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Purpose: Metastasis remains a serious clinical problem in which epithelial-to-mesenchymal 
transition is strictly involved. The change of cell phenotype is closely related to the dynamics 
of the cytoskeleton. Regarding the great interest in microfilaments, the manipulation of ABPs 
(actin-binding proteins) appears to be an interesting treatment strategy.
Material: The research material was the highly aggressive A549 cells with FHOD1 (F FH1/ 
FH2 domain-containing protein 1) downregulation. The metastatic potential of the cells and 
the sensitivity to treatment with alkaloids (piperlongumine, sanguinarine) were analyzed.
Results: In comparison to A549 cells with naïve expression of FHOD1, those after manip-
ulation were characterized by a reduced migratory potential. The obtained results were 
associated with microfilaments and vimentin reorganization induced by the manipulation 
of FHOD1 together with alkaloids treatment. The result was also an increase in the 
percentage of late apoptotic cells.
Conclusion: Downregulation of FHOD1 induced reorganization of microfilament network 
followed by the reduction in the metastatic potential of the A549 cells, as well as their 
sensitization to selected compounds. The presented results and the analysis of clinical data 
indicate the possibility of transferring research from the basic level to in vivo models in the 
context of manipulation of ABPs as a new therapeutic target in oncology.
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Introduction
Metastasis is one of the crucial problems among cancer patients, contributing to 67% of 
mortality.1 This also applies to lung cancer, of which as much as 75% is identified as 
a metastatic or late-stage.2 While for patients with tumors limited only to the primary 
focus, the 5-year survival rate is estimated at 56%, when metastases occur, this 
parameter decreases to just 5%.3 These statistics make it highly justified to search for 
new therapy goals based on cancer biology. The formation of secondary tumors is 
a multi-stage process that includes initiation, invasion, intravasation, circulation, and 
extravasation.4 All steps lead to the independent functioning of cancer cells in a new 
location. The acquisition of the ability to migrate is the result of changes in the cell from 
epithelial to mesenchymal type, known as EMT (epithelial-to-mesenchymal 
transition).5 EMT plays a pivotal role during the initial stage of metastasis and is, 
therefore, an interesting target for cancer therapy.6 In initially stable, immobile cancer 
cells, numerous changes take place, including the reorganization of the cytoskeleton 
and alterations in the expression of genes responsible for their shape.5

The actin cytoskeleton is a dynamic network created by G- and F-actin. It is an 
element necessary to maintain homeostasis in many cellular processes of normal 
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and cancer cells.7 Additionally, the involvement of actin in 
cell movement is beyond doubt. The characteristic feature 
of cells with invasive potential is a strong accumulation of 
actin in the cortical region, as well as the formation of 
invasive structures – lamellipodia and filopodia.8 

Moreover, the dynamic rearrangement of microfilaments 
promotes the change of the cell shape and the increase in 
motor properties, which is strictly regulated by the pro-
teins belonging to the Rho family, as well as the group of 
ABPs (actin-binding proteins).7 ABPs are a numerous 
group of proteins responsible for the correct and contin-
uous reorganization of the actin network (polymerization 
and depolymerization).9 In the context of EMT, attractive 
targets are ABPs responsible, e.g., for the stabilization and 
promotion of actin filament elongation. Literature reports 
indicate that Arp 2/3, together with the WASP/WAVE 
family, regulates the formation of filopodia and 
lamellipodia.10 In turn, proteins from the tropomyosin 
family likely play a role in amoeboid and mesenchymal 
migration.9,11 Studies on the other proteins from the ABPs 
family – cortactin and fascin-1 showed their importance in 
the regulation of invadopodia in cancer cells.12

The ABPs involved in extending the positive ends of 
actin filaments are formins. This conservative group 
includes 15 isoforms. One of them is FHOD1 (FH1/FH2 
domain-containing protein 1).13 In addition to its func-
tional connection with the actin network, the literature 
shows its correlation with microtubules. Together with 
proteins accompanying this structure, they influence its 
stabilization during interphase and mitosis.14 

Furthermore, recently the role of FHOD1 in actin stress 
fiber formation was also highlighted.15 Another interesting 
aspect is the importance of FHOD1 in the EMT and 
migration of cancer cells.16 Literature reports have sug-
gested that cells with a mesenchymal phenotype show 
a high level of FHOD1 expression, especially in the cor-
tical part of migrating cells.17 Moreover, Koka et al 2003 
presented that overexpression of FHOD1 resulted in 
increased migration potential of melanoma cells.18 Given 
the few reports on the manipulation of FHOD1, the protein 
could be a target in inhibition of the tumor cell invasive-
ness. Therefore, the main goal of the presented study was 
the assessment of the downregulation of FHOD1 expres-
sion in non-small cell lung cancer A549 cells. The manip-
ulation of the protein level was used to assess the effect of 
the microfilament reorganization on the metastatic poten-
tial of the cells, as well as their sensitivity to the selected 
compounds. To our knowledge, this is the first work 

presenting the effect of FHOD1 manipulation on the 
A549 cell line.

