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Abstract Green fluorescent proteins (GFP), extensively
used as reporters in biological and imaging studies, are
assumed to be mostly biologically inert. Here, we test the
assumption in regard to the transcriptional regulation of 18
mitochondrially encoded genes in GFP expressing human T-
cell line (JURKAT cells) exposed to gamma radiation. Using
quantitative polymerase chain reaction, we demonstrate that
wild type and GFP expressing JURKAT cells have different
baseline mitochondrial transcript expression (10 out of the
18 tested genes) and after a single dose of radiation (100 Gy)
show a significantly different transcriptional regulation of
their mitochondrial genes. While in wild type cells, ten of
the tested genes are up-regulated in response to radiation
exposure, GFP expressing cells show less transcriptional
regulation with a small down-regulation in five genes. Our
results indicate that the presence of GFP in the cytoplasm
can alter the cellular response to ionizing radiation.
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Abbreviations
GFP Green fluorescent protein

EmGFP Emerald green fluorescent protein
FBS Fetal bovine serum

DMEM  Dulbecco’s modified eagle medium
gPCR Quantitative polymerase chain reaction
DNA Deoxyribonucleic acid

RNA Ribonucleic acid

mRNA  Messenger ribonucleic acid

tRNA Transfer ribonucleic acid

rRNA Ribosomal ribonucleic acid

SD Standard deviation

Introduction

Green fluorescent protein (GFP), a fluorescent protein
originally isolated from jellyfish Aequorea victoria [1], is
frequently used as a reporter of the expression of genes and
the localization their associated proteins [2—4]. This enables
real time monitoring of the target gene expression and the
associated cellular events in vivo to determine the biological
significance of the gene under study [1, 5].

It is assumed that the presence of the introduced fluores-
cent proteins is biologically inert. However, there are some
indications that GFP can affect cell viability [2, 6], impair
differentiation or development [7-9], affect subcellular dis-
tribution [10], alter gene/protein expression [11, 12], cell
functions [3, 4, 13] or may even lead to pathology develop-
ment in transgenic animals [14—16].

Changes in mitochondrial genome or its transcriptional
regulation after ionizing irradiation has been studied previ-
ously [17-19], including in cells expressing GFP [20]. To
investigate the effect of GFP expression on cell response to
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stress, we produced a transgenic cell line from JURKAT
cells that stably expresses GFP and applied quantitative
polymerase chain reaction (qPCR) to examine the mito-
chondrial transcript expression in wild type and GFP ex-
pressing cells before and after a single exposure to 100 Gy
of gamma radiation.

Materials and Methods
Plasmid Construction

The plasmid pcDNA6.2/C-EmGFP/TOPO (Invitrogen,
Carlsbad, CA, USA) was digested with EcoRI and ligated
to produce a construct that expresses EmGFP alone. The
construct was verified by sequencing.

Cell Culture and Transfection

JURKAT cells (clone E6-1) were maintained at 37 °C with
5 % CO, in DMEM supplemented with 10 % FBS, 2 mML-
glutamine, 100 units/ml penicillin and 100 pg/ml strepto-
mycin. Cells were transfected using Amaxa nucleofection
according to instructions provided by the manufacturer.
Briefly, 1x10° cells were resuspended in Nucleofector So-
lution V, mixed with 2 pg of EmGFP plasmid DNA and
transfected using program X-001. To create a polyclonal
stable GFP expressing cell line, blasticidin was added to
the culture media 2 days after transfection. Cells were
maintained in media containing blasticidin at 5 ug/mL for
2 to 3 weeks. Once a stable cell line had been produced,
cells were maintained in media supplemented with a
lower concentration of blasticidin (3 pg/mL). These
cells were found to be of homogenous GFP expression
as confirmed by fluorescent microscopy (Fig. 1). We did

Fig. 1 GFP expressing cells. Fluorescent microscopic image of
JURKAT cells with stable GFP expression. Scale bar = 10 pm
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not see obvious indication for reduced viability in GFP
expressing cells.

Gamma Irradiation

The wild type and GFP expressing cells, at a density of
0.16x10° cells/ml, were gamma irradiated at room temper-
ature at 100 Gy using a ®°Co irradiator (GammaCell 220).
The radiation dose used in this study was within the exper-
imental range, as this level of dose is sometimes needed in
cell radiation experiments [21-23] to produce a measurable
effect. Furthermore, this particular dose was selected based
on our observation that acute changes in mitochondrial gene
expression upon this level of irradiation can be sufficiently
detected by qPCR (manuscript in submission).

The dose rate of 39.0+0.8 Gy/min was determined using
the standard Fricke dosimeter [24]. At this dose rate, the
effect of the dose during transit of the GammaCell 220
chamber (5.2+0.4 Gy) was significant and was taken into
account when calculating the exposure times. Another set of
the samples was kept at room temperature and was not
irradiated. Cells were used for total RNA extraction imme-
diately after the irradiation.

