
L-GILZ binds p53 and MDM2 and suppresses tumor
growth through p53 activation in human cancer cells
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The transcription factor p53 regulates the expression of genes crucial for biological processes such as cell proliferation,
metabolism, cell repair, senescence and apoptosis. Activation of p53 also suppresses neoplastic transformations, thereby
inhibiting the growth of mutated and/or damaged cells. p53-binding proteins, such as mouse double minute 2 homolog (MDM2),
inhibit p53 activation and thus regulate p53-mediated stress responses. Here, we found that long glucocorticoid-induced leucine
zipper (L-GILZ), a recently identified isoform of GILZ, activates p53 and that the overexpression of L-GILZ in p53þ /þ HCT116
human colorectal carcinoma cells suppresses the growth of xenografts in mice. In the presence of both p53 and MDM2, L-GILZ
binds preferentially to MDM2 and interferes with p53/MDM2 complex formation, making p53 available for downstream gene
activation. Consistent with this finding, L-GILZ induced p21 and p53 upregulated modulator of apoptosis (PUMA) expression only
in p53þ /þ cells, while L-GILZ silencing reversed the anti-proliferative activity of dexamethasone as well as expression of p53,
p21 and PUMA. Furthermore, L-GILZ stabilizes p53 proteins by decreasing p53 ubiquitination and increasing MDM2
ubiquitination. These findings reveal L-GILZ as a regulator of p53 and a candidate for new therapeutic anti-cancer strategies for
tumors associated with p53 deregulation.
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By inducing cell cycle arrest, the tumor suppressor gene TP53
repairs damage caused by multiple physiological and patho-
logical stressors.1,2 The p53 transcription factor is activated
by any stressor that threatens the integrity of the genome.3,4

Once activated, p53 induces the transcription of genes that
regulate cell cycle, senescence and apoptosis.1,5 A critical
role for p53 in preventing tumor development is supported by
observations that the gene is mutated in 50% of human
cancers.6 Therefore, it appears that cancerous cells grow and
metastasize by escaping p53 regulation, whereas normal
cells maintain low levels of p53 via feedback mechanisms
involving partner molecules that monitor p53 expression.7

One critical molecule in the p53 regulation network is mouse
double minute 2 homolog (MDM2), an E3 ubiquitin (Ub) ligase
that modulates the strength, timing and rapidity of p53
downstream signals and thus enables appropriate biological
responses. In addition, p53 upregulates the transcription of
MDM2, which in turn downregulates p53 activity through
multiple mechanisms.8 By binding to a p53 transactivation
domain, MDM2 interferes with p53-mediated transcription,
promotes p53 nuclear export and induces Ub-mediated
proteasomal p53 degradation.9–12 This tightly controlled
mechanism helps maintain physiological levels of p53 and
restores these levels following stress responses.

Glucocorticoids (GCs) exert major anti-inflammatory/
immunosuppressive effects and act as anti-tumor agents in

the treatment of several hematologic malignancies and solid
tumors.13 Most GC-elicited effects result from the transcrip-
tional regulation of GC receptor (GR) target genes.14 Among
these genes, GCs increase the transcription of GC-induced
leucine zipper (GILZ)15,16 and its transcriptional variant long
(L)-GILZ.17 GILZ mediates several anti-inflammatory and
immunomodulatory GC functions.18–23 GILZ and L-GILZ bind
Ras and contribute to cell differentiation and the control of
tumorigenesis.24,25

Crosstalk between p53 and GCs has been described as
either antagonistic or synergistic depending on cell type and
environmental context.26 Some reports suggest that p53
activation is not necessary for GC-induced apoptotic cell
death27 but may instead increase resistance to GC therapy.26

GCs may also rescue cells from p53-induced apoptosis,28

suggesting an antagonistic relationship between GCs and
p53. Furthermore, p53 and GRs have been shown to
physically interact and form a complex that becomes
sequestered within the cytosol, leading to inhibited transcrip-
tion of both genes.29 The formation of a p53/MDM2/GR triple
complex may account for the proteasomal degradation of p53
induced by dexamethasone (DEX);26 however, in other
experimental models, p53- and GC-mediated cell cycle arrest
involves the upregulation of cyclin-dependent kinase inhibitor
p21, and it has been suggested that p53 cooperates in GR-
induced p21 upregulation and the consequent inhibition of cell
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Figure 1 L-GILZ interacts with p53. (a) Cell lysates of HA–p53-transfected p53� /� HCT116 cells were incubated with GST, GST–GILZ or GST–L-GILZ attached to
glutathione–sepharose beads. Proteins bound to the resin were eluted, resolved by SDS-PAGE, and subjected to Western blot using anti-HA antibody. Immunoblot (IB) of
immobilized bait proteins that were incubated in the absence of target protein shows equal amounts of GST-tagged proteins. IB of lysates shows comparable p53 transfection
levels across groups. (b) The in vitro transcription/translation product of full-length wild-type p53 was incubated with GST, GST–GILZ or GST–L-GILZ attached to glutathione–
sepharose beads. Proteins bound to the resin were eluted and analyzed by Western blot using anti-p53 antibody. ‘Input’ indicates 10% volume of the in vitro translated product
used in the pull-down assay. IB of GST-tagged proteins was performed to show that equal amounts of immobilized bait proteins were used. (c) p53� /� HCT116 cells were co-
transfected with pcDNA3-GILZ or pcDNA3-L-GILZ together with HA–p53 vector. Immunoprecipitation (IP) was performed with anti-HA antibody, and immunoreactive proteins
were revealed with anti-GILZ or anti-HA antibodies. V, vector. Whole-cell lysates were loaded to control for plasmid expression (lower panels). (d) Microscopic analysis of
GILZ/L-GILZ (red) and p53 (green) localization in GILZ-, L-GILZ-, HA–p53-, GILZ/ HA–p53-, or L-GILZ/ HA–p53-transfected p53� /� HCT116 cells. DAPI (blue) was used as
a nuclear counterstain. Right panels show merged images. Scale bar represents 30mm. (e) In situ PLA in p53� /� HCT116 cells transfected with HA–p53 together with GILZ
or L-GILZ. Cells were fixed and processed by incubating with a goat anti-GILZ and mouse anti-HA antibody mixture, followed by an anti-goat PLA-plus probe for GILZ and
L-GILZ and anti-mouse PLA-minus probe for HA. Representative merged images from two experiments with the PLA (red) and DAPI (blue) channels are shown. No signals
were observed in non-transfected or single-transfected cells (not shown). Positive cells are indicated by arrows. Scale bar represents 30 mm. The insert shows a single cell at
100� magnification. Scale bar represents 10 mm in the insert. (f) H1299 cells were co-transfected with GST–L-GILZ or GST (in pEBG) together with either HA–p53 or
HA–empty vector. GST–L-GILZ and GST were purified by glutathione–sepharose resin. Co-purified p53 was detected by anti-HA antibody, and purified GST–L-GILZ and GST
were detected by anti-GST antibody. Lysates were analyzed by Western blot using anti-GST or anti-HA antibodies
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Figure 2 Mapping the L-GILZ-binding domains of p53. (a) Schematic illustration of full-length and mutant p53 constructs. TA, transactivation domain; PR, proline-rich
region; DBD, DNA-binding domain; OD, oligomerization domain; RD, regulatory domain. (b) p53� /� HCT116 cells were co-transfected with GST–L-GILZ or GST (in pEBG)
together with full-length or mutant p53 constructs. GST–L-GILZ and GST were purified by glutathione–sepharose resin. Co-purified full-length or mutant p53 was detected with
an anti-p53 antibody (upper left), and purified GST–L-GILZ or GST was detected by anti-GST antibody (lower left). Lysates were analyzed by Western blot using anti-p53
(upper right) or anti-GST (lower right) antibodies to control for plasmid expression. (c) Complex formation was measured by in situ PLA in p53� /� HCT116 cells transiently
transfected with L-GILZ together with full-length or mutant p53. Primary antibodies were goat anti-GILZ and rabbit anti-p53. Secondary antibodies were anti-goat PLA-plus
probe for L-GILZ and anti-rabbit PLA-minus probe for p53. In situ PLA is indicated by red signals from rolling cycle amplification products. Positive cells are indicated by arrows.
Scale bar represents 30mm. Images are representative of three experiments with consistent results

