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Abstract. Background/Aim: Glutamate receptor GRIK2,
previously designated as GluR6, is best described in
neuronal cells. However, its biological relevance in nonneuronal cells is not well understood. We have investigated
the expression of this important protein in normal human
fibroblasts as a function of cell proliferation. Materials and
Methods: We introduced expression constructs of all five
isoforms (A-E) of GRIK2 in normal human fibroblasts and
investigated the cells for the presence and localization of
GRIK2, as well as for cell proliferation and senescence over
a period of 24 days. Results: The expression of GRIK2-A
isoform led to immediate cessation of cell proliferation.
However, the cell numbers increased by 1.5- to 9.0-fold in
24 days upon transfection with B, C, D and E isoforms, after
which they entered a state of senescence. The decreased
proliferation was reflected by incorporation of BrdU in only
2-8% of transfected cells even after culturing them for 16
days. Conclusion: Our results are indicative of an
association between GRIK2 and aging of fibroblasts.

Normal cells proliferate for a finite number of cell divisions
before entering replicative senescence and eventually cell
death. The interference with this normal cycle can either
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prolong cellular senescence or prevent cessation of
proliferation. Chromosome transfer experiments have led to
the identification of various chromosomes that have the
ability to induce senescence in carcinoma cell lines (1-4).
One such example is mapped to a region encoding the gene
for glutamate receptor 6 (GluR6) found on chromosome 6
(5). This gene has been renamed to glutamate receptor
ionotropic kainate 2 (GRIK2).
GRIK2 assembles into a multimeric cation channel that is
activated by glutamate. GRIK2 can form either homomers or
heteromers with other kainate receptor subunits that respond
to glutamate (6). We have previously shown that the GRIK2
transcript undergoes alternative splicing to produce five
different isoforms (7). These isoforms arise from the action
of two promoters and the alternative splicing of the premRNA molecule (7). While the Grik2-A isoform is
transcribed from the neuronal promoter, the non-neuronal
promoter is activated in epithelial cells to produce other
isoforms (8).
To elucidate the molecular basis of senescence induced by
chromosome 6 in carcinoma cells, we have previously
demonstrated that introduction of engineered Grik2
constructs in carcinoma cells is involved in replicative
senescence (9). Furthermore, the transfected carcinoma cells
displayed both a phenotype and a molecular signature
associated with senescence cells.
Previous results have demonstrated that native GRIK2
isoforms are absent from carcinoma cells and
complementation of this defect by transfer of normal
chromosome 6 leads to senescence of carcinoma cells (1).
These observations have suggested the involvement of
GRIK2 as an important factor for defining the life span of
cells. In light of these, we investigated Grik2 specific
isoform expression in transfected human fibroblasts. Here we
present the introduction of specific Grik2 isoforms in
fibroblasts, and show their spatial localization and passagedependent expression and relate their overexpression with
the cessation of proliferation.
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Cloning of enhanced green fluorescence protein-tagged Grik2
isoforms. We used an insertional mutagenesis protocol to clone 239
codons of the enhanced green fluorescence protein (EGFP) in frame
with the Grik2 cDNA after its codon 33 (threonine) in the pQCXIP
vector (Clonetech Laboratories, Mountain View, CA, USA). The
first 31 amino acids of Grik2 correspond to its signal peptide. The
insertion was accomplished by introducing AgeI and BsrGI
restriction sites after codon 33 of Grik2. The full-length open
reading frame of EGFP was excised from pBOS-H2GFP
(Pharmingen, San Diego, CA, USA) using AgeI and BsrGI
restriction sites and was cloned in the Grik2 cDNA digested with
the same enzymes (New England Biolabs, Ipswich, MA, USA). The
same strategy was applied for cloning the Grik2 transcripts A, B, C,
D and E. Furthermore, a control construct was made by cloning
EGFP cDNA only in the same vector.

