line) cells 
was observed earlier [38]. There was no synergism 
between IR and Ptx, instead overall cytotoxicity of 
these agents significantly decreased. The main rea-
son of this antagonism may be a cell cycle arrest at 
G2/M caused by IR [38]. In addition antagonism 
between Ptx and other genotoxic agents – carbo-
platin and gemcitabine was also observed in human 

breast Bcap37 and ovarian OV2008 cancer cell lines 
[39, 40].

We have shown that the final effect of the inter-
play between proapoptotic and antiapoptotic factors 
as well as cell cycle regulators under the combined 
action of IR and Ptx is an attenuation of radiation-in-
duced cell death. Thus, Ptx at certain concentrations 
(5 nM in this case) caused protective effect against 
IR. This effect may be due to inhibition of IR-in-
duced p53 activation by Ptx. It was shown that p53 
inhibitors caused radioprotective effect in mice [41].  

Ptx-activated caspase-9 in all ATC cells studied 
indicates the induction of mitochondrial pathway of 
apoptosis [25]. It is believed that this is the main 
mechanism of apoptosis induction, more important 
than the pathway through death receptors and cas-
pase-8 activation, the latter being carried out only 
in TP53-positive KTC-2 cell lines [19]. The decrease 
of Bax expression upon exposure to IR and Ptx 
seems to be inconsistent with activation of caspases. 
A possible explanation for this contradiction is the 
enhanced phosphorylation of antiapoptotic Bcl-2 
upon the combined action of Ptx and IR. The Bcl-2 
oncoprotein is an inhibitor of apoptosis and is of-
ten overexpressed in malignant cells [42, 43]. Phos-
phorylation of Bcl-2 protein leads to inhibition of its 
protective, antiapoptotic properties [44], and phos-
phorylated Bcl-2 also may degrade in proteasomes, 
as evidenced by decreasing amounts of this protein 
in ATC cells exposed to Ptx [19].

Differences between the effects of combined 
action of taxanes and radiation in vitro and in vivo 
can be explained by several reasons. 1. The authors 
used the conventional treatment of tumors. In par-
ticular, Ptx was administered to mice at a dose of 10 
mg/kg/day [28], as a result of which the concentra-
tion of the drug in the blood presumably could reach 
micromolar values (Fig. 3) whereas a clear radiopro-
tective effect was provided by Ptx in a concentration 
of 5 nM. 2. Due to the specificity of the conditions 
of the existence of tumor cells in the body (micro-
environment of the tumor). 3. The duration of the 
experiment in vitro and in vivo was 1-3 days and 29 
days, respectively. And a noticeable effect of treat-
ment was observed only starting from 7 days.

3.2. Roscovitine

Compounds that stabilize microtubules, which 
include taxanes, are effective anticancer drugs. It is 
known that the therapeutic effect of these drugs is 
associated with cell cycle arrest, followed by initia-
tion of apoptotic processes [45]. However, the exact 
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mechanism that links cell division impairment with 
apoptosis induced by drugs is not clear enough.

The mammalian cell cycle is controlled by 
cyclin-dependent kinases (Cdk), whose activity is 
modulated by several activators and inhibitors. Cdks 
are serine/threonine kinases, which play a key role 
in regulation of both cell cycle and transcription 
through the phosphorylation of transcription factors 
and tumor suppressors, involved in DNA replication 
and cell division [46].

Roscovitine (2, 6, 9-substituted purine ana-
logue; CYC202), inhibits Cdk activity directly by 
competing for the ATP-binding sites of Cdk and 
causing apoptosis within various tumor cells [47].

In KTC-2 cells roscovitine showed marked 
proapoptotic effects, which can be explained by 
phosphorylation of antiapoptotic protein Bcl-2 and 
inhibition of cIAP expression [25]. There is also 
evidence that roscovitine suppressed antiapoptotic 
Mcl‑1 expression and downregulated FLICE-inhibi­
tory proteins in breast cancer cells [48]. Other data 
show that roscovitine increases the proapoptotic Bax 
and decreases antiapoptotic survivin and XIAP ex-
pression, resulting in caspase-dependent apoptosis of 
sarcoma cells [49, 50].

It was shown that at Ptx action not c-Jun N-
terminal kinase as expected, but cyclin-dependent 
kinases are responsible for antiapoptotic Bcl-2 
phosphorylation [25]. Cdk inhibition enhanced the 
cytotoxic effects of Ptx at low drug concentrations. 
There was antagonism between Ptx and roscovitine 
at higher (25 nM) paclitaxel concentrations. Using 
of paclitaxel at low (2.5 to 5 nM) concentrations and 
roscovitine is a promising combination for further 
preclinical trials for the development of new thera-
peutic approaches to the treatment of ATC [25].