Figure 3 L-GILZ interacts with MDM2 and disturbs p53/MDM2 complexes. (a) p53� /� HCT116 cells were co-transfected with GST alone or with GST–L-GILZ or
GST–GILZ together with pCMV–MDM2 expression vector. After 24 h, GST-tagged proteins were purified by adsorption to glutathione–sepharose beads. In Western blots,
co-purified proteins were revealed with anti-MDM2 antibody, and purified GST/GST–L-GILZ/GST–GILZ was detected with anti-GST antibody. Whole-cell lysates were loaded
to control for plasmid expression (lower panel). (b) In situ PLA was used to confirm the interaction between L-GILZ or GILZ and p53. p53� /� HCT116 cells transiently
transfected with L-GILZ or GILZ and pCMV–MDM2 expression vectors were treated with a mixture of goat anti-GILZ and mouse anti-MDM2 antibodies and then with anti-goat
PLA-plus probe and anti-mouse PLA-minus probe. The signal (red spots) was analyzed by fluorescence microscopy. Positive cells are indicated by arrows. Scale bar
represents 30mm. (c) p53/MDM2 double-knockout MEFs were co-transfected with GST–L-GILZ or GST (in pEBG) together with either HA–p53 or pCMV–MDM2 expression
vectors. GST–L-GILZ and GST were purified by glutathione–sepharose resin. Co-purified p53 and MDM2 were detected by anti-HA and anti-MDM2 antibodies, and purified
GST–L-GILZ or GST was detected by anti-GST antibody. Lysates were analyzed by Western blot using anti-GST, anti-HA and anti-MDM2 antibodies. (d) Schematic
illustration of full-length and mutant MDM2 constructs. p53BD, p53-binding domain; NLS, nuclear localization sequence; Acidic, acidic domain; Zn, Zn finger. (e) The in vitro
transcription and translation products of full-length (FL) MDM2 or the deleted MDM2 mutants 4, 8 and 9 (M) were incubated with GST or GST–L-GILZ immobilized on
glutathione–sepharose beads. Equal amounts of GST-tagged protein were used (not shown). The proteins bound to the resin were eluted, resolved by SDS-PAGE, and
detected using anti-MDM2 antibodies. Input was 10% of the volume of the transcription and translation products used in the pull-down assays. The proteins were resolved by
SDS-PAGE and revealed by anti-MDM2 antibodies. (f) p53� /� HCT116 cells were co-transfected with GST–L-GILZ or GST alone together with pCMV–MDM2 and/or HA–
p53 expression vectors. Approximately 48 h after transfection, cells were treated with MG132 (25mM) for 5 h. Protein complexes were purified by adsorption to glutathione–
sepharose beads and analyzed via Western blot with anti-MDM2, anti-HA, or anti-GST antibodies. Whole-cell lysates were loaded to control for transfection levels (lower
panels). V, vector. (g) Lysates from p53� /� HCT116 cells transiently transfected with the indicated expression vectors and then treated with MG132 (25 mM) for 5 h were
immunoprecipitated with anti-HA antibodies, and immunocomplexes were analyzed by Western blot with anti-HA, anti-Myc or anti-MDM2 antibodies. Whole-cell lysates were
loaded to control for transfection levels (lower panels). Images are representative of three experiments with consistent results
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proliferation.30 Moreover, experiments using antisense p53
oligonucleotides show that blocking p53 expression reverses
DEX-induced p21 upregulation and inhibition of prolifera-
tion.31 Furthermore, p53 was recently found to be involved in
GR-mediated repression of nuclear factor-kB transcription.32

Most of these functional interactions between p53 and GCs
involve GRs; yet little is known about functional interactions
between p53 and GC-regulated proteins. Therefore, we
investigated the effect of L-GILZ and GILZ on p53 activation.
We observed that L-GILZ, but not GILZ, binds and activates
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Figure 4 Leptomycin inhibits L-GILZ/p53 but not L-GILZ/MDM2 co-localization. p53� /� HCT116 cells transiently transfected with (a) L-GILZ/HA–p53, (b) L-GILZ/MDM2,
or (c) HA–p53/MDM2 were treated with scalar concentrations of leptomycin and analyzed by in situ PLA. Positive cells are indicated by arrows. Scale bar represents 30 mm. (d)
p53� /� HCT116 cells transiently transfected with GST–L-GILZ/HA–p53 were treated for 3 h with the indicated concentrations of leptomycin. Total lysates (T) as well as
cytosolic (C) and nuclear (N) proteins were analyzed via Western blot using anti-GILZ, anti-HA, anti-laminin B1 (for nuclear protein detection) and anti-tubulin (for cytoplasmic
protein detection) antibodies. (e) GST–L-GILZ and GST from the cytoplasmic fraction of GST–L-GILZ/HA–p53-transfected- p53� /� HCT116 cells (experiment shown in d)
were purified by glutathione–sepharose resin. Western blot analysis with anti-HA antibody revealed the co-purified proteins, and anti-GST antibody was used to reveal the
purified GST/GST–L-GILZ
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p53. Therefore, our study revealed that L-GILZ is a regulator
of p53 activation.

