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ABSTRACT Aberrant ERK activity can lead to uncontrolled cell proliferation, immortalization, and impaired
cell differentiation. Impairment of normal cell differentiation is one of the critical stages in malignant cell
transformation. In this study, we investigated a relationship between ERK tyrosine kinase activity and the
main differentiation features (changes in cell morphology and expression of genes encoding differentiation
markers and growth factor receptors) in SH-SY5Y neuroblastoma, U-251 astrocytoma, and TE-671 rhabdo-
myosarcoma cells. ERK activity was assessed using a reporter system that enabled live measurements of ERK
activity in single cells. We demonstrated that suppression of ERK activity by selective ERK inhibitors, in
contrast to a commonly used differentiation inducer, retinoic acid, leads to significant changes in TE-671 cell
morphology and expression of the myogenic differentiation marker genes PROM1, MYOG, and PAX7. There
was a relationship between ERK activity and morphological changes at an individual cell level. In this case,
SH-SY5Y cell differentiation induced by retinoic acid was ERK-independent. We showed that ERK inhibition
increases the sensitivity of TE-671 cells to the EGF, IGF-1, and NGF growth factors, presumably by reducing
basal ERK activity, and to the BDNF growth factor, by increasing expression of the TrkB receptor.
KEYWORDS cell differentiation, malignant tumors, ERK inhibitors, growth factors, fluorescent reporter.
ABBREVIATIONS ATRA - all-trans retinoic acid (tretinoin); ERK - extracellular signal-regulated kinase;
NGF - nerve growth factor; BDNF — brain-derived neurothropic factor; EGF — epidermal growth factor;
IGF-1 - insulin-like growth factor 1; EGFR — epidermal growth factor receptor; IGF1R — insulin-like growth
factor 1 receptor; TrkA — tropomyosin receptor kinase A; TrkB — tropomyosin receptor kinase B; MYOG —

myogenin; FBS — fetal bovine serum.

INTRODUCTION

Extracellular signal-regulated kinases 1/2 (ERK1/2)
play a key role in important processes such as cell
proliferation, survival, and differentiation [1, 2]. In this
case, the effect of ERK activation on these processes
often depends on the cell type, activation signal and
its duration, and the dynamics of ERK activity, which
significantly complicates the identification of the spe-
cific role of ERK in cellular processes. Usually, ERK
activation is associated with cell survival and prolifer-
ation signals [3]. However, depending on the cell type,
ERK inhibition can both stimulate and prevent cell
death [4].

The emergence of various reporter systems to
monitor ERK activity in living cells has stimulated
research in this area [5—9]. However, there is no gen-
erally accepted model describing the effect of ERK on
cell differentiation. ERK is known to directly inhibit
the activity of pluripotency-associated transcription

factors, such as NANOG, OCT4, KLF2, and KLF4 [10,
11]. Downregulation of ERK activity, e.g., by MEK
inhibitors, stimulates the self-renewal of embryonic
stem cells via the inhibition of ERK-dependent differ-
entiation [12]. However, in some cases, ERK inhibition
stimulates cell differentiation, in particular in neuro-
ectoderm cells or bone marrow mesenchymal stem
cells [13, 14]. Many growth factors, such as FGF, NGF,
PDGF, BDNF, EGF, and IGF-1, play an important role
in cell differentiation [15, 16]. Certain growth factors
controlling survival of differentiated cells are often
essential in the late stages of differentiation. In this
case, many growth factors act through ERK activa-
tion. Therefore, ERK activation can differently affect
differentiation, depending on the stage and cell type.

ERK activity is upregulated in most malignant
tumors, in particular due to activating mutations in
the MAPK signaling cascade. In this case, activat-
ing mutations in the RAS genes inhibit epidermal
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cell differentiation [17-19]. Investigation of malignant
cell differentiation is required to understand malig-
nant cell transformation and develop approaches to
tumor therapy. For example, approaches based on
retinoic acid-stimulated cell differentiation are used
in the therapy of neuroblastomas [20] and some
types of leukemia [21]. In addition, inhibition of the
RAS-MEK-ERK signaling cascade is considered a
promising approach to the treatment of rhabdomyo-
sarcomas, astrocytomas, and neuroblastomas [22—24].

