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Background: Cyclins are well-known cell cycle regulators. The activation of cyclin- 
dependent kinases by cyclins allows orchestration of the complicated cell cycle machinery 
and drives the cell from the G1 phase to the end of the mitotic phase. In recent years, it has 
become evident that cyclins are involved in processes beyond the cell cycle. Cyclin F does 
not activate CDKs but forms part of the Skp1-Cul1-F-box (SCF) complex where it is 
responsible for protein target recognition and subsequent degradation in a proteasome- 
dependent manner.
Results: Here, we report that the downregulation of cyclin F in the A-375 melanoma cell 
line increases cell viability and colony formation in a cell cycle independent manner. Lower 
levels of cyclin F do not appear to affect the cell cycle, based on flow cytometry measuring 
BrdU incorporation and propidium iodide staining. By means of immunofluorescence stain-
ing and Western blot analysis, we observed changes in cell morphology-related markers 
which suggested ongoing epithelial-mesenchymal transition (EMT) in response to cyclin 
F downregulation. Increases in vimentin and N-cadherin protein levels, decreases in levels of 
epithelial markers such as ZO-1, along with changes in morphology to a spindle-like shape 
with the appearance of actin stress fibers, are all hallmarks of EMT. These changes are 
associated with increased invasive and migratory potential, based on 2D migration assays. 
Moreover, we observe an increase in RhoABC, talin and paxillin levels, the proteins 
involved in controlling cell signaling and motility. Lastly, upon knocking down cyclin 
F expression, we observed a decrease in thrombospondin-1 expression, suggesting a role 
of cyclin F in angiogenesis.
Conclusion: Cyclin F depletion induces proliferation and EMT processes in the A-375 
melanoma model.
Keywords: cyclin F, melanoma, invasiveness, proliferation, cancer

Introduction
Treatment of metastatic melanoma remains a medical challenge and although 
survival rates have significantly improved over the last few years, patient outcomes 
are still relatively poor. The introduction of personalized medicine, targeted small- 
molecule inhibitors and immunotherapy has significantly improved the likelihood 
of patient recovery, but prognosis is still variable and uncertain. Most patients 
quickly acquire resistance to MAPK and PI3K/AKT pathway inhibitors. The 
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mechanism of this resistance includes reactivation of 
MAPK signaling, activation of substitutive pathways and 
evading cell death by upregulating cytoprotective autop-
hagy and endoplasmic reticulum (ER) stress.1,2 Melanoma 
tumors which have developed resistance to therapeutic 
interventions, particularly if they have become metastatic, 
are extremely difficult to treat and are associated with very 
poor prognosis. There is evidently an urgent need to iden-
tify novel molecular targets for the development of alter-
native therapeutic strategies for the treatment of metastatic 
melanoma.

Epithelial-to-mesenchymal transition (EMT) is a crucial 
step for the progression of mature cells from a stationary to 
an invasive phenotype. EMT plays a crucial role in normal 
embryonic development and organogenesis, promoting dif-
ferentiation, organ-specific repair and damage recovery. 
However, in adult cells, it can initiate tumor metastasis 
and produce cancer stem-like cells which present 
a significant therapeutic obstacle.3,4 EMT induces dramatic 
changes in cell phenotype: cell-cell attachments become 
unstable, cells lose apicobasal polarity, elongate and acquire 
increased motility and invasiveness. The EMT process is 
characterized by activation of EMT-related transcription 
factors such a Snail, Slug/Snail2, ZEB1, ZEB2 and Twist, 
followed by downregulation of epithelial phenotypic mar-
kers such as E-cadherin and zonula occludens (ZO-1), along 
with upregulation of fibronectin, vimentin and mesenchy-
mal adhesion proteins such as N-cadherin and N-CAM.5 

During embryogenesis, cells undergo complete EMT and 
completely lose epithelial markers, whereas cancer cells can 
express both epithelial and mesenchymal markers and com-
plete inversion is observed only in vitro cancer cell 
cultures.6

Cyclin F is a part of the Skp1-Cul1-F-box protein 
(SCF) E3 ubiquitin ligase complex.7 The role of E3 ubi-
quitin ligases is to maintain cellular homeostasis by med-
iating linkage between recognized target proteins and 
ubiquitin molecules. Subsequently, proteins tagged with 
ubiquitin are degraded in the proteasome.8 The degrada-
tion of proteins via the SCF complex is important for 
maintaining genome stability and proper cell cycle 
course.9,10 The expression of cyclin F varies during the 
cell cycle, peaking at the G2 phase and decreasing at 
mitosis.11 In contrast to the other cyclins, cyclin F is an 
orphan cyclin and does not bind and activate any cyclin- 
dependent kinase (CDK). It has been shown that irregula-
rities in cyclin F expression can impair the regulatory 
function of the SCF complex and thus may be involved 

in cancerogenesis and other cell cycle-related diseases.12,13 

The purpose of this study was to investigate the effect of 
cyclin F silencing on EMT hallmarks using a metastatic 
melanoma cell line. We demonstrated that silencing cyclin 
F increases melanoma cell proliferation, migration and 
invasiveness.

