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Abstract

Purpose Green Fluorescent Protein is widely used as a cellular marker tool, but its potential influence on cells has been
questioned. Although the potential off-target effects of GFP on tumor cells have been studied to some extent, the findings at
the molecular level are insufficient to explain the effect of GFP expression on the tumorigenic capacity of cancer cells. Here,
we aimed to investigate the effect of GFP expression on the tumorigenicity of PC3 prostate cancer cells.

Methods Using GFP-expressing and wild-type PC-3 cells, xenograft models were generated in athymic BALB/C mice. To
identify differentially expressed proteins, the change in cells proteome was investigated by label-free quantification with
nano-high performance liquid chromatography to tandem mass spectrometry (nHPLC-MS/MS). Proteins that showed sig-
nificantly altered expression levels were evaluated using the bioinformatics tools.

Results Unlike the wild-type PC-3 cells, GFP-expressing cells failed to develop tumor. Comparative proteome analysis of
GFP-expressing cells with WT PC-3 cells revealed a total of 216 differentially regulated proteins, of which 98 were upregu-
lated and 117 were downregulated.

Conclusion Upon GFP expression, differential changes in several pathways including the immune system, translational
machinery, energy metabolism, elements of cytoskeletal and VEGF signaling pathway were observed. Therefore, care
should be taken into account to prevent reporting deceitful mechanisms generated from studies utilizing GFP.
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Introduction

Green Fluorescent Protein (GFP) is an important tool as a
cellular marker since the time it was used for in vivo imaging
of cancer cells growing in athymic nude mice [1]. Research-
ers now have a better way to visualize gene expression and
monitor cells thanks to the use of fluorescent proteins like
GFP, which allow direct imaging of cells in vivo [2]. Imag-
ing of GFP under a simple fluorescence microscope helped
extensive characterization of protein expression patterns in
cancer cells. The creation of cancer cells that stably express
GFP and their transplantation into model organisms helped
to image living cancer cells in their natural microenviron-
ment. By this way, cancer cell trafficking in lymphatic chan-
nels, cancer neurogenesis, metastasis, cancer cell clonality,
circulating tumor cells, and the efficacy of therapies have
been successfully studied [2—4]. Despite its advantages,
increasing evidence suggests that GFP can have debilitat-
ing effects on cells [5]. For example, interactions between
GFP and other cellular proteins can cause a decrease in cell
growth due to an increase in the amount of reactive oxygen
species, which can lead to the activation of apoptotic cas-
cades [6, 7]. Furthermore, at the tissue level, expression of
GFP in muscle cells was associated with impaired contrac-
tion [8]. Similarly, the expression of GFP in cardiomyocytes
caused cardiomyopathy in mice [9]. Interestingly, expres-
sion of EGFP, a GFP variant, in neurons induced apoptotic
cell death and caused neurogenic paresis [ 10]. Also in neuro-
blastoma cells, transduction of GFP enhanced sensitivity to
anti-tumor drugs causing intervention in cellular responses
to therapeutics [11].

GFP expression can affect the tumorigenic potential of
cancer cells. This effect was observed when intravenous
injection of non-modified BM185 cells induced systemic
leukemia and death of immunocompetent mice, but not the
BM185-eGFP cells [12]. When immunodeficient mice were
injected with eGFP-expressing cells, it resulted in death.
In another study, mouse EL-4 lymphoma cells expressing
eGFP did not propagate after subcutaneous injection to
immunocompetent mice, unlike the parental cell line [13].
Comparison of different mouse tumor cell lines expressing
fluorescent proteins resulted in varying tumorigenic capac-
ity. Subcutaneous injection of GFP expressing 4T1 and
B16-F10 cells had no effect on the tumor growth rate, while
both CT26-GFP and CT26-RFP cells were rejected after
implantation [14].

Despite definitive consequences of GFP expression on
growth and cell metabolism, not much effort was placed
on understanding the details of changes occurring at the
molecular level upon GFP expression. Only a few studies
examined this issue in cultured cells. For instance, GFP
was shown to selectively induce HSP70 expression which

@ Springer

resulted in the up-regulation of COX-2 expression in endo-
thelial cells [15]. Also, GFP expression inhibited polyu-
biquitination causing derogatory effects on proteasome
machinery [16]. The analysis of the transcriptional profile
of cardiomyocytes expressing GFP indicated regulations in
processes including responses to stimuli and signal trans-
duction [17]. Investigation of the proteome modifications
of GFP-expressing breast cancer cells showed changes in
the expression profiles of proteins that are associated with
cellular immune response, protein folding, and cytoskeletal
organization [18]. Despite these reports, comprehensive
studies investigating the proteome changes caused by GFP
expression in in vivo are still lacking. The relationship of
the revealed mechanisms with tumorigenicity has yet to be
clarified as well. Therefore, in this study, we investigated
the effects of GFP expression on the tumorigenicity of pros-
tate cancer cells using proteomic approaches in a xenograft
model.