3.3. NF-κB inhibitors

Experimental data available indicate that Ptx 
also activates the mechanisms that actively coun-
teract to Ptx-induced apoptosis in ATC cells. There-
fore, the development of methods of inactivation of 
biochemical mechanisms involved in the formation 
of tumor cells resistance to this anticancer drug is 
important.

It is generally known that chronic inflamma-
tory processes promote carcinogenesis, enhance ag-
gressiveness, invasiveness of tumors and even can 
be the cause of malignant transformation of tissue 
[51]. Nuclear factor NF-κB integrates and distributes 

Fig. 3. Dynamics of docetaxel concentration in plasma from the initial 0.8 μM. N – concentrations of the drug 
caused necrosis (800 – 30 nM), A – concentrations caused classic apoptosis (below 30 nM). Adapted and 
modified from [69]
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a multitude of signaling pathways in a cell, and is a 
key link connecting inflammation with carcinogene­
sis [52-54]. Family of NF-κB transcription factors is 
involved in many signaling mechanisms that control 
the immune response, processes of proliferation, 
survival, differentiation, apoptosis and migration 
[55, 56]. Dysregulation of NF-κB functions leads to 
inflammation and is associated with serious disea­
ses, including cancer [52, 57]. NF-κB is constitutive-
ly active in most types of cancer, and many signaling 
pathways involved in carcinogenesis are accompa-
nied by this factor activation [54, 58]. The possible 
participation of the chronic inflammation in carcino-
genesis of thyroid glands is based on the observation 
that chronic autoimmune thyroiditis (AIT) is often 
accompanied by the malignant transformation of 
thyroid tissue [59]. It is possible that thyroid cancer 
will develop, if cells with oncogenic mutations co-
exist in the gland with AIT. The impairment of tis-
sue homeostasis by chronic inflammation can create 
the conditions for the proliferation of cells carrying 
the spontaneous mutations [60]. It is also important 
that the radiation exposure of cells activates NF-κB 
signaling. Constitutive activation of NF-κB and sig-
nificant increase in the amount of mRNA and p65 
subunit in thyroid carcinomas in comparison with 
normal cells, confirm the participation of NF-κB 
in the genesis of thyroid cancer [61]. Inflammatory 
process chronically activates NF-κB, which in turn 
stimulates the expression of cytokines, chemokines, 
growth factors, and protease cascades, which con-
tribute to the initiation and progression of tumors 
and provide a niche for malignant transformation [6].

The influence of NF-κB on apoptotic processes 
in tumor cells was intensively investigated in the 
recent years [55]. It was shown that the factor acti-
vated a gene family of proteins-inhibitors of apop-
tosis, which are capable of suppressing the activity 
of effector caspases, and the caspase-3, in the first 
place [62]. These include cIAP1/2, XIAP, survivin 
and, besides, these proteins may cause the second 
wave of NF-κB activation, thus further enhan­
cing the expression of antiapoptotic genes [63, 64]. 
Since NF-κB plays an important role in antiapop-
totic processes, causes chemo- and radioresistance 
of tumor cells [55, 65], it was expected that its in-
hibition would enhance the Ptx toxicity in tumors. 
Previous data showed that NF-κB suppression with 
specific inhibitor dehydroxymethylepoxyquinomycin 
(DHMEQ) enhanced radiation-induced apoptosis in 
several ATC cell lines [66].

Ptx enhances phosphorylation of IκBα kinase 
(IKKα) and thus activation of NF-κB in FRO cells. 
At the same time a decrease of IκBα content [22], 
due to its phosphorylation by IKKα and degradation 
of this protein in proteasomes [55], was observed. 
The amount of p65 (RelA) increased starting from 
5 nM of Ptx concentration with maximum at 10 nM. 
Thus, in FRO cells Ptx initiates signaling mecha-
nisms associated with the activation of NF-κB [22]. 
It was shown that Pin1 facilitates NF-κB activation 
in tumors [67], and perhaps increased expression of 
this isomerase at low Ptx concentrations (10-25 nM) 
may contribute to such NF-κB activation.

Ptx and DHMEQ individually enhance the ac-
tivation of caspase-3, caspase-9 and PARP cleavage. 
The combination of both agents demonstrates an 
additive effect that exceeds the effects of individual 
compounds [22].