Retroviral transduction of expression constructs of Grik2 isoforms
into normal human dermal fibroblast (HDF) cells. The plasmid DNA
corresponding to Grik2 isoforms was isolated and transfected into
the HEK293T based Phoenix-amphotropic producer cell line (ATCC,
Manassas, VA, USA). The transfected cells were grown for 4-5 days
in DME medium (ThermoFisher Scientific, Waltham, MA, USA)
with 3 μg/ml puromycin (Sigma-Aldrich, St Louis, MO, USA).
HDF cells (GMO3468) at passage 13 were seeded at a density of
105 cells/plate one day before transduction, and puromycin-selected
producer phoenix cells were grown at a density of 106/plate. The
viral particles-containing medium was aspirated from the producer
cells and was passed through a 0.45 μm filter (ThermoFisher
Scientific) The filtered medium was added to the growing culture
of HDF cells. Following 48 h of transduction, the cells were
selected by growing them in the presence of puromycin (3 μg/ml)
for three days.
RT-PCR. Total RNA was isolated by lysing the cells with Trizol
Reagent (Invitrogen/ThermoFisher Scientific) following the
manufacturer’s protocol. The RNA was precipitated with isopropyl
alcohol, the pellet washed with 75% ethanol and the precipitate
dissolved in RNase free water. Approximately 0.5-2 μg of total
RNA was converted into cDNA using the Superscript II RT kit
(Invitrogen/ThermoFisher Scientific) as per the protocol from the
manufacturer. PCR was performed using the protocol and Taq
polymerase from Promega (Madison, WI, USA) for 35 cycles of 30
s at 94˚C, 40 s at 55˚C and 60 s at 72˚C with a final extension of
10 min.

Expression of protein isoforms corresponding to alternatively
spliced versions of Grik2 transcript. The transduced cells were fixed
onto a slide with 0.2% glutaraldehyde and 2% formaldehyde,
visualized under an Olympus BX fluorescence microscope (Center
Valley, PA, USA), and imaged with a digital camera driven by
SPOT software (SPOT Imaging, Sterling Heights, MI, USA).
The transduced cells were lysed using RIPA/PMSF buffer (SigmaAldrich), the lysate was centrifuged and aliquots containing 20-40 μg
protein were electrophoresed in an 8% polyacrylamide gel. The
separated proteins were blotted onto PVDF membrane (ThermoFisher
Scientific) and probed with anti-GFP (Santa Cruz Biotechnology,
Dallas, TX, USA) and anti-GAPDH (Ambion/Thermo Fisher)
antibodies.
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Proliferation analysis of cells expressing exogenous GRIK2 protein
isoforms. The transduced cells were selected in puromycin medium
for three days, and were subsequently plated at a density of 104
cells/plate in five sets of duplicate plates to assess cell numbers after
2, 8, 16, and 24 days. The cell count after 5 h of plating was
considered as the starting number of cells or a zero-time control.