Materials and Methods
Cell Culture

The human prostate cancer cell line PC-3 was purchased
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). The cells were grown in Roswell Park
Memorial Institute-1640 medium (RPMI-1640, Thermo
Fisher Scientific, MA, USA) containing high glucose, sup-
plemented with 10% fetal bovine serum (FBS) and 100 U/
mL penicillin, and 100 pg/mL streptomycin. The cultures
were maintained at 37 °C in a humidified incubator with
5% CO,.

Creation of Stable PC-3 Cells Expressing GFP

PC-3 cells were transfected with pcDNA4/TO harboring the
GFP gene using Neon transfection system (Thermofisher,
USA) to create a stable cell line expressing high levels of
GFP protein. Transfected cells were then subjected to selec-
tion in RPMI containing 50 ng/ml zeocin. To obtain mono-
clonal clones, separate colonies formed on the culture plates
were picked with cloning cylinders and gradually propa-
gated in 96-well culture plates. They were then transferred
into 5 ml culture plates to which coverslips were added for
visualization of GFP expression by immunofluorescence
microscopy using Olympus CKX41 inverted fluorescence
microscope (Olympus, Japan). One of the screened colonies
expressing GFP was propagated and frozen for use in sub-
sequent experiments.
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Analysis of Cell Growth and Morphology

The growth rate of GFP-transfected cells and wild-type
cells was investigated through viability assays, and their
morphology was examined via microscopy imaging. Cell
viability was determined using a trypan blue exclusion
assay. In brief, cells were seeded on 6-well culture plates
at a density of 2x 10° cells per well. After adherence, at the
end of 24, 48, and 72 h of the incubation period, cells har-
vested in PBS were mixed with trypan blue solution. Live
and dead cells in the mixed solution were counted using a
hemocytometer. Experiments were conducted in triplicate.

Animals and Generation of Xenograft Models

7-8 weeks-old male athymic (nude) BALB/C mice (n=10)
and GFP expressing (GFP+) and wild-type PC-3 (GFP-)
cells were used in in vivo experiments. Animals were kept
under pathogen-free standard laboratory conditions with
a 12-hour light/dark cycle. Food and water were available
ad libitum. Experiments were carried out in compliance
with the Regulation of Animal Research Ethics Commit-
tee in Turkey. Ethical approval (KOU HADYEK 8/2-2019)
was granted by Kocaeli University Animal Research Eth-
ics Committee (Kocaeli, Turkey). The mice were divided
into 5 groups with 2 mice in each group as follows: control
(saline-injected), subcutaneously GFP + cells injected, sub-
cutaneously GFP- cells injected, intraprostatic GFP + cells
injected, and intraprostatic GFP- cells injected. Intrapros-
tatic injections of 7.5x 10° cells in PBS were performed to
the dorsal prostate tissues of mice, as described in previ-
ously published reports [19, 20]. For subcutaneous injec-
tions, 5% 10° cells suspended in PBS from each group were
mixed with matrigel (Corning, USA) and injected into the
left lumbar region of designated groups under anesthesia.
The mice were sacrificed by the end of the second month
and the bladder, prostate, seminal vesicles, and rectum were
collected and fixed in 10% formalin. The pelvic region,
where the prostate tissue is located, kidney, vertebra, lung,
and liver were examined macroscopically for possible
metastatic involvement. Those tissues were also examined
microscopically after staining with hematoxylin and eosin
to identify wild-type and GFP-expressing PC-3 cells using
light- and fluorescence-microscopy, respectively.

