Histochem Cell Biol (2012) 137:121-136
DOI 10.1007/s00418-011-0884-1

ORIGINAL PAPER

Cell cycle-dependent expression and subcellular localization

of fructose 1,6-bisphosphatase

Piotr Mamczur * Agnieszka Joanna Sok -
Adam Rzechonek - Dariusz Rakus

Accepted: 26 October 2011/ Published online: 6 November 2011

© The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract Recently a gluconeogenic enzyme was discov-
ered—fructose 1,6-bisphosphatase (FBPase)—that localizes
in the nucleus of a proliferating cell, but its physiological
role in this compartment remains unclear. Here, we dem-
onstrate the link between nuclear localization of FBPase
and the cell cycle progression. Results of our studies
indicate that in human and mouse squamous cell lung
cancer, as well as in the HL-1 cardiomyocytes, FBPase
nuclear localization correlates with nuclear localization of
S and G2 phase cyclins. Additionally, activity and
expression of the enzyme depends on cell cycle stages.
Identification of FBPase interacting partners with mass
spectrometry reveals a set of nuclear proteins involved in
cell cycle regulation, mRNA processing and in stabilization
of genomic DNA structure. To our knowledge, this is the
first experimental evidence that muscle FBPase is involved
in cell cycle events.
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Introduction

Fructose 1,6-bisphosphatase (FBPase; EC 3.1.3.11) catalyzes
irreversible hydrolysis of fructose-1,6-bisphosphate to fruc-
tose-6-phosphate and inorganic phosphate (Gomori 1943).
Genetic and kinetic studies have revealed that at least two
isozymes of FBPase exist in vertebrates: the liver isozyme
(FBP1)—a regulatory enzyme of gluconeogenesis, and the
muscle isozyme (FBP2), which participates in glycogen
synthesis from carbohydrate precursors. Unfortunately, the
physiological role of FBP2 is not yet fully understood
(Gleeson 1996; Gomori 1943; Tejwani 1983; Tillmann et al.
2002). In contrast to the liver isozyme, the muscle FBPase is
expressed widely and even in non-gluconeogenic cells
(Al-Robaiy and Eschrich 1999). The role for FBP2 in these
cells remains unclear, but a growing body of evidence suggests
that the physiological function of the muscle isozyme goes
beyond participation in the synthesis of glucose/glycogen
from non-carbohydrate substrates (Gizak et al. 2006, 2009).

Both FBPase genes are expressed in cancer cells; how-
ever, the level of their expression is presumably reduced in
comparison with non-malignant tissues (Bigl et al. 2008;
Liu et al. 2010). It has been hypothesized that down-
regulation of FBP1 in gastric cancer cells contributes to the
Warburg effect and might be attributed to the cells’ growth
and proliferation (Liu et al. 2010).

Our previous studies demonstrated that in some types of
cells, FBPase is located inside the nuclei and we suggested
that such localization of the enzyme accompanies the cells’
potential to divide. We also presented evidence that in
cardiomyocytes, FBPase disappeared from the nuclei after
disruption of f;-adrenergic and phosphoinositide 3-kinase
signalling pathway, which coincided with a significant
increase in cardiomyocyte mortality (Gizak et al. 2009).
Based on these results, we now ask whether subcellular
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localization of FBPase and expression levels of the enzyme
are related to the cell cycle stages/phases.

To address this issue we investigated cell cycle-depen-
dent changes in expression and subcellular distribution of
the muscle FBPase isozyme in human squamous cell lung
cancer (SCC), in the mouse SCC cell line (KLN-205) and
in mouse cardiomyocytes (the HL-1 cell line). To the best
of our knowledge, the data presented here provide the first
experimental evidence that FBPase expression and nuclear
localization oscillates in a cell cycle-dependent manner.
Results of our studies also demonstrate that FBP2 interacts
in vitro with a set of nuclear proteins involved in RNA
processing, nucleosome assembly and cell cycle regulation.

Our results yielded novel insight into mechanisms of
cell cycle regulation and might provide new approaches in
cancer treatment.

Materials and methods

Mouse squamous cell carcinoma cell line (KLN-205) was
obtained from ECACC (Sigma-Aldrich). The HL-1 cardio-
myocytes were a gift from Dr. W.C. Claycomb (Louisiana
State University Health Science Center, New Orleans, LA,
USA), who first established and characterized the cell line
(Claycomb et al. 1998).

Histopathologically proven human squamous cell lung
cancer (SCC) samples were removed surgically from
patients of the Lower Silesian Pulmonary Center. The
samples were taken in accordance with the rules of The
Scientific Research Ethical Committee.

Polyester wax was from Science Services. Anti-Ki-67
immunoglobulins (NCL-Ki-67p) were from Biokom and
monoclonal antibodies to Cyclin E (CycE) were from Acris
Antibodies GmbH. PageRuler™ Prestained Protein Ladder
was obtained from Fermentas-Life Sciences. Western-
Dot™ 625 Goat Anti-Rabbit Western Blot Kit was from
Invitrogen. All other reagents were from Sigma-Aldrich
and were of the cell culture grade.

Rabbit muscle FBPase was isolated according to Rakus
and Dzugaj (2000). Rabbit polyclonal antiserum against
muscle FBPase was produced as described previously by
Gizak and Dzugaj (2003). The antiserum was purified using
protein A-agarose gel chromatography according to man-
ufacturer’s procedure (HiTrap Protein A HP, GE Health-
care). The specificity of the immunoglobulins against
FBPase was confirmed by immunoblotting and preabsorp-
tion experiments (Supplementary Material).