When testing the effectiveness of ERK inhibitors
in various cells, we noticed morphological changes in
some cell types, which were similar to the changes
associated with differentiation. In this study, we used
a reporter system enabling measurements of ERK
activity in live single cells to quantify the relationship
between ERK activity and differentiation of various
malignant cells.

EXPERIMENTAL

Cell cultures and reagents

Continuous TE-671 rhabdomyosarcoma and U-251
astrocytoma cells as well as HEK293T embryon-
ic kidney cells were cultured in a DMEM medium
(Gibco, USA). SH-SY5Y neuroblastoma cells were
cultured in a RPMI-1640 medium (Gibco) containing
10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, 1 mM sodium pyruvate, and
2 mM L-glutamine at 37°C and 5% CO,. All cell lines
were donated by the Heinrich-Pette Institute — Lei-
bniz Institute for Experimental Virology (Hamburg,
Germany). We used all-trans retinoic acid (R2625)
and Hoechst 33342 DNA dye (14533) (Sigma-Aldrich,
USA). We used SCH772984 (S7101), Ulixertinib
(S7854), and VX-11le (S7709) (Selleckchem, USA)
ERK inhibitors. All reagents were initially diluted in
DMSO. We also used recombinant human growth fac-
tors EGF (ab179628), IGF-1 (ab9573), NGF (ab179616),
and BDNF (ab206642) (Abcam, UK).

Production of ERK-KTR reporter cell lines

Lentiviral particles directing expression of the
gene encoding the ERK-KTR reporter protein
were prepared by calcium phosphate transfection
of HEK293T cells using a ProFection® Mammalian
Transfection System kit (Promega, USA, E1200). We
used pMDLg/pRRE and pRSV-Rev third-generation
packaging plasmids and a plasmid encoding the
VSV-G coat protein. The pLentiCMV Puro DEST
ERKKTRClover lentiviral vector was received from
Addgene (#59150). After lentiviral transduction,
TE-671, SH-SY5Y, and U-251 cells were selected with
puromycin (Sigma-Aldrich, P7255) until more than
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80% of the cells were positive for the reporter protein.
After lentiviral transduction, the TE-671, SH-SY5Y,
and U-251 cells were selected on media containing
puromycin (0.5-2 pg/mL), which provided a popula-
tion where more than 80% of the cells were report-
er-protein positive.

Processing of cell images and calculations

of ERK activity and cell length

Cell Images were acquired using a Leica DMIS8 au-
tomated fluorescence microscope (Germany). Images
were processed using the CellProfiler 4 software.
Segmentation of Hoechst 33342-stained nuclei was
assessed using the Otsu image thresholding algorithm.
Cytoplasmic boundaries were determined based on
the fluorescent ERK-KTR reporter signal using the
position of nuclei to evaluate cell boundaries by the
Sauvola image thresholding algorithm. To calculate
the lengths of the cytoskeleton and cell processes,
the cell body was first defined (a 3- to 5-pixel radius
around the nucleus), and then the cytoskeleton was
binarized based on a fluorescent reporter signal. Bina-
rization parameters were selected for each cell type at
all stages. Incorrectly recognized cells, elimination of
outliers and artifacts, and subsequent data processing
were performed using original algorithms in Python
3.8. The protocols used for CellProfiler are available
at: https://github.com/CancerCellBiology/ActaNatu-
rae-2021.

Assessment of gene expression

Total RNA was isolated by chloroform-trizol extrac-
tion using the TRIzol reagent (Thermo Scientific,
USA, 15596018) according to the manufacturer’s pro-
tocol. Total RNA (1 pg) was used to prepare cDNA
using a RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, K1622), according to the manufac-
turer’s protocol. Expression was analyzed by real-time
PCR using a qPCRmix-HS SYBR kit (Evrogen,
Russia, PK147L) on a Bio-Rad CFX96 device (USA).
Results were processed using the Bio-Rad CFX Man-
ager 3.1 and GraphPad Prism 9.1 software. A list of
primers is shown in the Table.