Materials and Methods
Cell Culture and Treatment
The study material was the A549 cell line obtained from 
the European Collection of Authenticated Cell Cultures 
(Sigma-Aldrich, St Louis, MO, USA). The cells were 
grown as a monolayer in DMEM (Dulbecco’s Modified 
Eagle’s Medium; Lonza Group, Ltd., Basel, Switzerland) 
with the addition of 10% FBS (fetal bovine serum; Sigma- 
Aldrich, Merck KGaA, Darmstadt, Germany) and 50 μg/ 
mL gentamycin (Sigma-Aldrich). To ensure high-quality, 
the A549 cell line was grown up to the 6th passage and 
tested for Mycoplasma.19 To assess the effect of FHOD1 
downregulation on A549 sensitivity to the selected com-
pounds, the cells were treated with alkaloids. During the 
experiments, 4 µM PL (piperlongumine; ABCAM; 
Cambridge, United Kingdom), 1 µM SAN (sanguinarine; 
ABCAM), or the combination of alkaloids in a ratio of 
4:1were applied for 24h. Compounds were dissolved in 
DMSO (Sigma-Aldrich). Both CTRL (untreated) and trea-
ted cells were cultured in standard culture conditions (5% 
CO2, 37°C, 95% air atmosphere). The concentrations of 
alkaloids used in the research were developed experimen-
tally based on MTT tests. Selected concentration ratio of 
4:1 resulted in synergism, which was estimated based on 
the CI (combination index) method of Chou-Talalay 
(synergism: CI < 1, additive effect: CI=1 and antagonism: 
CI > 1).20,21 The process of the development of the applied 
combination has already been described in our previous 
study.22

Transfection Using Nucleofection
To downregulate FHOD1 expression level in A549 cells, 
the nucleofection with siRNA against FHOD1 (Qiagen, 
Hilden, Germany) and SF Cell Line 4D-Nucleofector® 

X kit (Lonza, Basel, Switzerland) was performed. 
Transfection was based on electroporation using 4D- 
Nucleofector (Lonza) according to the manufactures’ 
instructions and the methods applied in our previous 
studies.23,24 After 72h, the cells were treated with PL, 
SAN, PL/SAN, and used for further experiments. The 
control cells were the A549 with the naïve expression of 
FHOD1. The transfection efficiency was evaluated by GFP 
(green fluorescent protein; pmaxGFP control vector; 
Lonza) using Tali image-based cytometer (ThermoFisher, 
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Carlsbad, CA, USA) and measurement of FHOD1 fluor-
escence intensity from confocal images. The semi- 
quantitative analysis of the post-translational expression 
of FHOD1 was analyzed by the Western blot method in 
accordance with the methodology described in our pre-
vious studies.23,25

Apoptosis Assay
For the cell death analysis, the AV (annexin V) and PI 
(propidium iodide) double staining followed by the cyto-
metric measurement using a Guava easyCyte 6HT-2L 
Benchtop Flow Cytometer (Merck KGaA) were performed. 
After treatment with 4 µL PL, 1 µM SAN, and 4 µL PL/1 
µL SAN, the cells were harvested with 0.25% trypsin (37° 
C, 5 min; Sigma-Aldrich), centrifugated (8 min x 500g) and 
suspended in 100 µL of Annexin Binding Buffer (ABB, 
Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) with the addition of 5 µL AV Alexa Fluor 488 
(Invitrogen, Thermo Fisher) for 20 min. After centrifugation 
(5 min x 300g), cells were incubated with 1 µL PI 
(Invitrogen, Thermo Fisher) for 3 min and analyzed in 
cytometer and FlowJo vX0.7 software (FlowJo LLC, 
Ashland, OR, USA). According to the recorded signal, the 
cells were classified as live (AV-/PI-), early apoptotic (AV 
+/PI-), late apoptotic (AV+/PI+), and necrotic (AV-/PI+). 
The studies assessed the type of cell death in A549 cells 
with the naïve expression of FHOD1 (A549) and A549 cells 
with the downregulation of the protein (A549 FHOD1-) 
treated/untreated with the alkaloids.

Fluorescence Staining of Selected 
Proteins
To compare the organization of FHOD1, F-actin, vimentin, 
and cell nuclei of A549 and A549 FHOD1- cells treated 
with alkaloids, fluorescence staining was performed. The 
cells were grown on coverslips in 12-wells plates. After 
transfection and treatment with 4 µM PL, 1 µM SAN, and 
4 µM PL/1 µM SAN, cells were fixed in 4% paraformal-
dehyde for 20 min (Sigma-Aldrich). After the series of 
washing with PBS (3x 5 min), A549 cells were permeabi-
lized with 0.25% Triton X-100 (5 min; Serva) and blocked 
in 1% (w/v) BSA (30 min; Sigma-Aldrich). For F-actin 
labeling, the cells were stained with Alexa Fluor 488- 
conjugated phalloidin (1:40 in PBS, 20 min, dark; 
Invitrogen; Thermo Fisher Scientific, Inc.). In turn, for 
the detection of vimentin and FHOD1, the primary 
mouse anti-vimentin antibody (1:70 in BSA, 1h, Sigma- 

Aldrich) and the primary rabbit anti-FHOD1 antibody 
(1:50 in BSA, 1h, Sigma-Aldrich) were used. To visualize 
the proteins, secondary anti-mouse or anti-rabbit antibo-
dies conjugated with Alexa Fluor 488 were used (dilution 
1:100 in PBS, 1h, dark; Invitrogen; Thermo Fisher 
Scientific, Inc.). The cell nuclei were labeled using DAPI 
(dilution 1:20,000, dark; Sigma-Aldrich). Finally, the cells 
were mounted in Aqua-Poly/Mount (Polysciences) and 
assessed using Nikon Eclipse E800 fluorescence micro-
scope and NIS-Elements 4.0 software (Nikon).