Cell culture

All cell lines were cultured at 37°C in a humidified
atmosphere with 5% CO, and maintained using standard
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tissue culture techniques. The HL-1 cells were handled as
previously described (White et al. 2004). The KLN-205
cells were cultured in Eagle’s Minimum Essential Medium
supplemented with 2 mM glutamine, 1% non-essential
amino acids, penicillin (100 U/ml), streptomycin (0.1 mg/ml)
and 10% fetal bovine serum (FBS). The cells were seeded
at an initial density of 3 x 10* cells/cm? and cultured for
15-144 h. For serum starvation experiments, the KLN-205
cells were grown in the presence of FBS for 2 days and
were then maintained in serum-free conditions for 5 days.
To achieve cell culture synchronization, the serum-starved
cells were stimulated to proliferation by addition of 10%
FBS.

To block S phase entrance, the cells were incubated
for 24 h with 10 or 100 pg/ml concanavalin A (ConA)
(Desrivieres et al. 1997). The synchronization of cultures
at S phase was achieved by incubation of the cells with
1 pg/ml aphidicolin (APC) for 24 h (Seo et al. 2000).

Activity measurement

FBPase activity was assayed spectrophotometrically as
described previously (Rakus and Dzugaj 2000). One unit of
enzyme activity is defined as the amount of the enzyme
that catalyzes the formation of 1 pumol of product per
minute. Protein concentrations were determined using
Bradford Reagent (Fermentas). All spectrophotometric
measurements were performed with an Agilent 8453 diode
array spectrophotometer. Preparation of cellular extract for
enzyme activity determination is described in Supple-
mentary Material.

Immunochemistry

The samples of SCC were fixed in Carnoy’s fluid (overnight
at 4°C), dehydrated and embedded in polyester wax. Before
immunostaining, dewaxed cancer sections were treated
using a high-temperature antigen retrieval method (Bankf-
alvietal. 1994). The HL-1 and the KLLN-205 cells were fixed
in 4% paraformaldehyde for 15 min at room temperature
(RT), washed with PBS, permeabilized with 0.3% Triton
X-100/PBS, and used for immunocytochemical staining.

To study the localization of CycA and CycDI with
FBPase in SCC, the samples were treated as previously
described (Mamczur et al. 2010). Tissue sections were
incubated (overnight at 4°C) with rabbit polyclonal anti-
FBPase antibodies (50 pg/ml) and either with mouse
monoclonal anti-cyclin A (1:50) or mouse anti-cyclin D1
(1:50) immunoglobulins, followed by the incubation (30 min
at RT) with fluorophore-labeled secondary antibodies:
goat anti-rabbit-TRITC (1:400) and goat anti-mouse-FITC
(1:500). The tissue sections were counterstained with DAPI
(0.5 pg/ml, 5 min, RT).
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To check the coexistence of FBPase and CycE or
CycB1, the human tumor sections were incubated (over-
night at 4°C) with polyclonal anti-FBPase (50 pg/ml) and
mouse monoclonal anti-cyclin E (1:25) or rabbit polyclonal
anti-cyclin B1 (1:50) immunoglobulins. After incubation
with goat anti-rabbit alkaline phosphatase-conjugated
(1:500) and goat anti-mouse peroxidase-conjugated (1:2,000)
antibodies, the tissue sections were treated with Fast Red TR/
Naphthol and 3,3’-diaminobenzidine to visualize FBPase and
cyclins.

To determine the subcellular localization of the cell
cycle markers and FBPase in cultures, the cells were incu-
bated overnight at 4°C with rabbit polyclonal anti-FBPase
(50 pg/ml) or mouse polyclonal anti-FBPase (100 pg/ml)
antibodies and with rabbit polyclonal anti-cyclin B1 (1:500),
mouse polyclonal anti-cyclin E (1:25), rabbit polyclonal anti-
Ki-67 (1:1,000) or mouse monoclonal anti-cyclin A (1:100)
antibodies. Subsequently, the cultures were incubated with
fluorophore-labeled secondary antibodies: goat anti-rabbit-
FITC (1:2,000) and goat anti-mouse-TRITC (1:2,000). Cell
cultures were counterstained with DAPI to visualize the
nuclei.

In all of the above immunochemical experiments, the
excess of primary and secondary antibodies were removed
by intensive washings with 0.1% Triton X-100/PBS.
Endogenous peroxidase activity was blocked by incubation
of the sections with 3% H,O, for 1 h at RT. To avoid the
unspecific binding of immunoglobulins, the sections and
the cells were incubated with 5% BSA in PBS for 1 h at RT
before the application of the primary antibodies. All sec-
ondary antibodies were diluted in PBS containing 0.5%
BSA. In control reactions the primary antibodies were
omitted. The nuclear coexistence of proteins was examined
with an Olympus IX71 fluorescence microscope equipped
with Cell*F software (Olympus Soft Imaging Solutions
GmbH) and/or an Olympus FV1000 confocal microscope.

Flow cytometry

For Flow cytometry (FC) analysis the KLN-205 cells were
trypsinized and suspended in PBS (2.5 x 10° cells/ml
PBS). Then, 24 drops of 70% ethanol (ice cold) were
added to the suspension and the cells were gently mixed and
centrifuged (5 min, 500g, 4°C). The pellet was re-sus-
pended and fixed in ice cold 70% ethanol for 15 min. The
cells were pelleted by centrifugation (5 min, 700g, 4°C),
permeabilized with 0.3% Triton X-100 in PBS (15 min,
RT) and washed with PBS (10 min, RT). Subsequently, the
cells were treated with RNAse I (100 pg/ml, 30 min, RT)
and DNA was stained with propidium iodide (50 pg/ml,
5 min, 37°C). Finally, the cells were washed with PBS and
the analysis was carried out using a BD FACSCalibur flow
cytometer and WinMDI version 2.9 software.