RESULTS

Creation of ERK-KTR reporter expressing cell lines
The role of ERK in cell differentiation was studied
in three lines of malignant cells capable of in vit-
ro differentiation: SH-SY5Y neuroblastoma, U-251
MG astrocytoma, and TE-671 rhabdomyosarcoma
cells. Lentiviral transduction of cells of these lines
resulted in cells expressing the ERK activity report-
er, ERK-KTR, a chimeric protein composed of the
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Primers used in real-time PCR

Primer Nucleotide sequence 5°~3’
GAPDH prl GAGCCCGCAGCCTCCCGCT
GAPDH pr2 GCGCCCAATACGACCAAATC
PROM1 prl CCTGGTCCAACAGGGCTATC
PROM1 pr2 TCGTGGTTTGGCGTTGTACT
RBFOX3 prl CAGACAGTGCCGCAGACAG
RBFOX3 pr2 TTCTCTGTAGGGTCGGAGGG
TUBBS3 prl ATGAGCATGGCATCGACCC
TUBBS pr2 AGGCACGTACTTGTGAGAAGA

MYOG prl TCAGCTCCCTCAACCAGGAG
MYOG pr2 CCGTGAGCAGATGATCCCC
PAXT7 prl CACTGTGACCGAAGCACTGT
PAXT7 pr2 TCCAGCCGGTTCCCTTTGT
EGFR prl AGGAGAGGAGAACTGCCAGAA
EGFR pr2 TCTCGGAATTTGCGGCAGAC
IGF1R prl CATCCGACGGGGGAATAACA
IGF1R pr2 GCTGCAAGTTCTGGTTGTCG
NTRKI1 prl CCATCCCTGACACTAACAGCA
NTRKI1 pr2 GCACAAGGAGCAGCGTAGAA
NTRK2 prl CTGAACCAAGCACGGTTTCC
NTRK2 pr2 CAGGGGCAGAAACTCCAGAA

ERK1/2 docking site of the ELKI1 protein, nuclear
localization signal (NLS), nuclear export signal (NES),
and green fluorescent protein mClover [25]. In con-
trast to NES, NLS in the chimeric protein is activated,
which ensures predominantly nuclear localization of
the reporter protein. Activated ERK1/2 kinases oc-
cur in the cell nucleus, where they bind to the ELK1
docking site and phosphorylate the NLS and NES
regions. This activates the nuclear export signal and
deactivates the nuclear localization signal, which leads
to translocation of the reporter protein from the nu-
cleus to the cytoplasm. In the cytoplasm, the reporter
protein is dephosphorylated by cellular phosphatases
and transferred back to the nucleus. The reporter
protein distribution between the nucleus and cyto-
plasm is established depending on an ERK activity
level. The fluorescent protein in the reporter enables
an evaluation of ERK activity by the ratio of the flu-
orescent protein signal intensity in the cytoplasm and
the nucleus. Thus, the ERK-KTR reporter provides
an evaluation of ERK activity in live individual cells
using a fluorescence microscope.

Next, we treated ERK-KTR expressing cells with
ERK inhibitors and all-trans retinoic acid (ATRA)