Migration Potential
To evaluate the migratory potential of A549 and A549 
FHOD1- cells, invasion and migration transwell assays, 
wound healing assay, and flow cytometric measurement of 
F-actin and standard markers of EMT including E-, 
N-cadherin and vimentin were performed. All methods 
were described in detail in our previous paper.22 In short, 
A549 cells were grown to 100% confluence and the mono-
layer surface was mechanically scratched to form 
a wound. At selected time points after the treatment of 
the cells with compounds (0, 3, 6, 29, 34, and 36h), the 
wound was photographed by TE100-U inverted contrast- 
phase microscope with a CCD camera DS-5Mc-U1 and 
NIS-Elements software version 3.30 (Nikon). To deter-
mine the migration potential of A549 cells transwell 
migration assay (8 μm pore size; Corning, NY, USA) 
was performed. In turn, to evaluate the invasive prosper-
ities of cells, transwell inserts (Corning) with the addition 
of 100 µL Matrigel (2 mg/mL in serum-free DMEM; 
Corning) were used. After 24h incubation with the addi-
tion of chemoattractant in the lower chamber (15% FBS), 
the cells were fixed in 4% paraformaldehyde and stained 
with 0.25% crystal violet. Then, the cells from the upper 
part of the insert (with low migratory potential) were 
removed using cotton swabs. The outside of the inserts 
was examined using light microscope Nikon Eclipse E800 
(Nikon) and CCD camera DS-5Mc-U1 and NIS-Elements 
software version 3.30 (Nikon). The data obtained from 
wound healing, invasion, and migration transwell assay 
were analyzed by ImageJ software (Ver1.45s, National 
Institutes of Health, Bethesda, MD, USA). Additionally, 
the flow cytometric analysis of fluorescence intensity of 
selected proteins was performed. To evaluate the level of 
E- and N-cadherin the A549 cells were harvested using 
EDTA solution (4°C, 10 min; Sigma-Aldrich), rinsed in 
PBS, fixed in Cytofix/Cytoperm (20 min; BD Falcon), and 
stained with mouse anti-N-cadherin antibody (dilution 
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1:100, 1h, ABCAM) or mouse anti-E-cadherin antibody 
(dilution 1:100, 1h, RT; Sigma-Aldrich). In turn, for label-
ing of vimentin, mouse anti-vimentin antibody (dilution 
1:100, 1h; Sigma-Aldrich) was applied. The anti-mouse 
Alexa Fluor 647 (dilution 1:500, 1h, dark; Invitrogen; 
Thermo Fisher Scientific, Inc.) was used as a secondary 
antibody. F-actin was detected using Alexa Fluor 488- 
conjugated phalloidin (1:40; Invitrogen; Thermo Fisher 
Scientific, Inc.). The data were analyzed by Guava 
easyCyte 6HT-2L Benchtop Flow Cytometer (Merck 
KGaA) and FlowJo vX0.7 software (FlowJo LLC).

Statistical Analysis
Data obtained from MTT assay were analyzed using the 
Wilcoxon test, where the control group absorbance was 
estimated as 100%. In the case of cell death, migration and 
invasion transwell assays, and cytometric analysis of 
selected proteins 2way ANOVA was used. In turn, in the 
statistical analysis of transfection efficiency and wound 
healing assay, the U Mann–Whitney and non-parametric 
Kruskal–Wallis with Dunn’s post hoc test were applied. In 
all analyses, GraphPad Prism version 6.0 (GraphPad 
Software, Inc., La Jolla, CA, USA) was used. Data are 
presented as mean with SD (standard division). p<0.05 
was considered statistically significant. To analyze pub-
licly available data sets of FHOD1 mRNA expression in 
adenocarcinoma, the online database Kaplan-Meier plotter 
was used.26,27

Results
Transfection Efficiency of FHOD1 
Expression in A549 Cell Line
The A549 cells were transfected with the pmaxGFP 
control vector. The obtained efficiency is presented in 
Figure S1. The Tali Image-based cytometric measure-
ment of the level of GFP fluorescence showed that the 
average transfection efficiency was 89.8% (see 
Supplementary Information, Figure S1A and B). In the 
next step, the reduction of FHOD1 level in A549 cells 
was also evaluated. Densitometric analysis of the bands 
reflecting the protein level obtained by Western blot 
showed a 0.52-fold decrease in FHOD1 expression in 
siRNA-transfected cells in relation to control cells trans-
fected with the empty control plasmid vector (Figure 
S1C). Confocal images obtained using a specific anti- 
FHOD1 antibody showed a 0.62-fold decrease in the 
average fluorescence intensity (MFI=902.70) compared 

to cells with the naïve expression of FHOD1 
(MFI=1449.05) (Figure S1D and E).

Effect of Downregulation of FHOD1 on 
Cell Death of A549 Cell Line
In the next step, we checked whether FHOD1 down-
regulation affects A549 cells’ response to the treatment 
with selected alkaloids. For this, the standard AV/PI 
double-labeling method was used. In the population of 
A549 FHOD1- living cells, 92.55 ± 0.55% for the con-
trol, 89.62 ± 5.36% for 1 μM SAN, 72.54 ± 7.38% for 4 
μM PL and 56.62 ± 8.33% for their combination were 
observed. Incubation with alkaloids induced an increase 
in the percentage of early apoptosis from 1.14 ± 0.56% 
(CTRL) to 1.41 ± 0.65% and 2.73 ± 0.95% for SAN and 
PL, respectively (see Supplementary Information, 
Figure S2A). In turn, the analysis of the effect of 4 
μM PL/1 μM SAN showed an increase in the percentage 
of AV+/PI- cells to 4.89 ± 1.67% (Figure S2B). We 
noted that treatment with all doses of alkaloids elevated 
the percentage of the late-apoptotic cell population in 
a statistically significant manner. The greatest differ-
ences compared to the control (2.55 ± 0.74%) were 
induced by the use of 4 μM PL (16.97 ± 5.06%) and 
4 μM PL/1 μM SAN (27.72 ± 5.06%) (Figure S2C). In 
the case of the evaluation of the percentage of necrotic 
cells, a statistically significant increase was also shown 
for the PL and 4 μM PL/1 μM SAN from 4.33 ± 0.4% 
(CTRL) to 7.27 ± 1.02% and 11.36 ± 3.5%, respectively 
(Figure S2D).