Fluorescence in situ hybridization

5'-end FITC-labeled oligonucleotides:

oligo-1: (FITC)-5-TGTCACATTCACGCTCCCCGAA
ATCCCATA CAGGTTGGCC

oligo-2: (FITC)-5'-CTCACTGCCATCCTCGGGGAAT
TTCTTTTTCTGTACATAC

oligo-3: (FITC)-5-GGGTACATGAAGATTCCTCCAT
AGACCAAGGTGCGATGCA

were complementary to three different fragments of mRNA
sequence for mouse FBP2 (GenBank ID: NM_007994) and
synthesized by Sigma-Genosis (Steinheim, Germany). The
KLN-205 cells were fixed in ice-cold methanol (15 min.),
washed with PBS (3 x 10 min), permeabilized with 0.3%
Triton/PBS (15 min, RT), then used in the Fluorescence in
situ hybridization (FISH) procedure.

Before hybridization, the KLN-205 cells were washed
twice with PBS for 10 min and sodium citrate buffer (SSC:
150 mM NaCl, 15 mM sodium citrate; pH 7.0, RT)
(3 x 10 min). Subsequently, the cells were incubated with
prehybridization mixture (50% formamide, 0.1% Ficoll-
400, 0.1% BSA, 0.1% polyvinylpyrrolidone, 5 mM EDTA,
250 pg/ml yeast tRNA, 250 pg/ml DNA from salmon
testes, 750 mM NaCl, 75 mM sodium citrate; pH 7.0) for
1 h at RT. Then, the cells were hybridized at 37°C for 3 h
in prehybridization mixture with one of three FITC-labeled
oligonucleotides (1-10 pg/ml). In the control reaction, the
oligonucleotide probe was omitted. After hybridization the
cells were washed with SSC (2 x 30 min) and examined
with fluorescence microscopy (Olympus IX71 fluorescence
microscope).

To co-localize FBP2 mRNA with Cyclin A (CycA) we
combined FISH with immunofluorescent staining. The
KLN-205 cell cultures were fixed in methanol (ice-cold;
15 min), washed with PBS (2 x 10 min) and permeabilized
in 0.3% Triton X-100/PBS (15 min). The nonspecific sites
were blocked with 5% BSA in PBS at RT for 1 h, followed
by the incubation with primary antibodies as described
above in the Immunochemistry section. Subsequently,
the cells were washed with 0.1% Triton X-100/PBS
(1 x 5min) and PBS (2 x 5 min) and incubated (for
30 min at RT) with goat anti-mouse-TRITC (1:1,000). After
washings, the cells were postfixed in 4% paraformaldehyde/
PBS (7 min at RT) and subjected to FISH protocol.

ELISA and MTT assays

The amount of FBPase and the rate of cell proliferation
were checked using an enzyme-linked immunosorbent
assay (ELISA) and methylthiazolyldiphenyl-tetrazolium
bromide (MTT) cell proliferation test, respectively (Parnas
and Linial 1998; Spitzer et al. 2006).
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Briefly, the KLN-205 cells were seeded at 3 x 10? cells/
cm? into 96-well plates and were grown for 72 or 120 h.
Afterwards, the cells were subjected to ELISA and
MTT tests. For ELISA, the fixed cells were incubated with
rabbit anti-FBPase immunoglobulins as described in the
“Immunochemistry” section. Finally, the cells were incu-
bated with goat anti-rabbit peroxidase-conjugated antibodies
(1:30,000; 30 min at RT) and immunoreaction was visualized
with 3,3',5,5'-tetramethylbenzidine (TMB; 30 min, RT). The
reaction was stopped by 1 M HCI and the absorbance
at 450 nm was measured with an ELISA reader (Asys
UVM340). In the control reaction anti-FBPase immuno-
globulins were omitted. For MTT-based assay the cells were
cultured with MTT (0.5 mg/ml) for 4 h at standard condi-
tions. After removal of medium, formazan crystals were
dissolved in acidified isopropanol (1 M HCI in isopropanol)
and the absorbance was read at 570 nm (Asys UVM340). The
culture medium without cells was used as a negative control.

RNA isolation and real-time quantitative PCR

Total RNA was obtained by phenol/chlorophorm extraction
with TRI Reagent (Applied Biosystems) (Chomczynski and
Sacchi 1987). First strand cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to the manufacturer’s instructions.
To screen quantity of the expression of FBPase isozymes in
KLN-205 cells, mouse FBPI-specific primers (forward
5'-CAGCTGCTGAATTCGCTCTG, reverse 5'-ACATTG
GTTGAGCCAGCGATA) and mouse FBP2-specific prim-
ers (forward 5'-GACCCTCTGGATGGATCTTCA, reverse
5'-CAGAAGGCTCATCCTCCGT) were used. To normal-
ize qPCR data a pair of RNA polymerase II alpha-specific
primers were used (forward 5-CAAGATGCAAGAGGA
GGAAGA, reverse 5-CACCTTGCTGATCTGCTCGAT).
Quantitative PCR was performed using Applied Biosystems
7900HT Fast Real-Time PCR (Applied Biosystems) and
SYBR® Green PCR Master Mix (Applied Biosystems)
according to the manufacturer’s instructions, with slight
modification. Briefly, the qPCR cycle conditions were as
follows: pre-incubation for 10 min at 95°C followed by 40
cycles, with each cycle including 15 s at 95°C, 30 s at 60°C,
and 30 s at 72°C.