Visualization of senescent cells by assessing inhibition of BrdU
incorporation and the presence of β-galactosidase activity.
Approximately 200-300 transduced cells from 2-day or 16-day
cultures were grown in glass bottomed microwell culture dishes
(MatTek Corporation, Ashland, MA, USA). After growing the cells
for 24 h in Eagle’s medium (ThermoFisher Scientific), the culture
medium was supplemented with 5-bromo-deoxy-uridine (SigmaAldrich) to a final concentration of 10 μM and cells were further
incubated for additional 24 h. The cells were fixed in 4%
paraformaldehyde and were treated with 4N HCl. The cells were
then washed with 0.1M sodium borate (pH 8.5), permeabilized with
0.25% Triton X-100 (Sigma-Aldrich), and were treated with
blocking buffer (5% fetal bovine serum from ThermoFisher and
0.25% Triton X-100 from Sigma-Aldrich in phosphate buffered
saline). The cells were incubated overnight with a mouse anti-BrdU
antibody (Molecular Probes/Thermo-Fisher Scientific). The slides
were subsequently incubated with Texas Red-labeled anti-mouseIgG antibody (Jackson ImmunoResearch Labratories, West Grove,
PA, USA). The cells were visualized under an Olympus BX
fluorescence microscope (Olympus, Center Valley, PA, USA) and
imaged using a SPOT software-driven digital camera (SPOT
Imaging). The incorporation of BrdU is a measure of DNA
replication and cell proliferation.
To evaluate senescence, cells from 2-day and 16-day cultures
were fixed with a solution of 2% formaldehyde and 0.2%
glutaraldehyde in PBS. After 24 h, the cells were incubated with XGal reagent (1mg/ml, ThermoFisher Scientific) in 40 mM sodium
citrate buffer (pH 6), 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 150 μM NaCl and 2 mM MgCl2 for 12 h at
37˚C in the dark. Thereafter, cells were imaged using the Olympus
phase-contrast microscope mentioned above attached to a SPOT
digital camera.
Immunofluorescence for surface expression of Grik2 protein
isoforms. The cells selected in puromycin-containing medium were
grown in glass bottom microwell dishes (MatTek Corporation,
Ashland, MA, USA) for one day and subsequently treated with
mouse anti-GFP monoclonal antibody (Santa Cruz Biotechnology)
for one h. Next, the cells were fixed with 4% paraformaldehyde,
incubated in blocking buffer (1X PBS, 5% serum and 0.3% Triton
X-100) and treated with anti-mouse IgG-Texas Red (Jackson
ImmunoResearch Laboratories) for one h at room temperature. The
cells were washed with PBS, and were imaged by a SPOT digital
camera attached to the Olympus BX fluorescence microscope for
green and red fluorescence as described before. The relative
intensity of red fluorescence on the cell surface to the total EGFP
was determined by imaging the cells at a constant gain and
exposure-time in the AlphaImager system using the AlphaEase™
software (Alpha Innotech Corporation, San Jose, CA, USA). It is
noteworthy that while the red fluorescence due to Texas red
conjugated anti-mouse IgG would detect EGFP-tagged Grik2
protein that traffics to the cell surface, green fluorescence would
correspond to total Grik2 abundance.

Results
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Grik2 Abundance in early and late passage HDF cells. To
check whether there is an age-dependent expression of Grik2
in HDF cells, we harvested cells after 18 (early) and 70 (late)
passages. Total RNA was isolated from these cells and two
representative isoforms (B and D) were reverse transcribed
and subsequently amplified by PCR. The levels of these
transcripts were compared to the abundance of GAPDH. It
is clear that while the abundance of GAPDH is nearly
comparable in both early and late passage, the levels of
Grik2-B and D isoforms are significantly higher in the late
passage cells compared to the early passage cells (Figure 1).

Expression of Grik2 protein isoforms in HDF cells. The five
isoforms of Grik2 protein can be distinguished by the
presence or absence of transmembrane domains and the Cterminus ends. The identification of native isoforms by
western blotting and cell imaging was not feasible due to
lack of isoform-specific antibodies. We, therefore, transduced
fibroblasts with engineered EGFP-tagged retroviral
constructs containing these isoforms. The fluorescence of
EGFP in transduced cells was indicative of the expression of
Grik2 isoforms in the transduced cells. As shown in Figure
2A, EGFP by itself shows uniform expression throughout the
cell, including the nucleus. However, a significant proportion
of A, B, C, D and E isoforms displayed non-nuclear
localization.
The confirmation of actual isoforms was demonstrated by
western blotting of the lysates from cell transduced with
specific isoforms. As shown in Figure 2B, the anti-EGFP
antibody recognized specific size protein bands that
correspond to predicted molecular weight of EGFP-tagged
GRIK2 isoforms. We could not detect isoform-A because the
number of cells transduced with this isoform was too small
to isolate sufficient amount of protein for detection by
blotting. The cells transduced with the EGFP construct by
itself showed a protein band of ~27 kD, which corresponds
to the predicted size of EGFP. These results clearly
demonstrate the expression of expected sizes of transduced
GRIK2 isoforms in the transfected fibroblasts (8).

