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BACKGROUND: p53 induces cell-cycle arrest and apoptosis in cancer cells and negatively regulates glycolysis via TIGAR. Glycolysis is
crucial for cancer progression although TIGAR provides protection from reactive oxygen species and apoptosis. The relation
between TIGAR-mediated inhibition of glycolysis and p53 tumour-suppressor activity is unknown.
METHODS: RT–PCR, western blot, luciferase and chromatin immunoprecipitation assays were used to study TIGAR gene regulation.
Co-IPP was used to determine the role of TIGAR protein in regulating the protein–protein interaction between retinoblastoma (RB)
and E2F1. MCF-7 tumour xenografts were utilised to study the role of TIGAR in tumour regression.
RESULTS: Our study shows that TIGAR promotes p21-independent, p53-mediated G1-phase arrest in cancer cells. p53 activates the
TIGAR promoter only in cells exposed to repairable doses of stress. TIGAR regulates the expression of genes involved in cell-cycle
progression; suppresses synthesis of CDK-2, CDK-4, CDK-6, Cyclin D, Cyclin E and promotes de-phosphorylation of RB protein.
RB de-phosphorylation stabilises the complex between RB and E2F1 thus inhibiting the entry of cell cycle from G1 phase to S phase.
CONCLUSION: TIGAR mediates de-phosphorylation of RB and stabilisation of RB–E2F1 complex thus delaying the entry of cells in
S phase of the cell cycle. Thus, TIGAR inhibits proliferation of cancer cells and increases drug-mediated tumour regression by
promoting p53-mediated cell-cycle arrest.
British Journal of Cancer (2012) 107, 516–526. doi:10.1038/bjc.2012.260 www.bjcancer.com
Published online 10 July 2012
& 2012 Cancer Research UK

Keywords: p53; TIGAR; RB; CDK; cyclins; cell-cycle arrest; hypoxia; tumour regression

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

p53 induces apoptosis, cell-cycle arrest, senescence and differ-
entiation, which prevents proliferation of stressed or damaged cells
(Vogelstein et al, 2000). The role of p53 in regulation of cellular
metabolism has recently been identified (Bensaad et al, 2006;
Matoba et al, 2006). p53 target gene, TIGAR (TP53-induced
glycolysis and apoptosis regulator), regulates glucose metabolism
in cancer cells and it causes a decline in Fru-2,6-P2 levels and
thereby blocks glycolysis (Bensaad et al, 2006). In addition to the
regulation of glycolysis, TIGAR was shown to reduce cellular
reactive oxygen species (ROS) and protect cells from DNA
damage-induced apoptosis (Bensaad et al, 2006). The TIGAR
protein has structural similarity with the bis-phosphatase
domain of PFK-2/FBPase-2 (6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase). PFK-2/FBPase-2 is an enzyme that has a
critical function in the regulation of cellular glycolysis. Recently,
TIGAR has been shown to hydrolyse fructose-2,6-bisphosphate
and fructose-1,6-bisphosphate (Li and Jogl, 2009), two activities
that lead to the same effects on glycolysis. Expression of TIGAR
results in decreased levels of Fru-2,6-P2 and eventually negative
regulation of glycolysis, which in some cells was shown to be pro-
apoptotic. However, reduced glycolysis results in the redirection of
glycolytic metabolic intermediates to the oxidative branch of the

pentose phosphate pathway. This results in TIGAR-mediated
increase in cellular NADPH production, which contributes to the
scavenging of ROS by reduced glutathione and thus a lower sensi-
tivity of cells to oxidative stress-associated apoptosis, including
that induced by p53 (Bensaad et al, 2006). This brings about the
question of the role of p53-mediated regulation of TIGAR in
context of the tumour-suppressor role of p53, as p53-mediated
transcription is designed to decrease tumorigenesis and neoplas-
ticity. As TIGAR is proposed to be an anti-apoptotic/protective
molecule, it is logical to assume that TIGAR might be related with
the cell-cycle arrest and DNA repair effector response in cancer
cells that suffer from repairable dose of genotoxic/cellular insult.

More than 90% of human neoplasias have abnormalities in some
component of the cell cycle. Thus, the p53-mediated regulation of
cell-cycle progression is a critical effector response in regulation of
neoplastic growth. These abnormalities are due to regulation of the
retinoblastoma (RB) pathway or hyper-activation of CDK via
overexpression of positive cofactors such as cyclins/CDKs or
downregulation of negative factors (Hartwell and Kastan, 1994).
These changes promote deregulated S-phase progression in a way
that ignores growth factor signals, with loss of G1 checkpoints
(Sherr, 1996). Cell cycle is regulated by cyclin-dependent kinases
(CDKs) that form heterodimer complexes with cyclins, cofactors
required for the CDK activity. There are at least nine different
CDKs (CDK1–CDK9) and many more cyclins (cyclin A through T)
(MacLachlan et al, 1995). The cyclin/cdk complexes orchestrate the
advance of the cell through different phases of its growth cycle.
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Mammalian G1 phase Cyclins D and E mediate progression through
G1/S phases (Malumbres and Barbacid, 2009). Three D-type cyclins
exist (Cyclin D1, D2 and D3), which are expressed differently in
various cell lineages, with most cells expressing Cyclin D3 and either
D1 or D2. Two types of Cyclin E (E1 and E2) exist, which show
overlapping expression patterns in mouse tissues and can be
co-overexpressed in human tumours (Geng et al, 2001). Mitotic
cyclins A and B mediate progression through the S/G2/M phases.
Cyclin A1 is expressed in meiosis and early embryogenesis, whereas
Cyclin A2 is found in proliferating somatic cells. Cyclin B2 probably
has a role in Golgi remodelling during mitosis (Jackman et al, 1995),
whereas Cyclin B1 controls other functions of this cyclin type.
Until now, at least 16 cyclins have been discovered, for many of
whose binding partners and functions have yet to be identified.