Preparation of Protein Extracts and Sample Pools

Protein isolation was carried out as described in our previ-
ous study [21]. In our experimental setup, each “sample”
corresponds to the cell-free extract obtained from one cul-
ture plate, whether it contained wild-type (WT) or GFP-
expressing PC-3 cells. For comparing these two groups (WT

or GFP-expressing) we utilized a total of three culture plates
for each group. To start isolation, briefly, GFP expressing
and wild-type PC-3 cells were washed with washing buf-
fer (250 mM Sucrose containing Tris-HCI at pH 7.2) and
then suspended in lysis buffer (8 M urea, 2 M thiourea,
4% CHAPS, 30 mM Tris pH 8.5, and protease inhibitor
cocktail). They were then lysed in a mechanical disruption
device using 0.2 mm stainless-steel beads (Bullet Blender;
Next Advance, Troy, NY). After centrifugation, superna-
tants containing soluble proteins were obtained. Protein
concentrations were measured using Bradford protein dye-
binding assay (Bio-Rad, USA). Equal amounts of proteins
from each of the three samples per group were combined
into single tubes and protein concentrations were re-mea-
sured using the Qubit protein assay kit (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol.

Protein Digestion and Identification by nLC-MS/MS

Proteins were digested using an in-solution tryptic digestion
kit according to the manufacturer’s instructions (Thermo
Fisher, MA, USA). To ensure the robustness and reliability
of our proteomic analysis, we performed three independent
replicates for each group. This involved conducting three
separate tryptic digestions and subsequent analyses for both
the wild-type and GFP-expressing cell groups. Digested
peptides were analyzed by nLC-MS/MS using an Ultimate
3000 RSLC nanosystem (Dionex, Thermo Fisher Scientific,
USA) coupled to a Q Exactive mass spectrometer (Thermo
Fisher Scientific USA). The entire system was controlled
by Xcalibur 4.0 software (Thermo Fisher Scientific). After
preconcentration and desalting of peptides on the trap col-
umn, they were transferred to a C18 reversed-phase ana-
lytical column (Acclaim PepMap RSLC 75 pmx15 cmx2
pm, 100 A diameter, Thermo Fisher Scientific, USA) for
separation using a linear solvent gradient. The separation
was executed using mobile phases A (0.1% formic acid in
water) and B (80% acetonitrile and 0.05% Trifluoroacetic
acid (TFA) in water). The gradient was 6—10% B in 70 min,
10-30% B in 150 min, 30-50% B in 40 min, 50-90% B
in 20 min, 90% in 10 min, and 90-6% B in 10 min with
ta flow rate of 300 nL/min. The data-dependent acquisi-
tion was performed with an MS scan mass window set at
400-2000 m/z and by selecting the top ten precursor ions.
The full scan MS spectra were collected with a resolution
of 70.000, thescan range of 4002000 m/z, target automatic
gain control of 3 10° ions, maximum injection time of 60
ms and spray voltage of 2.3 kV. Raw data were analyzed
with Proteome Discoverer SEQUEST (version 2.2; Thermo
Fisher Scientific) software. The following parameters were
used for protein identification: peptide mass tolerance 10
ppm, MS/MS mass tolerance 0.2 Da, mass accuracy 2 ppm,
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tolerant miscarriage 1, minimum peptide length 6 amino
acids, fixed changes: cysteine carbamidomethylation, vari-
able changes: methionine oxidation, and asparagine deami-
nation. The data were then searched against the Uniprot/
Swissprot database for protein identification. Label-free
quantification was performed with Proteome Discoverer
2.2 (Thermo Fisher, USA) by the following filters: Peptide
and protein identifications were accepted if their probability
were greater than 95 and 99%, respectively, and included
two or more identified peptides. The proteins which were
identified in all three replicates were reported. The target
false discovery rate (FDR) threshold (strict) was set as 0.01
and target FDR (relaxed) was set as 0.05 using Percolator
node. The proteins whose quantitation was significantly dif-
ferent between the two groups were defined as differentially
regulated proteins (DRPs). If the fold was more than 2, it
was accepted as upregulated and if it was less than 0.5, it
was accepted as downregulated (p < 0.05).

Western Blotting

25 pg of protein from each group was separated by 12%
SDS-PAGE and transferred to a nitrocellulose membrane
as described by Bal Albayrak [22]. Briefly, after the mem-
brane was blocked in nonfat powdered milk in tris buffered
saline, it was incubated with anti-vimentin (sc-373,717,
Santa Cruz) and anti-B-actin (sc-81,178, Santa Cruz) anti-
bodies overnight at 4 °C. -actin was used as internal con-
trol to ensure equal protein loading. The membrane was
washed three times with TBS-T and then incubated with
HRP-labelled secondary antibody (Bio-Rad, USA) for 1 h
at room temperature. Two separate Western blot analyses
were conducted, and protein bands were visualized using an
enhanced chemiluminescence detection system. Band inten-
sities were measured three times independently. Regulatory
changes and statistical analyses were performed using a
total of six values for each band, and the results of the statis-
tical analyses were presented as mean and standard devia-
tion (Mean + SD).