In FRO cells Ptx significantly increases expres-
sion of cIAP1, XIAP, survivin and especially cIAP2. 
Apparently its represents the defense mechanisms 
in tumor cells opposed the proapoptotic processes 
induced by Ptx. DHMEQ alone caused significant 
suppression of these inhibitors expression. Thus, 
NF-κB controls the expression of apoptosis inhibi-
tors – cIAP1/2, XIAP and survivin in FRO cells. The 
combined action of Ptx and NF-κB inhibitor reduced 
the expression of IAPs that could enhance apoptotic 
processes in the ATC cells [22].

Signaling systems that counteract the proapo-
ptotic effects of Ptx in the thyroid tumor cells rep-
resent PI3K- and MAPK-dependent pathways [19]. 
Therefore, to clarify the mechanisms that enhance 
apoptosis in the presence of DHMEQ, activation 
of MAPK cascade was studied, namely, analyzed 
phosphorylation of one of the key protein of this 
cascade – c-Raf-1. Ptx enhances c-Raf-1 phospho-
rylation. In the presence of DHMEQ, protein phos-
phorylation attenuated, which indicated the kinase 
inactivation. Thus, one can conclude that NF-κB ac-
tivates MAPK in the FRO cells. It is known that Raf 
kinase and associated signaling cascade is able to ac-
tivate NF-κB, especially in tumor cells [68], but the 
reverse effect of factor on this cascade was studied 
insufficiently. Since NF-κB is a transcriptional fac-
tor that is able to regulate the expression of a num-
ber of antiapoptotic proteins, role of MAPK in these 
processes remains unclear and requires elucidation. 
Perhaps MAPK further enhances survival mecha-
nisms through activation of appropriate transcription 
factors.
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A detailed study of ultralow and low Ptx con-
centrations showed that the DHMEQ increased the 
cytotoxic effect of Ptx, but only in rather narrow 
range of low concentrations of the drug (0.5-5 nM) 
[22]. We used the cell line with a mutation in the 
gene encoding IκBα resulting in resistance to phos-
phorylation by IKKα, ubiquitinilation and degrada-
tion in proteasomes that in turn causes inhibition of 
NF-κB [66]. It was also shown that Ptx cytotoxicity 
in the cells with mutated IκBα increases at low con-
centrations of the drug. 

DHMEQ itself in vivo just inhibited the tumor 
growth, while Ptx significantly reduced tumor volu­
me compared to untreated mice. A combination of 
both compounds was even more effective – tumors 
completely regressed after the 16th day of treatment 
[22]. 

Thus, low doses of Ptx can be used in further 
preclinical and clinical studies together with inhibi-
tors of NF-κB signaling pathway.

4. Concluding remarks

The taxanes in concentrations starting from 
1-2 nM are effective in the ATC cells. It should be 
noted that the drug concentrations in the range of 
1-30 nM cause apoptosis, whereas higher concentra-
tions lead to cell cycle arrest and necrotic processes 
[21]. Apoptosis needs cell cycle transition, whereas 
necrosis occurs at cell cycle arrest. 

The pharmacokinetics study of docetaxel 
showed that in an hour plasma concentration of the 
drug dropped from the initial 0.8 μM to 100 nM, and 
in 2-3 h – to 30 nM (Fig. 3) [69]. Consequently, 90-
95% of taxanes during 1-2 hours is metabolized and 
excreted from the body without a therapeutic effect 
on the tumor, but having a significant toxic effect 
on the liver, kidneys and other normal tissues and 
organs.

According to the theory of "wounds that do not 
heal" [70-72] it is essential for anticancer drugs to 
cause not necrosis but apoptosis in the tumor. Ne-
crosis stimulates angiogenesis, supplying tumor with 
growth factors (VEGF in the first place), nutrients, 
cytokines, and hence enhances its regeneration and 
growth. Therefore, very high drug concentrations 
used in clinic may not necessarily be the best treat-
ment strategy. The average actual effective concen-
tration of taxanes in plasma for the periods from 3 to 
24 h is around 10 nM (Fig. 3). Based on these obser-
vations, one might suggest that optimized treatment 
would employ a protracted (e. g. 1-2 weeks) regimen 

of drug administration aimed at attaining low drug 
concentrations (1-30 nM) in the circulation. Pre-
sumably, such modality could be sufficient to induce 
massive apoptosis of ATC cells and thus provide in 
a better chance to control the disease.