Results

L-GILZ but not GILZ directly binds p53. To determine
whether GILZ and/or L-GILZ binds p53, we first conducted

glutathione S-transferase (GST) pull-down experiments
using GST–GILZ, GST–L-GILZ, or GST alone fusion
proteins. Immobilized fusion proteins were incubated with
cellular lysates from p53� /� HCT116 colon cancer cells
transfected with HA-tagged-p53 (HA–p53), and the composi-
tion of complexes was examined. We found that GST–L-
GILZ, but not GST–GILZ or GST alone bound p53

Figure 5 L-GILZ activates p53 and modulates p53/MDM2 ubiquitination. (a) Lysates from pcDNA3-L-GILZ- or empty vector-transfected p53þ /þ and p53� /� HCT116
cells were analyzed by Western blot 48 h after transfection using anti-p53, anti-MDM2, anti-PUMA, anti-p21, anti-L-GILZ, anti-actin and anti-tubulin antibodies.
(b) mRNAs from pcDNA3-L-GILZ- or empty vector-transfected p53þ /þ and p53� /� HCT116 cells were analyzed by real-time PCR for p53, MDM2, PUMA and p21
expression 24 h after transfection. For clarity, expression levels of empty vector-transfected p53þ /þ and p53� /� HCT116 cells were set to 1. ‘***’ indicates the direct
comparison of L-GILZ- versus empty vector-transfected cells. (c) Stability of p53 proteins was assessed in L-GILZ- or empty vector-transfected p53þ /þ HCT116 cells treated
for the indicated times with cycloheximide (30 mg/ml). Cell lysates were analyzed by Western blot with anti-p53 antibody. Quantitative densitometry analysis is shown. (d)
HEK293 cells were transfected with the indicated expression vectors. Approximately 48 h after transfection, cells were treated with MG132 (25 mM) for 5 h. Cell lysates were
immunoprecipitated with anti-Flag antibody, and ubiquitinated p53 and MDM2 were revealed by Western blot with anti-HA and anti-MDM2 antibodies, respectively.
Transfection levels are shown in the lower panel. Of note, the smearing pattern of MDM2 blinds Ub-free MDM2 fraction. (e) H1299 cells were transfected with Flag–ubiquitin
along with the indicated plasmids. Cell were treated with MG132 (25 mM) for 5 h before harvest. Cell lysates were immunoprecipitated with anti-Flag antibody followed by
Western blot with anti-p53 (FL-393). (f) H1299 cells were transfected with His–ubiquitin along with the indicated plasmids. Cells were treated with MG132 for 5 h before
harvest. Cell lysates were immunoprecipitated with anti-HA antibody followed by Western blot with anti-His antibody
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(Figure 1a). Because p53� /� cell lysates overexpressing
p53 may contain other proteins that bridge L-GILZ and p53,
we repeated the same experiment using in vitro translated
p53. Again, GST–L-GILZ, but not GST–GILZ or GST alone,
bound to in vitro translated p53 (Figure 1b), demonstrating a
direct p53/L-GILZ interaction.

We next examined this interaction in vivo. The p53� /�

HCT116 cells were transiently co-transfected with HA–p53
vector together with an expression vector carrying either
L-GILZ or GILZ. Immunoblot analysis of HA–p53 immuno-
precipitates indicated the presence of L-GILZ but not GILZ
(Figure 1c). Consistently, fluorescent microscopy revealed
extensive co-localization of p53 and L-GILZ but not of p53 and
GILZ (Figure 1d) in p53� /� cells overexpressing L-GILZ/HA–
p53 or GILZ/HA–p53, respectively. In situ proximity ligation
assay (PLA), an antibody-based method for the selective and
highly sensitive detection of protein interactions,33 confirmed

these observations. The signal, in the form of red spots,
revealed that p53 interacts with L-GILZ but not GILZ
(Figure 1e). This L-GILZ/p53 binding was also observed in
p53-deficient H1299 cells transfected with these same
vectors (Figure 1f).

L-GILZ binds p53 at its N-terminal domain. We next
investigated the domain that mediates p53 binding to L-GILZ.
GST–L-GILZ or GST alone (in pEBG vector) together with
wild-type (full-length) or mutant (deleted) forms of p5334

(Figure 2a) were transfected into p53� /� HCT116 cells. We
found that L-GILZ bound full-length p53, mutant 1 p53 (amino
acids 1–355, deletion of the regulatory domain) and mutant 2
p53 (amino acids 1–298, deletion of the regulatory and
oligomerization domains). By contrast, L-GILZ did not bind
mutant 3 p53 (amino acids 94–298, deletion of regulatory,
oligomerization and transactivation domains as well as part

Figure 6 L-GILZ inhibits p53-dependent proliferation and tumor growth. p53þ /þ or p53� /� HCT116 cells (0.25� 106) were transfected with L-GILZ or empty vector,
and 24 h after transfection, these cells were (a) seeded in triplicate in 96-well plates for [3H]-thymidine assays (*L-GILZ-transfected versus empty vector) or (b) plated in 10-cm
dishes in triplicate for clonogenic assays (***L-GILZ-transfected versus empty vector) as described in Materials and Methods. Number of colonies represents the mean±S.D.
of three independent experiments. Representative plates for each group are shown. (c) p53þ /þ or p53� /� HCT116 cells (5� 106) transfected with L-GILZ or empty vector
were subcutaneously injected into the right flank of nude mice. Tumor volume (n¼ 5 per group) was determined in vivo at the indicated time points using an external caliper.
Mice were killed 40 days after injection, and tumors were excised, imaged and weighed. *L-GILZ- versus empty vector-transfected cells
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of the proline-rich region; Figure 2b). In situ PLA confirmed
that L-GILZ interacts with full-length p53 and mutant 1 and 2
p53 but not with mutant 3 p53 (Figure 2c). Together, these
results demonstrate that the regulatory N-terminal domain
(amino acids 1–93) of p53 is necessary for L-GILZ/p53
binding. As MDM2 also binds p53 at its N-terminal domain,8

we next addressed the possibility that L-GILZ disturbs the
interaction between p53 and MDM2.