It has been shown that RB protein (pRb) is responsible for a
major G1 checkpoint (restriction point) blocking S-phase entry
and cell growth, promoting terminal differentiation by inducing
both cell-cycle exit and tissue-specific gene expression (Weinberg,
1995). The interaction between the pRb family proteins and the
E2F family transcription factors has a central role in governing
cell-cycle progression and DNA replication by controlling the
expression of E2F-dependent genes (Macaluso et al, 2005). RB
protein phosphorylation is a cell-cycle-dependent phenomenon
and cyclin/CDK complexes are responsible for this regulation. In
the early G1 phase, D-type cyclins couple with the kinase cdk4 or
cdk6 and phosphorylate pRb/105 and Rb2/p130 (Dowdy et al,
1993). In the middle to late G1 phase, Cyclins E and A form
complexes with cdk2, which specifically target Rb/p105, Rb2/p130
and p107 (De Luca et al, 1997). This step is crucial for the
inactivation of members of the pRb family and the release of E2F
factors. pRb, which is hypo-phosphorylated in resting G0 cells, is
increasingly phosphorylated during progression through G1 and is
maintained in a hyper-phosphorylated state until late mitosis
(Weinberg, 1995; Claudio et al, 2000). When in its actively growth-
suppressing hypo-phosphorylated state, pRb physically associates
with E2F factors and blocks their ability to activate expression of
genes that encode products necessary for S-phase progression. The
RB proteins repress gene transcription, required for transition
from G1- to S-phase, by directly binding to the transactivation
domain of E2F and by binding to the promoter of these genes as a
complex with E2F (Adams and Kaelin, 1995). Progression of the
cells through G1 and S phases requires inactivation of RB protein
phosphorylation. The phosphorylation status of these proteins is
regulated by Cdk inhibitor (CKI) binding to the cyclin/cdk
complexes (Sherr and Roberts, 1995). E2F1 is required by the
cell-cycle machinery for entry of cells from G1 phase to S phase of
cell cycle. Thus, the activity of E2F1 is tightly regulated by the RB
protein (Hsieh et al, 1997; Lauricella et al, 2001). Hyper-
phosphorylation of RB by the CDK4/6-Cyclin D complex leads to
the dissociation of pRb from its binding partner E2F1, which helps
in S-phase entry (Wang et al, 1999).

Here we show that p53-inducible TIGAR has an important role
in regulation of cell-cycle progression. TIGAR promotes G1-phase
arrest in cancer cells by negatively regulating the expression of the
members of cyclin–CDK complex which are responsible for
phosphorylation of the RB protein. The TIGAR-mediated RB
hypo-phosphorylation results in stabilisation of RB–E2F1 complex
and thus restricts the entry of cells into S-phase. The present study
establishes that TIGAR-mediated G1 arrest is an alternative
pathway to p21-induced arrest.

MATERIAL AND METHODS

Cell lines and culture conditions

MCF-7 and KB cells were obtained from the National Center for
Cell Sciences (Pune, India). The cells were cultured as monolayers

in DMEM medium supplemented with 10% (v/v) heat-inactivated
fetal bovine serum and antibiotics, and incubated at 37 1C in a
humidified atmosphere of 95% air and 5% CO2.

Transfections

p53 siRNA and TIGAR siRNA were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Cells were split 2 days
before transfection at the density of 5� 105 cells per plate. siRNA
were transfected in cells using ESCORT IV kit (Sigma, St Louis,
MO, USA). In vivo cDNA transfections were made using in vivo
transfection kit from Altogen Biosciences (Las Vegas, NV, USA).

Tumour induction

A 80-ml cell suspension containing 1� 107 cells was subcuta-
neously injected into the hind legs of each mice, thus producing a
site of MCF-7 tumour per mouse. Tumour volumes were
monitored weekly by caliper measurement of the length, width
and height and were calculated using the formula for a semi-
ellipsoid (4/3pr3/2). After 3 weeks, mice bearing tumours with
volumes averaging B200 mm3 were randomised for treatment.
Because of the variations in tumour and initial tumour growth, as
well as the removal of mice for analysis at various time points,
number of mice at each time point varied from experiment to
experiment. The number of mice analysed is reported in the text.