Comparative analysis between cells transfected with 
siRNA directed against FHOD1 (A549 FHOD1-) and cells 
without changes in the level of the protein expression (A549) 
showed statistically significant differences in the percentage 
of cell populations. Significant differences in the case of live 
cells were observed only for those with naïve expression of 
FHOD1 treated with 1 μM SAN (an increase from 83.52 ± 
3.39 for A549 to 89.62 ± 5.36% for A549 FHOD1 -) (Figure 
S2A). Assessment of the percentage of cells with a signal 
characteristic for early apoptosis (AV +/PI-) and necrosis 
(AV-/PI +) for FHOD1-downregulated A549 cells showed 
a reduction in comparison to the values obtained for cells 
without altered FHOD1 levels for all alkaloid concentrations. 
A statistically significant decrease in the percentage of early 
apoptotic cells was observed from 3.72 ± 0.65% (A549) 
to 1.41 ± 0.65% (A549 FHOD1-) for 1 μM SAN, from 
6.83 ± 1.69% to 2.74 ± 0.95% for 4 μM PL and in their 
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combination from 4.88 ± 1.67% to 8.57 ± 1.29% (Figure 
S2B). The population of necrotic cells for A549 FHOD1- 
after treatment with all doses of alkaloids also decreased in 
a statistically significant manner in comparison to those with-
out FHOD1 manipulation (Figure S2D). Figure 2C shows the 
data obtained for the late apoptotic cell population. 
The conducted studies showed a statistically significant 

increase in the percentage of cells with a positive signal for 
AV and PI compared to A549 with the naïve expression of 
FHOD1. The highest values were recorded for the treatment 
with 4 μM PL (an increase from 9.70 ± 2.54% for A549 to 
16.97 ± 5.06% for A549 FHOD1-) and the combination of 
alkaloids (from 22.49 ± 4.91% to 27.72 ± 6.63%) 
(Figure S2C).

Figure 1 (I) The effect of FHOD1 downregulation on cell nuclei of non-small cell lung cancer A549 cells. A549 cells with the naïve expression of FHOD1 (A549) and after 
transfection with siRNA against FHOD1 (A549 FHOD1-) were treated for 24h with 1 µM sanguinarine (SAN), 4 µM piperlongumine (PL) and their combination (PL/SAN). 
The cell nuclei were stained by DAPI (blue). Arrows mark the observed changes - shrunken cells with visible chromatin decondensation, apoptotic bodies (apoptotic 
phenotype – I), shrunken nucleus (IV) and nuclei with features of a mitotic catastrophe - numerous micronuclei (II) or large size (III). (II) The effect of FHOD1 
downregulation on FHOD1 of non-small cell lung cancer A549 cells. A549: (A–D) A549 FHOD1-: (E–H) Fluorescent staining of FHOD1 (green) and nuclei (blue). Bar 
= 50µm.
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Effect of Downregulation of FHOD1 on 
Nuclei Morphology and FHOD1 
Organization of A549 Cell Line
To further evaluate the effect of FHOD1 downregulation 
on A549 cells, together with the treatment with selected 
alkaloids, fluorescent labeling of cell nuclei was used. The 
assessment of the morphology of nuclei of A549 FHOD1- 
cells in comparison to the control group showed no 

significant changes in their appearance. In the case of 
treatment with 1 μM SAN, in addition to unaffected 
cells, mainly large cells with numerous micronuclei were 
visible. On the other hand, the addition of 4 μM PL 
promoted the phenotype of cells with features typical for 
apoptosis (shrunken nuclei). We also observed single cells 
with giant nuclei or several micronuclei. After 24h incuba-
tion with the combination of PL and SAN at a constant 

Figure 2 The effect of FHOD1 downregulation on actin network of non-small cell lung cancer A549 cells. A549 cells with the naïve expression of FHOD1 (A549) (A,A’–D, 
D’) and after transfection with siRNA against FHOD1 (A549 FHOD1-) (E,E’–H, H’) were treated for 24h with 1 µM sanguinarine (SAN), 4 µM piperlongumine (PL) and 
their combination (PL/SAN). Fluorescent staining of actin (green) and nuclei (blue). Bar = 50µm.
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concentration ratio of 4:1, a reduction in the number of 
cells in the field of view was noticed. The assessed cells 
were characterized by shrunken nuclei and condensed 
chromatin. Some of the cells had features of advanced 
apoptosis with visibly fragmented nuclei and apoptotic 
bodies. Representative photos are shown in Figure 1I.

Fluorescent staining of FHOD1 in cells with the naïve 
expression and after its downregulation made it possible to 
assess the protein organization in the cells, as well as to 
visualize transfection efficiency. Untreated A549 FHOD1- 
cells were characterized by a weaker fluorescent signal of 
the labeled protein compared to cells without manipulation 
(Figure 1IIA and E). Similar observations were made for 
1 μM SAN (Figure 1IIB and F). In A549 cells treated with 
4 μM PL and 4 μM PL/1 μM SAN, an increase in the 
FHOD1 fluorescence signal with visible point condensa-
tion around the cell nuclei was observed. This was 
a characteristic of cells with apoptotic features (Figure 
1IIC and D). When the same concentrations were used in 
A549 FHOD1- cells, a decrease in the FHOD1 signal was 
noticed. Single cells with point accumulation of protein in 
the nuclei were also observed. In contrast, most of the cells 
were characterized by the scattering of the FHOD1 fluor-
escence signal (Figure 1IIG and H). The obtained results 
confirmed the estimated efficiency of transfection.

