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Corticotropin-releasing factor (CRF) stimulates adrenocorticotropic hor-

mone (ACTH) secretion from the pituitary gland and is an essential regula-

tor of the hypothalamic–pituitary–adrenocortical axis. Isoforms of CRF

receptor are known to mediate the effects of urocortin stress ligands on the

regulation of stress responses, anxiety, and feeding behavior; however, uro-

cortin stress ligands also influence cell proliferation. In view of the tumor-

promoting capacity of prolonged stress, here we investigated (a) the effect

of urocortin on cell proliferative signaling via extracellular signal-regulated

kinase 1/2, (b) the expression and cellular distribution of the specific CRF

receptor isoforms, and (c) the intracellular localization of phosphorylated

ERK1/2 in HeLa cells. Stimulation of cell proliferation was observed in

the presence of 10 nM urocortin. Our data also suggest that MAP kinase

MEK, the transcription factors E2F-1 and p53, and PKB/Akt are involved

in this process. These findings may have therapeutic relevance for the tar-

geted treatment of various malignancies.

Corticotropin-releasing factor (CRF) is a 41-amino

acid-long polypeptide that stimulates adrenocorticotro-

pic hormone (ACTH) secretion from the pituitary

gland [1] and is an essential regulator of the

hypothalamic–pituitary–adrenocortical axis [2]. In

addition, CRF is a vital regulator of stress reactions

and immune responses, and has a positive effect on

the cardiovascular system [3]. CRF and CRF-like pep-

tides, such as urotensin, sauvagine, and urocortins

(UCNs) act on class B1 of G protein-coupled recep-

tors (GPCRs) that possess seven-transmembrane

domains and are known as CRF1 and CRF2 [4,5]. In

humans, members of the GPCRs are encoded by 15

genes and they generally convey autocrine or paracrine
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effects [5]. CRF1 is expressed in the central nervous

system (CNS) and the anterior pituitary gland, while

CRF2 has three splice variants, CRF2-a, b and c, the
latter being only expressed in the human brain [4]

CRF2-a is expressed throughout the CNS, while

CRF2-b is preferentially expressed in peripheral tis-

sues, such as the heart, skin, and skeletal muscle [6].

CRF receptors are also present in various human can-

cers, such as melanomas, small-cell lung cancer, and

neuroblastoma [3].

In 1995 a new mammalian member of the CRF fam-

ily was described by Vaughan et al. [7]. The peptide

named urocortin is related to CRF and urotensin.

Three main types of urocortin are known, urocortin1

(UCN1), urocortin2 (UCN2, also known as

stresscopin-related peptide), and urocortin3 (UCN3, or

stresscopin). These neuropeptides are synthesized in

the central nervous system, they have varying distribu-

tion patterns and are also detectable in numerous

peripheral tissues [8]. The in vitro binding affinities of

UCN1 to CRF1 and CRF2 are essentially equal and it

is up to 10-fold higher to CRF1 than the binding of

CRF itself to this receptor isoform [7,9]. In addition,

CRF, UCN2, and UCN3 all bind with basically equal

affinities to CRF2 the latter two ligands also being

selective for this receptor isoform [9,10]. In vitro bind-

ing affinity, however, cannot be regarded as a direct

indicator of in vivo efficacy as also demonstrated, for

example, by Hasdemir et al. [11]. In addition, CRF-

binding protein (CBP) is an important regulator of

CRF and UCN1 activity. It is commonly regarded as

an endogenous buffer for CRF and UCN, regulating

ligand availability for CRF receptors [8]. Members of

the GPCRs’ families can bind to various heterotrimeric

G-proteins leading to rather promiscuous signaling

patterns [5]. Ligand binding of CRF1 and CRF2 stim-

ulates adenylate cyclase activity, which increases cAMP

production that in turn activates Protein Kinase A

(PKA) [12,13]. Numerous studies suggest that members

of the CRF family exert their effects through Gsa lead-

ing to increased cAMP production, but other second

messengers and signaling components, such as MAPK

pathways are also implicated [14].

In this study, we investigated the effects of human

urocortin1 (hUCN1) in culture on the signaling of

HeLa cells with special emphasis on the expression

and cellular distribution of the CRF receptors, the

activating phosphorylation, and intracellular localiza-

tion of the extracellular signal-regulated kinases

(ERK1 and 2). The involvement of Protein Kinase B

(PKB)/Akt, and that of p53 was also examined,

together with possible biological responses of the cells,

like changes in proliferation. In comparison to our

previous observations in MCF7 human breast cancer

cells [15] we could detect both similarities and impor-

tant differences in the signaling patterns induced by

hUCN1 in HeLa cells, also accompanied by important

differences in the elicited biological responses.

Materials and methods

Cell culture

HeLa cervical adenocarcinoma cells (purchased from

ATCC and generously gifted by Professor J�ozsef Sze-

ber�enyi) were regularly maintained under standard circum-

stances (37 °C, 5% CO2 in a humidified atmosphere) in

Dulbecco’s Modified Eagle’s Medium (DMEM) comple-

mented with 10% heat-inactivated fetal bovine serum for

24 h to achieve sufficient adhesion as described earlier in

an article published by our research group [15]. The cells

were cultured on plastic Petri dishes or plastic Thermanox

(Nalgene Nunc International, Rochester, NY, USA) cover-

slips. The media were routinely replaced by 0.5% heat-

inactivated horse serum-containing DMEM 1 day before

the applied treatments to silence serum-stimulated mito-

genic signaling.

Reagents

hUCN1 was dissolved in 10% acetic acid according to the

instructions of the manufacturer. The MEK inhibitor

U0126 and the CRF1-specific inhibitor Antalarmin were

dissolved in DMSO, while the CRF2-specific inhibitor

Astressin 2b was in distilled water. We also confirmed

that the vehicle of the applied agents had no effect on the

examined parameters of the experiments, as published in a

former article [15]. All chemicals were purchased from

Sigma-Aldrich (a member of Merck Group, Budapest,

Hungary) unless otherwise stated.

Western blotting

HeLa cells were treated with 10 nM final concentration of

hUCN1 for the indicated times or were left untreated as

control. The applied inhibitors were added to the culturing

media 30 min before the start of hUCN1 treatments at the

following final concentrations: U0126 at 20 lM, Antalarmin

at 100 nM, Astressin 2b at 100 nM. Upon completion of

treatments, the cultures were harvested into ice-cold lysis

buffer (50 mM Tris-base, pH 7.4, 150 mM NaCl, 10% glyc-

erol, 1 mM EGTA, 1 mM Na-orthovanadate, 5 lM ZnCl2,

100 mM NaF, 10 lg�mL�1 aprotinin, 1 lg�mL�1 leupeptin,

1 mM PMSF, 1% Triton X-100) and were frozen for

storage. Subsequent processing included thawing and

homogenization by vortexing for 20 s, then the samples

were centrifuged at 13 500 9 g and at 4 °C for 20 min and
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the protein content of the supernatant was measured using

a Protein Assay Dye Reagent Concentrate (Bio-Rad, Her-

cules, CA, USA). Equal amounts of proteins (30 lg) were

mixed with 49 Laemmli buffer (25 mL 1 M Tris–HCl, pH

6.8, 40 mL glycerol, 8 g SDS, 10 mL 100 mM EDTA,

10 mL 100 mM EGTA, and 1 mL 1% bromophenol blue

brought up to 100 mL with distilled water) and boiled

briefly to denature proteins. Protein samples were loaded

onto 10% polyacrylamide gels and separated according to

molecular weight. The proteins were electro-blotted onto

PVDF membranes (Hybond-P, GE Healthcare, Bucking-

hamshire, UK) by using a Transfer Blot Turbo System

(Bio-Rad). After the transfer of the proteins, we blocked

the membranes in 5% nonfat dry milk (or in 3% bovine

serum albumin in the case of phospho-Akt detection) dis-

solved in TBS-Tween (10 mM Tris-base, 150 mM NaCl,

0.2% Tween-20, pH 8.0). The primary antibodies were also

diluted in the blocking solution (anti-CRF1, Fine Biotech,

PRC; anti-CRF2, Sigma-Aldrich; phospho-ERK1/2,

ERK1/2, pAKT, Akt, E2F-1, and beta-actin, Cell Signaling

Technology, Beverly, MA, USA or p53, Santa Cruz Bio-

technology, Santa Cruz, CA, USA) 1 : 1000 and incubated

overnight. Methodical controls prepared by the omission of

the primary antibodies or the use of nonimmune sera of

the appropriate species resulted in no signal production as

determined in pilot experiments (latter data not shown). To

remove unbound antibodies, we washed the membranes five

times in TBS-Tween, then incubation followed with a

horseradish-peroxidase (HRP)-conjugated anti-rabbit or

anti-mouse secondary antibody (Cell Signaling Technology)

dissolved 1 : 5000 in the blocking solution. Five washes in

TBS-Tween removed the unbound antibodies. Enhanced

chemiluminescence detection of the target proteins followed

(Immobilon Western, Millipore Corporation, Billerica,

MA, USA) using a G-box gel documentation system (Syn-

gene, Cambridge, UK). Then, densitometry was performed

using the IMAGEJ software (National Institutes of Health,

Bethesda, MD, USA).

Data presentation of western blots

As described in detail in an article published earlier by our

research group [15], all experiments were repeated at least

three times. Data were normalized to the mean of the cor-

responding control (untreated) group. Significance of differ-

ences was determined by GRAPHPAD PRISM 9.5.0 (GraphPad

Software, Boston, MA, USA) using one-way (for proteins

possessing one isoform) or two-way (for proteins exhibiting

two isoforms) ANOVA testing applying the appropriate

corrections, as also indicated in the figure legends. P

values ˂ 0.05 were considered significant. The relevant

intensity differences are marked in the graphs and their

corresponding P values are also written into the figure leg-

ends. Presented images are representative of series that pro-

duced similar results. Densitometric values are displayed by

box + whiskers plots indicating median (central horizontal

line), min/max values, andmean (with ‘+’ within the box).

Confocal microscopy

HeLa cells were treated in the presence of 10 nM hUCN1 for

the indicated times or left untreated as control. As described

in our earlier publication [15], treatments were stopped by

quickly rinsing in 37 °C PBS (1.37 mM NaCl, 0.27 mM KCl,

0.43 mM Na2HPO4�7H2O, 0.14 mM KH2PO4, pH 7.4) and

then fixing in 4% paraformaldehyde dissolved in PBS (pH

7.4) for 1 h followed at room temperature. Three changes of

PBS and three changes of TBS (50 mM Tris–HCl, pH 7.4,

150 mM NaCl) removed the excess fixative. Then, the sam-

ples were incubated in 5% nonfat dry milk dissolved in TBS-

Triton (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.1% Tri-

ton X-100) at 4 °C for 1 h under gentle rocking to block

nonspecific binding sites. Commercially available anti-CRF1

(Fine Biotech, Wuhan, China) and anti-CRF2 (Sigma-

Aldrich) primary antibodies were diluted 1 : 100. The dilu-

tion was 1 : 300 in the case of phospho-ERK1/2 (Cell Signal-

ing Technology). The diluent was always the corresponding

blocking solution and incubation with the primary anti-

bodies lasted overnight at 4 °C under gentle rocking.

Unbound antibodies were removed by five washes in TBS.