A negative control lacking cDNA was included in each
assay. Amplification was performed for each of the cDNA
samples in triplicate and the relative expression ratio was
calculated according to the Pfaffl method (Pfaffl 2001).

Affinity chromatography
A Sepharose 4B-FBP2 column was prepared as described

previously (Kowalski et al. 2009). Non-histone nuclear
proteins were extracted from 12-18 x 10° KLN-205 cells

@ Springer

using NXTRACT CelLytic™ NuCLEAR™ Extraction
Kit (Sigma). Histones and other nuclear proteins, which
strongly associate with DNA, were extracted by an addi-
tional treatment with a high salt extraction buffer (10 mM
Tris, 0.5 mM EDTA, 0.5 mM PMSF, 2 mM DTT, 2 M
NaCl, 60 mM NaF; pH 6.7 at 4°C). Binding of nuclear
proteins to Sepharose 4B-FBP2 as well as their elution was
performed as described previously (Kowalski et al. 2009).
Then, the samples were precipitated with TCA and
resolved by SDS-PAGE (Supplementary Material). To
identify the nuclear proteins interacting with Sepharose
4B-FBP2, the TCA-precipitated samples were analyzed
commercially by ESI-MS at the Mass Spectrometry
Laboratory (Institute of Biochemistry and Biophysics,
Polish Academy of Sciences, Warsaw).

Statistical analysis

The statistical significance of the results was tested using
the Student’s ¢ test (Statistica; StatSoft). For all statistical
analyses, p < 0.05 was considered as significant. The
results were expressed as mean and standard deviation
(£SD). The percentage of mitotic cells (mitotic index) was
determined with DAPI staining. Ki-67 index is defined as a
percentage of cells with nuclear localization of Ki-67
antigen as determined by immuofluorescence microscopy.

Results

Coexistence of FBPase and cell cycle markers
in the nuclei of the KLN-205 cells

Simultaneous localization of FBPase and cell cycle-related
markers demonstrated the nuclear localization of FBPase in
cells displaying strong Cyclin A (CycA)- and Cyclin Bl
(CycB1)-related nuclear fluorescence (Fig. 1a). The mea-
surements of nuclear fluorescence for the cyclins and
FBPase revealed that an increase of FBPase-related fluo-
rescence correlates with nuclear accumulation of both the
cyclins (Fig. 1b, c). Such correlation may suggest that
FBPase accumulates in the cells’ nuclei in S and G2
phases.

Regarding nuclear coexistence of FBPase and Cyclin E
(CycE), we found that about 50% of the KLN-205 cells
with nuclear localization of the cyclin also displayed
nuclear localization of FBPase (Fig. 2a, b). CycE is a
marker of the G1/S transition; thus, partial nuclear coex-
istence of FBPase and the cyclin suggests that FBPase is
localized in nuclei of the S and G2 phases but not G1.

Unexpectedly, we observed in the nuclei of the KLN-
205 cells that FBPase partially coexists with Cyclin D1
(CycD1), a marker of the G1 phase of the cell cycle (data
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Fig. 1 Localization of FBPase
in the KLN-205 cell nuclei in
S/G2 phase of the cell cycle.

a Immunofluorescent double-
labeling of FBPase and S/G2 or
G2/M cyclins (CycA or CycBl,
respectively). Arrows indicate
the cells with high nuclear
FBPase and the cyclin’s
immunofluorescence. Bar

40 pm. Relative nuclear
fluorescence of CycA (b) and
CycBl1 (c¢) in comparison with
the FBPase nuclear signal. Each
value represents a mean and
standard deviation of at least

three independent experiments. b
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Fig. 2 Coexistence of FBPase and CycE in nuclei of the KLN-205
cells. a Double immunofluorescent staining of FBPase and CycE.
b Percentage of nuclear-positive cells for CycE only, CycE and
FBPase and FBPase only. Bar 20 pm

not shown). CycD1 is overexpressed in these cells and its
concentration and nuclear accumulation were practically
unchanged during all stages of cell cycle. The cyclin was

CycA FBPase

CycB1 FBPase CycB1 FBPase

present in 96.6 £ 1.3% of the KLN-205 cells’ nuclei and
thus, it cannot be regarded as a cell phase marker in this
cell line.

Coexistence of FBPase and cell cycle markers in nuclei
of human squamous cell lung cancer

Subcellular co-localization of FBPase with cell cycle
markers, cyclins A, B1, D1 and E were studied to establish a
relationship between localization of the enzyme and cell
cycle events in human squamous cell lung cancer (SCC). We
observed (excluding presence in cytoplasm) that FBPase
accumulates in nuclei positive for CycA and CycB1 (Fig. 3a,
d). On the other hand, an entirely cytoplasmic distribution of
FBPase correlated with nuclear localization of CycDl1
(Fig. 3b). These data confirmed our supposition that nuclear
localization of FBPase is related to the S and G2 phases of the
cell cycle. However, in contrast to the KLN-205 cells, we
could not detect FBPase in CycE positive nuclei of human
SCC (Fig. 3c).