that is widely used for induction of differentiation
of various cell types and for neuroblastoma therapy.
For the initial test, we selected three ERK inhibitors
that had been effective in clinical trials: SCH772984,
Ulixertinib, and VX-1le. Cells were treated with
ERK inhibitors (250 nM) or ATRA (10 pM) for 72 h,
and images were acquired on a fluorescence micro-
scope. All inhibitors significantly reduced the ERK
activity, which is evident from the changes in the
fluorescent signal distribution in the nucleus and the
cytoplasm (Fig. 1A). We also noticed morphological
changes in SH-SY5Y cells induced by ATRA, as well
as in TE-671 and U-251 cells induced by ERK in-
hibitors. The most pronounced changes were caused
by SCH772984 (Fig. 1A). The observed morphologi-
cal changes included elongation of the cell processes
and the entire cytoskeleton, especially in TE-671 cells.
These changes are similar to the previously reported
morphological changes characteristic of cell differ-
entiation. To quantify the observed changes, we de-
veloped algorithms for the CellProfiler 4 software to
identify the nuclei (pre-stained with Hoechst 33342)
and cytoplasm of each cell based on the fluorescence
of the mClover protein (Fig. 1B). ERK activity in indi-
vidual cells was calculated based on median mClover
intensities in the nucleus and cytoplasm, and the cy-
toplasmic shape was used to measure the length of
the cytoskeleton, including processes. This algorithm
enabled the assessment of the changes in the mean
ERK activity and the length of the cytoskeleton at
each exposure, as well as a comparison of the ERK
activity and changes in the cytoskeleton length in
individual cells.

ERK activity is associated with cell differentiation

Exposure to retinoic acid led to a decrease in ERK
activity in all three cell lines, SH-SY5Y, U-251, and
TE-671. However, this decrease was less pronounced
compared to the effect of the ERK inhibitors
SCH772984, Ulixertinib, and VX-11le (Fig. 2A). In this
case, retinoic acid induced process extension only in
SH-SY5Y neuroblastoma cells. Induction of differen-
tiation and, as a result, extension of cell processes are
a well-known effect of retinoic acid on neuroblastoma
cells. In turn, ERK inhibitors did not cause exten-
sion of the cytoskeleton in SH-SY5Y cells (Fig. 2B).
Interestingly, we observed opposite effects in U-251
and TE-671 cells. For example, retinoic acid did not
affect the length of TE-671 cells and even reduced
the length of U-251 cells. In this case, ERK inhibi-
tors, especially SCH772984, significantly increased the
length of TE-671 and U-251 cells, in particular due
to the extension of cell processes (Fig. 2B). It is also
worth noting that SCH772984 was the most potent
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Fig. 1. SH-SY5Y, U-251, and TE671 cells with ERK-KTR reporter expression. (A) — Images of SH-SY5Y, U-251, and
TE67 1 cells with ERK-KTR reporter expression 72 h after addition of 10 uM retinoic acid (ATRA) or 250 nM of the ERK
inhibitor SCH772984 (SCH). (B) — Examples of cell images processed using the CellProfiler 4 software. Images are shown
in a gray gradient. The cytoplasm boundaries are marked in green. The nuclei are marked in blue; the nuclei were identi-

fied by staining with the Hoechst 33342 DNA dye

ERK inhibitor (Fig. 2A) and most strongly affected
the length of U-251 and TE-671 cells.

To test whether the observed morphological
changes were associated with cell differentiation, we
measured the mRNA expression of the genes encod-
ing differentiation markers (Fig. 2C). We measured
the expression of the PROM1 gene, which encodes
the CD133 protein, in all cells. Expression of this gene
is characteristic of undifferentiated cells, in particular
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malignant neuroblastoma and glioblastoma stem cells
and undifferentiated rhabdomyosarcoma cells. We also
selected genes whose expression changes during neu-
ral cell differentiation: the RBFOX3 gene encoding the
NeuN protein [26, 27] and the TUBB3 gene encoding
B3-tubulin [27]. Because TE-671 rhabdomyosarcoma
cells are known to be capable of differentiating into
muscle cells, we chose the myogenin gene MYOG and
the transcription factor gene PAX7 to analyze the dif-
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Fig. 2. Changes in the ERK activity and cell length induced by retinoic acid and ERK inhibitors.

(A) — Distributions of ERK activity (violin plots) in SH-SY5Y, U-251, and TE-671 cells 72 h after the addition of 10 uM
retinoic acid (ATRA) or 250 nM of the ERK inhibitors SCH772982 (SCH), Ulixertinib (Ulix), and VX-11e. In controls, cells
were added with DMSO because all agents were dissolved in DMSO. Each measurement included images of 6 inde-
pendent, randomly selected fields (median values for each field are marked with dots).