L-GILZ interacts with MDM2 and disturbs p53/MDM2
complexes. First, we performed co-immunoprecipitation
(co-IP) experiments to determine whether L-GILZ binds
MDM2 using p53� /� HCT116 cells transfected with GST–L-
GILZ, GST–GILZ or empty vector together with pCMV–
MDM2. We found that lysates contained immunoreactive
MDM2 when cells were co-transfected with GST–L-GILZ and
pCMV–MDM2 but not when cells were transfected with
GST–GILZ or empty vector along with pCMV–MDM2
(Figure 3a). The binding of L-GILZ and p53 was confirmed
using in situ PLA (Figure 3b). Moreover, both the p53/L-GILZ
and MDM2/L-GILZ interactions were also observed in p53/
MDM2 double-knockout mouse embryo fibroblasts (MEFs)
transfected with either p53 or MDM2 vectors together with
L-GILZ (Figure 3c).

To identify the MDM2 domain that binds L-GILZ, we
performed in vitro GST-pull-down experiments using GST–
L-GILZ as a bait with in vitro translated MDM2 or deleted
forms of MDM2, namely mutant 4 (6–200 aa), mutant 8
(150–490 aa) and mutant 9 (1–290 aa; Figure 3d). L-GILZ
bound full-length, mutant 4 and mutant 9 MDM2, but not
mutant 8 MDM2 that lacks the N-terminal region including the
p53-binding domain35 (Figure 3e).

As our data suggest that the L-GILZ-binding domain of p53
and MDM2 includes the regions responsible for p53/MDM2
interaction, we characterized the molecular interactions
among the three proteins. As expected, GST–L-GILZ bound
MDM2 and p53 in lysates from p53� /� HCT116 cells
transiently co-transfected with MDM2 and p53, respectively;
however, when cells were simultaneously transfected with all
three plasmids, GST–L-GILZ interacted with MDM2 but not
with p53 (Figure 3f). These experiments demonstrate that
L-GILZ mainly binds MDM2 in the presence of simultaneous
overexpression of p53 and MDM2, suggesting that L-GILZ
has a greater affinity for MDM2 than for p53.

Next, we tested whether L-GILZ disturbs p53/MDM2
complexes and thereby affects p53 activation. As expected,
p53 bound MDM2 in lysates from cells co-transfected with
HA–p53 and MDM2, but the simultaneous presence of L-GILZ
prevented the formation of this complex (Figure 3g).

As nuclear–cytoplasmic shuttling is crucial for p53 function,
we investigated whether the interaction among L-GILZ, p53
and MDM2 is affected by molecular shuttle inhibition. p53� /�

HCT116 cells were transfected with L-GILZ together with
p53 or MDM2 in the presence of increasing amounts of
leptomycin, which reduces nuclear export by inhibiting the
receptor chromosome region maintenance 1.36 In situ PLA
revealed that the L-GILZ/p53 interaction was reduced by
10 nM leptomycin (Figure 4a), whereas no reduction of
L-GILZ/MDM2 or p53/MDM2 co-localization was observed
(Figures 4b and c). To further explore this observation, we

separated cytoplasmic and nuclear proteins from GST–L-
GILZ/Ha–p53-co-transfected p53� /� HCT116 cells that were
treated with leptomycin to examine subcellular distributions of
p53 and L-GILZ proteins. Western blot analysis of total,
cytoplasmic and nuclear proteins of transfected cells showed
cytoplasmic localization for GST–L-GILZ, while HA–p53 was
mainly detected in the nucleus and to a lesser extent, in the
cytoplasm; however, the highest dose of leptomycin inhibited
the cytoplasmic localization of p53 but had no effect on L-GILZ
localization (Figure 4d). As a consequence, the co-IP
of cytoplasmic p53 and L-GILZ was inhibited by 10 nM
leptomycin (Figure 4e). Therefore the binding of p53 and
L-GILZ depends on p53 nuclear export.

L-GILZ activates the p53 signaling pathway and inhibits
tumor cell growth. To verify whether L-GILZ induces p53
activation, we compared the expression of MDM2, p53, and
its main target genes p21 and p53 upregulated modulator of
apoptosis (PUMA) in p53þ /þ and p53� /� HCT116 cells
overexpressing L-GILZ. We observed increased expression
of p53, p21 and PUMA and reduced expression of MDM2 in
p53þ /þ cells expressing L-GILZ but not in p53þ /þ cells
transfected with empty vector or in p53� /� cells (Figure 5a).
Similar results were obtained by mRNA analysis using real-
time PCR, although MDM2 expression was increased
(Figure 5b). This apparent discrepancy may be explained
by the different times for analysis of protein and mRNA (48
and 24 h after transfection, respectively). In addition, MDM2
expression is regulated at the transcriptional level by
p53; thus, not surprisingly, its mRNA is upregulated following
p53 activation. Moreover, we found that MDM2 mRNA was
downregulated when p53 protein was low (data not shown),
and this result is in agreement with a negative autoregulatory
feedback loop, wherein p53 stimulates MDM2 synthesis,
which in turn shuts off p53 activity.37

Protein stability is the main mechanism by which p53
activity is controlled. MDM2 maintains low levels of p53
through polyubiquitination and proteasomal degradation.38

Therefore, we reasoned that L-GILZ may affect the ubiquiti-
nation machinery. To test this hypothesis, we first evaluated
p53 stability in L-GILZ- or empty vector-transfected p53þ /þ