The effect of cell culture confluence on FBPase
localization and expression in the KLN-205 cells

We observed that in the KLN-205 cells, subcellular
localization of FBPase depended on the cell culture density
(Fig. 4a). An increasing density of the cell culture resulted
in a gradual withdrawal of FBPase from the nuclei
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Fig. 3 Nuclear localization of
FBPase in different phases of
the cell cycle in human
squamous cell lung cancer.

a Co-localization of CycA and
FBPase in nuclei of S/G2 phase
cells. b Localization of FBPase
and G1 phase marker, CycDI.
¢ Co-immunostaining for
FBPase and CycE, a marker of
G1/S transition. Arrows indicate
CycE-positive and FBPase-
negative cells. d Co-localization
of CycB1 and FBPase. Arrows
point to FBPase- and CycB1-
positive nuclei. e Percentage of
nuclei positive for CycA,
CycD1 and CycB1 with respect
to subcellular localization of
FBPase. In a, b and d the
nuclei were counterstained with
DAPL. Bar 30 pm in a, b and
40 pmin ¢, d
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(Fig. 4a). The nuclear/cytoplasmic ratio of FBPase-related
fluorescence was about twice as long as the mitotic index
and is in the range of 3.9-9, but decreased nearly to 1,
while the mitotic index dropped below 2 (Fig. 4d).

Changes in the density of the cell culture also affected
FBPase expression. The relative amount of FBPase—as
measured using ELISA and expressed as a ratio of TMB to
MTT absorbance reflecting the amount of cells—decreased
at least twofold with an increasing cell culture density
(Fig. 5). To test the hypothesis that the amount of FBPase
depends on the rate of cell proliferation, we determined the
specific activity, which is a precise method to validate
enzyme quantity. Results of our experiment revealed
that the FBPase specific activity changes from 6.65 to
0.24 mU/mg during KLLN-205 cell culture growth (Table 1).
The highest specific activity was observed during the per-
iod of fast growth of the cell culture (Table 1; Fig. 4b).
The high density of the cells and the low mitotic index
(Fig. 4b, c) correlated with a dramatic decrease of FBPase
activity (Table 1).

To verify if the proliferative activity of the KLN-205
cells changes with a rise in density of the cell culture, we
measured DNA content using FC (Table 2). As was pre-
viously described for other cell lines (Khammanit et al.
2008), we observed that an increasing confluency of the
culture correlated with an increase of the G1 and a decrease
of the S and G2/M phase cells.

Taking into consideration that the amount of FBPase
protein decreases during cell culture growth (Fig. S;
Table 1) we tested whether this decrease correlates with
changes in expression of mRNA for FBPase. We observed
that the KLN-205 cells expressed both liver and muscle
FBPase, but the muscle transcript was more predominant.
The real-time quantitative PCR (qQPCR) analysis revealed a
404-fold (£41.5) higher amount of mRNA for FBP2 rel-
ative to FBP1 mRNA.

The qPCR analysis also revealed that the expression of
FBP2 is about twofold lower after 96 h of cell culture,
whereas during the same time period, FBP1 mRNA was
slightly elevated in response to cell culture growth
(Fig. 6a). Although these changes were minute yet statis-
tically significant, we verified the quantitative PCR (qPCR)
results using a FISH approach. The analysis of the FISH
signal revealed almost a twofold decrease of mRNA for
FBP2 during 96 h of the cell culture growth (Fig. 7a, b),
which agreed with the qPCR analysis. To determine whe-
ther the expression of mRNA for FBP2 in the KLN-205
cells depends on cell cycle phases, we localized cyclins
with mRNA for muscle FBPase. The results indicated that
the elevation of mRNA for FBP2 is correlated with the
high expression of CycA (Fig. 7c¢).

Regarding the subcellular localization of FBPase
mRNA, we observed that the mRNA also localized in

nucleoli of the KLN-205 cells (Fig. 7; Supplementary
Material). This unexpected localization requires further
investigation, which is beyond the scope of this manuscript.

The effect of serum withdrawal on FBPase expression
and localization in the KLN-205 cells

It is well established that proliferation of cultured cells
depends on serum presence in culture medium and that the
serum-starvation results in a quiescent, GO-like cell stage
(Hayes et al. 2005; Khammanit et al. 2008). The with-
drawal of the serum from the KLN-205 cell culture resulted
in a 7.4-fold decrease in mitotic and Ki-67 labeling indices
(Fig. 8a). Simultaneously, we observed a significant
decrease in FBPase immunostaining, both in cells’ nuclei
and in cytoplasm (Fig. 8b). The effect of serum withdrawal
was reversible and re-addition of serum to serum-deprived
cells resulted in elevation of the FBPase-related immuno-
fluorescence and in the nuclear accumulation of the
enzyme as well as Ki-67 and CycA proteins (Fig. 8c, d).
Unexpectedly, the qPCR analysis demonstrated that
serum starvation resulted in significant (approximately
tenfold) elevation of both FBPase mRNAs (Fig. 6a). This
observed elevation was in apparent contrast to our data
showing that serum withdrawal reduces manyfold the
activity and the amount of FBPase (Table 1; Fig. 8). Thus,
we re-examined the effect of serum starvation on the
mRNA expression using a complementary, semi-quantita-
tive approach—FISH. The fluorescence analysis showed
nearly a twofold increase of FBPase mRNA-related signal
during serum starvation (Fig. 6¢), which suggests that
FBPase mRNA expression in the GO-like phase cells is
elevated. but the enzyme activity is reduced (Table 1).

The effect of aphidicolin, norepinephrine
and concanavalin A on FBPase localization
in the KLLN-205 and the HL-1 cell lines

Supplementation of the culture medium with aphidicolin
(APC)—a specific inhibitor of DNA polymerase «, results
in the synchronization of cells at S phase (Khammanit et al.
2008; Pedrali-Noy et al. 1982; Seo et al. 2000). In such
APC-treated KLN-205 and HL-1 cells, we observed a
strong accumulation of FBPase and CycA in cells’ nuclei
(Fig. 9). Moreover, although it had been previously dem-
onstrated that norepinephrine (NE) stimulation is indis-
pensable for nuclear FBPase retention in the HL-1 cells
(Gizak et al. 2009), we found that APC induced nuclear
accumulation of the enzyme even in the absence of NE
(Fig. 9).