Effect of Downregulation FHOD1 on the 
Selected Cytoskeletal Proteins of A549 
Cell Line
Vimentin and F-actin play a crucial role in cell motility. To 
assess the effect of the downregulation of FHOD1 on the 
migration potential of A549 cells, fluorescence staining was 
performed.

The evaluation of the fluorescent F-actin labeling showed 
that the A549 FHOD1- cells had a lower intensity of the visible 
protein signal compared to A549 cells with the naïve expres-
sion of the protein (Figure 2A,A’- D,D’). Untreated cells were 
characterized by lower F-actin fluorescence intensity in the 
cytoplasm. Moreover, single cells with multiple tension fibers 
were noted (Figure 2E, E’). 24h incubation with 1 μM SAN 
induced a reduction in the F-actin signal in the whole cell. The 
actin network in cells with the features of a mitotic catastrophe 
formed an extended ring in the cortical part of the cell but also 
was characterized by noticeably weaker fluorescence signal 
(Figure 2F, F’). In the case of treatment with 4 μM PL, marked 
reduction in the number of cells in the field of view and 
a spread of actin filaments, especially in cells with extensive 

cytoplasm, were noted. Moreover, most of the A549 FHOD1- 
cells had an F-actin network in the form of multiple stress 
fibers (Figure 2G, G′). Treatment with the combination of 
alkaloids in a constant ratio of 4:1 resulted in the accumulation 
of F-actin in the form of clusters located within the cell nucleus 
with particular emphasis on cells with micronuclei. In most 
cells, the F-actin network throughout the cytoplasm occurred 
in the form of stress fibers. In turn, some of them were char-
acterized by a dispersed network of microfilaments located in 
the cytoplasm in the form of short polymers. In contrast, 
apoptotic cells showed a strong reorganization of the F-actin 
cytoskeleton (Figure 2H, H′).

The evaluation of the vimentin network showed that A549 
FHOD1- cells were characterized by a lower fluorescence 
signal of protein in comparison to A549 cells without manip-
ulation (Figure 3). In untreated A549 FHOD1- cells, both cells 
with a well-developed network of vimentin and a small popu-
lation with a diffuse organization of the protein were visible 
(Figure 3E, E’). After 24h incubation with 1 μM SAN irregular 
vimentin fibers, especially in the case of a mitotic catastrophe, 
were noticed (Figure 3F, F’). On the other hand, treatment with 
4 μM PL induced the accumulation of the vimentin fluores-
cence signal in the form of points located near the cell nucleus 
(Figure 3G, G’). Similar observations were made for the com-
bination of alkaloids. In apoptotic cells with a fragmented 
nucleus or visible apoptotic buds, an intensification of the 
vimentin point signal was noted (Figure 3H, H’). The per-
formed analysis correlated with the changes observed in the 
actin cytoskeleton. Obtained results may indicate a reduction 
of the migratory properties of A549 cells after downregulation 
of FHOD1 level.

Effect of the FHOD1 Downregulation on 
Migration Potential of the A549 Cell Line
In the next step, we evaluated the effect of the down-
regulation of the FHOD1 level in A549 cells in the context 
of the migration potential. For this purpose, wound healing 
assay, invasion and migration assays, assessment of EMT 
markers, F-actin, and vimentin levels were performed.

According to the adopted methodology, the observation 
of the overgrowth of the mechanically formed “wound” was 
carried out until complete healing (100%) in untreated cells 
(36h). At the same time, after the treatment of A549 
FHOD1- cells with the alkaloids, the scratch area was 
covered in 94.5 ± 2.16% and 88.20 ± 2.71% for SAN and 
PL, respectively. After 36h in the combination of the 
selected compounds in the ratio of 4:1, the “wound” 
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Figure 3 The effect of FHOD1 downregulation on vimentin network of non-small cell lung cancer A549 cells. A549 cells with the naïve expression of FHOD1 (A549) (A, 
A’–D,D’) and after transfection with siRNA against FHOD1 (A549 FHOD1-) (E,E’–H, H’) were treated for 24h with 1 µM sanguinarine (SAN), 4 µM piperlongumine (PL) 
and their combination (PL/SAN). Fluorescent staining of vimentin (green) and nuclei (blue). Bar = 50µm.

Figure 4 The effect of FHOD1 downregulation on metastasis potential of non-small cell lung cancer A549 cells – wound healing assay. A549 cells with the naïve expression 
of FHOD1 (A549) and after transfection with siRNA against FHOD1 (A549 FHOD1-) were treated for 24h with 1 µM SAN (sanguinarine), 4 µM PL (piperlongumine) and 
their combination (4PL/1SAN). The time-course of closure of the wounded areas in A549 cells with downregulation of FHOD1 is shown (A). Wound closure at 36h after 
treatment (B). Wound closure at 24h after treatment as a percentage of A549 CTRL migration (C). Data represents the mean ± SD obtained from 3 independent replicates 
(n=3). Statistically significant differences between A549 cells and A549 with downregulation of FHOD1 levels are marked with “*”, and compared to control cells for A549 
“#” and “$” for A549 FHOD1- (p <0.05; two-way ANOVA).
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overgrown to 85.22 ± 3.19% (Figure 4A and B). The com-
parative analysis after 24h showed that A549 non-small cell 
lung cancer cells with downregulation of FHOD1 level had 
lower motility compared to cells with the naïve expression 
of the protein. In the case of the CTRL, there was 
a reduction in the “wound” for A549 FHOD1- (60.44 ± 
7.99%) in comparison to A549 CTRL cells (85.14 ± 
3.74%). For individual concentrations of the alkaloids 
a statistically significant reduction in the motility of A549 
FHOD1- cells was also observed. The overgrowth of the 
“wound” was visible in 54.51 ± 6.42% (A549 - 77.33 ± 
6.01%) for 1 μM SAN and 40.46 ± 6.32% (A549 - 57.79 ± 
3.32%) for 4 μM PL. Also, in this case, the greatest inhibi-
tion of the migration of cells was induced by the combina-
tion of PL and SAN in a constant concentration ratio of 4:1. 
The value was reduced from 53.73 ± 6.81% (A549) to 29.76 
± 4.87% (A549 FHOD1-) (Figure 4C).