Bioinformatics Analysis

Classification of proteins was performed by using Protein
ANalysis THrough Evolutionary Relationships (PANTHER,
pantherdb.org) database. The identified differentially regu-
lated proteins (DRPs) with Uniprot accession numbers were
uploaded. The organism was specified as Homo sapiens and
the following ontologies were selected: molecular function,
biological process, cellular function, cellular component,
protein class, and pathway. Protein-protein interactions
were predicted by further analysis using Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING, https://
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string-db.org). The parameters for STRING search included
an interaction score of medium confidence, no interactors
for the first and second shells, active interaction sources of
text mining, experiments, databases, co-expression, neigh-
borhood, gene fusion and co-occurrence. The hits consid-
ered in this study had FDR smaller than 1e-05. The results
were downloaded as bitmap images and images were recre-
ated by Adobe Illustrator Version 6.

Statistical Analysis

The statistical analysis of the measured data and related
graphic representations were performed by using GraphPad
Prism 9.1.0 (La Jolla, CA, ABD). Vimentin levels among the
groups and the nLC-MS/MS results were analyzed by one-
way analysis of variance (ANOVA) followed by Tukey’s
test. P values less than 0,05 were considered statistically
significant. In nLC-MS/MS analysis, total peak intensity
values were used for normalization of the samples, and sta-
tistical analyses were performed using the tools in the Pro-
tein Discoverer 2.2 program. A background-based ANOVA
test for ion quantification and utilized the Pairwise Ratio
approach for inter-group comparisons were employed.

Results
Stable PC-3 Cells Expressing GFP

PC3 cells were transfected with pCDNA4/TO and selected
with zeocin to generate a monoclonal cell line that expresses
GFP at a high level. From 10 different clones, the colony
with the highest GFP expression was selected for in vitro
and in vivo experiments. Analysis of the images revealed
that GFP expression in the cells appeared uniform, indicat-
ing a relatively consistent level of expression in each cell
examined, thus verifying the monoclonality of the gener-
ated cell line. Close up examination of the cells, however,
showed minor differences in cytoplasmic fluorescence
intensities among the cells (Fig. 1).

Alteration in Cell Growth and Morphology

Expression of GFP protein caused a decrease in the num-
ber of viable cells in cultures. After 72 h of incubation,
the effect on viability was more pronounced as many dead
floating cells were also observable under a microscope. In
addition, morphological analysis of the cells under a micro-
scope revealed the presence of apoptotic cells, displaying
bubble-like protrusions and smaller apoptotic bodies. Anal-
ysis of the trypan blue exclusion assay results indicated that
prolonged incubation caused gradual loss of more of the
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Fig. 1 PC3 cells stably expressing GFP. The nuclei were stained with DAPI, represented with blue color (a) 40x, (b) 100x magnification

GFP-expressing cells, which provided a statistically mean-
ingful data showing decrease in cell number in time (Fig. 2).

Macroscopic and Microscopic Examination of Tissue
Samples

Macroscopic and microscopic examinations revealed the
absence of tumor development at the injection sites in both
mice injected subcutaneously (n=2) and intraprostatically
(n=2) with GFP+ cells (Fig. 3a and b). Examination under
a fluorescence microscope did not reveal the presence of
GFP + cells in the injection sites of none of the mice. How-
ever, careful macroscopic examination revealed that 5x5
mm? solid nodules were present in the left lumbar regions
of mice injected subcutaneously with WT PC-3 cells and
that there were irregular appearances in seminal vesicles
and prostate tissues of mice injected intraprostatically
GFP- cells.

Microscopically, Gleason pattern 5 adenocarcinoma
cells, exhibiting enlarged nuclear morphology and aggres-
sive cell fragments, were visualized in the subcutaneous
nodules and the dorsal prostate tissues of mice injected
with WT PC-3 cells (Fig. 4a and b). Normal prostate and
inflamed seminal vesicular tissues from control mice were
examined. No apparent macroscopic abnormality was noted
in the pelvis, kidney, vertebrae, lung, and liver.