Materials and Methods
Antibodies Used
Cyclin F (SantaCruz, sc-515,207), cyclin A (ThermoFisher, 
M1-154), cyclin B (ThermoFisher, MA5-14,319), cyclin 
D (Sigma-Aldrich, SAB4502603), RRM2 (Abcam, 
ab57653), p53 (ThermoFisher, Pab 240), NFkB p65 
(ThermoFisher, 33–9900), vimentin – immunofluorescence 
(Abcam, ab92547), vimentin – Western blot (SantaCruz, sc- 
373,717-AF790), N-cadherin (ThermoFisher, 3B9), RhoABC 
(Abcam, ab188103), ROCK-2 (Abcam, ab71598), pFAK 
(Sigma-Aldrich, F9176), paxillin (ThermoFisher), ZO-1 
(ThermoFisher, ZO1-1A12) TSBP1 (ThermoFisher, MA5- 
13,398)

TCGA and GTEx Analysis in Xena 
Platform
To compare the expression in normal skin and melanoma 
cells we compare the publicly available data from The 
Cancer Genome Atlas – human skin cutaneous melanoma 
(SKCM) cohort, and The Genotype-Tissue Expression 
database (GTEx) using the Xena platform.14 We compare 
812 normal tissue samples with 470 tumor samples from 
melanoma patients. Our data accession pathway was as 
follows: The first column: TCGA TARGET GTEx; First 
variable: phenotypic – main category; Second variable: 
phenotypic – study; Third variable: phenotypic – sample 
type; fourth variable: genotypic – gene: CCNF – normal-
ization method: RSEM norm_count. Then, the data were 
filtered using keywords: skin; cutaneous melanoma. The 
raw data were downloaded and analyzed in Graphpad 
Prism (ver. 8.0). The optimal cutoff for best statistical 
significance was computed using Evaluate Cutoff 
R package.

Cell Culture
The immortalized human melanoma cell derived from 
primary A-375 (cat. no. CRL-1619, ATCC) was cultivated 
in Eagle’s Minimum Essential Medium (EMEM) (cat. no. 
10–009-CV, Corning) supplemented with 10% fetal bovine 
serum (FBS) (cat. no. 11,573,397, Thermo Fisher 
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Scientific) and 50 µg/mL gentamycin (cat. no. G1397, 
Sigma-Aldrich). The cells were initially seeded at 
a density of 5x103 viable cells per cm2 and cultured in 
monolayer in T-25 cm2 flasks (Corning) at 37 °C and 5% 
CO2 in a humidified CO2 incubator. Transfected and non- 
transfected cells were tested for mycoplasma contamina-
tion by qualitative staining of nucleic acids using DAPI 
diluted 1:100 in distilled water (cat. no. D9542, Sigma- 
Aldrich). Exclusively cells testing negative for myco-
plasma were used for experimental applications and each 
batch of cells were only maintained for a maximum of five 
passages prior to conducting assays.

Cell Transfection
A-375 cells were transfected with shRNA according to the 
Santa Cruz shRNA Lentiviral Particles Transduction pro-
tocol. Briefly, cells intended for transfection were cultured 
in complete optimal medium, supplemented with FBS and 
gentamicin. Once cells reached the desired confluency or 
density, 4µg/mL Polybrene® (cat. no. sc-134,220, Santa 
Cruz) was added per well. A-375 cells were then infected 
by adding the shRNA Lentiviral Particles (Santa Cruz, cat. 
no. sc-108,080) to the culture and swirling the plate gently 
to mix. The Polybrene®-medium mixture was subse-
quently removed and replaced with 1 mL of supplemented 
EMEM and incubated overnight as previously described. 
Stable clones expressing the shRNA were selected by 
subculturing cells at a 1:3 to 1:5 ratio and cultivating in 
the presence of Puromycin (cat. no. sc-108,071, Santa 
Cruz) at a concentration of 2µg/mL for two weeks. 
Stably transfected cells were used for further studies and 
stable clones were maintained by replenishing culture 
medium containing 0.2 µg/mL fresh puromycin every 
3–4 days. Transduction efficiency was determined using 
copGFP Control Lentiviral Particles (cat. no. sc-108,084, 
Santa Cruz).