We observed the opposite effect, the retention of
FBPase in cytoplasm, in the ConA-treated KLN-205 cells
(Fig. 10). ConA is an agent that prevents cells from
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Fig. 4 The effect of the KLN-205 cell culture confluence on FBPase
localization and mitotic index. a The intensity of FBPase-related
immunofluorescent signal and subcellular localization of the enzyme
changes during the growth of the cell culture. Scale bar 30 pm. The
changes of culture density (b) and mitotic index (c¢) during the KLN-
205 cell culturing. d Variation of FBPase nuclear localization
expressed as a nuclear/cytoplasmic immunofluorescence ratio. Each
value represents the mean and standard deviation of at least three
independent experiments. A p value less than 0.05 was considered as
significant

entering into S phase (G0/G1 block) and inhibits cell cycle
progression through the late G2 phase (G2 block) (Mallucci
et al. 1980). Thus, cytoplasmic retention of FBPase in the
ConA-treated cells supported the hypothesis that nuclear
FBPase is involved in some S/G2 phase events.

Identification of nuclear proteins interacting
with FBPase

To identify the nuclear proteins in KLN-205 cells that
interact with FBPase, we used affinity chromatography and
subsequent MS analysis as described in “Materials and
methods”. We identified several core and linker histones
(Table 3) and non-histone nuclear proteins; ribonucleo-
proteins (RNPs), helicases, lamina-associated polypeptides
(thymopoietins) and others that interacted with FBPase
(Table 4). Most of these non-histone proteins were previ-
ously shown to be involved in interchromatin granule
clusters (IGC) formation (Rappsilber et al. 2002; Saitoh
et al. 2004), the nuclear structures engaged in transcription
and mRNA maturation (Saitoh et al. 2004).
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Fig. 5 The effect of the KLN-205 cell culture density on the amount
of FBPase. The culture confluence was determined using a MTT-
based assay. The amount of FBPase was estimated using ELISA with
the secondary antibodies conjugated to peroxidase and detected with
TMB. The changes in FBPase amount in response to increasing
density of the KLN-205 cell culture were expressed as a TMB/MTT
absorbance ratio. The results of three experiments are presented as a
mean and SD; p < 0.05

Table 1 The effect of time of the culture growth and serum starva-
tion on FBPase activity in the KLN-205 cells

Time of the
culture growth

FBPase activity
(mU/mg prot.)

+ Serum 48 h 435+ 1.3
72 h 6.65 £ 1.1
96 h 041 £ 0.1
120 h 0.24 £ 0.1

— Serum? - Undetectable

Data are demonstrated as mean + SD

% See “Materials and methods” section for the details of cell culture
conditions

Table 2 The effect of time of the culture growth on the percentage of
the KLN-205 cells in particular cell cycle phases as determined by
flow cytometry DNA measurements

Cell cycle phases Time of the culture growth

72 h 120 h
G1 (%) 47 £ 4.6 56.4 £ 0.7
S + G2/M (%) 493 £35 39.7 £43

Data are reported as mean = SD of three independent experiments;
p < 0.05 was considered as significant

The lack of cytoplasmic proteins known to associate
with FBPase (e.g., aldolase) increased the likelihood that
nuclear extracts used in the experiments were free of
cytosolic contaminants. However, it should be noted that
results based on an affinity chromatography approach
indicate only a tendency of proteins to associate under
physiological-like conditions and thus, they may lead to
higher number of false positives.

Discussion

Recent studies have revealed that a regulatory enzyme of
gluconeogenesis—FBPase—is localized in nuclei of pro-
liferating cells and that nuclear transport of the enzyme is
regulated by extracellular stimuli (Gizak et al. 2005, 2006,
2009; Mamczur et al. 2010). In contrast to dividing cells,
FBPase is absent in nuclei of terminally differentiated cells
(Gizak et al. 2006; Mamczur et al. 2010). These findings
point to FBPase as a protein potentially involved in cell
cycle regulation and/or progression.

Here, we present evidence that in the KLLN-205 cells, in
SCC cells and in HL-1 cardiomyocytes, FBPase accumu-
lates in the nuclei during S and G2 phases of the cell cycle.
Furthermore, we demonstrate that serum starvation-pro-
voked cell cycle exit results not only in cytoplasmic
retention of FBPase but also in significant changes in
expression of the enzyme.
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Fig. 6 Correlation between expression of FBPase isozymes and the
KLN-205 cell culture growth. a qPCR analysis of the expression
versus time of the culture growth. b FISH analysis of mRNA for
FBP2 in quiescent cells (—serum) in comparison with the cells
cultured in the presence of serum (+serum). Scale bar 25 pm. ¢ The
measurement of FISH signal from mRNA of FBPase in the cell
culture with and without serum

An increasing confluence of cell culture results in the
reduction of a cell’s proliferative activity and correlates
with an increased number of cells in GO and G1 phases
(Khammanit et al. 2008; Hayes et al. 2005). Similarly, an
increasing number of quiescent cells (commonly referred
to as GO cells) may be achieved by serum withdrawal from
the culture medium (Khammanit et al. 2008; Hayes et al.
2005). In studying the subcellular localization of FBPase,
we observed that increasing the proportion of G1 and/or GO
cells during cell culture growth results in a decrease of
FBPase in cell nuclei. Furthermore, we also found that
FBPase-related fluorescence and activity of the enzyme are
strongly reduced in confluent (thus, presumably non-pro-
liferating) cell cultures and in serum-starved cells as
compared with proliferating cells. This reduction in fluo-
rescence and enzyme activity suggests that FBPase is not
only a gluconeogenic enzyme, but is also involved in cell
proliferation.