(B) — Cell length distributions (violin plots) in pixels 72 h after the addition of agents. Violin plots are based on the results
of measuring ERK activity in at least 300 unique cells. Dots indicate median values for each of the 6 analyzed independ-
ent, randomly selected fields. Standard deviations (SDs) are shown in violin plots. The statistical significance is deter-

mined using the nonparametric Mann—Whitney U-test.

(C) — Expression of the PROM1 (CD133), RBFOX3 (NeuN), TUBB3 (B3-tubulin), MYOG (myogenin), and PAX7 genes
measured by real-time PCR 72 h after addition of agents. PCR data are normalized to the expression of the GAPDH
gene in each sample; the results are presented as a logarithm of the change in gene expression relative to the control
(DMSO-treated cells). Gene expression measurements were performed in triplicate. Plots show the mean expression
change and 95% confidence interval. Statistical significance was determined using the Student’s t-test.

(D) — ERK activity and cell length distributions in individual TE-67 1 cells 72 h after the addition of agents.

‘p-value < 0.05; "p-value < 0.01; ""p-value < 0.001

ferentiation of these cells [28]. Myogenin is one of
the main markers of muscle cell differentiation, and
PAXT is an important regulator of early differentia-
tion of these cells. We found a significant increase in
the expression of the MYOG and PAX7 genes and
a decrease in the expression of PROM]I1 in TE-671
cells exposed to SCH772984. Retinoic acid did not

cause noticeable changes in the expression of these
genes. There was also a slight decrease in PROM1
expression in U-251 cells treated with SCH772984 and
a decrease in TUBB3 expression after exposure to
retinoic acid. There were no significant changes in
gene expression in SH-SY5Y cells. Interestingly, TE-
671 cells, whose length increased most substantially
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by SCH772984, had low ERK activity (Fig. 2D). These
data indicate a relationship between ERK tyrosine
kinase activity and differentiation of TE-671 cells at
the level of both the entire population and individual
cells.

ERK inhibition alters the expression

of growth factor receptors

How do the ERK inhibitor SCH772984 and retino-
ic acid affect cell sensitivity to growth factors? To
understand this, we treated cells with the agents
for 72 h, washed them from a culture medium con-
taining the agents, and added a serum-free medium
because the growth factors present in the serum
could strongly affect ERK activity. Twelve hours
after changing the medium, growth factors at a
concentration of 100 ng/mL were added to the cells.
We selected growth factors that are able to activate
ERK in various cells, involved in neural or myogenic
differentiation, and able to stimulate cell survival: ep-
idermal growth factor (EGF) [29], insulin-like growth
factor 1 (IGF-1) [30], neural growth factor (NGF) [15,
31], and brain-derived neurotrophic factor (BDNF)
[15]. All growth factors significantly activated ERK
in SH-SY5Y neuroblastoma cells, in particular after
induction of cell differentiation with retinoic acid and
treatment of cells with the ERK inhibitor SCH772984
(Fig. 3A). The growth factors also activated ERK in
the control U-251 astrocytoma cells (treated with
DMSO only) and SCH772984-treated cells (Fig. 3A).
However, treatment of U-251 cells with retinoic acid
resulted in less pronounced effects of EGF, IGF-1,
and BDNF. There was no statistically significant ef-
fect of the growth factors on the control TE-671 cells
and retinoic acid-treated cells. SCH772984-induced
differentiation of TE-671 cells rendered the cells sen-
sitive to all growth factors. It is important to note
that undifferentiated TE-671 cells in the serum-free
medium had high ERK activity comparable with that
in the presence of serum, whereas basal ERK activity
after treatment with the ERK inhibitor for 72 h was
significantly lower. Probably, the initially high basal
ERK activity of TE-671 cells prevents the detection
of significant changes in the ERK activity induced by
growth factors. However, even after prolonged expo-
sure to the ERK inhibitor SCH772984, all cells either
retained or acquired the ability to respond to growth
factors (Fig. 34).