Chromatin immunoprecipitation

Formaldehyde was added at a final concentration of 1% directly to
cell culture media. Fixation proceeded at 22 1C for 10 min and was
stopped by the addition of glycine to a final concentration of
0.125 M. The cells were collected by centrifugation and rinsed in
cold phosphate-buffered saline. The cell pellets were resuspended
in swelling buffer (10 mM potassium acetate, 15 mM magnesium
acetate, 0.1 M Tris (pH 7.6), 0.5 mM phenylmethylsulfonyl fluoride
and100 ng of leupeptin and aprotinin per ml), incubated on ice for
20 min, and then Dounce homogenised. The nuclei were collected
by micro-centrifugation and then resuspended in sonication buffer
(1% sodium dodecyl sulphate, 10 mM EDTA, 50 mM Tris-HCl (pH 8.1),
0.5 mM phenyl-methyl-sulfonyl fluoride, and 100 ng of leupeptin
and aprotinin per ml) and incubated on ice for 10 min. Before
sonication, 0.1 g of glass beads (212–300 mm diameter; Sigma) was
added to each sample. The samples were sonicated on ice at setting
10 for 20-s pulses to an average length of B1000 bp and then
micro-centrifuged. The chromatin solution was precleared with
the addition of Staphylococcus aureus protein A-positive cells for
15 min at 4 1C. Before use, the Staph A cells were blocked with 1 mg
of sheared herring sperm DNA per ml and 1 mg of bovine serum
albumin per ml for at least 4 h at 4 1C. Precleared chromatin from
107 cells was incubated with 1 mg of affinity-purified rabbit
polyclonal antibody or no antibody and rotated at 4 1C for
B12–16 h. p53 antibodies were used for immunoprecipitation
and washing, and elution of immune complexes was carried out as
previously described. Before the first wash, 20% of the supernatant
from the reaction with no primary antibody for each time point
was saved as total input chromatin and was processed with the
eluted immunoprecipitates beginning at the cross-link reversal
step. Cross-links were reversed by the addition of NaCl to a final
concentration of 200 mM, and RNA was removed by the addition of
10 mg of RNase A per sample followed by incubation at 65 1C for
4–5 h. The samples were then precipitated at � 20 1C overnight by
the addition of 2.5 volumes of ethanol and then pelleted by micro-
centrifugation. The samples were resuspended in 100 ml of Tris-
EDTA (pH 7.5), 25 ml of 5� proteinase K buffer (1.25% sodium
dodecyl sulphate, 50 mM Tris (pH 7.5) and 25 mM EDTA) and 1.5 ml
of proteinase K (Boehringer Mannheim, Indianapolis, IN, USA)
and incubated at 45 1C for 2 h. Samples were extracted with
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phenol–chloroform–isoamyl alcohol (25 : 24 : 1) followed by extrac-
tion with chloroform–isoamyl alcohol and then precipitated with
1/10 volume of 3 M NaOAc (pH 5.3), 5 mg of glycogen and
2.5 volumes of ethanol. The pellets were collected by micro-
centrifugation, resuspended in 30 ml ofH2O and analysed by PCR.
PCR amplification of genomic fragments containing TIGAR BS1
and TIGAR BS2 was performed with specific primers flanking the
putative binding sites of TIGAR (BS1: 50-GCTTCAGACGTATATAT
AGA-30 and 50-GGGGCTATTCTTGGTAGTAA-30, BS2: 50-CGGCAG
GTCTTAGATAGCTT-30 and 50-GGCAGCCGGCATCAAAAACA-30).

RESULTS

p53 regulates TIGAR expression at low doses of UV and
tamoxifen

As p53 downregulates glycolysis through TIGAR and upregulates
oxidative phosphorylation through SCO2 (Matoba et al, 2006), we
hypothesised that p53 might fail to antagonistically regulate
glycolysis and oxidative phosphorylation under identical condi-
tions of cellular stress. We first determined whether p53-mediated
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regulation of TIGAR is dependent upon the degree of cellular
stress. TIGAR mRNA expression (Figure 1A) was analysed in KB
cells treated with low (25 J cm� 2) and high (50 J cm� 2) doses of
UV, and tamoxifen (10 and 100 nM) (Tam-10 and Tam-100) in a
time-dependent manner. KB cells were treated with UV (25 and
50 J cm� 2) for 0 h (control), 12 h, 18 h and 24 h. Following
treatment the total mRNA of the cancer cells was extracted
and used for real-time (quantitative) and reverse-transcriptase
PCR analysis. The results of both qPCR and RT–PCR were
similar and showed that UV-25 treatment resulted in progres-
sive increase in TIGAR mRNA level from 0 to 24 h whereas
UV-50 was unable to induce any significant increase in the TIGAR
mRNA level from 0 to 24 h. A similar effect of tamoxifen at a low
dose (10 nM) and high dose (100 nM) was observed on the TIGAR
mRNA expression in KB cells using both qPCR and RT–PCR
(Figure 1A). KB cells were incubated with the two doses of
tamoxifen for 12, 18 or 24 h. The results showed that Tam-10 was
able to induce maximum expression of the TIGAR mRNA at 24 h
time point. On the other hand, Tam-100 had no significant effect
on TIGAR mRNA expression at 12, 18 or 24 h time point. In
conclusion, the TIGAR mRNA expression was five-fold higher at
the low dose of UV and tamoxifen than in higher doses. Similarly,
TIGAR protein expression was analysed in UV- and tamoxifen-
treated KB cells using quantitative in vivo ELISA and western blot
techniques (Figure 1B). The results showed that only UV-25 and
Tam-10 were effective in upregulating TIGAR protein expression
at the 24 h time point, whereas UV-50 and Tam-100 were not
effective in inducing the expression of TIGAR protein in KB cells.
In conclusion, the TIGAR expression was four-fold higher in KB
cells treated with low doses of UV and tamoxifen. Next, the role of
UV and tamoxifen stress gradient in regulation of TIGAR was
determined in the epithelial tissue of UV- and tamoxifen-treated
Swiss albino mice (Figure 1C). After treatment of UV-25, UV-50,
Tam-10 and Tam-100 for 24 h on the mice epithelial tissue, the
tissue samples were collected and analysed for the expression of
TIGAR protein expression using western blotting. The results
showed that the TIGAR protein expression was high only at low
doses of UV (UV-25) and tamoxifen (Tam-10). As TIGAR is an
established transcriptional target of p53 (Bensaad et al, 2006), the
role of p53 in the observed rise in TIGAR mRNA and protein level
at low doses of UV and tamoxifen was important to be analysed.
We observed whether the UV-25-induced increase in TIGAR
mRNA and protein levels was p53 dependent by silencing p53 gene
using p53 siRNA in the treated KB cells (Figure 1D). The results
showed that p53 silencing abolished UV-25-induced expression of
TIGAR (lane 3; Figure 1D), scrambled siRNA of p53 served as a
negative control (lane 4). Interestingly, p53 gene silencing did not
cause any significant change in the UV-50-induced p53 protein