Cy3-conjugated anti-rabbit secondary antibody (Jackson

Immuno Research, Cambridgeshire, UK) dissolved in the

blocking solution was pipetted onto the samples at 4 °C for

an hour at a dilution of 1 : 300 for CRF1 and 2 detections

and at 1 : 600 to detect phospho-ERK1/2. The omission of

the primary antibody served as methodical control resulting

in no detectable signal at the applied microscope settings.

Data presentation of confocal micrographs

An Olympus FV-1000 laser scanning system was used for

confocal imaging, with a 409, long distance, combined

phase contrast- and fluorescence objective (NA:0.75) to

capture single optical sections. The confocal aperture was

set at 130 lm, excitation of the Cy3 dye conjugated to the

secondary antibody happened at 543 nm, and the emission

wavelength was 567 nm. Signal integration type was line

Kalman. The micrographs shown were taken from series

with similar results. All experiments have been repeated at

least three times.

MTT assay

Ninety-six-well plates were used to culture HeLa cervical

adenocarcinoma cells (as described above) and then treated

with 10 nM hUCN1 alone, or also with the CRF1 inhibitor

Antalarmin or the CRF2 inhibitor Astressin 2b for 24 h.

At the end of the treatments, we added 10 lL of Thiazolyl

Blue Tetrazolium Bromide (Merck) dye solution

(5 mg�mL�1) dissolved in sterile water to the cells’ medium
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(100 lL per well). Incubation in the cell culture thermostat

followed for an additional 4 h. Then, the supernatant was

removed and the accumulated formazan product—the

amount of which is proportional to the cells’ metabolic

activity—was eluted by adding a 1 : 1 mixture of 100 lL
DMSO-ethanol. The absorbance was determined at 595 nm

using an ELISA microplate reader (FLUOstar OPTIMA,

BMG Labtech, Ortenberg, Germany).

Data presentation of MTT assay

One-way ANOVA testing applying Tukey’s corrections was

used to determine the significance of differences. All experi-

ments were repeated at least three times with samples pre-

pared in triplicates. P values ˂ 0.05 were considered

significant, which is also indicated in the figure legends.

The results are the mean + SD for experiments performed

independently.

Results

CRF receptor expression in HeLa cells

We examined the expression of CRF receptors in

HeLa cells by western blotting using commercially

available antibodies that specifically recognize CRF1

and 2 subtypes. As shown in Fig. 1, we could detect

both CRF1- and CRF2-specific immunoreactivities at

the expected positions on western blots (Fig. 1).

Localization of CRF1 and CRF2 in HeLa cells by

confocal microscopy

CRFR-specific antisera were also used to detect the

intracellular localization of CRF receptor isoforms in

HeLa cells. The secondary antibody recognizing the

primary was conjugated to Cy3 fluorophore.

Methodical control was prepared by the omission of

the primary antibodies. As shown by Fig. 2A,B, both

CRFR immunoreactivities were distributed throughout

the cytoplasm.

Time kinetics of hUCN1-induced activating ERK1/

2 phosphorylation in HeLa cells

To test the possible cell proliferation-regulating effect of

hUCN1, we examined the activating phosphorylation of

ERK1/2 in HeLa cells induced by the peptide. Based on

our previously published findings [15] the final concen-

tration of hUCN1 was adjusted to 10 nM. In time-

course experiments, 10 nM of hUCN1 could induce a

marked, transient ERK1/2 phosphorylation peaking

15 min following the start of the treatment. After it, the

signal fell back rapidly to around baseline (Fig. 3).

Dose-dependence of hUCN1-induced ERK1/2

phosphorylation in HeLa cells

To see whether 10 nM of hUCN1 was indeed the most

effective concentration for the treatment of HeLa cells,

dose–response experiments were performed with vari-

ous dilutions of hUCN1. Compared with the control

group 10 nM of human urocortin1 could induce the

most robust ERK1/2 phosphorylation 15 min after the

start of the treatment, while other dilutions of hUCN1

proved to be less effective (Fig. 4).

Inhibition of MEK in hUCN1-treated HeLa cells

In order to examine the role of MEK (mitogen-

activated protein kinase/extracellular signal-regulated

kinase that activates ERK1/2) in hUCN1-induced

ERK1/2 phosphorylation, a MEK inhibitor chemical

Fig. 1. CRF1 and CRF2 expression in HeLa cells by western blotting. Detection of CRF1 (60 kDa, upper left quadrant) and CRF2 (47 kDa,

upper right quadrant) expression using isoform-specific antisera. The beta-actin signal served as loading control (lower two quadrants).

821FEBS Open Bio 13 (2023) 818–832 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

B. Balogh et al. Urocortin promotes HeLa cell division via CRF1



compound was used in Hela cells. Pretreatment of the

cells with U0126 could completely abolish the ERK1/2-

activating effect of hUCN1. Compared with the control

group the inhibitor alone could reduce even basal EKR1/

2 phosphorylation to below detectable. Based on these

results MEK appears to play a pivotal role in hUCN1-

induced ERK1/2 phosphorylation in HeLa cells (Fig. 5).

Intracellular localization of phosphorylated ERK1/

2 (pERK1/2) in hUCN1-treated HeLa cells

We also investigated the intracellular localization of

pERK1/2 by immunofluorescence and laser scanning

confocal microscopy. In untreated control samples, we

could detect a barely noticeable phospho-ERK1/2 sig-

nal in the cytoplasm of individual HeLa cells. Fifteen

minutes after the start of 10 nM hUCN1 treatment, a

stronger pERK1/2 signal was apparent compared with

the control group and its localization was also cyto-

plasmic. By the end of the treatment day, a weaker,

cytoplasmic pERK1/2 signal could still be detected

matching the kinetics of the pERK1/2 signal detected

on western blots (Fig. 6).

Selective inhibition of CRF1 and CRF2

The involvement of CRF receptors in hUCN1-induced

ERK1/2 phosphorylation was examined by the

addition of selective chemical inhibitors of CRFR iso-

forms. Pretreatment of the cells with the CRF1-specific

inhibitor Antalarmin (Ant) could significantly reduce

the activating phosphorylation of ERK1/2 induced by

10 nM hUCN1 (Fig. 7).

In contrast to the previous observation, the CRF2-

specific inhibitor Astressin 2b (A2b) was not able to

reduce the ERK1/2 phosphorylating effect of hUCN1

to the degree of measurable significance (Fig. 8).

hUCN1 stimulates the expression of E2F-1

protein

Human urocortin could also increase the expression of

the E2F-1 transcription factor, a pivotal activator of

S-phase genes. Twenty-four hours after the start

of hUCN1 treatment, a marked elevation in the level

of E2F-1 could be detected by western blotting, while

administration of the MEK inhibitor U0126 signifi-

cantly reduced this effect of hUCN1 (Fig. 9).

Increased PKB/Akt phosphorylation by hUCN1

In time-course experiments we also examined the acti-

vating phosphorylation of the serine/threonine-specific

enzyme PKB/Akt, a central regulator of cell survival.

One hour after the start of hUCN1 treatment a signifi-

cant increase in PKB/Akt phosphorylation was

Fig. 2. Intracellular localization of CRF receptors in HeLa cells by means of laser scanning confocal microscopy and immunofluorescence.

The presence of both CRF1 (A) and CRF2 (B) immunoreactivities was evident in the cytoplasm of HeLa cells. Omission of the primary

antibody resulted in the lack of the immune signal (see also the methodical control of Fig. 6D). The scale bar (10 lm) in panel ‘A’ applies to

both micrographs.
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detected, then the signal intensity fell rapidly back to

around baseline (Fig. 10).

hUCN1 decreases the level of p53 in HeLa cells

We examined the possible contribution of the cell cycle

regulatory protein p53 in hUCN1-stimulated signaling

pathways in lysates of HeLa cells. As indicated in

Fig. 11, 10 nM hUCN1 could induce a significant, sus-

tained decrease in the level of p53 at various time points

(50–6 h), then the signal intensity returned to around

baseline by the end of the treatment day (Fig. 11).

Increased proliferation of HeLa cells measured by

MTT assay

The MTT cell viability and proliferation assay was

used to examine whether hUCN1 had any effect on

the proliferation of HeLa cells. The cultures were kept

in their regular culturing medium as described above

or in a medium supplemented with 10 nM hUCN1. In

the presence of the peptide, a significant increase in

MTT production was measured 24 h after the start of

hUCN1 treatment when compared to values without

hUCN1 treatment. This effect of 10 nM hUCN1 could

be blocked using the CRF1-specific inhibitor Antalar-

min, while Astressin 2b, a chemical inhibitor of CRF2,

could not prevent the hUCN1-stimulated increase in

cell proliferation (Fig. 12).

Discussion

Urocortin members of the CRF ligand family are

expressed throughout the CNS and also in peripheral

organs, such as the heart, placenta, and gastrointesti-

nal tract [16]. The effects of CRF family neuropeptides

Fig. 3. Western blot analysis of hUCN1-induced, time-dependent ERK1/2 phosphorylation in HeLa cells. The cells were treated with 10 nM

hUCN1 for the indicated time points or were left untreated as control. A significantly stronger ERK1/2 phosphorylation (pERK1 and pERK2)

was detected 15 min after the start of the treatment compared with the control group. The nonphosphorylated forms of ERK1/2 served as

loading control during reprobing of the membrane. Relative ERK phosphorylation was determined by the phosphorylated/total signal ratio.

The values shown are presented by box + whiskers plots, indicating median (central horizontal line), min/max values, and mean (with ‘+’

within the box) of five independently performed experiments (n = 5). *P < 0.05 vs. Control (two-way ANOVA, Dunnett).
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mediated through specific CRF receptors are extremely

diverse, ranging from the regulation of stress

responses, or anxiety, via influencing feeding behavior,

to the modulation of cardiovascular and immune reac-

tions [16,17]. Various actions of CRF neuropeptides

and their receptors can also be important regulators of

tumor development (see references from [15]). Urocor-

tin, CRF, and their receptors have been detected in

various human tumors, such as in breast cancer, gli-

oma cell lines, and others [17,18]. According to Wang

and Li [19], urocortin can inhibit the growth of tumor

cells by activating CRF1.

The MAPK isoforms ERK1 and 2 are key regula-

tors of cell proliferation both in healthy and malignant

cells. CRF receptors are coupled to Gas that can stim-

ulate adenylate cyclase, which in turn increases intra-

cellular cAMP production [20]. In neuronal cells the

activating phosphorylation of the MAP kinase cascade

through CRF receptors occurs by the stimulation of

the cAMP/PKA pathway [21], while in mouse cardio-

myocytes and Chinese hamster ovary cells MAPK acti-

vation is PKA-independent [20], indicating a cell-type-

specific process. Other proteins could also be involved

in the activation of ERK1/2 MAPK, such as PKB/

Akt, PKC, and Raf-1 [22]. In human pregnant myo-

metrial cells, urocortin stimulates the phosphorylation

of ERK1/2 MAP kinase, but the activating phosphor-

ylation can be prevented in the presence of the MEK

inhibitor U0126 [23]. A similar pattern was also

Fig. 4. Dose-dependence of hUCN1-induced ERK1/2 phosphoryla-

tion by western blotting. HeLa cells were left untreated (Control) or

were treated with various concentrations of hUCN1 (0.1–100 nM)

for 15 min to induce the maximal phosphorylation of ERK1/2. Com-

pared with the control group, a significant increase in ERK1/2 phos-

phorylation was apparent using 10 nM of hUCN1. Reprobing of the

membrane for total ERK1/2 protein served the purpose of loading

control. Relative protein phosphorylation was determined by the

phosphorylated/total signal ratio. The values shown are presented

by box + whiskers plots, indicating median (central horizontal line),

min/max values, and mean (with ‘+’ within the box) of four inde-

pendently performed experiments (n = 4). *P < 0.05 Control vs.