Comparative Proteome Analysis of the Wild-type
and GFP-expressing PC-3 Cells

The effects of stable GFP expression on PC-3 cells were
analyzed using the changes in global protein expression

profiles. Digested proteins from each group were analyzed
by nHPLC coupled to LC-MS/MS and label-free quantifi-
cation was performed to identify DRPs. 731 proteins were
identified in the wild-type PC-3 cells, while only 642 pro-
teins were identified in the GFP-expressing PC3 cells. 121
of the identified proteins were expressed only in the wild-
type cells while 32 of them were expressed only in the GFP-
expressing cells. The number of proteins shared by both
groups was 610 as depicted in the Venn diagram (Fig. 5).
Analysis of the shared proteins showed that there were 418
DRPs between the two groups, of which 164 and 254 were
up- and downregulated, respectively, with greater than two-
fold of change. When the results were filtered further using
additional criterion such as identification by a minimum of
two or more unique peptides, the numbers were reduced to
98 for the upregulated and 117 for the downregulated pro-
teins making a total of 216 DRPs. The complete list of the
identified proteins was presented in Supplementary 1.

Bioinformatics Analysis of Differentially Regulated
Proteins

Bioinformatic analyzes were performed to associate DRPs
with protein networks and molecular pathways. The PAN-
THER analysis showed that most of these proteins have
binding and catalytic activity as their prominent molecular
functions. The PANTHER classification to determine pro-
tein classes indicated that the expression profile of eighteen
different protein types, specifically cytoskeletal proteins
(including P08670, P26038, P07437, QOUHDS, Q16658),
translational proteins (including P46781, P40429, P62277,
P62906, P25398) and metabolite interconversion enzymes
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Fig.2 (a) Inverted microscopy images of WT-PC3 and GFP-expressing cells after 24, 48 and 72 h of incubation. (b) Bar graph for presentation of
trypan-blue exclusion assay for analysis of cell viability after 24, 48 and 72 h of incubation (*P < 0.05)

were altered. Pathway analysis by PANTHER drew atten-
tion to cytoskeletal regulation, glycolysis (P04406, P00558,
P18669, P14618), ATP synthesis, integrin signaling path-
way (P00034), inflammation (015144, P121091, P35579),
angiogenesis and VEGF signaling (P04792). Further bioin-
formatic analysis of DRPs by STRING showed that there
were mainly regulations related to translation, immune
response, glycolytic activity, Cori cycle, cell adhesion
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molecule binding, and VEGFA-VEGFR2 signaling (Fig. 6).
The results of the STRING analysis showed high similarity
to the PANTHER analysis. Thus, we can consider the key
mechanisms altered by stable GFP expression in PC-3 cells
as follows: immune response, translational activity, energy
metabolism, cytoskeletal regulation, and VEGF signaling.
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Fig. 3 Absence of GFP+ cells in subcutaneous and intraprostatic injected tissues (a) Abscess formation in the subcutaneous mouse tissue (H&E,
40x); (b) * : normal prostate, **: seminal vesicle and ***: bladder tissue (H&E, 40x)

Fig. 4 Wild-type PC-3 cells in subcutaneous (a) and intraprostatic (b)
injected tissues. (a) Tumor tissue with a nodular appearance in the sur-
rounding muscle-fatty tissue of a mouse (H&E 40 x); (b) microscopic

Verification by Western Blotting

To confirm the results of the label-free quantification, a
western blot analysis was performed for one of the differ-
entially regulated proteins, vimentin. The expression level
of vimentin increased significantly in GFP-expressing cells
compared to the wild-type cells, consistent with the findings
of label-free quantification (Fig. 7).

Discussion
Macroscopic and microscopic evaluation of xenograft mod-

els revealed the difference in tumorigenesis. Xenograft
models created by wild-type cells, either by subcutaneously

image from a mouse shows the wild-type PC-3 cells, which intertwined
with normal prostate tissue (Gleason score 5 pattern) (H&E,40x)

or intraprostatic injection, formed tumors whereas the
models created by GFP-expressing cells did not. There are
controversial reports in the literature about the tumorigenic
potencies of GFP-expressing cells. Skelton et al. showed
that non-modified BM185 leukemia cells induced systemic
leukemia in immunocompetent mice while injection of
BM185-eGFP did not. When immunodeficient mice were
used, injection of eGFP-expressing cells resulted in leu-
kemia [12]. The study of Stripecke et al. produced similar
results; mouse EL-4 lymphoma cells expressing eGFP did
not grow after subcutaneous injection to immunocompetent
mice, unlike the parental cell line [13]. In another study,
subcutaneous injection of GFP expressing 4T1 (murine
breast cancer) and B16-F10 (murine melanoma) cells had
no effect on the tumor growth rate, whereas CT26-GFP
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Wild type