MTT Assay
To determine the effect of cyclin F downregulation MTT 
was conducted. The cells were plated on 24-well plates 
and 24h later the culture medium was replaced with 
DMEM without phenol red with MTT salt addition (ratio 
medium: MTT was 1:9). The stock solution was prepared 
by dissolving thiazolyl blue tetrazolium bromide (MTT, 
Sigma-Aldrich; St. Louis, MO, USA) in 5mg/mL PBS. 
The cells were incubated 2h then fluorescence intensity 
was measured using BioTEK 800Ts fluorescence micro-
plate reader at 570nm wavelength.

BrdU Assay
The cells were seeded to 6 well plates, and harvested after 
24h the BrdU were added directly to the medium for 2h. 
Then cells were harvested and the BrdU assay was con-
ducted using the BD Pharmingen™ BrdU Flow Kit (Alexa 
Fluor-488) following the manufacturer instructions. 
Samples were analyzed by the flow cytometry and data 
were processed using InCyte Software (Luminex).

Immunofluorescent Staining
For fluorescent labeling of proteins, control and trans-
fected A-375 batches were seeded into 12-well plates 
(Corning) and cultured under standard conditions on ster-
ile ⌀18mm glass coverslips (Thermo Fisher Scientific). 
Working at room temperature, the cells were fixed with 
4% paraformaldehyde for 20 min, permeabilized with 
0.25% Triton X-100 in PBS for 10 min and blocked with 
4% BSA in PBS for 40 min before staining with the 
appropriate primary (1 h, room temperature) and second-
ary antibodies (1 h, room temperature, in the dark). F-actin 
was labeled by incubation with Alexa Fluor 488 phalloidin 
diluted 1:40 in PBS (cat. no. A12379, Thermo Fisher 
Scientific). Cell nuclei were counterstained with DAPI, 
diluted 1: 100 in distilled water and incubated for 10 min 
at room temperature in the dark. After each incubation 
with antibody or DAPI, the cells were washed with PBS 
buffer. The slides were mounted in Aqua Poly/Mount 
(Polysciences) and viewed under a C1 confocal micro-
scope (Nikon) using a 100x oil immersion objective. 
Triple labeled images were obtained at the settings which 
simultaneously produced the brightest signal for all the 
proteins, using Nikon EZ-C1 Software (Nikon). All acqui-
sition parameters, including laser power, pixel dwell time 
and gains, were kept constant for all experiments per-
formed on the same proteins.

To quantitatively confirm the fluorescence intensity of 
labeled proteins, the above procedure was applied to 
A-375 cells suspension and additionally analyzed by 
microcapillary flow cytometry system (Luminex). Flow 
cytometry data were analyzed using FlowJo Software 
(BD Biosciences).

Western Blot Assay
The expression level of selected cycle cell and EMT- 
associated proteins in A-375 cells was determined using 
semi-quantitative Western blot technique was used. 
Lysates of A-375 cells were prepared in RIPA buffer 
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(cat. no. 20–188, Sigma Aldrich) containing HaltTM pro-
tease inhibitor cocktail (cat. no. 78,438, Thermo Fisher 
Scientific) and HaltTM phosphatase inhibitor cocktail 
(78,428, Thermo Fisher Scientific). Lysis mixture was 
added to the cells and incubated for 10 min at 4 °C. Cell 
lysates were centrifuged at 10,000 RCF for 20 min at 4 °C 
and quantitatively analyzed for protein content using the 
Pierce™ BCA Protein Assay Kit (cat. no. 23,225, Thermo 
Fisher Scientific) used according to the manufacturer’s 
instructions.

The supernatant was separated by denaturing electro-
phoresis. Briefly, samples were subjected to thermal dena-
turation by incubating for 3 min at 75 °C. Samples were 
applied to a polyacrylamide gel (cat. no. XP00160BOX, 
Thermo Fisher Scientific) submerged in Tris-Glycine SDS 
Running Buffer (cat. no. LC2675-5, Thermo Fisher 
Scientific) and subjected to 225 V until satisfactory separa-
tion of PageRuler Plus 10–250 kDa protein standard (cat. 
no. 26,619, Thermo Fisher Scientific) was observed. 
Separated protein was transferred onto a nitrocellulose 
membrane using an iBlot Dry Western Blotting System 
(Thermo Fisher Scientific). The membranes were incu-
bated for 2 h at room temperature with primary and sec-
ondary antibodies, appropriately diluted in iBind Flex 
Solution Kit (cat. no. SLF2020, Thermo Fisher 
Scientific) in iBind Flex Cards and processed on an 
iBind Automated Western System (Thermo Fisher 
Scientific). Protein bands were visualized using an 
enhanced chemiluminescence (ECL) detection system 
(cat. no. 1,705,061, Bio-Rad) and captured by ChemiDoc 
MP Imaging System (Bio-Rad). Band intensities were 
quantified and analyzed using Image Lab Software (Bio- 
Rad).