10 nM hUCN1 (two-way ANOVA, Dunnett).

Fig. 5. The effect of MEK inhibition on hUCN1-induced ERK1/2

phosphorylation in HeLa cells by western blotting. HeLa cells were

pretreated with the MEK inhibitor U0126 (at 20 lM final concentra-

tion), which can effectively inhibit the kinase activity of MEK. The

treatment with the inhibitor started 30 min before and then contin-

ued during the last 15 min (altogether 45 min) in the simultaneous

presence of 10 nM hUCN1 (to induce maximal ERK1/2 phosphoryla-

tion). The inhibitor could significantly reduce both baseline and

hUCN1-induced ERK1/2 phosphorylation. Reprobing of the mem-

brane for total ERK1/2 served as loading control. The phosphory-

lated/total signal ratio was used to determine relative

protein phosphorylation. The values shown are presented by

box + whiskers plots, indicating median (central horizontal line),

min/max values, and mean (with ‘+’ within the box) of five indepen-

dently performed experiments (n = 5). *P < 0.05 Control vs.

hUCN1 (10 nM); #P < 0.05 hUCN1 (10 nM) vs. U0126 + hUCN1

(10 nM); @P < 0.05 Control vs. U0126 (two-way ANOVA, Tukey).
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described in our previous work [15] in MCF7 breast

cancer cells and is supported by the present study

likewise. Urocortin also protects the isolated rat

heart against ischaemic and reperfusion injury in a

MAPK-dependent manner [21] by activating the phos-

phorylation of ERK1/2 [22]. Others have reported that

urocortins (1, 2, and 3) can protect the rat heart from

reperfusion injury not only in vitro but also in vivo via

Fig. 6. Intracellular distribution of phospho-ERK1/2 in HeLa cells by means of immunofluorescence and laser scanning confocal microscopy.

(A) barely detectable phospho-ERK1/2 signal in the cytoplasm of untreated HeLa cells. (B) Elevated pERK1/2 signal (red) 15 min after the

start of hUCN1 treatment, predominantly in the cytoplasm of HeLa cells. (C) Weaker cytoplasmic pERK1/2 signal in the presence of 10 nM

hUCN1 for 24 h. (D) Methodical control prepared by the omission of the primary antibody showed no noticeable immune signal at the

applied microscope settings. The scale bar (10 lm) in Panel (A) applies to all micrographs. Nuclei were counterstained using Hoechst 33342

(Calbiochem, La Jolla, CA, USA).
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upregulation of the MAPK EKR1/2 signaling pathway

[24,25].

MAPKs are central regulatory elements of cell divi-

sion signaling. In our current experiments, hUCN1

could maximally stimulate the activating phosphoryla-

tion of the MAPK ERK1/2 at a concentration as low

as 10 nM 15 min after the start of the treatment, then

the signal rapidly fell back to baseline. Active, phos-

phorylated ERK1/2 immunoreactivity could be

detected predominantly in the cytoplasm by means

of fluorescence microscopy. Transient cytoplasmic

ERK1/2 activation is correlated with increased cell

proliferation in PC12 rat pheochromocytoma tumor

cells (for references see [15]). Pretreatment of HeLa

cells with the MEK inhibitor U0126 could completely

abolish the ERK1/2-phosphorylating effect of the pep-

tide, pointing to a central role of MEK in hUCN1-

induced ERK1/2 activation of HeLa cells.

In the Ishikawa endometrial cell line, CRF1 mediates

antiproliferative actions, while in peripheral blood lym-

phocytes, it supports apoptosis [18]. In CRF receptor-

expressing HL-1 cardiac cells urocortin-induced ERK1/

2 phosphorylation can be inhibited either by the CRF1-

specific chemical inhibitor Antalarmin or by the specific

CRF2 antagonist antisauvagine-30 [26]. The ERK1/2-

Fig. 7. The effect of CRF1 inhibition on hUCN1-induced ERK1/2

phosphorylation by western blotting. HeLa cells were pretreated

with the CRF1-specific antagonist Antalarmin at 100 nM final con-

centration. Inhibition was started 30 min before the urocortin treat-

ment and was continued during the last 15 min (altogether 45 min)

in the simultaneous presence of 10 nM hUCN1 (to induce maximal

ERK1/2 phosphorylation). Compared with the hUCN1-treated group

Ant could markedly reduce hUCN1-stimulated ERK1/2-activating

phosphorylation. Reprobing of the membrane for total ERK1/2

served as loading control. The phosphorylated/total signal ratio was

used to determine relative protein phosphorylation. The values

shown are presented by box + whiskers plots, indicating median

(central horizontal line), min/max values, and mean (with ‘+’ within

the box) of three independently performed experiments (n = 3).

*P < 0.05 Control vs. hUCN1 (10 nM), #P < 0.05 hUCN1 (10 nM)

vs. Ant + hUCN1 (10 nM; two-way ANOVA, Tukey).

Fig. 8. The effect of CRF2-inhibition onto hUCN1-induced ERK1/2

phosphorylation by western blotting. Pretreatment of cells with the

CRF2-selective antagonist A2b at 100 nM final concentration was

started 30 min before the hUCN1 treatment and continued during

the last 15 min (altogether 45 min) in the simultaneous presence

of 10 nM hUCN1 (to induce maximal ERK1/2 phosphorylation). A2b

could not markedly reduce the ERK1/2-phosphorylating effect of

10 nM hUCN1, significantly increased ERK1/2 phosphorylation by

hUCN1 was observable even in the presence of the inhibitor.

Reprobing of the membrane for total ERK1/2 served as loading

control. Relative protein phosphorylation was determined by the

phosphorylated/total signal ratio. The values shown are presented

by box + whiskers plots, indicating median (central horizontal line),

min/max values, and mean (with ‘+’ within the box) of three inde-

pendently performed experiments (n = 3). *P < 0.05 vs. Control

(two-way ANOVA, Tukey).
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phosphorylating effect of urocortin can also be blocked

by Astressin 2b, a chemical inhibitor of CRF2, as it was

experienced in rat esophageal cells [27].

Stimulation of CRF1 by its ligands CRF or UCN1

is an important initial step in stress conditions like

anxiety, depression, or inflammatory diseases of the

intestinal tract. Hence, the inhibition of the receptor’s

activity is often favorable in experimental models of

these conditions, and deciphering the cellular and

molecular reactions in the background is of potential

medical relevance. We could detect the presence of

CRF1 and 2 by western blotting and immunofluores-

cence microscopy in HeLa cells using commercially

available CRFR isoform-specific antibodies. In our

earlier study with MCF7 human breast carcinoma cells

[15], like in the work of others [10,11] CRF1 immuno-

reactivity was localized mostly to and along the

plasma membrane. The CRF2 immune signal, on the

contrary, had a broader distribution pattern with a

more granular appearance and not only along the cell

surface but reaching deeper into the cytoplasm as well.

In HeLa cells, at the same time, the immune signal of

both CRF1 and 2 was detectable not just along the

cell surface but also reaching deeper into the cyto-

plasm. In this cell type, the signal pattern contained

bigger granules in the case of CRF1 and finer ones for

CRF2. Since the culturing conditions and all steps of

the methodology were identical during the fluorescence

microscopic work with both cell lines (MCF7 and

HeLa), the observed differences in signal distribution

(CRF1 in MCF7 closer to the membrane while CRF1

in HeLa and CRF2 also deeper in the cytoplasm of

both cell lines)—we attribute to cell-type-specific

features. We have not examined the potential

Fig. 9. hUCN1-induced E2F-1 protein expression measured by

western blotting. Compared with the untreated control an

increased expression of E2F-1 transcription factor was detected

after 24 h in the presence of 10 nM hUCN1. This effect of hUCN1

was blocked by U0126, the selective inhibitor of MEK. Reprobing

of the membranes for beta-actin served as loading control. The

values shown are presented by box + whiskers plots, indicating

median (central horizontal line), min/max values, and mean (with ‘+’

within the box) of three independently performed experiments

(n = 3). *P < 0.05 vs. Control, #P < 0.05 24 h hUCN1 (10 nM) vs.

U0126 + 24 h hUCN1 (10 nM; one-way ANOVA, Tukey).

Fig. 10. Time dependence of hUCN1-induced PKB/Akt phosphory-

lation by western blotting. A marked increase in PKB/Akt phosphor-

ylation was measured in the presence of 10 nM hUCN1 that

peaked 1 h after the start of the treatment. The membrane was

reprobed for total Akt, which served as loading control. Relative

protein phosphorylation was determined by the phosphorylated/

total signal ratio. The values shown are presented by

box + whiskers plots, indicating median (central horizontal line),

min/max values, and mean (with ‘+’ within the box) of four inde-

pendently performed experiments (n = 4). *P < 0.05 vs. Control

(one-way ANOVA, Dunnett).
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heterodimerization of CRF1 and 2 receptors, which

can also have a serious effect on their subcellular local-

ization [10].

The general experience in stress signaling is that

CRF1 mediates mainly stress-adaptive responses, while

signals originating from CRF2 mostly dampen the

effects of CRF1 receptor and that way ameliorate

stress reactions of biological systems [28,29]. Pretreat-

ment of HeLa cells with the CRF1 inhibitor Antalar-

min could significantly decrease the ERK1/2-

phosphorylating effect of hUCN1, indicating the

importance of CRF1 receptor in hUCN1-induced

ERK1/2 phosphorylation in this cell type. On the con-

trary, we could not detect a statistically significant

inhibitory effect in the presence of the CRF2 inhibitor

Astressin 2b during hUCN1 treatment of HeLa cells.

Furthermore, we examined the effect of 10 nM

hUCN1 treatment on the proliferation of HeLa cells

by MTT assay. Our results showed a significant

increase in MTT production 24 h after the start of

hUCN1 treatment. The cell proliferation-stimulating

effect of hUCN1 could also be inhibited using Anta-

larmin, a specific inhibitor of CRF1, while pretreat-

ment with CRF2 inhibitor Astressin 2b did not show

such an effect—a striking difference compared with

that seen earlier with MCF7 cells, where both receptor

inhibitors could reduce MTT production [15]. The

observed differences are pointing to important cell-

type-specific deviations in urocortin’s signaling mecha-

nism of action. The converted MTT tetrazolium com-

pound is used to determine the number of healthy,

viable cells. Based on our results we can conclude that

24 h of 10 nM hUCN1 treatment increased the number

of live HeLa cells, which could be inhibited by

Fig. 11. The expression of p53 protein in hUCN1-stimulated Hela

cells by western blotting. A significant decrease in p53 expression

was detected in the presence of 10 nM hUCN1 for the indicated

time points (5 min to 6 h), then the signal intensity rose to around

baseline. The beta-actin signal served as loading control. Relative

p53 protein level was determined by the p53/beta-actin ratio. The

values shown are presented by box + whiskers plots, indicating

median (central horizontal line), min/max values, and mean (with ‘+’

within the box) of four independently performed experiments

(n = 4). *P < 0.05 vs. Control (one-way ANOVA, Dunnett).