Because the effect of growth factors can depend
on both basal ERK activity and changes in the abun-
dance of growth factor receptors during differen-
tiation, we measured changes in the receptor mRNA
expression. For this purpose, we chose the NTRK]1
and NTRKZ2 genes encoding the main receptors of
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the used growth factors NGF and BDNF (TrkA and
TrkB), IGF1R encoding the IGF-1 receptor, and EGFR
encoding the EGF receptor. Expression of the NTRK?2
gene, one of the main markers of neuroblastoma
cell differentiation, was significantly upregulated
in SH-SY5Y cells exposed to retinoic acid (Fig. 3B).
We found similar changes in NTRKZ2 expression in
TE-671 cells treated with SCH772984. Retinoic acid
caused a slight increase in NTRK1 expression in
TE-671 and SH-SY5Y cells. In U-251 cells, NTRK1
expression was significantly downregulated after
treatment with retinoic acid, whereas NTRK2 expres-
sion was downregulated after treatment with both
retinoic acid and SCH772984 (Fig. 3B). There were no
significant changes in the EGFR and IGFIR expres-
sion. These data indicate that increased sensitivity of
TE-671 cells to growth factors may be associated with
both a decrease in the basal level of ERK activity and
an increase in the expression of receptors; e.g., in the
case of TrkA and TrkB.

DISCUSSION

In this study, we investigated the effect of retinoic
acid on the ERK activity and the effect of ERK in-
hibition on the differentiation of three types of ma-
lignant cells. We found a direct relationship between
a decrease in the ERK activity in U-251 astrocytoma
and TE-671 rhabdomyosarcoma cells and differen-
tiation-associated morphological changes in these
cells. Exposure of TE-671 cells to the ERK inhibitor
SCH772984 for 72 h resulted in a significant increase
in the expression of the myogenin gene MYOG. In-
creased myogenin expression is considered the main
marker of skeletal muscle differentiation [32]. There
was a decrease in the expression of the PROM1 gene
that is typical of malignant stem cells. Changes in the
expression of the PROM1 and MYOG genes and sig-
nificant morphological changes in SCH772984-treated
TE-671 cells indicate induction of myogenic differ-
entiation. Our results are consistent with reported
data holding that MEK inhibitors initiate the differ-
entiation of rhabdomyosarcoma cells [22]. In this case,
inhibition of MEK for 72 h led to a decrease in the
expression of the PAX7 gene [28], whereas direct in-
hibition of ERK caused a significant increase in PAX7
expression. PAX7 is believed to be necessary for the
initiation of myogenic differentiation, and its expres-
sion level is upregulated in early skeletal muscle pro-
genitor cells [33]. At the later stages of differentiation,
PAXT expression usually decreases; however, there
are no unambiguous data on the effect of changes
in the PAX7 expression on cell differentiation upon
suppression of ERK. The observed differences in
PAX7 expression are possibly related to differences in
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Fig. 3. Effect of ERK inhibition and retinoic acid on growth factor activity. (A) — Distributions of ERK activity (violin plots)
30 min after addition of the growth factors EGF, IGF-1, NGF, and BDNF (100 ng/mL each) to SH-SY5Y, U-251, and
TE-671 cells pretreated with 10 pM retinoic acid (ATRA) or 250 nM of the ERK inhibitor SCH772982 (SCH) for 72 h.
DMSO-treated cells were used as the control. A non-treated control (NTC) is a cell added with the culture medium with-
out growth factors. Dots indicate median values for each of 6 analyzed independent, randomly selected fields. Standard
deviations (SDs) are shown in violin plots. Statistical significance is determined using the nonparametric Mann—Whitney
U-test. (B) — Expression of the EGFR, IGF-1R, NTRK 1 (TrkA), and NTRK2 (TrkB) genes by real-time PCR 72 h after

the addition of agents. PCR data are normalized to the expression of the GAPDH gene in each sample; the results are
presented as a logarithm of the change in gene expression relative to the control (DMSO-treated cells). Gene expres-
sion measurements were performed in triplicate. Plots show the mean expression change and a 95% confidence interval.
Statistical significance is determined using the Student’s t-test. ‘p-value < 0.05; “p-value < 0.01; ""p-value < 0.001