Figure 5A presents representative images of the trans-
well migration assay. The analysis of A549 FHOD1- cells 
showed that in the CTRL 369.5 ± 27.58 cells with high 
migratory potential were observed. After treatment with 1 
μM SAN, 4 μM PL, and 4 μM PL/1 μM SAN their mean 
number was reduced to 319.67 ± 33.61, 34.83 ± 4.88, and 
12.83 ± 6.27, respectively (Figure 5B). Obtained results 
indicated that downregulation of FHOD1 inhibited the 
migration of A549 cells by 61.23 ± 4.97% for CTRL, 
66.47 ± 5.01% for 1 μM SAN, 96.33 ± 0.74% for 4 μM 
PL, and 98.33 ± 0.70% for the combination of alkaloids in 
the ratio of 4:1 in comparison to untreated A549 cells with 
the naïve expression of FHOD1 (Figure 5C).

In the case of the invasion assay, there was also 
a significant reduction in the invasive potential of A549 
FHOD1-, both in the untreated cells and after the applica-
tion of the alkaloids (Figure 6). After 24h, on the outside 
of the insert, 468.67 ± 71.40 cells for untreated cells, 406.0 
± 15.82 for 1 μM SAN, 241.33 ± 78.14 for 4 μM PL, and 
88.0 ± 10.2 cells for compound combinations were 
observed (Figure 6B). The comparison of the results 
obtained for A549 FHOD1- and A549 with the naïve 
expression of FHOD1 showed that the manipulation of 
the ABP contributed to the inhibition of the invasive 
properties of non-small cell lung cancer cells. We observed 
a reduction in invasive potential by 36.9 ± 12.57% 
(CTRL), 45.64 ± 3.34% (1 SAN), 68.07 ± 9.25% (4 PL) 
and 88.21 ± 1.46% (4 μM PL/1 μM SAN) (Figure 6C). 
Moreover, the assays demonstrated that the downregula-
tion of FHOD1 level expression significantly impaired the 
migration and invasiveness of A549 cells.

In the next step, a cytometric evaluation of the 
average level of fluorescence intensity of EMT markers 
(N-cadherin, E-cadherin, vimentin) and F-actin was per-
formed. The obtained results were presented as multi-
plicity in comparison to A549 CTRL (assumed as 1) 
(Figure 7). The assessment of N-cadherin showed 
a decrease in the level of the observed fluorescent signal 
of the protein. After treatment of A549 FHOD1- cells 
with 4 μM PL (0.65 ± 0.07-fold) and 4 μM PL/1 μM 
SAN (0.55 ± 0.07-fold) a statistically significant reduc-
tion was observed. In a comparative analysis of A549 
and A549 FHOD1- cells a significant reduction in the 
level of N-cadherin fluorescence intensity was noted for 
24h incubation with 1 μM SAN (from 0.99 ± 0.18-fold 
for A549 to 0.79 ± 0.05 -fold for A549 FHOD1-) and 4 
μM PL (from 0.79 ± 0.06-fold for A549 to 0.65 ± 0.07- 
fold for A549 FHOD1-) (Figure 7A). The analysis of 
E-cadherin showed an increase in the mean level of 
fluorescence intensity in A549 FHOD1- cells. The com-
bination of alkaloids caused a statistically significant 
increase in E-cadherin fluorescence intensity compared 
to A549 FHOD1- CTRL estimated as 1.77 ± 0.14. The 
change was also significant for A549 cells with the 
naïve expression of FHOD1 (an increase from 1.46 ± 
0.13) (Figure 7B). In the case of vimentin, a statistically 
significant reduction of the signal was observed. There 
was a 0.88 ± 0.06-fold decrease in fluorescence intensity 
for CTRL, while for alkaloids 0.61 ± 0.09-fold and 0.51 
± 0.07-fold reduction were noted, respectively, for 1 μM 
SAN and 4 μM PL (from 0.81 ± 0.08-fold for 1 μM 
SAN; 0.67± 0.08-fold for 4 μM PL). The combination 
of alkaloids induced a 0.31 ± 0.04-fold decrease in the 
mean fluorescence intensity level (from 0.56 ± 0.05-fold 
for A549) (Figure 7C). Cytometric evaluation of the 
mean level of F-actin fluorescence intensity showed 
that cells with decreased FHOD1 expression had signif-
icantly lower values of the labeled protein compared to 
A549 cells. In the case of CTRL, there was a 0.75 ± 
0.14-fold decrease in the average level of F-actin fluor-
escence intensity, while after treatment with alkaloids it 
reached 0.65 ± 0.15-fold and 0.59 ± 0.1-fold for 1 μM 
SAN and 4 μM PL, respectively. 24h incubation of 
A549 FHOD1- with 4 μM PL/1 μM SAN significantly 
reduced the F-actin signal from 0.61 ± 0.09-fold for 
A549 to 0.47 ± 0.11-fold for A549 FHOD1- (Figure 
7D). Obtained results correlated with the observations 
made during fluorescent F-actin and vimentin labeling.
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Figure 5 The effect of FHOD1 downregulation on metastasis potential of non-small cell lung cancer A549 cells – migration assay. A549 cells with the naïve expression of 
FHOD1 (A549) and after transfection with siRNA against FHOD1 (A549 FHOD1-) were treated for 24h with 1 µM SAN (sanguinarine), 4 µM PL (piperlongumine) and their 
combination (4PL/1SAN). Representative image of transwell migration assay. Bar = 50µm (A). The average number of cells with high migratory potential (B) and an average 
percentage of cells relative to CTRL (estimated as 100%) (C). Data represents the mean ± SD obtained from 4 independent replicates (n=4). Statistically significant 
differences between A549 cells and A549 with downregulation of FHOD1 levels are marked with “*”, and compared to control cells for A549 “#” and “$” for A549 
FHOD1- (p <0.05; two-way ANOVA).
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In silico Analysis Based on Online 
Available Databases
To verify the significance of the presented results, an in silico 
analysis of data obtained from the online database (http:// 
kmplot.com/analysis/) was performed. The assessment was 
based on the level of mRNA expression for FHOD1 among 
patients diagnosed with lung adenocarcinoma. The analysis 
showed that a low level of formin increases the median 
survival of patients (103 vs. 96.2 months for the identified 
low and high levels of the protein, respectively) (Figure 8A). 