Grik2 isoforms suppress the growth of fibroblasts. The
proliferation of cells transduced with Grik2 isoforms was
determined by counting the cells after 2, 8, 16 and 24 days
of growth. As indicated in Figure 3, the proliferation of
EGFP-expressing cells was not significantly different from
the parent cell line GMO3468. However, expression of the
Grik2 isoforms in native cells consistently inhibited their
proliferation. The isoform A, in particular, prevented
proliferation as indicated by the nearly static number of cells
even after 24 days in the growth medium. The other Grik2
isoforms differentially inhibited cell proliferation. The count

Figure 1. Abundance of Grik2 isoforms B and D in human dermal
fibroblasts. Total RNA was isolated from human dermal fibroblasts
(HDF) at passages 18 (P18) and P70, respectively. The abundance of
the two transcripts was determined by RT-PCR using isoform-specific
primers. GAPDH primers were used to determine the passage-specific
relative abundance of Grik2.

for cells expressing isoforms B and C increased marginally
from 104 to 1.5×104 and 1.8×104, respectively, over a period
of 24 days. The inhibitory effects of isoform-D and isoformE were the lowest as compared to the other variants. The
cells expressing these isoforms increased from 104 to 9×104
and 5×104, respectively, in 24 days.
Grik2 isoforms induce inhibition of DNA replication. To
evaluate the effects of Grik2 isoforms on DNA replication,
the proliferating and non-proliferating cells were
distinguished using the BrdU incorporation assay. After
growing the cells in the presence of BrdU at days 2 and 16,
the cell count was determined by staining the cells with a
fluorescent anti-BrdU antibody. As shown on day 2 in Figure
4A, while more than 90% of the control vector expressing
cells had BrdU incorporated in them, the portion of positive
cells varied between 10-30% in the presence of the various
Grik2 isoforms. The lowest number of BrdU-positive cells
were observed in those expressing the isoform-A. Although
the incorporation in control cells at day 16 decreased
marginally, a significant decrease was observed in the
presence of the other isoforms of Grik2. The quantitation of
cells indicated that BrdU incorporation occurred in only 28% of cells transduced with Grik2, demonstrating a
correlation between the decrease in proliferation and the
inhibition of DNA replication in the presence of the various
isoforms of Grik2. A representative image of stained cells in
the presence of control vector or a Grik2 isoform is shown
in Figure 4B.
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Figure 2. Expression of EGFP-tagged Grik2 isoforms in transfected human dermal fibroblasts. A) Images of cells under a phase-contrast and
fluorescence microscope. The phase-contrast and florescent images of cells transduced with the vector or isoforms A-E of Grik2, labeled as V, A,
B, C, D and E. B) Proteins isolated from native cells (P) and cells transduced with the vector (V) or constructs of Grik2 isoforms B-E were probed
with an anti-EGFP antibody (upper panel). The total protein was quantified by probing the blot with an anti-GAPDH antibody (lower panel). Images
were acquired at 100× magnification.

Grik2 isoforms induce senescence in fibroblasts. The
replicative senescence in transduced cells was investigated
by assessing the morphology and distinct biochemical
phenotype of cells expressing the various isoforms of Grik2.
We evaluated these cells for senescence-associated βgalactosidase activity on days 2 and 16. The number of bluecolored cells (β-galactosidase-positive) was determined as a
fraction of total cells at three different locations in the plate.
As shown in Figure 5A, less than 10% of cells transduced
with the control vector stained blue on day 2, whereas the
portion of β-galactosidase-positive cells varied between 45%
and 60% in the presence of various isoforms of Grik2. The
abundance of β-galactosidase-positive cells increased to up
to 95% on day 16, as compared to ~20% in the vector
control. Figure 5B shows a representative field of stained
cells. These results demonstrate the induction of senescence
in cells that express the various isoforms of Grik2.
Trafficking of Grik2 isoforms to fibroblast cell surface. The
isoform-D and isoform-E lack three of the five exons coding
for the transmembrane domains. It was therefore pertinent to
710