level (lane 6), suggesting that p53 might not transcriptionally
regulate TIGAR gene at high doses of cellular stress. Luciferase
assay was conducted to determine p53-mediated transcriptional
regulation of TIGAR gene promoter during low doses of stress
(Supplementary Figure S1). TIGAR gene promoter region with
p53-response element (p53-RE) was cloned in a pGL3 vector and
the construct was transfected in KB cell treated with increasing
dose of UV for 24 h. The results showed an increase in p53-
dependent luciferase activity only in KB cells that were treated with
low doses of UV (Supplementary Figure S1). In the luciferase
assay, p53 siRNA was used as the control to study the role of p53,
and p53 scr siRNA was used as another control as shown in the
figure. These data suggested that p53 transcriptionally regulates
TIGAR gene promoter only in cancer cells subjected to low doses
of cellular insult. The p53-mediated transcription at the TIGAR
gene promoter was significantly reduced upon increasing the UV
dose, suggesting that p53-mediated transcriptional regulation at
TIGAR gene promoter is abolished at higher doses of cellular
insult. As p53 mediates its transcriptional efficiency by directly
binding to its REs in the promoter region of its downstream genes,
we observed the direct binding of p53 at the TIGAR-RE in
UV-treated (UV-0 to UV-50) KB cells using chromatin immuno-
precipitation (ChIP). Analysis of p53 binding to p53 RE (þ 340 to
þ 362, BS2), as described by (Bensaad et al, 2006), at the TIGAR
promoter using ChIP shows that p53 binds 48-fold to its RE in KB
cells exposed to low dose of UV (Figure 1E). p53 showed very high
binding to its RE at the TIGAR promoter in KB cells treated UV-20,
UV-25, UV-30 and UV-35 (lanes 6–9), upon increasing the dose to
XUV-40 the binding between p53 and p53-TIGAR-RE showed
significant decrease. The real-time ChIP experiment showed
similar results where low doses of UV resulted in strong binding
of p53 to its RE at the TIGAR promoter (Figure 1F). These data
confirmed the fact that p53 specifically regulated TIGAR gene
promoter exclusively in cancer cells subjected to low doses of
cellular stress and at high doses p53-mediated regulation of TIGAR
gene was abolished. As TIGAR is known to negatively regulate
glycolysis we observed whether the TIGAR-mediated regulation of
cellular glycolysis was also dependent upon the degree of cellular
stress in cancer cells. The effect of altering TIGAR levels on the
cellular glycolysis rate was studied. Glycolytic rates and TIGAR
protein levels were determined in KB cells treated with different
UV doses (Supplementary Figures S2A and B). The in vivo ELISA
of TIGAR protein in the UV-treated KB cells showed that the
expression of TIGAR protein increased between UV-5 to UV-35
exposure and then decreased between UV-35 and UV-50 exposure
(Supplementary Figure S2A). The cellular glycolysis levels showed
similar pattern where the glycolytic rates significantly dropped
with increasing UV exposure from UV-5 to UV-35 and the

Figure 1 p53-mediated regulation of TIGAR occurs at low doses of cellular stress. (A) KB cells were treated with 25 J cm� 2 (UV-25) or 50 J cm� 2 (UV-50)
of UV light for a period of 0, 12, 18 and 24 h. TIGAR mRNA expression was analysed using real-time PCR (bar graph) and RT–PCR. UV-25 exposure
induced maximum increase in the TIGAR mRNA at 24 h of exposure, whereas UV-50 was not effective in upregulating TIGAR mRNA expression (n¼ 5).
KB cells were treated with 10 nM (Tam-10) or 100 nM (Tam-100) of tamoxifen for a period of 0, 12, 18 and 24 h, and the expression of TIGAR mRNA was
analysed using real-time PCR (bar graph) and RT–PCR assay. Low dose of tamoxifen (Tam-10) for incubation period of 24 h was able to induce higher
expression of TIGAR mRNA (lane 5; n¼ 5; *represents significant difference between lanes 5 and 8, Po0.035). (B) The expression of TIGAR protein in KB
cells was analysed using in vivo ELISA (bar graph) and western blot. Similar to TIGAR mRNA expression, TIGAR protein was also upregulated with low doses
of UV (UV-25) and tamoxifen (Tam-10; n¼ 5; *represents significant difference between lanes 5 and 8, Po0.04). (C) The dose-dependent expression of
TIGAR protein was observed in vivo using Swiss albino mice. The skin tissue of the Swiss Albino mice was subjected to UV treatment and the expression of
TIGAR protein was observed using western blot. Low doses of UV were again more effective in upregulating TIGAR protein. Similarly, low doses of
tamoxifen were more capable of increasing TIGAR protein level in the mice (n¼ 5). (D) p53-mediated regulation of the expression of TIGAR at low and
high doses of UV. TIGAR protein synthesis is abolished in KB cells where p53 gene was silenced using p53 si-RNA. p53 scrambled siRNA was used as
control (n¼ 5). (E) p53 binds more to the TIGAR promoter in KB cells treated at low doses of UV. Chromatin immunoprecipitation showing p53 binding to
its DBS on TIGAR promoter was conducted in KB cells treated with increasing doses of UV (UV-5 to UV-55). ChIP on TIGAR promoter showed that p53
binding was high at low doses of UV stress and this binding reduced with increase in the strength of UV exposure (n¼ 7) (*represents significant difference
between lanes 7 and 13, Po0.02). (F) ChIP is repeated using real-time PCR. Results show that p53 binds to its RE at the TIGAR promoter only during low
doses of cellular stress.
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glycolytic rates were higher with increasing dose As per the model
p53 activates of UV exposure above UV-35 (Supplementary Figure
S2B). The effect of TIGAR on the glycolytic rates was further
studied by silencing TIGAR gene using TIGAR siRNA. The UV-
induced alterations of the cellular glycolytic rate were abolished
upon TIGAR gene silencing (Supplementary Figure S2B). These
data suggested that the TIGAR-mediated regulation of cellular
glycolysis occurs during the exposure to low doses of UV stress. As
glycolysis regulates ATP synthesis, the effect of TIGAR on cellular
ATP level was analysed. Low doses of UV upregulate TIGAR also
reduced the ATP levels, whereas TIGAR gene silencing and
exogenous addition of TIGAR cDNA significantly increased and
reduced the cellular ATP level, respectively (Supplementary Figures
S3A and B). Overall the results established that p53 binds to
TIGAR promoter and activates TIGAR expression at low doses of
UV and tamoxifen, and thus regulates the rate of glycolysis and
ATP levels in cancer cells suffering from repairable stress-induced
damage.