It should be noted that relatively low Ptx con-
centrations appeared to be effective with no further 
decrease in cell survival starting from 10-25 nM 
(Fig. 2). These results may have some practical im-
portance, because clinically significant concentra-
tions of Ptx are considered up to 50 μM [69, 73]. 
Recent studies indicate the promise of so-called met-
ronomic chemotherapy, where ultra-low pico- and 
even femtomolar concentrations of taxanes are used, 
which reduce the activity of endothelial cells and 
thus inhibit angiogenesis in tumor tissue [74, 75].

The combination of paclitaxel and NF-κB in-
hibitor, IR, roscovitine is a promising option for 
preclinical studies on the treatment of invasive and 
radioiodine-resistant forms of thyroid cancer. Howe
ver, in this case it is also necessary to take into ac-
count the concentration of taxanes. Experiments on 
ATC cells show that combination with roscovitine 
and NF-κB inhibitor is effective only within narrow 
range of low concentrations of taxanes. 

Although the traditional therapy of ATC in vivo 
with the use of taxanes and IR has turned out to be 
encouraging [28], it is necessary to seek new treat-
ment options, varying the concentration and dosage 
of both agents. And with combined use of taxanes 
and IR it is necessary to take into account that cer-
tain concentrations of taxanes can have a radiopro-
tective effect. With regard to the radiation treatment, 
the most effective is the use of low fractionated doses 
(0.5 Gy), which may cause the effect of hypersensi-
tivity of tumor cells [76] instead of the high doses 
(20-80 Gy) used in clinics. 

Perhaps the most promising may be the com-
bination of taxanes with agents that destroy cancer 
stem cells, such as hypoglycemic and nontoxic drug 
metformin [77].

Priorities for future research can be designated 
as the search for effective combinations of antimito­
tic compounds (e.g. taxanes) with genotoxic agents, 
specific inhibitors of signaling cascades, mediating 
resistance to antimitotics, with inhibitors of the mul-
tidrug resistance genes (Mdr) and their products, 
with other inhibitors and agonists that were indi-
cated. Such a complex effect on the tumor cell will 
increase the effectiveness of the action of antimitotic 
compounds and reduce their concentrations and toxi
city (Fig. 4).

V. M. Pushkarev, O. I. Kovzun, V. V. Pushkarev et al. 
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В огляді підсумовуються результати цик­
лу власних досліджень і дані літератури щодо 
біохімічних механізмів комбінованого впливу 
таксанів з γ-опроміненням та іншими протипух-

Fig. 4. Scheme of complex treatment of ATC. Combined using of low doses of taxanes and genotoxic agents on 
the background of inhibition: Mdr-transporters, PI3K, Raf/MEK/ERK1/2, NF-κB signaling pathways. MT – 
microtubules, IR – ionizing radiation, Mdr – multiple drug resistance ATP-binding cassette transporters. 
Other designations in the text

линними агентами на один з найагресивніших 
типів раку людини – анапластичну карци-
ному щитоподібної залози. Обговорюють-
ся антагоністичні взаємодії між таксанами і 
радіацією на рівні апоптотичних механізмів і 
регуляторів клітинного циклу. Обґрунтовується 
ефективність і перспективність використання 
низьких концентрацій таксанів і низьких доз 
фракційного γ-опромінення. Приділяється ува-
га ролі запалення і його ключового фактора – 
NF‑κB у генезі карцином щитоподібної залози та 
за їх лікування. Окреслено напрями подальших 
досліджень.

К л ю ч о в і  с л о в а: анапластична карцино-
ма щитоподібної залози, таксани, γ-опромінення, 
клітинний цикл, росковітин, NF-κB, апоптоз.
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В обзоре суммируются итоги цикла соб-
ственных исследований и данные литературы 
по биохимическим механизмам комбиниро-
ванного воздействия таксанов с γ-облучением 
и другими противоопухолевыми агентами на 
один из наиболее агрессивных типов рака чело-
века – анапластическую карциному щитовид-
ной железы. Обсуждаются антагонистические 
взаимодействия между таксанами и радиацией 
на уровне апоптотических механизмов и регу-
ляторов клеточного цикла. Обосновывается эф-
фективность и перспективность использования 
низких концентраций таксанов и низких доз 
фракционного γ-облучения. Уделяется внима-
ние роли воспаления и его ключевого фактора –
NF-κB в генезе карцином щитовидной железы и 
их лечении. Очерчены направления дальнейших 
исследований.

К л ю ч е в ы е  с л о в а: анапластиче-
ская карцинома щитовидной железы, такса-
ны, γ-облучение, клеточный цикл, росковитин, 
NF‑κB, апоптоз.
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