@ Springer

The reduced amount of FBPase in GO and G1 cells
contradicts some recent studies showing that the mRNA
level for FBPase isozymes is higher in non-proliferating
cells than in tumors (Liu et al. 2010). However, in contrast
to the amount of the protein, we found the level of FBPase
mRNA is several times higher in the GO-like phase cells,
than in proliferating cells. Thus, there is no discrepancy
between our findings and those of the Bigl and Liu (Bigl
et al. 2008; Liu et al. 2010) in terms of mRNA expression.
However, our findings raise questions about the physio-
logical meaning of FBPase mRNA accumulation in the GO
phase and the mechanisms controlling FBPase mRNA
translation.

A careful examination of the subcellular distribution of
FBPase in relation to the cell cycle phases revealed that the
enzyme localizes in nuclei of the KLN-205 cells positive
for CycA and CycBl. Since the cyclins are markers of S
and G2 phase cells (Dobashi et al. 2003; Soria et al. 2000;
Pagano et al. 1992), the nuclear coexistence of the cyclins
and FBPase supports our hypothesis that the nuclear
function of FBPase is related to some cell cycle events.

In contrast to the KLN-205 cells, nuclear import of
FBPase in the HL-1 cardiomyocytes is regulated by nor-
epinephrine (Gizak et al. 2009). FBPase localizes in the
nuclei of about 10% of HL-1 cells in the absence of NE,
whereas upon NE stimulation around 90% of the cells
display nuclear localization of the enzyme. Nevertheless, a
significant elevation in nuclear FBPase does not correlate
with an equivalent increase in the rate of the cells’ pro-
liferation (Gizak et al. 2009). This lack of a strong corre-
lation may suggest that nuclear FBPase is not indispensable
for the HL-1 cell cycle progression. However, in contrast to
cells undergoing a canonical cell cycle, the HL-1 cells
ablate the G1/S checkpoint by continuously overexpressing
LEK1 proteins, which interact with retinoblastoma and
liberate the E2F transcription factor to promote continued
mitosis (Dees et al. 2005). Therefore, a weak correlation
between nuclear localization of FBPase and the rate of the
HL-1 proliferation might be the result of an ability of the
HL-1 cells to divide independently of the G1/S checkpoint
machinery.

Aphidicolin-induced cell cycle arrest in the early S
phase results in strong nuclear accumulation of FBPase,
both in the HL-1 and in the KLN-205 cell lines. APC
blocks cell cycle progression by inhibiting DNA poly-
merase activity (Pedrali-Noy et al. 1982) and S phase
continuation without affecting the G1/S checkpoint. Thus,
nuclear accumulation of FBPase in the APC-synchronized
cells indicates that the enzyme is transported into the
nucleus prior to the beginning of DNA replication, at the
G1/S boundary of the cell cycle.

Furthermore, concanavalin A treatment of cells results
in cytoplasmic retention of FBPase. ConA arrests the cell
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Fig. 7 The dependence of
expression of mRNA for muscle
FBPase in the KLN-205 cells on
the cell culture density and its
correlation to the expression of
S/G2 phases marker (CycA).

a FISH signals related to mRNA
for FBP2 observed in various
time of the cell culture growth.
Scale bar 25 pm.

b Quantification of FISH signals
as a function of cell density.

¢ Double fluorescent labeling of
the KLN-205 cells showing the
correlation between the
expression of mRNA for
FBPase (FISH method) and

the amount of CycA
(immunofluorescent staining).
Arrows indicate the KLN-205
cells with high amount of both
CycA and mRNA for FBPase.
Scale bar 40 pm
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cycle at the late G1 phase decreasing the amount of CycD
and CycE and hence, inhibiting the G1/S checkpoint pro-
gression (Desrivieres et al. 1997). The effect of ConA is
thus in line with our assumption that FBPase is transported
into the nucleus in the late G1 phase.

To check if nuclear localization of FBPase in the S and
G2 phase cells is not limited to cell cultures, we analyzed
the expression and subcellular localization of the enzyme
and the cyclins in human SCC sections. The absence of

nuclear FBPase in CycD1-positive cells and co-accumu-
lation of FBPase and S/G2 phases-related cyclins (A and
B1) in the cells’ nuclei support the hypothesis that FBPase
is engaged in S and G2 phase events.

FBPase localizes in about half of CycE positive cells’
nuclei of the KLLN-205 cells. However, in the human SCC,
we could not find any nuclei simultaneously positive for
FBPase and CycE. This may be due to the slight differ-
ences in the time frame of expression and nuclear
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Fig. 8 The effect of serum
starvation on FBPase
localization and on proliferative
activity of the KLN-205 cells.
The influence of serum
withdrawal on:

a immunostaining for
proliferation marker (Ki-67) and
the mitotic index; b the amount
of FBPase in the KLN-205 cells.
To exclude the effect of the
culture confluence, both
experiments were performed at
comparable cell culture density.
¢ The results of serum re-
addition on Ki-67
immunolabeling.

d Accumulation of FBPase and
CycA in cell nuclei during
serum-stimulated cell cycle
entrance. All quantitative data
are presented as a mean + SD
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Fig. 9 The effect of aphidicolin
(APC) and norepinephrine (NE)
on FBPase and CycA
localization in the KLN-205 and
HL-1 cell lines. Nuclear
accumulation of FBPase in
APC-treated the KLLN-205 and
HL-1 cells. Nuclear localization
of FBPase in the APC-treated
HL-1 cells is independent to NE
stimulation. Scale bar 20 pm
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Fig. 10 The effect of merge
concanavalin A on FBPase

localization in the KLN-205

cells. a The lack of nuclear

accumulation of FBPase in

ConA-treated cells. Nuclei were -ConA
counterstained with DAPIL.