Fig. 12. Increased MTT production of HeLa cells in the presence

of 10 nM hUCN1. A significant increase in cell proliferation was

measured by the applied MTT assay in the presence of 10 nM

hUCN1 for 24 h compared with the untreated (Control) group. This

effect of hUCN1 could be prevented in the presence of Antalarmin,

a chemical inhibitor of CRF1 (Panel A). On the contrary, Astressin

2b, a specific inhibitor of CRF2 was not able to abolish the cell

proliferation-stimulating effect of hUCN1 (Panel B). The values

shown are presented by box + whiskers plots, indicating median

(central horizontal line), min/max values, and mean (with ‘+’ within

the box) of six independently performed experiments (n = 6, Panel

A and B). Panel A: *P < 0.05 Control vs. 24 h hUCN1 (10 nM),

#P < 0.05 24 h hUCN1 (10 nM) vs. Ant + 24 h hUCN1 (10 nM);

Panel B: *P < 0.05 vs. Control (one-way ANOVA, Tukey).
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Antalarmin, indicating the significance of CRF1 in this

signaling process induced by urocortin in HeLa cells.

We tried to decipher the molecular background of

the observed increase in cell proliferation by measuring

the expression of E2F-1, the pivotal activator of S-

phase genes. We could detect a significant increase in

the level of E2F-1 24 h after the start of hUCN1 treat-

ment by western blotting. Meanwhile, the MEK inhib-

itor U0126 could inhibit the E2F-1-stimulating effect

of hUCN1, suggesting the involvement of MEK in

these urocortin-stimulated signaling steps.

Apoptosis is another phenomenon that is frequently

mediated via CRF receptors. According to Tsatsanis

et al. [30], urocortin can induce apoptosis in macro-

phages via CRF2, including the activation of central

pro-apoptotic proteins, like Bad and Bax. On the con-

trary, in the RM-1 mouse prostate cancer cell line, the

presence of urocortin did not support apoptosis, while

CRF had the opposite effect [31]. The cardioprotective

actions of urocortin2 against ischemia–reperfusion (I/

R) are well known, and at the same time, it decreases

apoptosis in Wistar rats [32]. CRF also suppressed

apoptosis in Y79 human retinoblastoma cells by inhi-

biting the proteolytic cleavage and activation of pro-

caspase 3 [33].

Based on the above data, we tried to determine the

contribution of the cell cycle- and cell survival�/

apoptosis-regulator protein p53 to hUCN1-stimulated

signaling events in HeLa cells. Data generated by west-

ern blots showed a significant decrease in p53 expres-

sion in the presence of 10 nM hUCN1, then the signal

intensity rose back to around baseline 24 h after the

start of the treatment. In an earlier study [15] treat-

ment of MCF7 cells resulted in significantly increased

expression of p53. The differing effects of hUCN1 on

p53 expression again underline the importance of cell-

type-specific differences in urocortin signaling under

the applied settings.

Phosphatidylinositol-3 kinase (PI3K) activation by

urocortin was reported by Chandras et al. [34] in

human monocytic THP-1 cells, an effect mediated by

CRF2, while in human embryonic kidney (HEK) 293

cells the enzyme is activated via CRF1 [35]. UCN2 can

regulate glucose metabolism by inhibiting the insulin-

induced phosphorylation of ERK1/2 and Akt in

C2C12 myotubes [36], and a similarly decreased Akt

phosphorylation at Ser-473 was also described in L6

myotubes by Gao et al. [37].

In this direction, we could also detect the activating

phosphorylation of the key cell survival-regulator

PKB/Akt 1 h after the start of hUCN1 treatment.

hUCN1-induced activation of the enzyme and the

decreased p53 level may both contribute to the

increased survival of HeLa cells. An additional impor-

tant factor worth considering is that HeLa human cer-

vical carcinoma cells used in the current study similar

to the MCF7 human ductal breast carcinoma cell line

used in our previously published work [15] are both

of female origin. Furthermore, in HeLa cells of cervi-

cal cancer origin, the E6 and E7 early proteins of

human papilloma viruses interfere with the normal

function of key signaling and cell cycle-controlling

proteins like that of retinoblastoma and p53 [38–41].
Therefore we should keep sex [42] and the presence of

potent signal-distorting components of viral origin as

important possible factors in mind when interpreting

our data and their potential pathological and thera-

peutic relevance.

Conclusions

Our results showed the presence of both CRF1 and 2

immunoreactivities in the cytoplasm of HeLa cells

using isoform-specific antisera and laser scanning con-

focal microscopy. We could detect transient ERK1/2

phosphorylation peaking at 15 min in the presence of

10 nM hUCN1. This effect of hUCN1 could be pre-

vented by the MEK inhibitor U0126 suggesting the

pivotal role of the MAPK kinase in hUCN1-induced

ERK1/2 activation. We also demonstrated that the

ERK1/2 phosphorylating effect of 10 nM hUCN1 was

initiated via CRF1, while the participation of CRF2 in

this process is not confirmed by our data. hUCN1

treatment increased the expression of the E2F-1 tran-

scription factor, a key regulator of S-phase genes sup-

porting cell proliferation. This phenomenon could be

blocked by U0126, the chemical inhibitor of MEK

emphasizing the importance of the enzyme in hUCN1-

stimulated signaling pathways. At the same time, uro-

cortin increased the overall production of MTT forma-

zan crystals in HeLa cells, which could be inhibited by

the CRF1-specific inhibitor Antalarmin, but not by

Astressin 2b the inhibitor of the other main CRF

receptor isoform. Interestingly, in MCF7 cells [15]

both receptor isoform-specific inhibitors could reduce

MTT production to a significant degree. The elevated

expression of E2F-1 and the increased production of

formazan dye in the presence of urocortin are both

suggestive of increased HeLa cell proliferation. While

the activating phosphorylation of PKB/Akt and the

decreased expression of p53 upon hUCN1 treatment

support increased cell survival in the same cell type. In

view of our data, we can conclude that the effect of

hUCN1 in HeLa cells is mediated via CRF1 and MEK

towards ERK1/2 while MEK is also critical for the

induction of increased E2F-1 expression, supporting
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increased cell proliferation. We believe that our results

can help a better understanding of how urocortins

exert their cell proliferation-regulating effects in a cell-

type-specific manner and it also sheds light onto their

potential role in cancer formation. The above-revealed

cell-type-specific aspects of urocortins’ signaling may

also have therapeutic relevance to targeted treatments

of various malignancies in the future.
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A B S T R A C T   

Urocortins are members of the stress-related corticotropin-releasing factor family. Small amounts of them are 
present in the circulation and they are produced locally in various tissues of higher vertebrates. Aside from 
regulating circulation, or food uptake they also influence, via auto- and paracrine mechanisms, cell proliferation. 
In the present study we investigated in MCF7 human breast cancer cells the effect of urocortin onto mitogenic 
signaling via ERK1/2. Our results revealed that already 10 nM urocortin could stimulate the phosphorylation of 
these kinases and cell proliferation of MCF7 cells while ATP production was reduced when kept in the presence of 
the peptide up to two days. We examined the expression and contribution of the specific receptors of urocortin to 
the activation of ERK1/2 and to cell proliferation, the intracellular distribution of phosphorylated ERK1/2, and 
the involvement of additional proteins like PKA, PKB/Akt, MEK, p53, Rb and E2F-1 behind the observed 
phenomena.   

1. Introduction 

Isoforms of urocortin (UCN) belong to the corticotropin-releasing 
factor (CRF) or hormone (CRH) family of stress-related neuropeptides. 
They act complementary to or contrasting the effects of CRF (Vaughan 
et al., 1995; Wang and Li, 2007) when mediating stress reactions (Dunn 
and Berridge, 1990; Vale et al., 1981). This family of ligands includes in 
higher vertebrates CRF, and related UCN1, UCN2 - the latter also known 
as stresscopin-related peptide - and UCN3 or stresscopin. In mammals, 
all three types of UCN are coded by their own genes (Hauger et al., 2003; 
Hsu and Hsueh, 2001; Vaughan et al., 1995). In humans the above li-
gands can be found in peripheral tissues as well as in the central nervous 
system (Boorse and Denver, 2006). 

Class B1 (secretin-like) G protein-coupled CRF (or CRH) Receptor 
isoforms (CRFR1 and 2 or CRHR1 and 2) of these peptides are present in 
various healthy or cancerous tissue and cell types. The receptor isoforms 
are encoded by separate genes and their RNA transcripts are subject to 

extensive splicing (Chang et al., 1993; Hauger et al., 2003; Kishimoto 
et al., 1995; Lovenberg et al., 1995; Perrin and Vale, 1999). CRFR 
expression was reported in MCF7 cells at the mRNA level (Androulidaki 
et al., 2009; Graziani et al., 2007) with CRFR1 mRNA in much higher 
amounts than that of CRFR2. Recently Koureta et al. (2020) have also 
detected CRFR2 immunoreactivity in MCF7 cells using polyclonal anti-
sera. In addition, the activities of CRF and UCN are regulated by the 
CRF-binding protein (CRF-BP). It is regarded as an endogenous buffer or 
pseudo-receptor for CRF and UCN, controlling ligand availability for the 
receptors (Behan et al., 1996; Dautzenberg and Hauger, 2002; Seasholtz 
et al., 2002). 

UCNs may convey varying effects depending on interacting ligand 
and receptor isoform, the type of the cell exposed or even the species 
(Rademaker and Richards, 2017). CRFR1 binds CRF and UCN1, while 
CRFR2 preferentially binds UCNs with much higher affinity compared to 
that towards CRF. From the ligand’s perspective UCN1 binds to both 
CRFR1 and 2 (Chen et al., 1993; Hsu and Hsueh, 2001; Lewis et al., 
2001; Lovenberg et al., 1995; Reyes et al., 2001; Vaughan et al., 1995) 
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but UCN2 and UCN3 appear to be selective partners of CRFR2 (Daut-
zenberg and Hauger, 2002). 

Ligand binding of CRFR1 and 2 leads to increased cAMP production 
followed by the activation of PKA (Battaglia et al., 1987; Chen et al., 
1986). Although most studies reflect that CRF receptors couple pri-
marily to Gsα which, in turn activates adenyl-cyclase, other second 
messenger systems and the activation of MAPK pathways (Grammato-
poulos and Ourailidou, 2017; Karteris et al., 2000; Ulisse et al., 1989) 
have also been implicated. This signaling promiscuity reflects CRFRs’ 
ability to bind to various G-proteins, hence stimulating several path-
ways, often in a tissue- or cell type-specific manner. (Grammatopoulos, 
2012 and references therein). 

Aside from its physiological functions like the regulation of stress, 
circulation and food uptake (Deussing and Chen, 2018) the CRF-system 

has also been proposed to play an important role in the development of 
tumors (Kaprara et al., 2010a, 2010b). Originally cloned from the 
pleural effusion of an invasive breast ductal carcinoma (Soule et al., 
1973) and named after Michigan Cancer Foundation, MCF7 adenocar-
cinoma cells are among the best-studied adherent human tumor cell 
lines. Breast cancer is one of the most frequently occurring human tu-
mors, whereas stress and obesity are both risk factors of cancer 
formation. 