TIGAR promotes p53-mediated cell-cycle arrest

It is clear that p53 activates TIGAR gene expression only in cells
suffering from low doses of genotoxic/cellular stress. At these
doses of stress, p53 adopts the cell-cycle arrest effector response
and facilitates the maintenance of genome integrity. We deter-
mined whether p53-mediated upregulation of TIGAR is related
with the p53-mediated cell-cycle arrest in cancer cells (Figure 2A).
The KB cells were treated with Tam-10 for 24 h and the cells were
used to determine cell-cycle perturbations using flow cytometry.
In control cells, the cell-cycle distribution curve showed 55%
population in the G0–G1 phase, 18% population in the G2–M
phase and 27% population in the S phase of the cell cycle, and
upon treatment with Tam-10 the cells were arrested in the G0–G1
phase (Figures 2A and B). To study the role of TIGAR in this
G1-phase arrest, the TIGAR gene was silenced using TIGAR siRNA,
which resulted in release of the cell-cycle arrest and decrease in the
G0–G1 phase population from 86 to 67% (Figures 2A and B).
Further, exogenous addition of TIGAR cDNA led to a strong G0–
G1 phase arrest with 92% cell population lying in this phase. These
data suggested crucial role of TIGAR in inducing G1-phase arrest
in cancer cells suffering from low doses of cellular stress. The role
of p53 in TIGAR-induced cell-cycle arrest was observed by
silencing p53 gene using p53 siRNA in tamoxifen-treated KB cells
(Supplementary Figure S4). The results showed that upon p53
silencing the TIGAR protein level was significantly reduced
(Supplementary Figure S4A) and the tamoxifen-mediated cell-
cycle arrest was abolished (Supplementary Figure S4B). The
abolished cell-cycle arrest was restored upon ectopic addition of
TIGAR protein using TIGAR cDNA (Supplementary Figure S4B).
As TIGAR induced G1 arrest, the effect of TIGAR on cellular
expression of genes involved in the regulation of cell-cycle arrest
was observed. Western blot analysis of p21, p53, p27, p57, p16,
ATM, ATR, BARCA1, CHEK2 and CDKN2A proteins in KB cells
were performed to study the effect of TIGAR on their cellular
expression levels (Figure 2C). The expressions of all the listed
proteins were determined in normal KB cells (lane 1) and their
protein levels were determined in Tam-10-treated KB cells (lane 2).
The results showed that the expression of all the proteins involved
in cell-cycle arrest was increased upon tamoxifen treatment.
TIGAR gene was silenced to determine the role of TIGAR protein
in tamoxifen-induced expression of the proteins involved in cell-
cycle arrest (lane 3). Interestingly, the tamoxifen-induced increase
in cell-cycle arrest genes was abolished upon TIGAR gene
silencing. As TIGAR cDNA exogenous addition was able to induce
G1-phase arrest, the role of TIGAR protein in regulation of the
expression of cell-cycle arrest genes was observed in KB cells (lane 4).
Exogenous addition of TIGAR cDNA resulted in a significant

increase in the expression of the cell-cycle arrest genes. It was
interesting to observe that TIGAR gene silencing or TIGAR cDNA
addition had no impact on the expression of p53 protein in the
cancer cells. The cDNA constructs of all the cell-cycle arrest
proteins were transfected as positive controls (lane 5). Further, the
effect of TIGAR expression on the proteins involved in cell-cycle
progression including the members of the RB protein pathway and
its regulatory cyclins (Cyclins D and E) and the CDKs (CDK2,
CDK4 and CDK5), p53 and TIGAR was also studied (Figure 2D).
Control cells showed basal expression level of these proteins (lane 1)
and upon tamoxifen treatment the expression of these genes was
significantly reduced (lane 2). It was previously shown that tamoxi-
fen induces significant decrease in the expression of Cyclin D,
CDK2, CDK4, CDK6, E2F1, RB and Cyclin E during G1-phase
arrest (Brady et al, 2005; Masamha and Benbrook, 2009; Bryant
et al, 2010). Further, the role of TIGAR in the tamoxifen-
mediated decrease in cell-cycle genes was observed by silencing
TIGAR gene that abolished the tamoxifen-mediated repression of
these proteins (Figure 2C, lane 3). These data suggested that
TIGAR might have a role in the regulation of the expression of
these genes involved in cell-cycle progression. To check the
efficiency and specificity of TIGAR siRNA a scrambled siRNA of
TIGAR was used as control that had no effect on the expression of
these proteins (lane 4). p21, which is a known inhibitor of the cell-
cycle progression, was silenced as control to study its effect on the
expression of these genes (lane 5). p21 silencing did not alter the
expression of these genes suggesting that the expression of these
proteins were not influenced by cellular p21 levels. The exogenous
TIGAR expression by transfecting TIGAR cDNA was also able to
reduce the expression of these proteins both in presence and
absence of p21 (Figure 2c, lanes 6 and 7). These data suggested that
TIGAR has a crucial role in regulating the expression levels of the
genes involved in cell-cycle progression and this effect is
independent of the status of the known cell-cycle arrest protein
that is p21. Overall, the results suggested a major role of TIGAR in
halting cell-cycle progression of rapidly dividing cancer cells at the
G1 phase and in the regulation of cell-cycle progression at genetic
level.