Scale bar 50 pm. b A dose-

dependent effect of ConA on

nuclear localization of FBPase.

Each value represents the mean

and standard deviation of at

least three independent

experiments
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Tabl(.e 3 'The KI.“N_ZQS histone Histone type Accession numbers MW (kDa) Sequence coverage (%) Protein score
proteins interacting with muscle
FBPase identified by mass Histone H1 UniProt ID: P15864 212 31 473
spectrometry ]
UniProt ID: P43274 219 29 463
UniProt ID: P43277 22 28 416
UniProt ID: P10922 23 23 364
Histone H2A UniProt ID: Q6GSS7 14 49 861
UniProt ID: Q64523 14 49 861
UniProt ID: P27661 14 27 893
UniProt ID: POCOS6 13.5 53 543
UniProt ID: Q64522 14 46 903
Histone H2B UniProt ID: Q6ZWY9 14 44 1,012
Histone H4 UniProt ID: P62806 11.3 50 939
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Table 4 The KLN-205 non-histone nuclear proteins interacting with muscle FBPase identified by mass spectrometry
Protein type Protein Accession MW  Sequence Protein
numbers (kDa) coverage (%) score
RNPs Heterogeneous nuclear ribonucleoprotein A3 (hnRNP A3)* UniProt ID: Q8BG0O5 39.6 16 1,421
Heterogeneous nuclear ribonucleoproteins A2/B1 (hnRNP A2/B1)* UniProt ID: 088569 374 32 944
Heterogeneous nuclear ribonucleoprotein I* UniProt ID: P17225 56.4 49 726
H/ACA ribonucleoprotein complex subunit 4 UniProt ID: Q9ESX5 575 15 436
Helicases Nucleolar RNA helicase 2 UniProt ID: Q9JIKS5 939 28 729
ATP-dependent RNA helicase A* UniProt ID: 070133 149 27 974
Thymopoietins Thymopoietin isoforms alpha/zeta® UniProt ID: Q61033 75 31 655
Thymopoietin isoforms beta/delta/epsilon/gamma UniProt ID: Q61029 50 41 631
Others Lamin-A/C? UniProt ID: P48678 74 53 1,252
Nucleolar protein 56* UniProt ID: Q9D6Z1 644 36 764
Alpha-II spectrin UniProt ID: P16546 2845 21 1,449
Nucleophosmin UniProt ID: Q61937 325 30 1,887
Myb-binding protein 1A* UniProt ID: Q7TPV4 152 32 3,588
Nucleolin® UniProt ID: P09405 76.6 32 2,864
THO complex subunit 4 UniProt ID: 008583 27 36 701

Interchromatin granule clusters (IGC) proteins (Rappsilber et al. 2002; Saitoh et al. 2004)

localization of CycE between the KLN-205 cells and the
SCC. In contrast to the SCC, CycE partially coexists with
an S phase marker, CycA, in nuclei of the KLN-205 cells
(data not shown). Thus, the nuclear localization of CycE
both in G1 and in S phase of the KLLN-205 cells explains
only partial co-localization of FBPase and the cyclin.
Searching for FBPase binding partners in the nucleus,
we found that the enzyme could interact with several
proteins participating in the formation of interchromatin
granule clusters (IGC), the structures involved in mRNA
processing (Saitoh et al. 2004). Several of the IGC com-
ponents interacting with FBPase, e.g., Myb-binding protein
1A, RNPs and helicases (Gewirtz et al. 1989; Zhang et al.
2004; He et al. 2005), are known to operate in a cell cycle-
dependent manner. Thus, it cannot be excluded that
FBPase participates in cell cycle-dependent mRNA pro-
cessing. However, the most interesting possibility in the
context of our findings and cell cycle regulation is that
FBPase may interact with components of the Myb-binding
protein 1 A/nucleolin/nucleophosmin complex (MNN
complex). The MNN complex negatively regulates the G1/
S transition by associating with several transcription fac-
tors (e.g. c-Myb and NF-kappaB) (Yamauchi et al. 2008).
Therefore, an attractive hypothesis is that nuclear FBPase
affects the cell cycle by modulating the liberation of some
of the transcription factors from the MNN complex.
Because the Myb family proteins also contribute directly to
the G2/M transition (Nakata et al. 2007) the ability of
FBPase to associate with MNN may explain nuclear
localization of the enzyme during the S and G2 stages.
Among nuclear proteins interacting with FBPase, we
also found almost all members of the canonical histones.

This is in line with our unpublished findings that FBPase
interacts with histone family proteins in cardiomiocytes
(Gizak et al. unpublished data) and participates in some,
yet unknown, nucleosome-related processes and requires
further studies.

Taken together, our study demonstrates that in human
squamous cell lung cancer and the immortalized cell lines—
HL-1 and KLN-205, FBPase accumulates in cell nuclei
during the S and G2 phase. Nuclear FBPase interacts with the
histone family members and with several proteins involved in
cell cycle regulation and RNA processing.

Further study of cells that overexpress muscle FBPase
mutants lacking enzymatic activity and/or a nuclear
localization signal may help to determine the exact role of
the enzyme in cell cycle regulation.
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