Similarly, among smokers, the mean survival is higher for 
patients with lower FHOD1 expression (54.17 months) com-
pared to the second group (36 months) (Figure 8B). In the 
case of non-smokers, it was 88.70 vs. 76 months for patients 
with identified low and high formin levels, respectively 
(Figure 8C). The data described above indicate that a lower 
level of FHOD1 correlates with higher survival rates of 
patients diagnosed with lung cancer, which may be related 
to a reduced migration potential of cancer cells and, conse-
quently, a lower probability of metastasis.

Figure 6 The effect of FHOD1 downregulation on metastasis potential of non-small cell lung cancer A549 cells – invasion assay. A549 cells with the naïve expression of FHOD1 
(A549) and after transfection with siRNA against FHOD1 (A549 FHOD1-) were treated for 24h with 1 µM SAN (sanguinarine), 4 µM PL (piperlongumine) and their combination 
(4PL/1SAN). Representative image of transwell invasion assay. Bar = 50µm (A). The average number of cells with high invasiveness potential (B) and an average percentage of cells 
relative to CTRL (estimated as 100%) (C). Data represents the mean ± SD obtained from 4 independent replicates (n=4). Statistically significant differences between A549 cells and 
A549 with downregulation of FHOD1 levels are marked with “*”, and compared to control cells for A549 “#” and “$” for A549 FHOD1- (p <0.05; two-way ANOVA).
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Discussion
The inhibition of EMT is an attractive target in anti-cancer 
therapy. It seems that the reduction of the motor properties 
of cancer cells may be of significant importance in 

inhibiting the formation of secondary foci, as well as in 
sensitizing solid tumors to cytostatics.9,28 High hopes are 
placed on the manipulation of proteins associated with the 
cytoskeleton, especially ABPs.7 Studies conducted in 

Figure 7 The effect of FHOD1 downregulation on metastasis potential of non-small cell lung cancer A549 cells – cytometric analysis. A549 cells with the naïve expression of 
FHOD1 (A549) and after transfection with siRNA against FHOD1 (A549 FHOD1-) were treated for 24h with 1 µM SAN (sanguinarine), 4 µM PL (piperlongumine) and their 
combination (4PL/1SAN). The mean fluorescence intensity of N-cadherin (A), E-cadherin (B), vimentin (C) and F-actin (D). Levels of the proteins were normalized to CTRL 
and results were expressed as fold change vs. A549 CTRL (estimated as 1). Data represents the mean ± SD obtained from 3 independent replicates (n=3). Statistically 
significant differences between A549 cells and A549 with downregulation of FHOD1 levels are marked with “*”, and compared to control cells for A549 “#” and “$” for 
A549 FHOD1- (p <0.05; two-way ANOVA).

Figure 8 FHOD1 mRNA expression in patients with lung adenocarcinoma. Overall survival (OS) of lung adenocarcinoma patients, n=719 (A). OS of smoking lung 
adenocarcinoma patients, n= 246 (B). OS of never smoked lung adenocarcinoma patients, n=143 (C).
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recent years show that these assumptions are correct. 
Manipulation of profilin-1 in lung and breast cancer cells 
and cofilin-1 and gelsolin in colon cancer cells inhibit the 
proliferation and migration of cells.24,29–31 Therefore, we 
decided to check the effect of downregulation of the 
FHOD1 in non-small cell lung cancer A549 cell line. 
Additionally, we assessed the impact of the low level of 
FHOD1 expression on the response of A549 cells to the 
selected compounds.

In the case of the studies on the expression of FHOD1, 
single reports indicate an important role of this protein in 
the acquisition of invasive properties. In a study on the 
MDA-MB−231 and BT−549 TNBCs (triple-negative 
breast cancer) cell lines, Heuser et al have found that 
low levels of FHOD1 inhibited cell proliferation and 
migration.32 Similarly, studies conducted by Jurmeister 
et al on breast cancer cells with a reduced level of 
FHOD1 allowed to present its importance in the context 
of EMT. The author has shown that FHOD1 regulates 
MLC2, which expression stimulates SRF-dependent tran-
scription while silencing of FHOD1 significantly affects 
the disturbance and reduction of intracellular accumulation 
of G-actin, which reduces the motor properties of cells.17 