In the current study, we set out to examine possible direct effects of 
human UCN1 (HU) onto the proliferation of MCF7 cells with special 
emphasis on the identity of the involved receptors, the activity and 
intracellular localization of the mitogenic signaling proteins ERK1 and 2 
and their activator MEK. Our observations also shed light onto the 
involvement of the pRb-E2F pathway behind the cell proliferation- 

Abbreviations 

ATCC American Type Culture Collection 
Ant Antalarmin, a CRFR1-inhibiting compound 
A2B Astressin 2B, a CRFR2-inhibiting compound 
cAMP cyclic adenosine monophosphate 
Class B1 GPCR Class B1 (‘brain-gut’ neuropeptides B/secretin-like 

hormone) G protein-coupled receptor 
CHO Chinese hamster ovary cells 
CRF corticotropin-releasing factor 
CRF-BP CRF-binding protein 
CRH corticotropin-releasing hormone 
CRFR1 and CRFR2 corticotropin-releasing factor receptor 1 and 2 
Cy3 a fluorophor cyanine dye 
DMEM Dulbecco’s Modified Eagle’s Medium 
DMSO dimethyl sulfoxide 
E2F a cell cycle regulating transcription factor family 
EDTA ethylene diamine tetraacetic acid 
EGTA ethylene glycol tetraacetic acid 
EPAC Exchange Protein directly Activated by cAMP 
ERK1/2 Extracellular signal-Regulated Kinase 1 and 2 
G-proteins Guanine nucleotide-binding proteins 
HEK293 Human Embryonic Kidney cell line 
HRP horseradish-peroxidase 
H89 H-8 (N-[2-(methylamino)ethyl]-5-isoquinoline- 

sulfonamide), an inhibitor of PKA 
HU Human Urocortin1 
HU10 10 nM of HU 
MAP Kinase Mitogen-Activated Protein Kinase 
MCF7 Michigan Cancer Foundation 7, human breast 

adenocarcinoma cell line 
MEK Mitogen-activated protein kinase/ERK Kinase 
p38MAPK a MAP Kinase with the molecular weight of 38 kDa 
PBS phosphate buffered saline 
PC12 rat pheochromocytoma cell line 
pERK 1 and 2 phosphorylated ERK1 and 2 
PI3–K Phosphatidylinositol 3-Kinase 
PKA Protein Kinase A 
PMSF Phenyl Methane Sulfonyl Fluoride 
PKB/Akt Protein Kinase B/also known as Akt protein (the latter 

isolated from a thymoma cell line of AKR-type mice) 
pRb phosphorylated Retinoblastoma protein 
PVDF Polyvinylidene Difluoride 
p53 a tumor suppressor protein with the molecular weight of 

53 kDa 
Raf-1 a kinase isolated from rapidly proliferating fibrosarcoma 
SDS Sodium Dodecyl Sulfate 
TBS Tris-Buffered Saline 
UCN Urocortin 
U0126 a chemical compound that inhibits MEK  

Fig. 1. CRF receptor immunoreactivities in MCF7 cells by Western blotting. Upper left and right quadrants: CRFR1 and CRFR2 immunoreactivities in lysates of MCF7 
cells. Lower two quadrants: The beta-actin signal was the loading reference across the lanes. 
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regulating effect of HU in MCF7 cells. 2. Materials and methods 

2.1. Reagents 

All chemicals used were purchased from Sigma-Aldrich (a member of 
Merck Group, Budapest, Hungary) unless otherwise stated. HU was 

Fig. 2. Intracellular localization of CRF receptor 
immunoreactivities in MCF7 cells by means of 
immunofluorescence and laser scanning confocal 
microscopy. CRFR1 (A) and CRFR2 (B) immunore-
activity in the cytoplasm of MCF7 cells with 
maximal signal intensities towards the plasma 
membrane. Omission of the primary antibody or the 
use of non-immune IgG resulted in the complete 
lack of immune signal (not shown) at the applied 
microscope settings. The scale bar (in panel A) ap-
plies to both micrographs.   

Fig. 3. Time kinetics of HU-induced, acti-
vating ERK1/2 phosphorylation (pERK1 and 
2) in MCF7 cells by Western blotting. (The 
molecular weights of ERK 1 and ERK 2 iso-
forms are 44 and 42 kDa, respectively.) 
MCF7 cells were left untreated (Control) or 
were treated with 10 nM HU for the indi-
cated durations (5′-24h). Compared to the 
untreated control pronounced ERK1/2 
phosphorylation was apparent after 5 min 
(upper panel) that proved to be statistically 
significant (see ERK1 and ERK2 phos-
phorlylation on the left and right eight col-
umns of the bar diagram, respectively). 
Reprobing of the membrane for total ERK1/ 
2 served as loading control. Relative protein 
phosphorylation was determined by the 
phosphorylated/total ratio. The values 
shown are mean + S.D. of three independent 
experiments. *p < 0.05 vs. Control (two-way 
ANOVA, Dunnet).   
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dissolved according to the manufacturer’s instructions in 10% acetic 
acid, most applied inhibitors (H89 from Cell Signaling Technology, 
U0126 and Antalarmin) in DMSO, Astressin 2b in distilled water. In pilot 
experiments we confirmed that the vehicle of the applied agents had no 
effect on the examined parameters of the experiments at the high di-
lutions (DMSO 4000-fold or higher, 10% acetic acid 10 000-fold) used 
during treatments (not shown). 

2.2. Cell culture 

MCF7 human breast carcinoma cells (purchased from ATCC, Vir-
ginia, USA and kindly provided by Prof. József Szeberényi at the Uni-
versity of Pécs, Medical School) were regularly cultured on plastic Petri 
dishes or plastic Thermanox (Nalgene Nunc International, Rochester, 
NY, USA) coverslips (up to a confluence rate of approximately 50%) in 
phenol red-containing Dulbecco’s Modified Eagle’s Medium (DMEM) 
complemented with 10% fetal bovine serum for 24 h after plating to 
achieve sufficient adhesion. The cultures were maintained at 37 ◦C in a 
humidified atmosphere containing 5% CO2. One day before treatments 
the media were replaced by 0.5% horse serum-containing DMEM in 
order to silence serum-stimulated mitogenic signaling pathways. 

2.3. Western blotting 

Cultures were treated with 10 nM final concentration of HU for the 
indicated times or were left untreated as control. Inhibitors where 
applied were added to culturing media 30 min before the planned 
termination of treatments at the following final concentrations: U0126 
at 20 μM, H89 at 10 μM, Antalarmin at 100 nM, Astressin 2B at 100 nM. 
Upon completion of treatments the cultures were harvested into ice-cold 
lysis buffer (50 mM Tris-base, pH 7.4, 150 mM NaCl, 10% glycerol, 1 
mM EGTA, 1 mM Na-orthovanadate, 5 μM ZnCl2, 100 mM NaF, 10 μg/ 
ml aprotinin, 1 μg/ml leupeptin, 1 mM PMSF, 1% Triton X-100) and 
were frozen for storage. Subsequent processing included thawing and 
homogenization by vortexing for 20 s, then centrifugation at 13 500×g 
and at 4 ◦C followed for 20 min and the protein content of the super-
natant was determined (Protein Assay Dye Reagent Concentrate Bio- 
Rad, Hercules, CA, USA). Equal amounts of proteins (50 μg) were 
mixed with 4x Laemmli buffer (25 ml 1M Tris-HCl, pH 6.8, 40 ml 
glycerol, 8 g SDS, 10 ml 100 mM EDTA, 10 ml 100 mM EGTA and 1 ml 
1% bromophenol blue brought up to 100 ml with distilled water), and 
boiled briefly to denature proteins. The samples were loaded onto 10% 
polyacrylamide gels and separated according to molecular weight. 
Electro-blotting onto PVDF membranes (Hybond-P, GE Healthcare, 
United Kingdom) preceded the immunodetection of proteins. For this 

Fig. 4. Dose-dependence of HU-induced 
ERK phosphorylation by Western blotting. 
MCF7 cells were left untreated (Control) or 
treated with the indicated amounts of HU 
(0.1nM–100nM) for 5 min in an attempt to 
induce maximal ERK1/2 phosphorylation. 
The use of both 10 nM and 100 nM final 
concentrations resulted in robust ERK1 (44 
kDa) and ERK2 (42 kDa) phosphorylation 
(upper panel), also supported by the bar di-
agram. (see ERK1 and ERK2 phosphoryla-
tion on the left and right five columns of the 
bar diagram, respectively). Subsequent 
reprobing of the membrane for total ERK1/2 
verified the relative amounts of loaded 
sample across the lanes. Relative protein 
phosphorylation was determined by the 
phosphorylated/total ratio. The values 
shown are mean + S.D. of three independent 
experiments. *p < 0.05 vs. Control (two-way 
ANOVA, Dunnet).   

B. Balogh et al.                                                                                                                                                                                                                                  



purpose we blocked the membrane in 5% nonfat dry milk (or in 3% 
bovine serum albumin in case of phospho-Akt detection) dissolved in 
TBS-Tween (10 mM Tris-base, 150 mM NaCl, 0.2% Tween-20, pH 8.0). 
The primary antibodies were also diluted in the blocking solution (anti- 
CRFR1, Fine Biotech, PRC; anti-CRFR2, Sigma-Aldrich, Budapest, 
Hungary; phospho-ERK1/2, ERK1/2, pAKT, pRB, E2F-1, Akt and beta- 
Actin, Cell Signaling Technology, Beverly, MA, USA or p53, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) 1:1000 and incubated over-
night. Methodical controls prepared by the omission of the primary 
antibodies or the use of non-immune sera of the appropriate species 
resulted in no signal production as determined in pilot experiments (not 
shown). Removal of unbound antisera happened by washing five times 
in TBS-Tween, then incubation of the membranes followed with a 
horseradish-peroxidase (HRP)-conjugated anti-rabbit secondary anti-
body (Cell Signaling Technology, Beverly, MA, USA) dissolved 1:5000 in 
the blocking solution. Five washes in TBS-Tween removed the unbound 
antibodies before enhanced chemiluminescence detection of the specific 
signals (Immobilon Western, Millipore Corporation, Billerica, MA, USA) 
using a G-box gel documentation system (Syngene, Cambridge, UK). 
Densitometry was performed with the ImageJ software (National In-
stitutes of Health, USA). 

2.4. Data presentation of Western blots 

Presented images are representative of series that produced similar 

results. Densitometric values are the mean + S.D. for the indicated 
number of repeats performed 

independently. Data were normalized to the mean of the corre-
sponding control group. Significance of differences was determined 
using one-way (for proteins exhibiting only one isoform and with data 
that passed the Shapiro-Wilk normality test) or two-way (for proteins 
exhibiting two isoforms) ANOVA testing applying Tukey (for time- 
kinetic and dose-response analyses) or Dunnett (in case of treatments 
with multiple agents at the same time) corrections for multiple samples, 
as indicated in the figure legends. P values ˂ 0.05 were considered 
generally as significant. Intensity differences judged as relevant to major 
findings are marked in the graphs and their corresponding P values are 
also indicated in the figure legends. All experiments have been repeated 
at least three times. 