GFP expressing

Fig.5 A Venn diagram showing the number of proteins identified by nLC-MS/MS. A total of 763 different proteins were identified

(murine colon cancer) cells were rejected after implantation
[14]. When the results of our xenograft study were evalu-
ated together with the aforementioned studies, it is fair to
say that the tumorigenic capacity of GFP-expressing cells
varies regardless of the animal model or cell type used. We
can assert that GFP-expressing PC3 cells might not be a
suitable model for xenograft studies. The herein presented
results of our proteomics study helped to elucidate the
underlying mechanisms.

Regulation of immune response appeared one of the key
altered mechanisms by GFP expression. Bioinformatics
analysis by STRING directed our attention to upregulated
proteins CSTB, CD44, Galectin 1, PKM2, PRDX6, and
PSMC3 whose role has been identified in innate immunity.
CSTB, acysteine protease inhibitor, is thought to play impor-
tant role in countering inflammation as well as in tumori-
genesis [23]. CD44 was shown to mediate inflammatory cell
recruitment, particularly leukocytes [24]. Its expression was
reported to be important in the migration of prostate cancer
cells [25]. While increased CD44 levels are often associ-
ated with cell proliferation, differentiation, and migration,
the multifunctional nature of CD44 as a cell surface protein
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can lead to unforeseen effects on cells. This complexity in
CD44’s biology arises from extensive alternative splicing of
the original transcript and diverse posttranslational modifi-
cations, resulting in numerous molecular isoforms with dif-
fering functions that are expressed differentially in various
cell types [26]. Galectin 1 has been shown to modulate criti-
cal immunoregulatory molecules and their associated func-
tions through a non-apoptotic ERK1/2-dependent pathway
[27]. The effects of this protein on tumor growth are known
to be multifaceted, depending on the cell type responding
or its subcellular localization [28]. PKM2 was also found
to have immunomodulatory effects [29]. Considering that
PKM2 is involved in the glycolysis process and glucose is
an instant source of energy for immune cells, PKM2 seems
to have variable effects on immunity [29]. The antioxidant
enzyme PRDXG6 is a key regulator of the cellular redox bal-
ance, particularly under stress conditions. It has been shown
to have a pivotal role in the defense of cellular oxidative
stress and host immune responses [30]. Since the level of
SOD protein was also remarkably elevated in the GFP-
expressing group, the regulation of these two proteins could
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Fig. 6 An illustration of the
protein network revealed by
STRING analysis that shows
how the differentially regulated
proteins identified by nLC-MS/
MS interact with each another
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Fig. 7 Representative western blot image and relative expression level of vimentin protein (***P <0.001)

be associated with the activation of the immune system in
response to oxidative stress.

In their proteomics study, Coumans et al. showed that
immune response was triggered as a consequence of GFP
expression in breast cancer cells and they suggested that
this was due to cellular stress [18]. However, their results
could not elucidate the effects of altered immune response
on the tumor-forming ability of cells. The results of our
study imply that the above-mentioned proteins which are
associated with altered immune response may have both

directly or indirectly reduced tumorigenicity of GFP-
expressing cells. While the existing studies in the literature,
as explained above, can explain their direct effects [25, 28,
29], their indirect effects could be explained by the fact
that the regulations in the immune system have effects on
energy metabolism and the regulation of energy metabolism
has a direct relation to tumorigenesis. The results of our
proteomics study revealed regulation in proteins related to
energy metabolism, mainly to glycolysis and Cori cycle. It
is well known that the activation of immune response carries
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a considerable bioenergetics cost [31]. Immune system cells
secrete inflammatory mediators, cytokines, or chemokines
in response to a stimulus. These responses can only be main-
tained if immune cells can sufficiently increase the uptake
of nutrients like glucose from their microenvironment [31].
Since cancer cells have increased energy requirements
compared to normal cells, cellular energy metabolism is an
indispensable aspect of tumorigenesis [32]. Considering the
findings collectively, a hypothesis emerges that deserves
further investigation. It’s possible that the immune response
triggered by GFP expression could influence tumorigenic-
ity, potentially by affecting cellular energy metabolism.
However, it’s important to note that we are not definitively
establishing a direct cause-and-effect relationship between
GFP expression and tumorigenicity. Instead, we are explor-
ing potential mechanisms that may underlie the observed
changes in protein expression.