investigate whether these isoforms are transported to cell
surface, using the EGFP reporter. As described in the
methods section, Texas red tags the anti-mouse IgG and
recognizes the cell surface-localized Grik2 while green
fluorescence indicates total Grik2. Thus, the differential
intensity of green and red fluorescence is suggestive of the
variable trafficking of different Grik2 isoforms. Figure 6
shows the signal corresponding to EGFP throughout the cell
and on the surface specifically. It is evident from the images
that isoform-A trafficking occurred most efficiently, even
though all other isoforms also moved to the cell surface with
reasonable efficiency, apart from isoform E. The lack of
three transmembrane domain exons in isoform D does not
appear to compromise its ability to localize onto the cell
surface, while the same cannot be said for isoform E.

Discussion

The mechanisms of genomic instability and metabolic stress
due to aging have been investigated extensively (10-12).
These hypotheses postulate that mutations accumulate over
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Figure 3. Proliferation of Grik2-transducedd human dermal fibroblasts. Cells were transduced either with the vector (V) or with constructs
corresponding to Grik2 isoforms A-E. The zero day indicates the number of cells on day 3 after transduction. The values represent averages of cell
counts for two experiments.

a lifetime, impairing stress responses and causing
inflammatory pathways eventually culminate into cellular
injuries that are associated with aging (13-16). Telomere
shortening due to end-replication issues has been proposed
as the basis of the Hayflick limit on cell divisions before
cells enter replicative senescence (17). Although numerous
molecular changes have been attributed to senescence and
cancer phenotypes, our understanding of aging mechanisms
remains far from complete (18). We have explored a novel
strategy to identify molecular determinants of senescence,
which involves transfer of normal human chromosomes into
immortalized cell lines (1). This strategy has led to the
isolation of Grik2 as a senescence-causing gene (9). We have
demonstrated here that the senescence-inducing activity in
fibroblasts is associated with various isoforms of Grik2. Our
conclusions are drawn based on the effects of these isoforms
on the cell doubling time as well as the expression of
senescence-associated β-galactosidase activity in the
transfected human fibroblasts.
We have previously described the expression of five
isoforms of Grik2, which result from the activation of two
tissue-specific promoters and alternative splicing of
precursor mRNA (7). It is noteworthy that Grik2-A is

abundant in neuronal cells (19), and forced expression of this
isoform in fibroblasts completely blocks their proliferation
and replication; however, the cells remain alive in the
medium without undergoing programmed cell death. The
senescence of these cells is evident by their morphology and
abundant expression of senescence-associated βgalactosidase activity. It is not surprising that the neuronal
isoform of Grik2 induces the most robust senescence
phenotype in fibroblast cells. The senescence-associated
features, such as heterochromatin formation and
inflammatory cytokines have been reported in neuronal cells
(20), and these cells also show elevated activity of βgalactosidase. The absence of the neuronal isoform in normal
non-neuronal cells can be attributed to transcriptional
silencing of the neuronal promoter by epigenetic mechanisms
(21). Thus, the expression of the A-isoform may serve a dual
purpose of maintaining the differentiated status as well as
regulating the action potential of neuronal cells.
We have observed progressive increase in the expression
of Grik2 transcripts at late passages in fibroblast cells. The
specific expression of isoforms B-E is due to the activation
of the alternative promoter and alternative splicing
mechanisms operating in these cells. The engineered
711
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Figure 4. Incorporation of BrdU in Grik2-transduced human dermal fibroblasts. A) Cells were grown in the presence of BrdU. The bars indicate
the percentage of cells showing BrdU incorporation in cells transduced with the vector (V) or isoforms A-E of Grik2 on days 2 and 16. The numbers
represent averages of counts from three fields of view. B) Phase-contrast or fluorescence microscopy of cells transduced with vector (V) or a Grik2
construct. The images were acquired at 100× magnification.