To study the role of TIGAR in regulation of the expression of
genes involved in cell-cycle progression, as well as cell-cycle arrest,
we conducted real-time PCR analysis of 85 genes involved in this
cellular event in both MCF-7 cancer cells (Figure 3A) and MCF-7
tumour xenografts (Figure 3B) using the real-time PCR array kit
PAHS-020 from SA-Biosciences (Valencia, CA, USA). In MCF-7 cells
represents the basal expression level of genes involved in arresting
the cell-cycle progression or supporting the progression of cell cycle
are shown for MCF-7 cells (Figure 3A; lane 3) and MCF-7 tumour
(Figure 3B; lane 1). Upon addition of tamoxifen, at a low dose that
results in cell-cycle arrest, all the genes involved in cell-cycle arrest
were upregulated and the gene sets involved in cell-cycle progression
were downregulated (Figure 3A; lane 1). The results showed that
TIGAR regulates the expression of cell-cycle genes both in MCF-7
cells and MCF-7 tumour xenografts. Upon silencing TIGAR gene
using TIGAR siRNA in tamoxifen-treated MCF-7 cells, the
expression of these genes were altered and there was significant
increase in the genes involved in cell-cycle progression and a
decrease in the genes involved in cell-cycle arrest (Figure 3A;
lane 2). Finally, the exogenous addition of TIGAR cDNA led to
significant increase in the genes involved in cell-cycle arrest
and a decrease in the expression of genes involved in cell-cycle
progression (Figure 3; lane 4). Similarly in MCF-7 tumour xeno-
grafts, most of the genes involved in cell-cycle arrest were low in
their expression profile whereas the genes involved in cell-cycle
progression were higher in their expression (lane 1). Upon
exogenous addition of TIGAR cDNA in the tumour tissue using
in vivo transfection kit the expression of the genes involved in
cell-cycle arrest was significantly increased and the expression of
the genes involved in cell-cycle progression was significantly
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decreased (Figure 3B; lane 2). Overall, the gene expression data
suggest the role of TIGAR in the regulation of cell cycle of cancer
cells at the genetic level.

TIGAR mediates de-phosphorylation of RB and stabilises
RB–E2F1 complex

The RB protein is phosphorylated by Cyclin D–cdk4 and Cyclin
E–cdk2 complexes (Mittnacht, 1998) and this is required by cancer

cells to progress from G1 phase to S phase of cell cycle (Duronio,
2004). RB phosphorylation breaks RB–E2F1 protein complex,
resulting in release of E2F1 protein and transcription of the E2F1-
responsive genes, which are required for entry into S phase
(Nevins, 1992). The relation between TIGAR-induced G1 arrest
and RB phosphorylation was analysed by immunoprecipitating
phosphorylated RB in KB cells subjected to low doses of cellular
stress, using phospho-RB antibody (Figure 4A). In normal KB
cells, the RB protein is hyper-phosphorylated (lane 2) and
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Figure 2 TIGAR promotes p53-mediated cell-cycle arrest in G1 phase. (A) Cell-cycle analysis of KB cells was conducted using flow cytometry. The data
show that tamoxifen-induced G1-phase arrest is TIGAR dependent as TIGAR siRNA released the G1 arrest. Exogenous addition of TIGAR cDNA induced
G1 arrest in KB cells (n¼ 10). (B) Quantitative results of the cell-cycle distribution curve depicting the role of TIGAR protein in mediating G1-phase of the
cell-cycle arrest (n¼ 10, s.d, ANOVA) (*represents significant difference between control and TIGAR cDNA; Po0.032) (*represents significant difference
between Tam-10 and Tam-10þTIGAR siRNA; Po0.045). (C) TIGAR increases the expression of proteins involved in cell-cycle arrest. Western blot
analysis of cell-cycle arrest proteins (p21, p27, p57, p16, ATM, ATR, BRCA1, CHEK2, CDKN1A and p53) shows a significant increase in their expression
upon tamoxifen treatment (lane 2). Upon silencing TIGAR gene using TIGAR siRNA, the expression of these proteins was significantly reduced (lane 3).
Exogenous addition of 2mg of TIGAR cDNA to KB cells led to significant increase in the expression of proteins involved in cell-cycle arrest. Tubulin serves as
loading control and cDNA of all the proteins were transfected in KB cells to serve as positive control. (D) TIGAR inhibits the expression of the members of
cyclin–CDK complex. The expression of the proteins involved in constitution of the cyclin–CDK complex that mediates RB phosphorylation was observed in
KB cells. The data show that TIGAR reduces the expression of the members of cyclin–CDK complex and E2F1 transcription factor. These proteins are
required for the entry of cells in the S phase of cell cycle. Tamoxifen treatment reduces the expression of these proteins (lane 2) and TIGAR gene silencing
again increases their expression. Exogenous addition of TIGAR cDNA induces significant decrease in the expression of these proteins (lane 6). The TIGAR-
mediated effect on the expression level of these genes is independent of p21 as p21 siRNA has no effect on their expression. Tubulin, p21 siRNA, p21
cDNA, TIGAR scrambled siRNA and the cDNA of the cell-cycle proteins serves as controls.