Cell Cycle Analysis
To differentiate cells in different phases of the cell cycle, 
quantitative cell cycle analysis was performed using 
Guava® easyCyte™ 6HT-2L flow cytometry system. 
Briefly, A-375 cells were seeded into 12-well plates 
(Corning) according to manufacturer’s recommendations. 
Cells were fixed and incubated in ethanol for 24 h at −20 ° 
C. Cells were then centrifuged at 500 RCF for 7 min at 
room temperature. Pelleted cells were washed with PBS 
buffer and centrifuged again under the same conditions. 
After thoroughly removing the supernatant, FxCycle PI/ 
RNase Staining Solution (cat. no. F10797, Thermo Fisher 
Scientific) was added to the cell pellet and incubated for 
30 min at room temperature in the dark. Finally, samples 

were analyzed by the flow cytometry and data were pro-
cessed using InCyte Software (Luminex).

Cell Death Analysis
The percentages of early and late apoptotic cells, as well 
as necrotic cells, were determined by flow cytometry using 
Guava® easyCyte™ 6HT-2L system. A-375 cells were 
washed by PBS buffer and centrifuged at 300 RCF for 
5min at room temperature. A diluted mixture consisting of 
Annexin binding buffer (cat. no. V13246, Thermo Fisher 
Scientific), Annexin V Alexa Fluor 488 (cat. no. A13201, 
Thermo Fisher Scientific) and propidium iodide (cat. no. 
P1304MP, Thermo Fisher Scientific) was added to each 
cell pellet and incubated for 15 min at room temperature in 
the dark. Samples were analyzed by flow cytometry based 
on the following assumptions: Annexin V Alexa Fluor 488 
positive and propidium iodide negative status represented 
early apoptotic cells; Annexin V Alexa Fluor 488 negative 
and propidium iodide positive status represented necrotic 
cells, Annexin V Alexa Fluor 488 and propidium iodide 
negative status represented viable cells and Annexin 
V Alexa Fluor 488 and propidium iodide positive status 
represented late apoptosis cells. Flow cytometry data were 
analyzed using InCyte software (Luminex).

Chemotaxis
To monitor the chemotactic response of the transfected and 
non-transfected cells exposed to chemical gradients, 3D 
Chemotaxis assays were performed using μ-Slide 
Chemotaxis (Ibidi) according to the manufacturer’s 
instructions. The procedure was carried out in parallel 
without Matrigel, to assess the migration potential of 
cells, and with Matrigel, to assess the invasiveness of the 
A-375 cells. To assess cell invasion, the first step was to 
prepare Matrigel in 1:4 ratio (Matrigel:cold PBS buffer), 
which was then poured into the inner insert surface. After 
polymerization of the Matrigel (24 h at room temperature), 
A-375 cells were seeded at a density of 3x105 per Matrigel 
in FBS-free medium. The same procedure was repeated 
for inserts without Matrigel. The prepared inserts were 
transferred to wells containing fully supplemented medium 
(with FBS and gentamicin) and incubated for 16 h at room 
temperature. After incubation, the inserts were washed 
with PBS buffer and fixed using 3.7% paraformaldehyde 
for 2 min at room temperature. Fixed cells were permea-
bilized by incubation with 100% ice-cold methanol solu-
tion (cat.no. 6,219,900,110, POCH) for 20 min at room 
temperature and washed with PBS buffer. Finally, cells 
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were stained using a 0.4% crystal violet solution (cat. no. 
C0775, Merck) by incubating for 15 min at room tempera-
ture. The outer insert surfaces were clearing from dye 
residue by washing with PBS buffer. Results obtained of 
migration and invasion assays were photographed and 
analyzed using light microscope (Eclipse E800, Nikon) 
containing CCD digital camera (DS-5Mc-U1). The per-
centage of invasive cells was calculated using imageJ 
Software (NIH) according to following formula:

% invasion = (mean number of cells invading through 
matrigel-coated membrane/mean number of cells migrat-
ing through uncoated membrane) x100.

Clonogenic Assay
To assess the ability of transfected and non-transfected 
A-375 cell to proliferate and form colonies, cells were 
seeded in EMEM at a density of 1x103 cells per ⌀60mm 
culture dish (ThermoFisher Scientific). Cells were incu-
bated for two weeks at 37 °C and 5% CO2 in a humidified 
CO2 incubator. Viable colonies were fixed using 100% 
methanol, washed with PBS buffer and stained with 
a 0.4% aqueous solution of crystal violet for 15 min at 
room temperature. Dye residue was completely removed 
using 96% ethanol solution (cat. no. czda-396,420,113, 
POCH) and PBS buffer. Results obtained of migration 
and invasion assays were photographed and analyzed 
using light microscope (Eclipse E800, Nikon) containing 
CCD digital camera (DS-5Mc-U1). The quantity and size 
of the colonies was measured by ImageJ Software (NIH).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
software. The data in this study are presented as mean 
values ± SEM. The data were compared by Student’s 
t-test, with the exception of cell cycle data, which was 
analyzed using a non-parameter Kruskal–Wallis test with 
Dunn’s multiple comparisons test. A p-value <0.05 was 
considered to indicate a statistically significant difference.