2.5. Fluorescence microscopy 

Cultures were treated with 10 nM final concentration of HU for the 
indicated times or were left untreated as control. Treatments were 
stopped by quickly rinsing in 37 ◦C PBS (1.37 mM NaCl, 0.27 mM KCl, 
0.43 mM Na2HPO4⋅7H2O, 0.14 mM KH2PO4, pH 7.4) and then fixing in 
4% paraformaldehyde dissolved in PBS, pH 7.4 for 1 h at room tem-
perature. Excess fixative was removed by three changes of PBS followed 
by three changes of TBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl). In 
order to block nonspecific binding sites the samples were incubated in 

Fig. 5. The effect of MEK inhibition onto HU- 
induced maximal ERK1/2 phosphorylation by 
Western blotting. Pretreatment of MCF7 cells with 
the MEK-inhibitor U0126 (at 20 μM final concen-
tration started 30 min before and then continued 
during the last 5 min in the presence of HU10) 
reduced both untreated baseline (Control) and 
HU10-induced ERK1 (44 kDa) and ERK2 (42 kDa) 
phosphorylation (upper panel). Reprobing of the 
membrane for total ERK1/2 served as loading con-
trol. Statistical analysis of the data is shown by the 
bar charts (ERK1 = left four columns, ERK2 = right 
four columns). Relative protein phosphorylation 
was determined by the phosphorylated/total ratio. 
The values shown are mean + S.D. of three inde-
pendent experiments. *p < 0.05 Control vs. HU10, 
#p < 0.05 HU10 vs. U0216 + HU10, @p < 0.05 
Control vs. U0126 (two-way ANOVA, Tukey).   
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5% nonfat dry milk solubilized in TBS-Triton (50 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 0.1% Triton X-100), at 4 ◦C for 1 h under continuous 
gentle rocking. The primary antibodies were diluted in case of anti- 
CRFR1 (Fine Biotech, PRC) and anti-CRFR2 (Sigma-Aldrich, Hungary) 
1:100, in case of phospho-ERK1/2 (Cell Signaling Technology, USA) 
1:300, in the blocking solution and left on the specimens overnight at 
4 ◦C under gentle rocking. After five washes in TBS-Triton the Cy3- 
conjugated anti-rabbit secondary antibody from Jackson Immuno 
Research (Cambridgeshire, UK) was pipetted onto the samples at 4 ◦C for 
an hour at a dilution of 1:300 for CRFR detection and 1:600 to detect 
phospho-ERK1/2 in the blocking solution. Using these antibody con-
centrations the methodical control samples prepared by the omission of 
the primary antibody or by using nonimmune serum of the appropriate 
species gave no detectable signal at the applied microscope settings. 
Nuclei were regularly counterstained using Hoechst 33 342 (Calbio-
chem, La Jolla, CA). 

2.6. Data presentation of confocal micrographs 

All experiments have been repeated at least three times. Represen-
tative micrographs were taken from series with similar results. Confocal 
imaging was carried out using an Olympus FV-1000 laser scanning 
system. Single optical sections were captured with a 40×, long distance, 
combined phase contrast and fluorescence objective. Densitometry was 
performed with the ImageJ software. Raw intensity density 

(RawIntDen) of nuclear phospho-ERK1/2 was determined by the sum of 
pixel intensities in nuclei of the cells. Significance of differences was 
calculated using Kruskal-Wallis testing applying Dunn correction. P 
values < 0.05 were considered as statistically significant (as indicated in 
the figure legend). 

2.7. CellTiter-Glo 2.0 ATP measurement assay 

To determine the number of viable cells in culture based on quan-
titation of ATP present we used the CellTiter-Glo 2.0 assay (Promega, 
Madison, Wis., USA). MCF7 cells (5 × 102) per well of 96-well plates 
were cultured as described above and treated with 10 nM final con-
centration of HU for 24- or 48 h or were left untreated as control. The 
luminescent signal that is proportional to the amount of ATP present was 
determined using an ELISA microplate reader (FLUOstar OPTIMA, BMG 
Labtech, Ortenberg, Germany) following the instructions of the 
manufacturer. 

2.8. Data presentation of ATP measurement assay 

Experiments were performed in triplicates and repeated at least three 
times. The results are the mean + S.D. for the independent repeats. Data 
were normalized to the mean of the corresponding control group. Sig-
nificance of differences was determined using two-way ANOVA testing 
applying Tukey corrections. P values < 0.05 were considered as 

Fig. 6. The effect of PKA inhibition onto HU- 
induced maximal ERK1/2 phosphorylation by 
Western blotting. Pretreatment of MCF7 cells with 
the PKA-inhibitor H89 (at 10 μM final concentration 
started 30 min before and then continued during 
the last 5 min in the presence of HU10) reduced 
HU10-induced ERK1 (44 kDa) and ERK2 (42 kDa) 
phosphorylation (upper panel). Reprobing of the 
membrane for total ERK1/2 served as loading con-
trol. Statistical analysis of the data is presented by 
the bar charts (ERK1 = left four coloumns, ERK2 =
right four coloumns). Relative protein phosphory-
lation was determined by the phosphorylated/total 
ratio. The values shown are mean + S.D. of three 
independent experiments. *p < 0.05 Control vs. 
HU10, #p < 0.05 HU10 vs. H89 + HU10 (two-way 
ANOVA, Tukey).   
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statistically significant (as indicated in the figure). 

2.9. MTT cell proliferation and viability assay 

MCF7 cells were cultured on 96-well plates as described above and 
treated with 10 nM HU alone, or also with Antalarmin or Astressin 2B for 
24 or 48 h. Then 10 μl of Thiazolyl Blue Tetrazolium Bromide (pur-
chased from Merck) dye solution (5 mg/ml) dissolved in sterile water 
was pipetted to the cells’ medium (100 μl/well) and their thermostat 
incubation continued for an additional 4 h. The supernatant of cells was 
removed thereafter and the MTT product that accumulated proportional 
to the cells’ metabolic activity was eluted with a 1:1 mixture of 100 μl 
DMSO-ethanol. Absorbance measurement followed at 570 nm using an 
ELISA microplate reader (FLUOstar OPTIMA, BMG Labtech, Ortenberg, 
Germany). 

2.10. Data presentation of MTT measurement assay 

All experiments were performed in triplicates and repeated at least 
three times. The results are the mean + S.D. for independent repeats. 

Significance of differences was determined using one-way ANOVA 
testing applying Sidak corrections. P values < 0.05 were considered as 
statistically significant (as indicated in the figure). 

3. Results 

3.1. Expression of CRF receptors in MCF7 cells 

In order to determine the CRFR expression profile of MCF7 cells we 
performed Western blotting from cell lysates using antisera recognizing 
the 1 or 2 subtype of CRFR. As shown by Fig. 1, immunoreactivities of 
both CRFR1 (60 kDa) and CRFR2 (47 kDa) could be detected on Western 
blots (Fig. 1). 

3.2. Localization of CRFR1 and CRFR2 in MCF7 cells 

We also examined the cellular localization of CRFR1 and 2 using the 
same isoform-specific antisera as above and fluorescence labeling of the 
secondary antibody. As revealed by laser scanning confocal microscopy 
the distribution of both CRFR immunoreactivities was cytoplasmic with 

Fig. 7. The effect of CRF receptor inhibitors onto 
HU-induced ERK1/2 phosphorylation by Western 
blotting. Pretreatment of MCF7 cells with the spe-
cific CRFR1 inhibitor Antalarmin (Ant, at 100 nM 
final concentration started 30 min before and then 
continued during the last 5 min in the presence of 
HU10) reduced HU-induced ERK1 (44 kDa) and 
ERK2 (42 kDa) phosphorylation (upper panel). 
Reprobing of the membrane for total ERK1/2 served 
as loading control. Statistical analysis of the data is 
demonstrated by the bar charts (ERK1 = left four 
columns, ERK2 = right four columns). Relative 
protein phosphorylation was determined by the 
phosphorylated/total ratio. The values shown are 
mean + S.D. of three independent experiments. *p 
< 0.05 Control vs. HU10, #p < 0.05 HU10 vs. Ant 
+ HU10 (two-way ANOVA, Tukey).   
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maximal intensities towards the periphery and, especially in case of 
CRFR1, along the plasma membrane (Fig. 2A and B). 

3.3. The kinetics of ERK1/2 phosphorylation upon HU-treatment of 
MCF7 cells 

In view of its known proliferation-regulating effect, we tested the 
activating phosphorylation of ERK1/2 by HU in MCF7 cells. Based on 
experiments, running parallel in other culture systems in our laboratory 
we adjusted the concentration of HU to 10 nM during treatments. In 
time-course experiments, HU could induce at this concentration the 
strongest increase in ERK1/2 phosphorylation 5 min after the start of the 
treatment. The effect was transient and the signal intensity fell back to 
around baseline minutes afterwards (Fig. 3). 

3.4. Dose-dependence of ERK1/2 phosphorylation in MCF7 cells treated 
with HU 

In order to confirm that 10 nM HU was indeed the best choice for the 
treatment of MCF7 cells we performed dose-response experiments as 

well. After 5 min, both 10 and 100 nM concentrations of the ligand could 
elicit comparably strong increases in ERK1/2 phosphorylation (Fig. 4). 
Since there was no statistically significant difference between the 
measured signals induced by 10 nM or 100 nM HU, we applied the lower 
concentration of the peptide in all subsequent experiments (HU10). 

3.5. The effect of MEK-inhibition in MCF7 cells treated with HU 

Pretreatment of the cultures with U0126 a trusted chemical inhibitor 
of MEK, the kinase activating ERK1/2, could completely abolish the 
ERK1/2-phosphorylating effect of HU (Fig. 5). The inhibitor alone could 
reduce baseline ERK1/2 phosphorylation to below detectable. These 
observations indicate that MEK plays a pivotal role in HU-induced 
ERK1/2 phosphorylation in MCF7 cells. 

3.6. The effect of PKA inhibition on HU-induced ERK1/2 
phosphorylation 

In order to examine if PKA has a role in HU-induced ERK1/2 acti-
vation we chemically inhibited PKA using the compound H89. In 

Fig. 8. The effect of CRF receptor inhibitors onto 
HU-induced ERK1/2 phosphorylation by Western 
blotting. Pretreatment of MCF7 cells with the spe-
cific CRFR2 inhibitor Astressin 2B (A2B, at 100 nM 
final concentration started 30 min before and then 
continued during the last 5 min in the presence of 
HU10) had no effect onto HU10-induced ERK1 (44 
kDa) and ERK2 (42 kDa) phosphorylation (upper 
panel). Reprobing of the membrane for total ERK1/ 
2 served as loading control. Statistical analysis of 
the data is demonstrated by the bar charts (ERK1 =
left four columns, ERK2 = right four columns). 
Relative protein phosphorylation was determined 
by the phosphorylated/total ratio. The values 
shown are mean + S.D. of three independent ex-
periments. *p < 0.05 Control vs. HU10, #p < 0.05 
Control vs. A2B + HU10 (two-way ANOVA, Tukey).   
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presence of the PKA-inhibitor HU-induced phosphorylation of ERK1/2 
was markedly reduced compared to that induced with HU alone (Fig. 6) 
and showed no statistically significant difference compared to the un-
treated control. 

3.7. Selective inhibition of CRF receptors 1 and 2 

In order to examine the contribution of the two CRF receptor iso-
forms to HU-induced ERK1/2 phosphorylation we used selective 
chemical inhibitors. The CRFR1-specific inhibitor Antalarmin (Ant) 
could markedly reduce ERK1/2 activation by HU. (Fig. 7). 

At the same time, HU could induce ERK1/2 phosphorylation just as 
well in the presence of Astressin2B (A2B) – a selective CRFR2 inhibitor - 
as without receptor inhibition (Fig. 8). 