HCT116 cells after cycloheximide treatment and found that
L-GILZ stabilized and enhanced endogenous p53 protein
levels (Figure 5c). To determine whether L-GILZ interferes
with p53 ubiquitination, HEK293 cells were transfected with
FLAG–Ub, HA–p53 or MDM2, and L-GILZ and treated with
the proteasome inhibitor MG132. L-GILZ overexpression
decreased p53 and increased MDM2 ubiquitination
(Figure 5d), suggesting that L-GILZ stabilizes and activates
p53 proteins by affecting p53/MDM2 ubiquitination. Further-
more, in p53-null H1299 cells, increased ubiquitination of
ectopic p53 occurred in the presence of MDM2, and this effect
was inhibited by L-GILZ (Figures 5e and f). Finally, we
examined whether L-GILZ plays a role in the control of cell
proliferation and tumor cell growth. First, proliferation of
p53� /� or p53þ /þ HCT116 cells expressing L-GILZ or empty
vector was evaluated using thymidine uptake assays. The
results indicate that L-GILZ reduced the proliferation of
p53þ /þ but not p53� /� HCT116 cells (Figure 6a). Second,
using the transfected cells described above, we performed a
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colony formation assay. L-GILZ reduced the number of
colonies in p53þ /þ HCT116 but not in p53� /� HCT116 cells
(Figure 6b). Furthermore, we examined whether L-GILZ
affects tumor cell growth by subcutaneously injecting
p53� /� or p53þ /þ HCT116 cells expressing L-GILZ or
empty vector into nude mice (NU) and observing tumor growth
for 40 days. Tumors were readily observed in mice injected
with empty vector-transfected p53þ /þ cells (four out of five
mice had tumors at day 16), whereas tumors appeared later
and were significantly smaller in mice injected with L-GILZ-
transfected p53þ /þ cells (one out of five mice with tumors at
day 16). By contrast, L-GILZ did not affect tumor growth in
mice injected with p53� /� cells. After excision, images were

taken of representative tumors, and all tumors were weighed.
We found a significant difference in average tumor weight
between mice injected with L-GILZ-transfected versus empty
vector-transfected p53þ /þ cells (Figure 6c), but no significant
difference was observed for mice injected with p53� /� cells,
suggesting that the anti-tumor activity of L-GILZ depends on
p53 activation.

L-GILZ silencing reverts DEX-induced anti-proliferative
effects and downregulates expression of p53, p21 and
PUMA. The biological relevance of these findings was
evaluated by testing whether a similar interaction occurs
between endogenous proteins under basal conditions and

Figure 7 Silencing of L-GILZ decreases DEX anti-proliferative activity and the expression of p53, p21 and PUMA in MCF-7 cells. (a) Lysates from MCF-7 cells that were
treated with DEX (10� 7 M) for 24 h or left untreated were (b) immunoprecipitated with anti-p53 antibodies, and co-immunoprecipitated L-GILZ was detected by Western blot
using anti-GILZ antibody. (c) Co-localization of endogenous L-GILZ and p53 proteins in MCF-7 cells that were treated with DEX (10� 7M) for 24 h or left untreated was
detected by in situ PLA. Images are representative of three experiments with consistent results. Graph shows RCP values normalized to untreated control (100%),
representing the mean of three separate experiments. **DEX-treated versus control cells. (d) MCF-7 cells were transfected with L-GILZ (siL-GILZ) or scramble-L-GILZ (siCtrl)
siRNAs 24 h before DEX treatment (10� 7M) for 48 h. Cell cycle analysis according to PI staining was performed. A representative experiment is shown (DNA content is on x
axis, and number of nuclei is on y axis). (e) L-GILZ, p53, p21 and PUMA mRNA levels were determined by real-time PCR in untransfected (Ctrl), siCtrl and siL-GILZ MCF-7
cells treated 24 h after silencing with DEX (10� 7 M) for 3 h. Fold increase is relative to the respective untreated control. ‘***’ indicates the direct comparison of L-GILZ versus
scramble-L-GILZ siRNAs
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whether DEX, which upregulates GILZ,15 also increases
L-GILZ expression. Indeed, IP/Western blot analysis
revealed that p53 immunoprecipitates from MCF-7 cells that
simultaneously expresses p5339 and L-GILZ (for hL-GILZ,
NCBI Reference Sequence: NM198057) contained immuno-
reactive L-GILZ and that DEX treatment increased L-GILZ
expression in cell lysates and in p53 immunoprecipitates
(Figures 7a and b). Similar results were obtained using the
PLA technique (Figure 7c). Indeed, a significant increase in
red interaction spots was observed following DEX treatment.
Next, we determine whether L-GILZ is responsible for the
DEX-induced anti-proliferative effects. We treated MCF-7
cells with L-GILZ-specific siRNA prior to DEX treatment. As
expected, DEX treatment significantly reduced the number of
cells in S phase, while L-GILZ silencing (Figure 7e, left panel)
blocked the anti-proliferative effect of DEX (Figure 7d). Using
real-time PCR, we measured the expression of p53, p21 and
PUMA in DEX-treated MCF-7 cells in the presence of either
scramble or L-GILZ-specific siRNA. Silencing of L-GILZ
reduced mRNA expression of p53, p21 and PUMA
(Figure 7e), further supporting our conclusion that L-GILZ
modulates p53 activity.

Discussion

In the present study, we demonstrated that L-GILZ interacts
with p53 and MDM2, leading to the activation of p53 and the
inhibition of tumor cell growth.

The ability of L-GILZ to influence the activation of p53
depends on a finely regulated interaction between p53 and
MDM2.38 MDM2 stimulates the nuclear export of p53 and
targets p53 for proteasomal degradation.9,40 Upon genotoxic
cellular stress, p53 becomes stabilized by post-translational
modifications,41 is released from MDM2, and then migrates to
the nucleus and binds the promoter region of target
genes.38,42 Although other Ub ligases are also involved in
the control of p53 stability,43 MDM2 is the most important Ub
ligase that promotes p53 monoubiquitination and nuclear
export as well as polyubiquitination and degradation.44,45

Although MDM2 can be degraded via autoubiquitination,46

other binding partners may function as ligases and contribute
to MDM2 degradation or otherwise affect its function.42

For example, p19ARF binds and inhibits MDM2, thereby
stabilizing p53.47 Other molecules may bind both p53 and
MDM2 as dimers or ternary complexes, such as the
Ub-specific protease USP7 (herpesvirus-associated Ub-specific
protease), which binds and deubiquitinates MDM2 and p53,48

or Ub carboxyl-terminal hydrolase L1, which deubiquitinates
p53 and p19ARF and ubiquitinates MDM2,49 thereby stabilizing
p53 and promoting signaling. TGF-b-stimulated clone 22
(TSC-22)50 and Numb51 bind p53 and MDM2 and inhibit
MDM2-driven ubiquitination of p53, resulting in p53-
dependent apoptosis and inhibition of cell proliferation. Other
proteins bind p53 only. For instance, USP10 interacts with and
deubiquitinates p53, thereby regulating its localization and
stability.52