Results
Tumors Express Elevated Levels of Cyclin F
Based on a comparison of data from The Cancer Genome 
Atlas (TCGA) and Genotype Tissue Expression (GTEx) 
databases we developed the hypothesis that improper reg-
ulation of cyclin F expression may promote cell growth, 
migration and invasion in the A-375 melanoma cell line. 
We can observe that melanoma cells have higher cyclin 

F mRNA expression comparing to healthy skin (Figure 
1A). The high cyclin F expression is also associated with 
worse prognosis for melanoma patients (Figure 1B). 
Moreover, we show that there is a significant difference 
between cyclin F mRNA expression between primary vs 
normal and metastatic vs normal cells but there are no 
differences between the expression in primary and meta-
static melanoma (Figure 1C–E).

Cyclin F Downregulation Promotes Cell 
Growth
To assess the effect of depletion of cyclin F on the growth of 
the A-375 cell line, we generated a stable, cyclin F deficient 
A-375 cell line (A-375dF) transduced with lentiviral shRNA 
to knock down cyclin F expression. Effective knock down of 
cyclin F expression was validated by Western blot and immu-
nofluorescence staining (Figure 2A). An Annexin V/PI apop-
tosis assay showed no significant differences in viability 
between A-375 and A-375dF cell line (Figure 2B). The 
next step was to determine the effect of cyclin F depletion 
on cell proliferation. A colony formation assay demonstrated 
that the A-375dF cell line is characterized by a higher ability 
to proliferate in comparison with control A-375 cells (Figure 
2C). Cell cycle analysis revealed similar cell cycle profiles 
for A-375dF and A-375 parental cells (Figure 2D) and no 
significant differences were observed by flow cytometry- 
based BrdU incorporation assay (Figure 2E).

Cyclin F Alters the Expression of the Cell 
Cycle Components
The impaired expression of cyclins is a common feature of 
cancer cells. We aimed to investigate the effect of reduction in 
cyclin F expression on the levels of cyclin D1, B1 and A2. 
Using Western blot analysis we found that cyclin F depletion 
caused an increase in oncogenic cyclin D1 expression and 
a downregulation of cyclin B1 and A2 expression (Figure 3A).

Cylin F Depletion Does Not Affect RRM2 
Expression in A-375 Cell Line
One of our hypotheses was to check whether cyclin 
F downregulation induces the expression of its target ribo-
nucleotide reductase family member 2 (RRM2). 
Surprisingly, levels of RRM2 were unaffected by the 
decrease in cyclin F expression (Figure 3A and B). 
Nevertheless, we did observe a change in cell morphology 
which suggested that EMT was taking place. We decided 
to further investigate this phenomenon.
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Cyclin F Downregulation Promotes 
Migration and Invasion of a-375 Cell Line
Low cyclin F has been previously reported to promote 
aggressiveness of hepatocellular carcinoma and glioma 
cells.12,15 We decided to ascertain whether downregulation 
of cyclin F would affect the ability of A-375 cells to 
migrate and invade through the basement membrane. 
A transwell migration assay and a Matrigel invasion 
assay demonstrated that depletion of cyclin F expression 
increases the cell’s migratory (Figure 4A and C) and 
invasive (Figure 4B and C) capacities.

Low Levels of Cyclin F Induces EMT in 
A-375 Cell Line
Upon viral transduction to knock down cyclin F, we 
observed an increased number of spindle-like cells with 
clearly visible actin stress fibers (Figure 4D). This 

phenotype is one of the hallmarks of EMT and this was 
confirmed by Western blot and immunofluorescence stain-
ing for verified EMT markers. Upregulation of N-cadherin 
and vimentin was accompanied by a decrease in epithelial 
markers like ZO-1 (Figures 4E and F and 5E). We showed 
for the first time that the depletion of cyclin F promotes 
EMT-related events.