3.8. Intracellular localization of phosphorylated ERK1/2 in MCF7 cells 
treated with HU 

By means of immunofluorescence and laser scanning confocal mi-
croscopy, we investigated the intracellular localization of phosphory-
lated ERK1/2. In untreated MCF7 cells, weak phospho-ERK signal was 
detected in the cytoplasm (Fig. 9A). Five minutes after the start of HU10- 
treatment the signal intensity became noticeably stronger and it 
appeared in nuclei as well (Fig. 9B). By the end of the treatment day, just 
like on Western blots, ERK1/2 phosphorylation has fallen back to 
around baseline and its localization was again cytoplasmic (Fig. 9C). 

3.9. ATP measurement of MCF7 cells in the presence and absence of HU 

In order to examine whether HU had any effect onto the ATP pro-
duction of MCF7 cells we kept cultures between changes of media - up to 
48 h that is - in their regular culturing medium or in medium 

Fig. 9. Intracellular localization of phos-
phorylated ERK1/2 by immunofluorescence 
and laser scanning confocal microscopy in 
MCF7 cells. Hoechst-stained nuclei appear 
via the green channel. A: weak baseline 
phospho-ERK1/2 (pERK1/2) signal (red) 
mostly in the cytoplasm of untreated control 
MCF7 cells. B: elevated pERK1/2 signal in 
the cytoplasm (red) and also in nuclei (red or 
red over green = yellow) after 5 min in the 
presence of 10 nM HU. C: pERK1/2 signal 
with cytoplasmic predominance after 24 h of 
10 nM HU-treatment. Omission of the pri-
mary antibody or the use of non-immune IgG 
resulted in the complete lack of the immune 
signal (not shown) at the applied microscope 
settings. The scale bar (in panel A) applies to 
all three micrographs. The images are 
representative of three independently 
repeated experiments. D: Statistical evalua-
tion of nuclear pERK1/2 intensities 
comparing samples A, B and C. RawIntDen 
= Raw Intensity Density. *p < 0.05 vs. 
Control (Kruskal-Wallis test + Dunn). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 10. The effect of HU onto ATP production of MCF7 cells. The presence of 
HU10 could markedly reduce the ATP production of MCF7 cells during the time 
between regular changes of culturing media (up to 48 h) as measured by the 
CellTiter-Glo 2.0 ATP assay. The values shown are mean + S.D. of three inde-
pendent experiments. *p < 0.05 vs. Control at indicated times (two-way 
ANOVA, Tukey). 
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supplemented with HU10. In presence of the peptide at the indicated 
concentration, a significant reduction in ATP production was measured 
by the applied assay when compared to values without HU-treatment 
(Fig. 10). Addition of Antalarmin or Astressin 2B, specific inhibitors of 
CRFR1 and 2, respectively, didn’t have an effect onto urocortin’s ability 
to inhibit ATP production of MCF7 cells (not shown). 

3.10. HU increases MTT measurement in MCF7 cells 

Additional assessing of cell viability was performed using MTT assay. 
Statistically significant elevations of MTT production by MCF7 cells was 
measured in the presence of HU10 both after 24 and 48 h of culturing 
when compared to the values of untreated MCF7 cells. Moreover, this 
effect of HU10 could be effectively prevented at both time points using 
either Antalarmin or Astressin 2B, chemical inhibitors of CRFR1 and 2, 
respectively (Fig. 11.) 

3.11. HU increases the level of p53 in MCF7 cells 

In an attempt to relate the observed metabolic activity changes of the 
cultures to possible changes in cell proliferation, next we examined cell 
cycle regulatory proteins like the expression of p53 as a function of HU- 
treatment in MCF7 cells. 10 nM HU has elicited a significant increase in 

the level of p53 protein by the end of the treatment day (Fig. 12). An 
effect of the CRH receptor inhibitors Antalarmin and Astressin 2B onto 
urocortin-induced p53 expression, however, we could not detect (data 
not shown). 

3.12. HU induces phosphorylation of the retinoblastoma protein 

Phosphorylation (at Serine 795) of the other key cell cycle regulatory 
protein retinoblastoma (Rb) was also significantly increased in the 
presence of HU10 by the end of the 48 h long culturing period of MCF7 
cells compared to the untreated control. This effect of HU10 could be 
blocked with the MEK inhibitor U0126 or after inhibiting PKA with H89 
(Fig. 13.). 

3.13. HU induces expression of E2F-1 

Expression of the S-phase gene-activating transcription factor E2F-1 
was also increased by HU10 after 48 h in the presence of the peptide. The 
MEK inhibitor U0126 and also H89 - the latter inhibiting PKA - could 
both block this effect of HU10 (Fig. 14.). 

Fig. 11. Elevated MTT measurements of MCF7 cells in the presence of HU10 and its blockade with specific CRFR1 and 2 inhibitors. Significant increases of MTT 
production of MCF7 cells was detected in the presence of HU10 after both 24 and 48 h in the presence of the peptide compared to the untreated control (panel A). 
This effect of HU10 could be antagonized with Antalarmin (Ant) and Astressin 2B (A2b), chemical inhibitors of CRFR1 and 2, respectively, at both time settings (after 
24 h with Antalarmin (panel B) or Astressin 2B (panel D) and after 48 h with Antalarmin (panel C) or Astressin 2B (panel E). The values shown are mean + S.D. of 
three independent experiments. Panel A: *p < 0.05 24h Control vs. 24h HU10, #p < 0.05 48h Control vs. 48h HU10; Panel B: *p < 0.05 24h Control vs. 24h HU10, 
#p < 0.05 24h HU10 vs. Ant+24h HU10; Panel C: *p < 0.05 48h Control vs. 48h HU10, #p < 0.05 48h HU10 vs. Ant+48h HU10; Panel D: *p < 0.05 24h Control vs. 
24h HU10; #p < 0.05 24h HU10 vs. A2b+24h HU10; Panel E: *p < 0.05 48h Control vs. 48h HU10; #p < 0.05 48h HU10 vs. A2b+48h HU10 (one-way 
ANOVA, Sidak). 
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3.14. HU doesn’t increase the apoptosis of MCF7 cells 

To check the possible involvement of increased apoptosis behind 
reduced ATP production of cultures in the presence of HU10 we tested 
several potential candidate proteins (eg. caspases 3 and 8, Bax, Bad) by 
Western blotting and also the nuclear morphology of MCF7 cells by laser 
scanning confocal microscopy following the fluorescent staining of 
nuclei. In none of these experiments could we reveal any statistically 
significant difference in the expression or activity of the listed proteins 
or in the morphology of cell nuclei in the presence of HU10 versus the 
untreated controls (data not shown). 

3.15. HU increases the phosphorylation of PKB/Akt in MCF7 cells 

We also examined the activating phosphorylation of the key cell 
survival-signaling component PKB/Akt. HU10 induced the prolonged 
phosphorylation of PKB/Akt that peaked at 3 h and returned only 
gradually to baseline afterwards (Fig. 15). 

4. Discussion 

UCNs are central regulators of food uptake and stress-coping (Reul 
and Holsboer, 2002), while being overweight and overstressed are both 
known risk factors in human tumorigenesis, including the development 
of breast cancer. Peptides of the CRF-family are present in all major 
organs of higher vertebrates where they can exert local effects. After the 
discovery of UCNs and their receptors’ expression in various tumors, the 

possible role of this peptide as a tumor regulator has become the interest 
of several laboratories (Arcuri et al., 2002; Florio et al., 2006; Kaprara 
et al., 2010a, 2010b; Wang and Li, 2007). 

The effects of CRF on tumor cells depend on cell and tissue type, 
which in turn determines the expression of specific CRF receptor iso-
forms. CRF receptor signaling via MAP kinase cascades involving ERK1/ 
2 was observed in neuronal, cardiac, and myometrial cells, as well as in 
recombinant expression systems (Brar et al., 2004a; 2004b). Gαi- and 
Gαo-proteins, PI3–K and PKB/Akt and Raf-1 can all participate in 
ERK1/2 activation (Brar et al., 2004a; 2004b; Punn et al., 2006) that 
might also involve cAMP-activated EPAC signaling (Markovic et al., 
2011; Van Kolen et al., 2010). 

Regarding UCN signaling, the activation of MAPK isoforms, 
including ERK1/2 and p38 MAPK was detected upon stimulation of 
CRFRs in connection with cardio-protection (Brar et al., 2004a). Similar 
effects were described during adaptation to stress (Sananbenesi et al., 
2003) or as part of mechanisms serving neuroprotection (Elliott-Hunt 
et al., 2002; Pedersen et al., 2002), and in the regulation of apoptosis 
(Dermitzaki et al., 2002; Radulovic et al., 2003). Upon receptor over-
expression in HEK293 cells (Markovic et al., 2008; Punn et al., 2006) 
sustained ERK1/2 phosphorylation was measured via CRFR1 activation, 
but downstream of CRFR2 the kinases’ activation was transient and the 
enzymes accumulated both in the nucleus and the cytoplasm. Activation 
of ERK1/2 could also be elicited by treatments with sauvagine in CHO 
cells transfected with CRF-Receptor expressing constructs (Rossant 
et al., 1999) or in pregnant human myometrium following UCN treat-
ment (Papadopoulou et al., 2004). 

In our experiments HU could elicit a fairly rapid and transient acti-
vation of the mitogen-activated protein kinases ERK1/2 peaking at 5 
min. Pretreatment with U0126 could completely abolish the ERK1/2- 
phosphorylating effect of HU and it reduced baseline ERK1/2 phos-
phorylation too, indicating the central role of MEK in HU-induced 
ERK1/2 activation. 

Transient ERK1/2 activation is related to increased cell proliferation 
in PC12 cells, for example (Marshall, 1995). 

Graziani and colleagues have reported the inhibition of cell growth 
in human endometrial adenocarcinoma cells (Graziani et al., 2002) (via 
activation of cAMP-PKA) and that of estradiol-induced cell proliferation 
in MCF7 cells (Graziani et al., 2007) both upon CRF administration and 
under the mediation of CRFR1. In the work of Carlson and colleagues 
(Carlson et al., 2001) CRH and various analogs of it, inhibited the pro-
liferation of cultured Cloudman melanoma cells, and the growth of B16 
melanoma tumor in vivo, apparently by the activation of CRH1 receptors 
and altered Ca2þ signaling. Androulidaki and co-workers found that 
CRF inhibited both MCF7 cell proliferation and apoptosis (Androulidaki 
et al., 2009). According to the studies of Jin et al. (2015) urocortin, by 
activating CRFR1 and -2, may inhibit breast cancer progression stimu-
lated by TGFb1, while inhibited growth and vascular permeability 
together with antiproliferative and differentiative effects of CRF medi-
ated by the CRFR was found in W256 rat mammary carcinoma (Tjuvajev 
et al., 1998). On the other hand, the promotion of tumor cell prolifer-
ation by CRF and CRFR1 was reported by Minas et al. (2007), a trend 
also observed earlier in melanoma by Sato and colleagues (Sato et al., 
2002). 

In our current study HU induced transient ERK1/2 activation in 
MCF7 cells. Fluorescence microscopic detection of phosphorylated 
ERK1/2 revealed the nuclear translocation of ERK1/2 during peak 
activation of the enzyme by HU. Cytoplasmic ERK1/2 localization is 
related to increased cell proliferation while nuclear translocated ERK1/2 
induces differentiation and slows cell division down in PC12 cells 
(Marshall, 1995). 