Here, we found that L-GILZ bound to both p53 and
MDM2.The binding of L-GILZ to p53 occurred at the
N-terminal domain of p53 (Figure 2), identified by x-ray
crystallography as the site responsible for the inhibition of p53

transactivation.53 Furthermore, L-GILZ bound to MDM2 via its
N-terminal domain, which is the domain that mediates the
MDM2 interaction with p5335 (Figure 3d). Thus, our results
suggest that L-GILZ binds p53 in the same region where
MDM2 binding occurs and binds MDM2 in the same region
where p53 binding occurs, thus inhibiting the p53/MDM2
interaction (Figure 3g). In MEFs co- transfected with L-GILZ,
p53, and/or MDM2, dimeric conformation of L-GILZ/p53 and
L-GILZ/MDM2 were detected (Figure 3c), although no ternary
complexes involving L-GILZ, p53 and MDM2 were observed.
This observation is not surprising, however, given that the
L-GILZ-binding domain for p53 and MDM2 partially overlaps
the regions involved in the p53–MDM2 interaction, resulting in
inhibition of p53/MDM2 binding. Notably, formation of a
transient trimeric L-GILZ/p53/MDM2 complex within particular
pathophysiological states cannot be excluded.

As a consequence of these interactions, p53 proteins are
stabilized and MDM2 expression is reduced. By binding to
p53 and MDM2, L-GILZ behaves in a manner similar to Numb
and TSC-22;50,51 however, unlike TSC-22, which does not
interfere with the formation of p53/MDM2 complexes,50

L-GILZ prevents p53/MDM2 complex formation, similar to
Numb.51

Using overexpression models, we also showed the
cytoplasmic co-localization of p53 and L-GILZ, whereas
ectopic expression of L-GILZ or p53 alone was associated
with cytoplasmic and mostly nuclear localization, respectively.
Furthermore, blocking nuclear export by leptomycin pre-
vented binding between L-GILZ and p53 but not between
L-GILZ and MDM2 or p53 and MDM2 (Figure 4). These
findings suggest that molecular interactions involving L-GILZ
occur in the cytoplasm and are determined by the pool of p53
that is located in the cytoplasm and ready for MDM2-mediated
proteasomal degradation. The ubiquitination of p53 induces
nuclear export,43 and whether this exported p53 can migrate
back to the nucleus remains unknown. Nevertheless, we
demonstrated that the binding of L-GILZ to p53 and MDM2 in
the cytoplasm reduced ubiquitination and induced activation
of p53 while also increasing MDM2 degradation. In general,
deubiquitination of p53 occurs in the nucleus, but, like
USP10,52 L-GILZ may induce the deubiquitination of p53 that
has been exported to the cytoplasm. Therefore, we propose
the following simplest mechanism: L-GILZ, which disrupts the
cytoplasmic association between MDM2 and p53, inhibits
the MDM2-mediated proteasome degradation of p53
(Figures 5d–f), thus stabilizing and activating p53. The
transcriptional activation of p53 and p53 downstream
genes, p21 and PUMA (Figure 5b), is then a consequence
of L-GILZ-induced post-transcriptional stabilization of p53,
which, when activated, functions as transcription factor to
regulate downstream target genes as well as its own
expression either directly or indirectly.54,55 Of note, 24 h after
transfection, MDM2 mRNA was increased, whereas the
MDM2 protein was dramatically decreased 48 h after trans-
fection (Figures 5a and b). This result suggests that the effect
of L-GILZ on MDM2 expression is the result of a balance
between L-GILZ activity at the post-transcriptional level on
MDM2 ubiquitination, resulting in activation of p53 and the
effects of activated p53 protein, which increases MDM2
transcription. Despite these interesting findings, we do not
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know the exact mechanism through which L-GILZ reduces
p53 and increases MDM2 ubiquitination nor why L-GILZ
preferentially binds to MDM2 but also forms dimers with both
p53 and MDM2. We assume that the different interactions
between L-GILZ and its binding partners may serve to
maintain low levels of p53 or to activate p53. These
interactions may involve different pools of p53 and/or MDM2
and depend on the L-GILZ, p53 and MDM2 expression levels.
For example, L-GILZ may bind to p53 under stress conditions
to protect p53 from MDM2-mediated targeting for proteaso-
mal degradation. In contrast, MDM2 upregulation, which is
necessary for the restoration of physiological conditions after
the stress response, may favor L-GILZ/MDM2 association,
and L-GILZ may contribute to regulation of MDM2 proteins
levels. This hypothesis, however, remains to be tested
empirically.

Apart from the modulation of p53 ubiquitination, other
mechanisms also contribute to p53 stabilization and activa-
tion. For example, following cell damage, phosphorylated
ataxia-telangiectasia mutated serine/threonine kinase
associated with p53 and/or MDM2 may inhibit p53 binding
to MDM2 or destabilize MDM2, respectively.56 Here, we
propose that the stabilization and activation of p53 also
involves L-GILZ; however, in spite of experimental evidence
suggesting less binding of MDM2 to p53 in the presence of
L-GILZ, we cannot exclude other potential mechanisms of
L-GILZ modulation of the p53 pathway, which deserve further
investigation.

A consequence of L-GILZ-induced stability of p53 proteins
is activation of anti-proliferative and apoptotic pathways,
which involve increased expression of p21 and PUMA. This
outcome is dependent on the effect of L-GILZ on p53, as p21
and PUMA expression were not detected in p53� /� cells.
Also, L-GILZ-induced inhibition of cell proliferation and tumor
growth was found only in tumors expressing p53. Further-
more, the involvement of L-GILZ in modulation of p53-
dependent proliferative mechanisms is supported by our
experimental observation that in the MCF-7 cell line, L-GILZ
silencing reversed the anti-proliferative effect of DEX,
decreasing the expression of p53 and the p53-dependent
genes p21 and PUMA.