Cyclin F Downregulation Affects the 
Various Cellular Processes
To shed more light on the pathways affected by cyclin 
F dysregulation, we analyzed several targets of cyclin 
F signaling. We discovered that cyclin F depletion in A-375 
cells induces RhoABC expression (Figure 5A and E). 
Additionally, we observed upregulation of proteins related to 
cell-extracellular matrix (ECM) and cell–cell interactions, 
which can facilitate the aggressive phenotype by promoting 

Figure 1 The expression of cyclin F mRNA is different in normal skin and in malignant melanoma tissue. (A) The difference in cyclin F mRNA expression in normal skin and 
melanoma tumor. n= 812 vs 470 respectively (B) The comparison of cyclin mRNA expression between normal tissue and primary melanoma. n= 812 vs 102 respectively. (C) 
The comparison of cyclin mRNA expression between normal tissue and metastatic melanoma. n= 812 vs 368 respectively. (D) The comparison of cyclin F mRNA expression 
between primary and metastatic melanoma. n= 102 vs 368 respectively. (E) The overall survival of the patients with high and low cyclin F mRNA expression. n= 321 (low) vs 
132 (high); cutoff = 10.30. Asterisk indicates statistically significant difference between groups (p<0.05).
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Figure 2 (A) The Western Blot and immunofluorescence verification of cyclin F silencing. (B) Cyclin F silencing do not affects cells viability. (C) Clonogenic assay shows the 
significant increase in proliferation after the cyclin F silencing. (D) MTT assay confirms higher growth rate after the cyclin F silencing.  (E) Cyclin F silencing has no effect on 
cell cycle distribution. (F) BrdU assay revealed elevated percentage of the S-phase cell in A-375dF cell line. Asterisk indicates statistically significant difference between 
groups (p<0.05).

Figure 3 (A) The Western Blot analysis of chosen proteins. (B) Densitometric measure of the Western Blot experiments. Asterisk indicates statistically significant 
difference between groups (p<0.05) (C) Immunofluorescent imaging of RRM2 expression in A375 and A375dF cells.
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motility (Figure 5B–D). Western blot analysis revealed 
increased levels of talin and paxillin, indicating that depletion 
of cyclin F can regulate the signal transduction between cells 
and ECM (Figure 5E).

We were also interested in the effect of cyclin 
F expression on thrombospondin-1, an inhibitor of angio-
genesis. In line with our expectations, cyclin F depletion 
resulted in downregulation of TSBP-1, providing the trace 
that cyclin F activity also can somehow affects the angio-
genesis, a very important factor contributing to tumor 
progression (Figure 5E). In addition, we investigated 
whether cyclin F expression affects the levels of transcrip-
tion factors p53 and NF-kB, however, Western blot analy-
sis showed no significant differences in the expression of 
these transcription factors between A-375dF and the par-
ental line (Figure 3E).

Discussion
Although cyclin F does appear to play a role in cell cycle 
regulation and EMT, the impact of cyclin F downregulation 
alone in cancer is still limited. D’Angiolella et al showed 
that cyclin F is a key factor regulating expression of RRM2 
(ribonucleotide reductase family member 2), which is cru-
cial for providing a sufficient pool of deoxynucleotides for 

DNA synthesis. Upon recognition by cyclin F, RRM2 is 
degraded in a proteasome-dependent manner during the G2 
phase when the demand for deoxyribonucleotides 
decreases.9 Overexpression of RRM2 is observed in numer-
ous tumor types, including non-small-cell lung carcinoma, 
glioma, breast cancer, head and neck cancer and ovarian 
cancer,16–20 as well as in melanoma, where it is associated 
with worse overall survival among patients.21 There are few 
reports which provide evidence of a direct association 
between cyclin F expression and cancer. One such report 
showed that low cyclin F expression is associated with 
poorer prognosis in hepatocarcinoma patients. Lower cyclin 
F expression correlated positively with increase tumor size, 
more advanced clinical stage and occurrence of multiple 
tumors. An inverse correlation between cyclin F expression 
and the extent of tumor differentiation was observed.12 

Similarly, glioma cells are characterized by lower cyclin 
F expression in comparison with normal brain tissue. 
Silencing of cyclin F gene expression resulted in increased 
tumor size and formation of numerous metastatic nodules in 
the lungs and liver in an in vivo mouse model. More inter-
estingly, this depletion evidently affected epithelial and 
mesenchymal markers,15 which was consistent with our 
observations.

Figure 4 (A) The evaluation of migration of A375 cells after cyclin F silencing. (B) The change in invasive properties of A375 cells after cyclin F downregulation. (C) The 
migratory and invasive capacities are significantly increased after cyclin F silencing. Asterisk indicates statistically significant difference between groups (p<0.05). The 
immunofluorescent images of (D) F-actin and EMT markers (E) vimentin (F) N-cadherin. Cyclin F downregulation induces EMT-like properties in A375 cells.
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The primary objective of this study was to determine 
the impact of cyclin F-RRM2 axis downregulation on the 
A-375 primary melanoma cell line in terms of hallmarks 
of cancer progression. We used shRNA lentiviral gene 
silencing to decrease cyclin F expression and observed 
how this intervention affected RRM2 expression. After 
successful viral transduction, we detected a significant 
decrease in cyclin F expression, however, RRM2 levels 
appeared undisturbed. It is possible that a more dramatic 
decrease in cyclin F expression may result in the accu-
mulation of RRM2. There is no information available in 
the literature about cyclin F expression loss; hence, we 
assumed our model to be more biologically appropriate. 
Interestingly, after transduction we observed a dramatic 