The involvement of PKA in UCN signaling is diverse. While in some 
cellular systems ERK1/2 phosphorylation initiated from CRFRs requires 
the activity of the cAMP/PKA cascade (Elliott-Hunt et al., 2002; Kova-
lovsky et al., 2002), in others PKA inhibits ERK1/2 activation (Gram-
matopoulos et al., 2000; Graziani et al., 2002, 2007; Papadopoulou 

Fig. 12. The effect of HU at the indicated times onto the expression of p53 
protein by Western blotting. A marked increase in p53 protein expression was 
apparent in the presence of HU10 by the end of the first day. Relative p53 
protein level was determined as the ratio of beta-actin. The values shown are 
mean + S.D. of three independent experiments. *p < 0.05 vs. Control (one-way 
ANOVA, Dunnett). 
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et al., 2004). Cells that express beta-adrenergic receptors also require its 
phosphorylation by PKA in order to couple the receptor to its G-protein 
and then activate ERK (Daaka et al., 1997). 

In our experiments chemical inhibition of PKA with H89 could 
significantly reduce the ability of HU to stimulate ERK1/2 phosphory-
lation in MCF7 cells indicating the requirement of PKA activity behind 
the observed induction of ERK1/2 phosphorylation. 

The expression of both CRF and CRFR1 mRNA together with the 
antiproliferative effect of the ligand was documented in MCF7 cells 
(Graziani et al., 2007). UCN and CRF can inhibit directly the growth of 
tumor cells via CRFR1, as also summarized in the review article of Wang 
and Li (2007). Using polyclonal antibodies Koureta et al. (2020) could 
demonstrate the presence of CRFR2 in MCF7 cells. By means of Western 
blotting and immunofluorescence confocal microscopy, we could detect 
both CRFR1 and 2 immunoreactivities in MCF7 cells using commercially 
available polyclonal antisera. 

Pretreating MCF7 cells with Antalarmin, a selective inhibitor of 
CRFR1 has led to a significant decrease in ERK1/2 phosphorylation 
elicited by HU-treatment. After similar inhibition of CRFR2 using 
Astressin 2B we could experience no such effect. These data underline 
the importance of CRFR1 in the ERK1/2 phosphorylation-inducing ef-
fect of HU in MCF7 cells. 

We examined the effect of HU10 treatment onto the number of live 
cells via two different approaches, by ATP measurement or using the 
MTT tetrazolium compound. When measuring ATP with the CellTiter- 
Glo 2.0 ATP assay HU10 could significantly reduce the formation of 
the nucleotide, either after 24 or after 48 h of MCF7 cell culturing. This 
effect of HU10, however, wasn’t blocked by Antalarmin or Astressin 2B, 
chemical antagonists of CRFR1 and 2, respectively. The CRFR inhibitors’ 
lacking effect is arguing in this regard against a specific, receptor- 
mediated mechanism. 

Measuring the production of the MTT tetrazolium compound, on the 
other hand, showed significant increases in the presence of HU10 after 
24 and 48 h and could be inhibited with Antalarmin or Astressin 2B, 
specific chemical inhibitors of CRFR1 and 2, respectively. MTT pro-
duction of cells is regarded as an indicator of the number of healthy, live 
cells. Based on our MTT measurement and its dependence on intact 
CRFR1 and 2 function we conclude that the presence of HU10 increased 
the number of live MCF7 cells at the assayed 24 and 48 h time points via 
CRFR1 and 2. 

In an attempt to identify molecular components that could lead to the 
increased number of MCF7 cells in the presence of urocortin we per-
formed Western blotting of cell cycle regulatory proteins. Along this line 
of experiments we could identify increased phosphorylation of the 
retinoblastoma protein and an elevated expression of the S-phase gene 
transcription factor E2F-1. Both phenomena could be blocked with the 
MEK inhibitor U0126 or with H89 a chemical inhibitor of PKA sug-
gesting the involvement of these enzymes in the signaling process eli-
cited by urocortin. 

Reducing the amount of serum is routine procedure during studies 
addressing cell signaling but it also raises the possibility of increased cell 
death. In addition, the work of Dermitzaki and colleagues reported that 
CRF exposure favored apoptosis in rat pheochromocytoma PC12 cells 
(Dermitzaki et al., 2002) and it acted similarly in macrophages too 

(caption on next column) 

Fig. 13. Phosphorylation (at Serine 795) of the retinoblastoma protein (pRb) in 
the presence of HU10 by Western blotting. Increased phosphorylation of the Rb- 
protein (upper blots of panels A and B) could be detected at the end of the 48-h 
long culturing period in MCF7 cells kept in media supplemented with HU10 
compared to untreated controls. The effect of HU10 could be blocked with the 
MEK inhibitor compound U0126 (panel A) or after inhibiting PKA with its 
chemical blocker H89 (panel B). Relative intensities are presented by the bar 
charts. Reprobing of the membranes for beta actin served as loading control. 
The values shown are mean + S.D. of three independent experiments. *p < 0.05 
vs. Control, #p < 0.05 48h HU10 vs. U0126 + 48h HU10, vs. H89 + 48h HU10 
(one-way ANOVA, Tukey). 
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(Tsatsanis et al., 2005). In experiments of Jin and colleagues CRF, the 
main ligand of CRFR1 similarly induced apoptosis in the RM-1 mouse 
prostate cancer cell line and in LNCaP human prostate cancer cells by 
regulating critical Bax and Bad protein levels while UCN2 acting pref-
erentially via CRFR2 had the opposite effect (Jin et al., 2011). UCNs can 
also exert a protective effect in the human stomach by inhibiting 
apoptosis, as suggested by Chatzaki and colleagues (Chatzaki et al., 
2006). Other studies have given account of only transient inhibition of 
programmed cell death by CRF (Androulidaki et al., 2009). In the human 
gastric cancer AGS cell line CRF and UCNs all worked against pro-
grammed cell death (Chatzaki et al., 2006). In Y79 retinoblastoma cells 
CRF suppressed apoptosis by the downregulation of pro-caspase-3 
cleavage and activation and it also inhibited programmed cell death in 
neuroblastoma (Radulovic et al., 2003). 

In view of the available literature data, we decided to assess the 
expression of p53 protein, the pivotal regulator of cell proliferation and 
survival in HU-treated MCF7 cells. Western blots showed significantly 
increased p53 protein levels after 24 h in the presence of HU. An effect of 
the specific CRFR antagonists Antalarmin or Astressin 2B onto increased 
p53 expression in the presence of urocortin, nevertheless, couldn’t be 
detected (data not shown) questioning again a specific, CRF receptor- 
mediated mechanism. At the same time, none of the examined cas-
pases (3 and 8) and other pro-apoptotic proteins (eg. Bax and Bad) 
showed significantly altered activity or expression levels when 

Fig. 14. Increased expression of E2F-1 protein upon HU10 treatment detected 
by Western blotting. Enhanced expression of E2F-1 protein (panel A and B, 
upper blots) was measured in MCF7 cells after 48 h in the presence of HU10 
compared to the untreated control. This effect of HU10 was circumvented by 
the MEK inhibitor compound U0126 (panel A) or by blocking PKA with its 
chemical inhibitor H89 (panel B). Relative intensities are presented by the bar 
charts. Reprobing of the membranes for beta actin served as loading control. 
The values shown are mean + S.D. of three independent experiments. *p < 0.05 
vs. Control, #p < 0.05 48h HU10 vs. U0126 + 48h HU10, vs. H89 + 48h HU10 
(one-way ANOVA, Tukey). 

Fig. 15. Time kinetics of HU-induced PKB/Akt phosphorylation in MCF7 cells 
by Western blotting. Prolonged phosphorylation of the kinase reaching its 
maximum at 3 h then decreasing gradually was apparent in the presence of 10 
nM HU (upper panel). Relative intensities are shown by the bar chart. Statistical 
analyses gave evidence of significant PKB/Akt activation compared to the un-
treated control (Control) between 30 min and 6 h. Reprobing of the membrane 
for total Akt served as loading control. Relative protein phosphorylation was 
determined by the phosphorylated/total ratio. The values shown are mean + S. 
D. of three independent experiments. *p < 0.05 vs. Control (one-way 
ANOVA, Dunnett). 
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measured by means of Western immunoblotting in lysates of HU-treated 
MCF7 cells. The proportion of cells displaying apoptotic morphology did 
not change either when examined by nuclear staining and fluorescence 
confocal microscopy (the latter Western blot and confocal fluorescence 
microscopic data without statistically significant alterations are not 
shown). 

The activating phosphorylation of cell survival-promoting PKB/Akt, 
at the same time, was elevated reaching its maximum 3 h after the 
addition of HU to MCF7 cultures. Activation of PI3K - the kinase up-
stream of PKB/Akt - was reported earlier in various cell systems via 
either CRFR1 (Punn et al., 2006) or 2 (Chandras et al., 2009). Increased 
PKB/Akt phosphorylation in the presence of urocortin is in support of 
better MCF7 cell survival with urocortin in the culturing medium. 

5. Conclusions 

In summary our data show the presence of both CRFR1 and CRFR2 
immunoreactivities in MCF7 cells’ cytoplasm with maximal signal in-
tensities towards the plasma membrane when detected with isoform- 
specific antisera. We demonstrated that HU-treatment of MCF7 cells 
induced transient phosphorylation of ERK1/2 accompanied by nuclear 
translocation of the enzyme. This effect of HU was initiated via CRFR1 - 
depended also on the activity of PKA - and was mediated by MEK to-
wards ERK1/2. The same HU-treatment increased the overall expression 
of p53 and reduced ATP production of MCF7 cells. CRF receptor 
dependence of these latter alterations, however, couldn’t be supported 
experimentally. Increased MTT production of MCF7 cells, the stimula-
tion of Rb phosphorylation and E2F-1 expression by urocortin, on the 
other hand are all in support of increased cell proliferation in the pres-
ence of the peptide. The reduction of urocortin-induced Rb phosphory-
lation and that of E2F-1 expression by the MEK inhibitor compound 
indicates the participation of the ERK1/2 pathway in these processes 
while the inhibitory effect of H89 is suggestive of the involvement of 
PKA. Stimulated phosphorylation of PKB/Akt is in favor of increased cell 
survival while the induction of p53 might be indicative of increased 
cellular stress eventually leading to reduced ATP production. Elevated 
measurements with the MTT assay in the presence of HU10, however, 
are supportive of overall increased MCF7 cell proliferation, an effect that 
could be prevented by CRFR1-or 2-specific inhibitors, which in turn 
indicates the involvement of both receptors in this action of urocortin. 
As for the detailed signaling mechanism in the background, our data 
support the role of a pathway via CRFR1 and MEK-ERK1/2 but we can’t 
exclude the possibility of additional signaling routes initiated by CRFR1. 
Moreover, in view of Astressin 2B’s effect onto the urocortin-induced 
MTT production we must assume the participation of signals origi-
nating from CRFR2 in this process as well. Finally, elevated phosphor-
ylation of PKB/Akt in the presence of urocortin is also in favor of 
increased cell survival. 

In view of the possible involvement of UCNs at so many levels of 
human cancer regulation, it is tempting to entertain the possible 
development of agonists and/or antagonists that could selectively 
interfere at specific points with the cancer promoting or anti-cancer 
properties of UCNs. We believe that our experimental data contribute 
to the better understanding of how UCNs exert their signaling and cell 
cycle-regulating effects. 
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