TIGAR induces G1 arrest by stabilisation of RB–E2F1 complex

E Madan et al

521

& 2012 Cancer Research UK British Journal of Cancer (2012) 107(3), 516 – 526

M
o

le
c
u

la
r

D
ia

g
n

o
st

ic
s



CDK5R1

M
C

F
-7 +

 TA
M

 +
 T

IG
A

R
 S

iR
N

A

M
C

F
-7 +

 T
IG

A
R

 cD
N

A

M
C

F
-7 +

 tum
our

T
IG

A
R

 cD
N

A

*
*

M
C

F
-7 +

 Tam

M
C

F
-7 +

 C
ells

ABL1
ANAPC2
ANAPC4
DIRAS3

ATM
ATR
BAX

BCCIP
BCL2

BIRC5
BRCA1
BRCA2
CCNB1
CCNB2
CCNC

CCND1
CCND2
CCNE1

CCNF
CCNG1
CCNG2

CCNH
CCNT1
CCNT2
CDC16

CDK1
CDC20
CDC34

CDK2
CDK4

CDK5R1
CDK5RAP1

CDK6
CDK7
CDK8

CDKN1A
CDKN1B
CDKN2A
CDKN2B

CDKN3
CHEK1
CHEK2
CKS1B

CKS2
CUL1
CUL2
CUL3

DDX11
DNM2
E2F4

GADD45A
GTF2H1
GTSE1
HERC5

HUS1
KNTC1
KPNA2

MAD2L1
MAD2L2

MCM2
MCM3
MCM4
MCM5
MKI67

MNAT1
MRE11A

NBN
PCNA
RAD1

RAD17
RAD51

RB1
RBBP8

RBL1
RBL2
RPA3

SERTAD1
SKP2

SUMO1
TFDP1
TFDP2

TP53
UBA1

RAD9A

CDK5RAP1
CDK7
CCNH

CDC20
CCNC

HERC5
CDK4

ANAPC2
MCM2
CDK2

GTF2H1
DDX11
MCM3
CCNF

CCNT2
KNTC1
MKI67

CCND2
KPNA2
RBBP8
CCND1

CDK1
E2F4

ANAPC4
RAD9A
TFDP1

CCNG2
CDK8

MAD2L2
DNM2

CCNT1
MCM5
RPA3

SERTAD1
PCNA

SUMO1
MAD2L1

RAD51
RB1

CCNB2
RAD1

GTSE1
MNAT1
CCNE1

RBL1
RAD17

SKP2
CDC34
MCM4
RBL2

CCNB1
CDK6

CDC16
ATM

CDKN1B
BIRC5
TFDP2
BCCIP

CDKN1A
CKS2

ATR
BAX

CUL2
CDKN2B

CUL1
CUL3
HUS1

BRCA1
GADD45A

CHEK2
MRE11A

CDKN3
TP53
ABL1

CHEK1
BCL2
NBN

BRCA2
CKS1B

CDKN2A
DIRAS3
CCNG1

UBA1

Min Avg Max

Magnitude of gene expression

MCF-7 cells MCF-7 tumour xenografts

TIGAR induces G1 arrest by stabilisation of RB–E2F1 complex

E Madan et al

522

British Journal of Cancer (2012) 107(3), 516 – 526 & 2012 Cancer Research UK

M
o

le
c
u

la
r

D
ia

g
n

o
stic

s



tamoxifen-treatment abolished the RB phosphorylation and
induces G1 arrest in KB cells (lane 3). However, silencing of
TIGAR gene in treated cells increases the phosphorylation of RB
protein (Figure 4A, lane 4). These data suggested that TIGAR
might promote cell-cycle arrest by inducing hypo-phosphorylation
of RB protein in cancer cells. The exogenous addition of TIGAR
cDNA also induces de-phosphorylation of RB protein (Figure 4A,
lane 6). Input and p21 gene silencing using p21 siRNA were used as
positive controls. These data show that TIGAR-mediated G1 arrest
is mediated by de-phosphorylation of RB protein by down-
regulating the expression of the members of cyclin–Cdk complex.
RB phosphorylation releases E2F1 that is essential for synthesis of
protein factors involved in the entry of the cell cycle in S phase.
Next we determined whether TIGAR regulates the stability of
RB–E2F1 protein complex. Coimmunoprecipitation using anti-RB
and anti-E2F1 antibodies showed that TIGAR expression stabilised
the complex between RB and E2F1 (Figure 4B). The RB–E2F1complex
was broken in KB cells undergoing normal cell-cycle progression
(Figure 4B, lane 1). Exogenous addition of p21 cDNA stabilised the
RB–E2F1 complex (Figure 4B, lane 4). As TIGAR is proposed to
induce cell-cycle arrest, the effect of TIGAR on the stability of
RB–E2F1 complex was analysed. TIGAR was found to stabilise the
RB–E2F1 complex and this TIGAR-mediated regulation of RB–E2F1
complex was independent of p21 (Figure 4B, lanes 3, 5). As TIGAR
induced RB de-phosphorylation and inhibited the release of E2F1
from its complex with RB protein, E2F1 could not promote the
entry of cells into S phase of cell cycle. Thus, we establish that
TIGAR induces p53-mediated cell-cycle arrest by negatively
regulating the members of cyclin–Cdk complexes resulting in
de-phosphorylation of RB and stabilisation of RB–E2F1 complex.
Next, we analysed the role of TIGAR in tamoxifen-mediated
tumour death in MCF-7, HCT p53 (þ /þ ), HCT p53 (� /� ) and
A-431 tumour xenografts. All the tumour xenografts grown on the
hind leg region of nude mice were transfected with TIGAR cDNA
and treated with tamoxifen for 1 month. The results showed that
combination of TIGAR cDNA and tamoxifen caused significant
tumour regression (Figure 4C).

DISCUSSION

The effect of TIGAR on cell survival was proposed to be cell- and
context-dependent (Bensaad et al, 2006). Our data suggest that
TIGAR falls into the group of genes that are activated by low levels
of stress and has a key role in the tumour-suppressor function of
p53. Interestingly, the switch from p53-induced cell-cycle arrest to
apoptosis following prolonged stress is associated with a decrease
in expression of both TIGAR and p21WAF1/CIP1, suggesting that the
induction of the apoptotic response may reflect upon the loss of
protection by these p53-inducible survival signals.