increase in cell proliferation rate. This supports our 
hypothesis that lower cyclin F expression would have 
an oncogenic effect on melanoma cells. The increase in 
proliferation is not associated with alterations in the cell 
cycle. These findings are in accordance with those of 
Burdova et al, who reported that HeLa cells with 
CRISPR-knocked out cyclin F were characterized by 
similar cell cycle profiles as a parental line. This suggests 
that, in cell culture, loss of cyclin F activity may be 
compensated for by other pathways.22 In contrast, during 
embryogenesis, cyclin F is essential for placental devel-
opment. Cyclin F −/− mice bear numerous developmental 
anomalies and die after 10.5 embryonic days. It is possi-
ble that the effect of cyclin F downregulation may 

Figure 5 The immunofluorescent staining of (A) RhoABC (B) ROCK-2 (C) pFAK (D) Paxillin. (E) The Western Blot analysis of the RhoABC, ROCK2, talin, ZO-1, paxillin 
and thrombospondin-1. (F) Densitometric analysis of the Western Blot experiments.
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depend on individual cellular circumstances.23 The 
increased proliferation rate in the A-375 cell line was 
associated with alterations of cell cycle proteins, includ-
ing upregulation of cyclin D and downregulation of 
cyclin A and B. Overexpression of cyclin D1 is common 
in various cancer types and drives cancer proliferation 
and metastasis.24 It has been revealed that the only mel-
anoma cells are vulnerable to apoptosis induction by 
a cyclin D1 inhibitor, whereas normal melanocytes were 
still viable after cyclin D1 silencing.25 Cyclin 
D influences cell proliferation, migration and aggressive-
ness in melanoma through many different pathways, 
including the MAPK and PI3K/AKT pathways, as well 
as being involved in the CDKN2A/p16INK4 senescence 
mechanism.26 It has been previously shown that cyclin 
D1 may be involved in the pathway responsible for 
increased metastatic potential of melanoma cells. 
Targeting cyclin D1 via miRNA-365 significantly sup-
pressed migration and invasion in A-375 and A-2058 
melanoma cells.27 We observed that the downregulation 
of cyclin F resulted in a significant increase in the migra-
tion and invasion capacity of A-375 cells. Along with 
cyclin D upregulation, we observed downregulation of 
cyclin B and cyclin A. The EMT process is a key pro-
gram associated with enhanced malignancy and ability to 
metastasize, enabling cells to turn become invasive and 
spread throughout the whole body. In our study, after the 
depletion of cyclin F levels, we observed the canonical 
hallmarks of EMT transformation, including decreased 
levels of epithelial markers like ZO-1 and increases in 
expression of mesenchymal markers vimentin and 
N-cadherin. Additionally, we observed changes in mor-
phology, with cells becoming elongated and spindle-like 
in shape, with visible actin stress fibers.

Several reports have postulated the involvement of 
cyclins in the EMT process. Downregulation of cyclin 
A2 and inhibition of CDK2 prevents the cell from creating 
a stable attachment between the mitotic spindle and the 
cell cortex. As a result, the spindle becomes misoriented, 
which affects cell polarity and facilitates cell detachment. 
The reverse correlation between cell motility and cyclin 
A2 expression has been shown in colorectal cancer and 
prostate cancer.28,29 Moreover, downregulation of cyclin 
A2 significantly increases motility and invasiveness of 
fibroblasts in 2D and 3D models.30 Our results suggest 
that the downregulation of cyclin F exerts its effect 
through Rho kinases resulting in a changed phenotype. 
Arsic et al detailed the elegant mechanism of direct 

interplay between cyclin A and RhoA proteins. Depletion 
of cyclin A2 may reduce the activity of RhoA protein with 
simultaneous activation of RhoC activity and may thereby 
introduce cytoskeleton impairments and appearance of the 
actins stress fibers.30,31 Moreover, it would appear that 
cyclin D exhibits the opposite activity to that of cyclin 
A, directly binding c27 and inhibiting the interaction 
between RhoA and RhoGEF.