MEK and ERK inhibition. There were no significant
changes in the expression of the neural differentiation
markers NeulN and B3-tubulin at the mRNA level in
SH-SY5Y and U-251 cells treated with retinoic acid or
the ERK inhibitor SCH772984. However, in SH-SY5Y
cells, retinoic acid caused a significant increase in the
expression of TrkB, the main differentiation marker
in these cells. Interestingly, ERK inhibition-induced
differentiation of TE-671 cells resulted in increased
TrkB expression. This indicates a potential similari-
ty in the regulation of TrkB expression in these cell

types during differentiation. In the case of U-251 as-
trocytoma cells, differentiation markers suitable for a
PCR analysis should be selected.

Using the ERK-KTR reporter system, we have
shown that the length of TE-671 cells depends on a
decrease in ERK activity both in the entire popula-
tion and in individual cells. This indicates a direct
relationship between ERK activity and cell differen-
tiation. Similar results were obtained for U-251 astro-
cytoma cells. Retinoic acid-induced differentiation of
SH-SY5Y neuroblastoma cells also led to a decrease
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in ERK activity. However, direct ERK inhibition in
SH-SY5Y cells does not cause initiation of differentia-
tion, which indicates a secondary role of the retinoic
acid-induced decrease in ERK activity. Several stud-
ies have shown that ERK activation in neural stem
cells or early progenitors initiates differentiation into
neurons and suppresses differentiation into glial cells
[34, 35]. It should be noted that astrocytomas [36] and
rhabdomyosarcomas [37, 38] are characterized by mu-
tations directly in the MAPK signaling cascade, which
lead to ERK hyperactivation, whereas these mutations
are relatively rare in neuroblastomas. TE-671 cells
contain a mutation in the NRAS gene (Q61H) [39, 40],
which leads to ERK hyperactivation, and U-251 cells
contain a deletion in the NF1 gene [41] that encodes
neurofibromin, a negative regulator of RAS proteins
and the RAS-MEK-ERK signaling cascade [42]. The
F1174L mutation in ALK receptor tyrosine kinase also
leads to ERK activation in SH-SY5Y cells, but it does
not directly regulate the RAS-MEK-ERK signaling
cascade. Probably, mutations in the RAS-MEK-ERK
cascade are responsible for the initiation of the dif-
ferentiation induced by ERK inhibition in TE-671 and
U-251 cells [40].

Our study has several limitations. Although we see
morphological changes and changes in gene expres-
sion, which are induced by ERK inhibitors, we can-
not identify the stage to which cell differentiation
proceeds. In addition, it is not known whether TE-671

cells can differentiate into normal muscle cells upon
ERK inhibition. However, ERK inhibition can be at
least an initiating event that does not suppress the
activity of growth factors. Also, it cannot be unam-
biguously asserted that the observed morphological
changes in U-251 cells are differentiation. Therefore,
additional experiments are required, in particular a
search for reliable markers of differentiation.

CONCLUSION

In this study, we have established a relationship
between morphological changes associated with the
differentiation of TE-671, U-251, and SH-SY5Y cells
and the activity of ERK kinases, in particular at the
level of individual cells. We have demonstrated that
ERK inhibition in TE-671 rhabdomyosarcoma cells
initiates their myogenic differentiation. Differentia-
tion renders TE-671 cells more sensitive to growth
factors, potentially by reducing basal ERK activity
and increasing TrkB expression. Our findings can be
used to develop new protocols for cell differentiation:
in particular, for basic research and the development
of new approaches to the therapy of malignant dis-
eases. ®
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