Figure 5. Quantification and detection of senescent human dermal fibroblasts. A) The cells transduced with vector (V) and isoforms A-E of Grik2
were grown in the presence of the X-Gal reagent to detect senescence-associated β-galactosidase (SA β-gal). The bars indicate the number of
stained cells, and represent averages of counts from three fields of view. B) The representative field views of stained cells transduced with the vector
(V) and Grik2 isoforms A-E. Images were acquired at 100× magnification.

expression of these isoforms and the consequent senescence
were confirmed by i) enhanced senescence-associated βgalactosidase activity, ii) inhibition of BrdU incorporation
and iii) surface localization of the Grik2 isoforms in the
transduced cells indirectly through Texas red/EGFP
expression. These results are indicative of Grik2 being
involved in inducing replicative senescence. It is noteworthy
that more than 90% cells exhibited senescence-associated βgalactosidase activity at day 24. We reason that basal
expression of these isoforms continues in normal cells, and
speculate some involvement of epigenetic mechanisms in
stabilizing the senescent state in cells at late passages.
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Our observations suggest normal trafficking of all EGFPtagged isoforms to cell surface. The lack of appropriate
targeting signal sequence in EGFP, however, leads to its
expression all over the cell. The isoform-A showed preferential
surface localization, while the expression of other isoforms on
the cell surface was slightly lower. The abundance of isoforms
D and E on the cell surface indicates that the absence of three
exons coding for the transmembrane domain in these variants
does not impair their ability to move to the cell surface.
However, the splicing of these important exons is likely to
compromise the structure of channels formed by the D and E
isoforms. In light of these observations, it is reasonable to
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The downstream effectors of Grik2 on senescence may
also be relevant for age-related diseases. Some important
genes, such as p53 and p16 Ink4a possibly function to link
senescence with complex biological processes, such as aging
(22). It is noteworthy that while senescence induction would
be desirable for carcinoma cells, a context-dependent
senescence-associated secretory phenotype has been
implicated in tumor promoting inflammatory responses (22).
In conclusion, our studies tentatively support a novel cellular
phenotype associated with Grik2, which may have important
implications in aging and cancer.
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Figure 6. Trafficking of Grik2 to the cell surface of human dermal
fibroblasts. The cells were transduced with isoforms A-E, and the total
protein and surface expression were detected. The images were obtained
by phase contrast (Panel 1), total expression by EGFP fluorescence
(Panel 2), surface expression by Texas red fluorescence (Panel 3), and
differential localization by merging the two fluorescent channels (Panel
4). Images were acquired at 100× magnification.

speculate that the channels formed by these isoforms do not
allow the passage of ions. We believe that, upon binding to
their ligands, these receptors participate in signaling pathways
and transduce conformational changes to allow interactions
with other intracellular proteins (23). Similar biological
significance may be proposed for the B and C isoforms.
We have previously shown that transfer of native Grik2
constructs in ovarian carcinoma cells prevents their
proliferation and induces a senescent phenotype (9). Thus,
the dual role of this protein is plausible. While in neuronal
cells the channel conformation of the protein primarily
mediates action potential, the cytosolic domain may undergo
a conformational change to maintain the differentiated status
of the neuron. This proposition would fit well with noncanonical functionality of ionotropic receptors (23). The
latter function, which includes senescence induction, may
likely be controlled by a pathway common to all isoforms.
Therefore, we hypothesize genetic and epigenetic mutations
in Grik2 as important aspects of tumorigenesis in some
human cancers. Our studies suggest a yet to be determined
role of Grik2 in normal aging, and implicate mutants of these
proteins in the possible escape from senescence in cancer.
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