RNA Isolation and Reverse Transcription

Total RNA extraction was performed using the PureLink™
RNA mini kit (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s protocol. The extracted RNA was further
treated with DNase using the PureLink™ DNase Set
(Invitrogen, Carlsbad, CA, USA) to ensure the removal of
contaminating DNA prior to the qPCR experiments. The
concentration of the RNA was determined using the
NanoDrop 2000c¢ Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The purity of the extracted
RNA was assessed spectrophotometrically using the
A260/A280 ratio.

First strand cDNA was synthesized using oligo(dT)
primers from 6 ng of freshly prepared total RNA using the
SuperScript® III First-Strand Synthesis kit, according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).
cDNA of each sample was equally diluted with DEPC-
treated water for the subsequent qPCR assay.

qPCR

qPCR primers of 18, out of a total of 37, mitochondrial genes
as well as f3-actin (a nuclear-encoded housekeeping gene)
were included in this study. These primers were obtained from
published literature. The specificity of the complex I'V subunit
2 primer set was further confirmed by sequencing (Accession:
AF004339) as the original paper did not specify the target
subunit [25]. All their sequences are listed in Table 1.
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gPCR was performed using the CFX 384™ Real-Time
PCR Detection System (BioRad, Hercules, CA, USA).
Diluted ¢cDNA of 1 pul was added to 4 pl of reaction
mixture containing 2.5 pl of SsoFast™ EvaGreen®
Supermix (BioRad, Hercules, CA, USA) and 5 pM of each
of the forward and reverse primers. Each sample was run in
duplicate. A positive control, which was later used as a
reference in the PCR quantification, was included in the
assay.

The thermal cycling conditions were 98 °C for 30 s,
followed by 45 cycles at 98 °C for 5 s, 63 °C for 10 s. At
the end of the 45™ cycle, the temperature was raised to
72 °C for 10 min to ensure complete extension of the
products. A melt curve analysis was performed after the
gPCR to confirm the specificity of the results. Non-
specific signal was removed from the analysis. The mean
Cq value of each sample was calculated using the CFX
Manager'™ Software (version 1.5) (BioRad, Hercules,

CA, USA). The amount of gene amplified after radiation

treatment was quantified relative to the reference sample
ie. 2 Cq (reference sample) — Cq (target sample)

Statistical Analysis

Values were presented as mean + SD. Significance between
groups was determined by Student’s unpaired #-test. A p
value of <0.05 was considered statistically significant.

Results

The transcript expression levels of 18 mitochondrial genes
revealed significant differences between wild type and GFP
expressing cells (i.e. transgenic JURKAT cells homogenously
express GFP), at baseline condition as well as after 100 Gy of
gamma irradiation.
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Fig. 2 Comparison on the transcript expression between wild type and
GFP expressing cells before and after 100 Gy of gamma irradiation.
Wild type JURKAT cells and GFP expressing cells were exposed to (a)
0 (baseline) or (b) 100 Gy of gamma radiation at room temperature.
Eighteen mitochondrial as well as (3-actin genes were examined using
gqPCR. Quantification was performed relative to the reference sample:
2 Cq (reference sample) — Cq (target sample)‘ The level of fold change of each
tested gene is shown. The black dots represent the transcript level of
the wild type JURKAT cells, while the white dots represent that of the
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GFP expressing cells. The red-shaded region indicates the mitochondrial
ribosomal RNAs; green-shaded region indicates the mitochondrial trans-
fer RNAs; blue-shaded region indicates the mitochondrial messenger
RNAs. The yellow-shaded region indicates the housekeeping gene (f3-
actin) tested in this study. Error bar = SD; N=3. Furthermore, the
difference in mitochondrial transcript expression between wild type and
GFP expressing cells was tested using Student’s unpaired #-test. * in-
dicates a statistical significant difference in transcript expression between
the wild type (black dot) and GFP expressing cells (white dot)
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It was observed that wild type and GFP expressing cells
differed in regard to (3-actin transcript expression, whereby
cell expressing GFP had a higher baseline expression
(Fig. 2a, (-actin). Furthermore, f-actin transcript in
the wild type JURKAT cells had a statistically signifi-
cant increase (~ 2.5 fold) in expression upon radiation
treatment (Fig. 3a, {3-actin). Due to the unstable (3-actin
transcript expression across samples and treatment con-
ditions, [3-actin was, therefore, not used as the reference
gene for qPCR quantification and results were quanti-
fied as fold change relative to a reference sample (see
gPCR in Materials and Methods).

When comparing the level of mitochondrial transcript
expression between wild type and GFP expressing cells
before and after irradiation, ten out of the 18 tested mito-
chondrial genes showed significant differences between the-
se two cell lines at baseline level (Fig. 2a, asterisks); while
17 tested mitochondrial genes in the wild type cells showed
higher mitochondrial transcript expression when compared

to that of GFP cells after 100 Gy of gamma irradiation
(Fig. 2b, asterisks).