Vimentin, talin and paxillin are important components 
of the focal-adhesion complex, connecting the cellular 
actin cytoskeleton with integrins, facilitating signal trans-
duction from the extracellular matrix (ECM) and transmit-
ting signals from the inside of the cell to regulate integrin 
activity.32 Talin plays an emerging role in integrin activa-
tion and indirectly regulates the interaction between the 
cell and ECM, casting it as a key component in the 
mediation of migration and metastasis. The attenuation of 
cell-ECM interaction is an important step in promoting 
metastasis and talin has been identified as a factor con-
tributing to development of anoikis resistance.33 The over-
expression of talin has been reported in several cancer 
types.34–36 Upon cyclin F gene silencing we observed an 
upregulation of talin expression, which may be another 
factor contributing to a more aggressive phenotype. 
Along with talin upregulation, we also noticed increased 
expression of the scaffold protein paxillin, another focal 
adhesion component. It has been reported that paxillin 
acquires gain of function mutations during transformation 
in many different tumor types including melanoma. 
Paxillin promotes cancer cell adhesion and migration.37 

Additionally, under the expression of ganglioside GD3, 
paxillin contributes to various malignant properties in 
melanoma. However, targeting paxillin with siRNA has 
had limited effect on suppressing tumor growth in vivo.38 

These results suggest that cyclin F is involved in signal 
transduction between ECM and cell, which may at least in 
part be related to higher levels of paxillin and vimentin. 
Vimentin is an intermediate filament stabilizing the actin 
cytoskeleton and is an established EMT marker. It has 
been demonstrated in melanoma cells that overexpression 
of vimentin alone can induce the EMT and promigratory 
phenotype.

Another crucial event during the EMT is the loss of 
tight junctions responsible for cell–cell interactions. ZO-1 
is a scaffolding protein which directly binds to actin fila-
ments and participates in the organization of tight junction 
transmembrane proteins. Evidence regarding the role of 
ZO-1 in tumorigenesis is still controversial. It has been 
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reported that the downregulation of ZO-1 increases the 
proliferation and invasiveness of liver cancer and breast 
cancer.39,40 In contrast, in isolated human melanoma cells, 
it has been reported that upregulation of ZO-1 is asso-
ciated with a more aggressive phenotype. Additionally, it 
was proposed that ZO-1 can delocalize from the tight 
junctions and affect signaling inside the cell.41 Our study 
showed that cyclin F downregulation results both in 
decreased migration and decreased expression of ZO – 1, 
suggesting that ZO-1 may possibly play a dual role in 
melanoma progression. Further investigation is needed to 
describe circumstances inducing switching of ZO-1 
between the roles of oncoprotein and tumor suppressor.

Interestingly, we also observed strong downregulation 
of thrombospondin-1 (TSBP1), a potent inhibitor of angio-
genesis, upon silencing of cyclin F expression. It has been 
shown that TSBP1 is able to limit the metastatic potential 
of melanoma cells. Wang et al demonstrated a dramatic 
decrease in TSBP1 expression during the progression of 
uveal melanoma.42 In melanoma mouse models, angiogen-
esis, lung colonization and spontaneous pulmonary metas-
tases were inhibited in animals with tumors 
overexpressing TSBP1.43 Moreover, the melanoma cell 
lines with higher metastatic potential were characterized 
by lower TSBP1 mRNA and protein levels.44 It has been 
shown that mutant K-ras protein can inhibit the TSBP1 
promoter in intestinal epithelial cells and the silencing of 
mutant K-ras in colon cancer with an activated Wnt sig-
naling did not increase TSBP1 levels. Both K-ras muta-
tions and Wnt upregulation are common in melanoma, 
therefore a similar mechanism may explain the downregu-
lation of TSBP1 upon cyclin F silencing.45,46 Additionally, 
it has been reported that cyclin D1 may suppress the 
TSBP1 and ROCK II, promoting cell motility.47 Our 
results are consistent with the aforementioned findings 
and present another possible pathway affected by cyclin 
F depletion.

Our data suggest that cyclin F expression alters several 
crucial processes, but the details of the precise mechan-
isms remain to be elucidated. To date, it has been shown 
that low cyclin F expression inversely correlates with 
tumor stage and extent of differentiation only in hepato-
carcinoma and glioma cells.12,15 Low cyclin F expression 
is associated with downregulation of isocitrate dehydro-
genase 1 (IDH1) via the transcription factor recombination 
signal binding protein for immunoglobulin kappa J region 
(RBPJ). The increased levels of cyclin F and IDH1 
observed under metabolic stress conditions indicate that 

cyclin F may act as a tumor suppressor. Low cyclin 
F expression corresponds with higher amount of circulat-
ing tumor cells and increased expression of mesenchymal 
markers.15 In converse, cyclin F overexpression in ovarian 
cancer activates the OCT4-Nipp1/Ccnf-PP1-pRb pathway, 
promoting cell growth48. It is thus possible that cyclin 
F plays a dual role in human cancers and that the nature 
of this role is dependent on cell type, as well as the 
accompanying mutations and post-transcriptional 
alterations.

Conclusion
Our results suggest that even partial depletion of cyclin 
F resulted in a massive change in A-375 morphology and 
behavior. This emphasizes how important this factor is to 
cellular homeostasis, in that even slight changes in protein 
expression can drive cells into a more aggressive malig-
nant phenotype. Further research is needed to resolve the 
mechanistic details of the action of cyclin F in human 
cancers.
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