In turn, Gardberg et al have demonstrated the importance 
of the FHOD1 manipulation in oral squamous cell carci-
noma cells. The results presented by the research group 
suggest that the downregulation of FHOD1 inhibited the 
migration potential in comparison to control cells. 
Moreover, the measurements of the FHOD1 level in the 
clinical material from patients with SCC showed 
a relationship between its growth and the stage and 
aggressiveness.16 Based on these reports, FHOD1 seems 
to play an important role in the structural and functional 
changes of microfilaments necessary for the transforma-
tion of the cell phenotype from epithelial to mesenchymal. 
Similar observations were made by Peippo et al, who 
indicated that, depending on the FHOD1 level, melanoma 
cell lines (WM164 and WM239) were characterized by 
different migration potential and a degree of 
invasiveness.33 In our study, we presented that downregu-
lation of FHOD1 in non-small cell lung cancer A549 cell 
line suppressed migration and invasion potential probably 
through a decrease in the level of the cytoplasmic vimentin 
and actin pool. Both proteins are required for cell 
migration.34–36 Alterations in the organization of these 
cytoskeleton structures inhibit cell adhesion and induce 
changes in cell shape and invasive protrusion formation. 
Alieva et al have reported that the formins family and 

myosin IIA are involved in filopodia adhesion.37 In turn, 
Iskratsch et al presented that FHOD1 is required for adhe-
sion and migration of mouse fibroblasts via actin 
polymerization.38 Similarly, results described by Gauvin 
et al indicate that the downregulation of another member 
of the formins family – FLMN3 results in a decrease in the 
number of cell protrusions and weakening of cell-cell 
adhesion in U2OS cells.39

Our study enriches the above-mentioned reports on the 
importance of FHOD1 manipulation in the A549 cell line. 
To assess the effect of FHOD1 downregulation on A549 
sensitivity to the selected compounds, cells were treated 
with alkaloids. Based on our previous research, we used 
PL and SAN and their synergistic combination.22 Both 
compounds are characterized by cytotoxic and anti- 
migratory properties. It has been documented on various 
cell lines, including lung, breast, gastric, and prostate 
cancer.40–44 Additionally, our research shows that com-
pounds of natural origin have a cytotoxic effect on cancer 
cells and, together with the manipulation of ABPs, may be 
helpful in therapy. Results presented in this paper indicate 
that the consequence of downregulation of the level of 
FHOD1 is inhibition of proliferation and enhanced apoptotic 
effect of PL and SAN. The increase in the apoptotic cell 
population can be associated with alterations in the actin 
network. Literature reports suggest that actin plays a crucial 
role during cell death via ABPs activity.45,46 The alterations 
in the filament network include changes in cell shape, the 
formation of apoptotic blebs, and permeabilization of the 
mitochondrial membrane.45 Similar observations have been 
reported by Ménard et al in HeLa cells, which has shown the 
correlation between FHOD1 and caspase-3 cleavage corre-
sponding to apoptosis. Authors have also revealed that the 
C-terminal part of FHOD1 suppressed RNA polymerase 
I transcription. Moreover, they have suggested that altera-
tions in the structure of FHOD1 in HeLa cells influence the 
interaction of the protein with actin, disrupting the reorgani-
zation of the actin cytoskeleton during apoptosis.47 In turn, 
manipulation of another member of the formins family - 
FMNL-2 induces apoptosis in the gastric cancer cell line.48 

In the case of cell death, the nuclear actin pool and its 
translocation from/to the cytoplasm may also be of impor-
tance. Grzanka et al have shown that changes in the expres-
sion level of ABPs: cofilin-1 and a special AT-rich sequence 
1 binding protein (SATB1) induce changes in nuclear 
F-actin and consequently an increase in the subG1 and 
apoptotic cell population in MCF-7 cells.49 Similar results 
were obtained by Izdebska et al, who showed that the 
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disturbance of F-actin transport to the nucleus sensitizes 
cells of the H1299 cell line to the cytotoxic effect of 
doxorubicin.50 The association of FHOD1 with nuclear 
actin may indirectly explain the increase in apoptosis. The 
above-mentioned studies, together with our results, show 
that FHOD1 is a therapeutically interesting protein in the 
context of metastasis inhibition and cell death.

Additionally, in our study, the in silico analysis of the 
publicly accessible data considering the FHOD1 mRNA 
level in non-small cell lung cancer patients was performed. 
The values presented in the form of Kaplan-Meier survival 
graphs suggested that patients diagnosed with lung cancer 
with low expression of FHOD1 mRNA have a higher 
survival rate than people with increased levels of the 
protein. The differences between the group of smokers 
and non-smokers may result from the fact that tobacco 
smoke induces oxidative stress.51 This factor may affect 
the organization of intercellular connections (AJs, TJs) and 
the cytoskeleton, including actin filaments.52 In the case of 
basal-like breast cancer tissue, the high level of FHOD1 
was also presented.32 Clinical trials show that an increase 
in mortality in patients with oncological diseases is often 
associated with the formation of metastases.4 The actin 
network is involved in this process, while its dynamic is 
determined by the proteins accompanying microfilaments 
like formin. The results presented in our work correlate 
with other studies indicating that a low level of ABPs is 
associated with the limited motor activity of cancer cells.53

Conclusions
In summary, in this report, we demonstrated for the first 
time the effects of the downregulation of FHOD1 in non- 
small cell lung cancer. Manipulation induced the reorga-
nization of microfilament networks, which in turn, was 
associated with reduced migration and invasive potential 
of the highly aggressive A549 cells. Moreover, introduced 
changes in the protein level were able to sensitize the cells 
to the selected compounds. The presented results and the 
analysis of online available clinical data indicate the pos-
sibility of transferring research from the basic level to 
in vivo models in the context of ABPs manipulation as 
a new therapeutic target in oncology.
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