One emerging question is whether the redundancy of GILZ
isoforms is crucial for cell function or whether isoforms provide
specific functions or function in specific cell types. GILZ has
been studied thoroughly,18 while the study of L-GILZ has just
begun; however, increasing evidence suggests that the two
isoforms may exert different functions. Specifically, previous
studies indicate that L-GILZ has an exclusive role in the
regulation of spermatogenesis,25 and the present study
suggests that L-GILZ may have an exclusive role in the
control of p53 activation. Also, as deregulation of the p53
signal is one means by which tumors escape death or the
homeostatic control of proliferation, our discovery that L-GILZ
inhibits tumor growth through the activation of p53 supports
our future research to determine the expression of L-GILZ in
human tumors, especially those known to involve p53
abnormalities. If a role of L-GILZ in human tumors is
established, L-GILZ may be considered a tumor suppressor
gene, and thus this work may ultimately lead to new
approaches for L-GILZ-targeted cancer therapy.

Materials and Methods
Cell lines and animals. HCT116 human colorectal carcinoma parental
cells (p53þ /þ ) and p53-deficient cells (p53� /� ),57 generously provided by Dr.
Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA), were maintained
in McCoy’s 5A medium with 10% fetal bovine serum (FBS) supplemented with
100 U/ml penicillin and 100mg/ml streptomycin at 37 1C. MCF-7 (breast cancer cell
line, p53 wild type), HEK293 (human embryonic kidney) and H1299 (non-small cell
lung carcinoma, p53-null) cells were grown in recommended medium containing 10%
heat-inactivated FBS, 100 U/ml penicillin and 100mg/ml streptomycin as previously
described.39,50 MEFs from double null (p53/MDM2) embryos, which were a generous
gift from Pier Giuseppe Pelicci (European Institute of Oncology, Milan, Italy), were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS.

Male NU (NU/J; Harlan, Udine, Italy), aged 8–10 weeks, were housed in a
pathogen-free room. Mice had free access to commercial rodent feed and water
and were allowed to acclimatize for 2 weeks prior to treatment. Mice were
weighed weekly. Animal care was in compliance with regulations in Italy (D.M.
116192), Europe (O.J. of E.C. L 358/1 12/18/1986) and the United States (Animal
Welfare Assurance No A5594-01, Department of Health and Human Services).

For mouse xenograft studies, 5� 106 p53þ /þ or p53� /� HCT116 cells
transfected with L-GILZ or empty vector were subcutaneously injected into NU.
Tumor growth was monitored using electronic digital calipers. Tumor volume (mm3)
was calculated as (length�width2)/2.58 Mice were killed 40 days after treatment,
and tumors were excised and weighed.

Plasmid construction and cell transfection. Full-length cDNA
encoding MDM2, GILZ and L-GILZ was inserted into pcDNA3 (Invitrogen, Life
Technologies, Paisley, UK) or into pcDNA3.1/Myc-His for Myc-L-GILZ epitope
tagging as previously described.59 GST-tagged vectors containing L-GILZ were
generated by subcloning into the BamHI and NotI sites of the mammalian
expression vector pEBG, which was kindly provided by Walter Kolch (the Beatson
Institute for Cancer Research, Glasgow, UK). The pcDNA3-HA–p53 and Flag–Ub
constructs were a generous gift from Gerry Melino (the Medical Research Council,
Leicester University, Leicester, UK); His-tagged Ub construct was provided by Dirk
Bohmann (the University of Rochester Medical Center, Rochester, NY, USA);
pCMV–MDM2 was provided by Giuseppe Servillo (the Perugia University, Perugia,
Italy); p53-truncated mutants were provided by Giannino Del Sal (the Laboratorio
Nazionale, Trieste, Italy); and MDM2 deletion mutants in pBS-KS vector were
kindly provided by Arnold Levine (the Rutgers Cancer Institute of New Jersey, New
Brunswick, NJ, USA). Cells were transfected using jetPEI transfection reagent
(Polyplus, Illkirch, France) according to the manufacturer’s instructions.

Nuclear and cytoplasmic fractionation was conducted using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents kit (Thermo Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol.

co-IP and Western blot. Approximately 24–48 h after transfection, whole-
cell extracts were prepared and IP was performed in IP buffer.20 Antigen–antibody
complexes were precipitated with protein A or G bound to sepharose beads
(Sigma-Aldrich, Seelze, Germany).

For analysis of complex formation, cells were co-transfected with either pEBG-L-
GILZ (eukaryotic GST–L-GILZ), pEBG empty vector, or pEBG-GILZ. Cell extracts
were incubated with glutathione–sepharose beads in buffer containing 1 M
tris(hydroxymethyl)aminomethane (Tris)-HCl (pH 7.6), 5 M NaCl, 1% NP-40, 10%
glycerol, 1 M MgCl2 and 10mg/ml leupeptin and aprotinin. GST-fusion and
associated proteins were eluted after boiling and subjected to Western blot with the
indicated antibodies.

Extracted or immunoprecipitated proteins were separated using SDS-PAGE
and assessed by Western blotting. Primary antibodies were anti-GILZ
(eBioscience, San Diego, CA, USA), anti-p53 (DO-1 and polyclonal FL-393,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-MDM2 (SMP14, Santa Cruz
Biotechnology), anti-p21 (Cell Signaling, Danvers, MA, USA) and anti-PUMA (Cell
Signaling). We also used antibodies specific for Flag (Sigma-Aldrich), Myc
(Invitrogen, Life Technologies), HA, GST or HIS (Cell Signaling) epitopes. Anti-b-
tubulin or anti-actin (Sigma-Aldrich) and anti-lamin B1 (Abcam, Cambridge, UK)
antibodies were used as controls. Secondary antibodies were labeled with
horseradish peroxidase (Pierce, Thermo Scientific). Antigen–antibody complexes
were revealed by enhanced chemiluminescence following the manufacturer’s
instructions (Millipore, Billerica, MA, USA).

Western blot films were scanned, and band signal intensities were determined
using ImageJ software (developed by NIH, Bethesda, MD, USA). Expression levels
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were normalized to b-tubulin, actin or lamin B1 expression. In vivo ubiquitination
assays were performed as previously described.52 All IP experiments were
controlled with appropriate pre-immune serum (not shown) and considered valid
only if similar results were obtained in three repeated experiments.