Bioinformatics analyses highlighted the regulation of
seven proteins (PKM, GAPDH, PGAM1, PGK1, PGMI,
DLD, TALDO) associated with glycolysis. While six of
them showed an increase in expression, only one (DLD)
showed decreased expression pattern. These proteins
pointed directly to the glycolytic pathway and thus to energy
metabolism. Studies in the literature have demonstrated that
some of these proteins, like PGK1 and PGMI1, are associ-
ated with reduced tumorigenesis [33, 34]. Thus, their upreg-
ulation in GFP-expressing cells might have some adverse
effects on tumorigenic capacity. Along with increased gly-
colytic proteins, the decrease in DLD expression level also
draws attention to the disturbances in energy metabolism.
The down-regulation of DLD has been shown to induce
autophagic cell death in melanoma cells and inhibit in vivo
tumor growth via triggering oxidative stress and altering
energy metabolism [35]. Considering that some other pro-
teins related to oxidative stress (PRDX6 and SOD) were
also regulated, these findings point out that oxidative stress
may have a role in the regulation of energy metabolism and
immune response.

The upregulation of glycolysis-related proteins may also
indicate an enhanced Warburg effect which is the consump-
tion of more glucose and the production of higher amounts
of lactate by cancer cells, even in a highly oxygenated envi-
ronment [36]. Our findings reveal the involvement of key
proteins (GAPDH, PGAMI1, PKG1, TALDO) in the Cori
cycle, a metabolic process associated with the Warburg
effect in cancer cells. This suggests an increase in Cori
cycle activity, supporting the notion of an enhanced War-
burg effect as a response to stable GFP expression [37]. This
indicates that cells are trying to rearrange their metabolism
in order to survive the stress created by stable GFP expres-
sion. It seems plausible that an increase in immune response
due to GFP expression has the potential to induce alterations
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in energy metabolism, which could be a part of the cellular
survival system.

Energy metabolism can also indirectly affect tumorige-
nicity by causing regulations in translational activity [38]
or cytoskeletal dynamics [39]. Bioinformatics analyses of
our results highlighted twenty-six proteins related to trans-
lation, twenty of which were downregulated, including
some key translational proteins such as EIF2,-5,-6 subunits,
and EEF1 subunits. Therefore, it is tempting to speculate
that translational activity was decreased in GPF-expressing
cells. Among the identified proteins, eukaryotic initiation
factors (EIFs) and their subunits attracted our attention for
their significant correlation with many oncogenic processes
in various types of cancers like breast, prostate, and colorec-
tal cancer [38]. Since the overexpression of these proteins
is associated with advanced tumor stage or poor prognosis,
their downregulation in response to GFP expression may
be a reason for the reduced tumorigenic capacity of cells.
Translation is a pivotal step in the regulation of gene expres-
sion and is also one of the most energetically demanding
processes in the cell. Dysregulation of translation results in
abnormal gene expression like overexpression, downregula-
tion, or phosphorylation and thus leads to uncontrolled cell
growth potentially resulting in oncogenic progression [38].
Therefore, the regulation of translational proteins could be
regarded as a prominent factor that affects the tumorigenic
capacity of GFP-expressing cells. It could also be argued
that counter-changes in translational proteins may provide
a balance to the altered energy metabolism associated with
GFP expression, thereby promoting cell survival but attenu-
ating their tumorigenicity. Since translation is an energy-
demanding process, cells may be conserving energy to
adapt to changing conditions following GFP expression by
decreasing the translation level of various proteins.