When comparing the level of mitochondrial transcript
expression of the same cell line before and after irradiation,
12 out of the 18 tested mitochondrial genes of the wild type
cells showed expression changes. Though some of those
changes were small, they were statistically significant with
ten genes showing an increase while two showing a de-
crease (Complex III subunit CYB and Complex IV subunit
2) (Fig. 3a, asterisks). In contrast, when GFP was present in
the cells, the transcript levels of only five mitochondrial
genes were significantly changed showing reduction after
gamma irradiation (Fig. 3b, asterisks).

Discussion

The overexpression of a foreign molecule within a cell, such
as GFP introduced as a gene reporter, is generally assumed
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Fig. 3 Comparison on the transcript expression of the same cell type
(wild type or GFP expressing cells) before and after 100 Gy of gamma
irradiation. Results in Fig. 2 were rearranged to show the effect of
radiation on (a) wild type JURKAT cells and (b) GFP expressing cells.
The levels of fold change of 18 mitochondrial as well as (3-actin gene
transcripts of each cell type before (black squares) or after 100 Gy
(white squares) of irradiation were shown. The red-shaded region
indicates the mitochondrial ribosomal RNAs; green-shaded region

indicates the mitochondrial transfer RNAs; blue-shaded region
indicates the mitochondrial messenger RNAs. The yellow-shaded re-
gion indicates the housekeeping gene ({3-actin) tested in this study.
Error bar = SD; N=3. Furthermore, the difference in mitochondrial
transcript expression of each cell type before and after irradiation
was tested using Student’s unpaired r-test. * indicates a statistical
significant difference in transcript expression between the irradiated
(white squares) and un-irradiation (black squares) cells
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Fig. 4 Recommended controls for transgenic experiment involving
GFP. Experimental plasmid (Expt Plasmid) consists of a transgene
gene (thick red insert) fused with GFP gene (thick green insert).
Control plasmid A is produced by mutating the transgene (thin red
insert) while maintaining the GFP gene unchanged. This plasmid
can be compared with Expt Plasmid to assess the effect of the
transgene. Control plasmid B is produced by mutating both trans-
gene and GFP gene (thin green insert). This plasmid can be com-
pared with Control plasmid A to assess the effect of the GFP.

not to interfere with the cell’s normal functions. Mitochon-
dria and cell functional state are tightly linked [26], and
even subtle regulation differences in mitochondrial genes
is likely to affect overall cellular responses. We, therefore,
studied changes in mitochondrial gene expression in cells
with GFP overexpression to see whether GFP affects the
post-radiation response.

We observed that wild type and GFP expressing cells
clearly differ in the baseline expression of the mitochondrial
transfer RNAs (Fig. 2a, asterisks, green region) and mes-
senger RNAs of Complex I, III and IV (Fig. 2a, asterisks,
blue region). Transfer RNA plays a significant role in the
transport for amino acids to the ribosomes while messenger
RNAs are the transcript for protein translation. In particular,
these RNAs of the mitochondria are essential for the syn-
thesis of the mitochondrial electron transport chain [27, 28],
a system for aerobic cell respiration and energy production.
Such differences in transcript expression suggest that Com-
plex I, IIT and IV regulation hence mitochondrial function of
the GFP expressing cells could have been altered.

Transfection itself could be affecting cell health [29].
Specifically, GFP has been reported to alter catalytic activ-
ity, signal transduction, metabolism and cell stimulation
[12]. In our study, we did not find evidence for reduced
viability in the JURKAT cells with stably expressing GFP.
Nevertheless, GFP appeared to alter transcriptional regula-
tion at baseline as well as after ionizing radiation exposure.

@ Springer

effect

Furthermore, Expt plasmid can be directly compared with Control
plasmid B to assess the effect of transgene that has been fused with
GFP gene. Theoretically, the “transgene effect” should be same as
the “transgene + GFP effect” if GFP does not affect the function
under investigation. Otherwise, the “GFP effect” (by comparing
Control plasmids A and B) should be fully accounted for, in order
to assess the function of the transgenes correctly. Please note that all
experimental and control plasmids are of identical size (an arbitrary
size of X bp)

We observed that our GFP cells are relatively less respon-
sive to radiation than its wild type parental cells. More
importantly, the tested mitochondrial genes of the GFP
expressing cells decreased in expression instead of an in-
crease as in the wild type cells after gamma irradiation
(Fig. 3b, asterisks).

Currently few studies [30, 31] contain systematic investi-
gations as to whether a reporter protein, such as GFP, affects
the cell function under investigation. Our observation, that
GFP alters mitochondrial transcript expression in human T-
cell line after gamma irradiation, highlights the need to con-
trols for the possible non-specific GFP effects (Fig. 4).
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