In vitro protein-binding assays. For pull-down assays, the fusion
proteins GST–GILZ or GST–L-GILZ were loaded on glutathione–sepharose
beads as previously described24 and incubated with lysates from p53� /�

HCT116 cells transfected with HA–p53. Beads were washed extensively,
suspended in sample buffer, and analyzed by SDS-PAGE and Western blotting
with anti-HA antibodies. For direct complex analysis, wild-type p53, wild-type
MDM2 and MDM2-deleted mutants (4, 8 and 9) were translated in vitro using the
rabbit reticulocyte-coupled in vitro transcription–translation system under control of
the T7 promoter, or T3 promoter for mutant 9, according to the manufacturer’s
instructions (Promega, Madison, WI, USA). Translated proteins were diluted with
binding buffer (25 mM N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid at pH
7.5, 10% glycerol, 50 mM NaCl, 0.05% NP-40, and 1 mM DTT) and pre-cleared
with glutathione–sepharose beads for 45 min at 4 1C. GST–GILZ and/or GST–L-
GILZ was incubated with translated proteins for 18 h at 4 1C. Beads were
subsequently washed five times with binding buffer. Bound proteins were analyzed
by SDS-PAGE and revealed by Western blotting with anti-p53 or -MDM2
antibodies.

Indirect immunofluorescence and microscope analysis. HA–p53/
GILZ- or HA–p53/L-GILZ-transfected p53� /� HCT116 cells were adhered directly
onto glass slides. Cells were permeabilized by incubation in methanol for 20 min at
� 20 1C. After washing three times in phosphate-buffered saline (PBS) and
blocking in PBS containing 3% bovine serum albumin and 1% glycine, cells were
incubated for 1 h at room temperature with anti-HA and anti-GILZ antibodies. Cells
were then incubated for 1 h with secondary anti-mouse-FITC-conjugated or anti-
rabbit-Texas red-conjugated antibodies in blocking buffer containing 1 ng/ml of 4,6
diamidino-2-phenylindole (DAPI). After washing, slides were mounted with cover
glass and analyzed using a Zeiss Axioplan fluorescence microscope (Zeiss,
Oberkochen, Germany) equipped with a Spot-2 cooled camera (SPOT Imaging
Solution, Sterling Heights, MI, USA).

In situ PLA. In situ PLA detection was performed using DUOLINK II In Situ kit
components (OLINK Bioscience, Uppsala, Sweden) according to the manufac-
turer’s instructions. Briefly, p53� /� HCT116 cells transfected with the indicated
expression vectors were prepared as cytospin slides, fixed with 4% paraformal-
dehyde for 20 min at room temperature, and blocked in PBS containing 1% bovine
serum albumin, 0.1% Triton X-100 and 10% horse serum. Cells were then
incubated with primary goat anti-GILZ antibody (recognizing L-GILZ and GILZ)
together with either mouse anti-HA (recognizing HA–p53), mouse anti-MDM2 or
rabbit p53 (recognizing wild-type and mutant p53) antibody in blocking buffer at
4 1C overnight. After washing slides with appropriate buffers, secondary PLA
probes (anti-goat PLA-plus probe for GILZ and L-GILZ, anti-mouse PLA-minus
probe for HA–p53, anti-rabbit PLA-minus or plus probe for wild-type and mutant
p53 and anti-mouse PLA-minus probe for MDM2) were added, and slides were
incubated for 1 h at 37 1C. After washing, the amplification reaction was performed
for 100 min at 37 1C. Slides were then washed, air dried and mounted with Olink
mounting media containing DAPI. A technical negative control (not shown) was
performed with only minus probes. Some groups with ectopic plasmid expression
were treated for 3 h with leptomycin (Sigma-Aldrich) prior to in situ PLA.

Detection of interaction signals was performed using a Zeiss Axioplan
fluorescence microscope equipped with a Spot-2 cooled camera. The absolute
numbers of detected rolling cycle amplification products (RCP, red) visualized as
bright fluorescent signals were measured by ImageJ software in 5–10 fields/slide.
All RCP signals in the image were divided by the blue (DAPI) signal.

Clonogenic, [3H]-thymidine uptake and propidium iodide (PI)
assays. HCT116 p53þ /þ and HCT116 p53� /� cells were transfected with
either pcDNA3 or L-GILZ. Approximately 24 h after transfection, a total of 1000
cells were plated in 10-cm dish plates in triplicate. The plates were incubated at
37 1C for 10–12 days and stained with 0.5% (w/v) crystal violet. The cell culture
dishes were photographed to obtain digital images. The colonies (range 0.002–
0.04 in2) were counted using the ImageJ software. The experiment was performed
at least three times using triplicate cultures. For [3H]-thymidine uptake, transfected
cells were seeded in triplicate in 96-well plates in the presence of [3H]-thymidine

(2 mCi/well; Amersham Biosciences, Piscataway, NJ, USA), and the uptake assays
were performed as previously described.24 Cell cycle profiles were analyzed by
flow cytometry to determine DNA content of cell nuclei stained with PI, as
previously described.24

RNA interference. The post-transcriptional silencing of the L-GILZ gene was
induced by dsRNA interference using the Trilencer-27 siRNA knockdown duplexes
commercial kit (Origene, Rockville, MD, USA) according the manufacturer’s
instructions. Briefly, MCF-7 cells were transfected with one of the three L-GILZ
siRNAs (SR301284, Origene) or with the scrambled control siRNA (SR30004) in
the presence of siTran transfection reagent (Origene) in a culture medium for 24 h.
After 24 h, cells were treated with DEX (10� 7 M) for another 3 or 48 h for real-time
PCR and FACS analysis, respectively.

Real-time PCR. The RNA of cells was isolated using the Trizol reagent
(Invitrogen, Life Technologies), and conversion of total RNA to cDNA was
performed with the QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. All real-time PCR reactions
were performed using the ABI 7300 Real-Time Cycler (Applied Biosystems, Life
Technologies), and amplification was achieved using the TaqMan Gene
Expression Assay (Applied Biosystems, Life Technologies). Master mix, primers,
and probes for amplification of the L-GILZ, p53, MDM2, p21, PUMA and HPRT-1
genes were all purchased from Applied Biosystems. All experiments were carried
out in triplicate, and the DDCt method was used to determine expression of the
genes of interest.

Statistical analysis. Each experiment was performed at least three times.
Results of representative experiments are shown in the figures. Due to the
non-normal distribution of data, non-parametric tests (Kruskall–Wallis analysis of
variance) were used for statistical evaluation. Individual group means were
compared using the Student’s unpaired t-test. Differences were considered
statistically significant according to the following criteria: *Po0.05; **Po0.01;
***Po0.001.
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