Another key altered mechanism upon GFP expression
is cytoskeletal organization as implied by the downregula-
tion of sixteen and upregulation of ten cytoskeletal proteins.
Cell adhesion molecule binding, cadherin, and actin fila-
ment binding appeared to be the basic regulated functions.
Coumans et al. suggested that the cytoskeletal structure, cell
shape, and motility may be impacted by GFP expression in
breast cancer cells [18]. It was also demonstrated that co-
expression of eGFP and B-galactosidase in the cytoplasm
of mouse forebrain neurons caused a contractile malfunc-
tion by interfering with the connections between actin and
myosin in muscle cells [8, 10]. Beyond playing role in cel-
lular shape, the cytoskeleton is also essential for control-
ling a number of cellular functions such as proliferation,
transformation, and apoptosis [40]. Cellular tumorigenicity
and changes in the cytoskeletal organization are found to
be closely connected. Cancerous cells become softer as a
result of significant alterations to the cell’s structure, which
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facilitates their uncontrolled growth and invasion [41]. Reg-
ulations in the cytoskeleton may be directly related to GFP
expression or may be related to changes in energy metabo-
lism since the regulation of the cytoskeleton is a significant
expenditure of energy [39]. Cells modify their metabolism
by altering glycolysis or oxidative phosphorylation and pro-
vide the energy required for cytoskeletal rearrangement that
takes place during epithelial-to-mesenchymal transition,
migration, and invasion [39]. When all these are evaluated
as a whole, it is enticing to conclude that the rearrangement
of the cytoskeleton is both directly connected to the expres-
sion of GFP or indirectly related to energy metabolism.
Whether this was directly or indirectly, the cells became less
tumorigenic as a result.

Our bioinformatics analysis had another striking out-
come regarding vascular endothelial growth factor (VEGF)
signaling (fdr: 8.72e-06). There were nine upregulated
(NCL, RPLP2, ANXA1, RAB11A, MYH9, SARS, CYCS,
PNP, CF11) and eight downregulated (RPL13A, RPL10A,
ITGBI1, FSCNI1, GAPDH, PGK1, PRDX6, HSPB1) pro-
teins pointing to the VEGFA/VEGFR?2 signaling pathway.
It is well known that this pathway serves as the main media-
tor of the cellular responses involved in angiogenesis, one
of the key processes in tumorigenesis [42]. In addition to
its principal expression on endothelial cells, VEGFR2 was
found to be present on cancer cells in several cancers like
breast, lung, gastrointestinal, ovarian, and bladder cancer,
and therefore the regulation of the downstream pathway is
regarded as a crucial factor in proliferation, migration, and
invasion of tumor cells [43]. Hence, it is alluring to specu-
late that regulation of VEGFA/VEGFR?2 signaling explains
in part why GFP-expressing cells failed to develop tumors.

To confirm the results of the label-free quantification, a
Western blot analysis was performed for vimentin, one of
the differentially regulated proteins. The expression level
of vimentin increased significantly in GFP-expressing cells
compared to the wild-type cells, consistent with the findings
of label-free quantification. This consistency underscores
the reliability of our quantitative protein analysis.

When addressing the limitations of our study, the use
of a single cell line representing aggressive prostate can-
cer restricts our ability to generalize our findings. Future
experiments involving different cell lines from diverse
cancer types will be crucial in understanding whether GFP
expression affects these cell types in a similar manner, pos-
sibly through shared or distinct metabolic pathways. Fur-
thermore, it’s important to note that our study employed a
limited number of biological and technical replicates in the
animal experiments. This limitation arose from our initial
plan to establish xenograft models with GFP-expressing
cells. Unforeseen complications related to GFP expression
hindering PC-3 cell proliferation prevented us from using a

larger animal cohort, which was restricted for ethical rea-
sons. Additionally, in our in vitro cell culture experiments,
we employed pools created from cell-free extracts, assum-
ing that these pools accurately represented the replicative
cultures. While this method aligns with existing practices
in the literature, it’s worth noting that it does have implica-
tions. To capture individual variations and sample-specific
changes, one could opt to perform comparative proteome
analysis on each cell-free extract separately. However, indi-
vidual analysis approach introduces increased analytical
variability, as each sample necessitates its unique sample
preparation and mass spectrometry steps. Handling a larger
number of individual samples also adds complexity to data
management and processing.

Conclusion

In conclusion, GFP-expressing PC3 cells failed to develop
tumors in xenograft models. Using tools of proteomics
and bioinformatics several differentially expressed pro-
teins were identified in GFP-expressing cells as compared
to wild-type cells. The most striking regulations were in
immune response, translational activity, energy metabo-
lism, cytoskeletal regulation, and VEGF signaling. Altera-
tions in these mechanisms caused attenuated tumorigenicity
either separately or by affecting each other. These findings
point out that if GFP-expressing cells are to be used in in
vivo studies, a comprehensive study investigating how the
cells are affected by GFP is required. The study should be
started by taking into account any circumstances that call
for regulation, such as the usage of immunosuppressants
or energy boosters. A different approach should be used
instead of GFP if there is a risk that the study’s findings can
be misinterpreted.
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