The progression of the cell cycle from quiescence to mitosis
depends on the sequential expression of cyclins, which then
interact with and activate specific CDK (Griffin et al, 2003).
Exposure to the cell-arrest drugs causes increase in p21, p27
whereas Cyclin E–CDK2 remains inactive (Hu et al, 2001; Law et al,

2002), RB remains hypo-phosphorylated and restrains the activity
of the E2F1 transcription factor (Zhang et al, 1999). The pro-
proliferative E2F1-responsive genes are therefore not transcribed,
and the cell remains trapped in G1 phase. We have also shown that
the exogenous expression of TIGAR mediated hypo-phosphorylation
of RB protein and stabilisation of the RB–E2F1 complex resulting
in G1 arrest. These data suggest that TIGAR functions in a manner
similar to p21 and other cyclin–Cdk inhibitors to induce p53-
mediated cell-cycle arrest.

In present study, we have shown that TIGAR is recruited by p53
to induce cell-cycle arrest in cancer cells undergoing mild cellular
and genotoxic stress. The TIGAR-mediated G1 arrest is indepen-
dent of p21 and is probably linked to its ability to regulate cellular
glycolysis. TIGAR significantly reduced the cellular ATP level.
TIGAR negatively regulated the expression of the proteins involved
in the cyclin–Cdk complex, especially the expression of Cyclin D,
Cyclin E, Cdk2, Cdk4 and Cdk6 is found to be very low. TIGAR-
mediated inhibition of the members of the cyclin–Cdk complex
resulted in de-phosphorylation of RB protein that led to
stabilisation of the RB–E2F1 complex and G1-phase arrest. Thus,
our results establish TIGAR as a cellular marker responsible for
G1-phase arrest in cancer cells. The present data show that the
ectopic expression of TIGAR cDNA results in cell-cycle arrest and
TIGAR gene silencing in tamoxifen-treated KB cells abolishes
tamoxifen-induced G1 arrest. However, it is important to under-
stand that TIGAR-mediated cell-cycle arrest is not direct as TIGAR
protein is a phosphatase of fructose-2,6-biphosphate and does not
directly participate in the cell-cycle machinery. However, our data
show that TIGAR regulates the cellular ATP levels in cancer cells
exposed to low doses of cellular stress. Entry into the cell cycle
requires energy in the form of ATP for the execution of a number
of regulatory and metabolic events. Protein synthesis consumes
large amounts of cellular energy and is required for entry into S
phase (Brooks, 1977; Herzig et al, 2000). Inhibition of the
mitochondrial respiratory function inhibits progression to G1 in
parallel with a reduction in cellular ATP (Sweet and Singh, 1995).
Synthesis of protein involved in cell-cycle progression (Herzig
et al, 2000) and degradation (Varshavsky, 1997) as well as the
de-polymerisation of the microtubular network during interphase
(Herzig et al, 2000) all depend upon the intracellular ATP
concentration. ATP has also been implicated in the regulation of
CDKs, which in turn control cell proliferation (Sheaff et al, 1997).
Thus, by reducing cellular ATP levels in cancer cells exposed to
low doses of stress TIGAR could function as the connecting
network between ATP regulation and cell-cycle arrest. Mouysset
et al, 2008 showed the importance of ATP hydrolysis in DNA
replication and cell-cycle progression and established that the cell-
cycle progression requires the ATPase CDC–48UFD1/NPL4 complex
for efficient DNA replication. Previously another study similar to
the role of TIGAR and its downstream ATP regulation in cell-cycle
arrest has been reported with gene encoding cytochrome oxidase
subunit Va (Mandal et al, 2005). It is reported that metabolic status
of the cell exerts a direct control over cell-cycle checkpoints and
expression of genes involved in cell-cycle regulation (Mandal et al,
2005). In case of TIGAR overexpression, there is also a significant

Figure 3 TIGAR increases cell-cycle arrest genes and decreases cell-cycle progression gene expression in MCF-7 cells and MCF-7 tumour xenografts. The
mRNA expression of 85 genes involved in cell-cycle arrest and progression were analysed in MCF-7 cancer cells and MCF-7 tumour xenografts using the
PCR array kit (PAHS-020) from SA-Biosciences. (A) The basal expression of all the genes is represented in lane 3. Upon tamoxifen treatment, the genes
involved in cell-cycle arrest were overexpressed and a decrease in the genes involved in cell-cycle progression is observed (lane 1). Silencing of TIGAR gene in
tamoxifen-treated cells increases the expression of cell-cycle progression genes and caused a decrease in the expression of arrest related genes (lane 2).
Exogenous addition of TIGAR cDNA leads to increase in the expression of genes involved in cell-cycle arrest and a decrease in the genes involved in cell-
cycle progression (lane 4); (n¼ 7; *represents significant difference between lanes 3 and 4; Po0.02). (B) In MCF-7 tumour xenografts, the expression of
genes involved in cell proliferation and cell-cycle progression is high (lane1). Upon addition of TIGAR cDNA in tumour tissue using in vivo transfection kit the
expression of genes involved in cell-cycle arrest is high and the expression of genes involved in cell-cycle progression is low (lane2)); (n¼ 7; *represents
significant difference between lanes 1 and 2; Po0.01).
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increase in the expression of genes involved in cell-cycle arrest and
a significant decrease in the expression of genes involved in cell-
cycle progression is seen. A mutation named tenured (tend), in a
gene encoding cytochrome oxidase subunit Va, causes a drop in
intracellular ATP to levels sufficient to maintain cell survival,
growth and differentiation, but not to enable progression through
the cell cycle. The mutation in this gene led to activation of specific
pathway involving AMPK and p53, which causes elimination of
Cyclin E via an indirect pathway, resulting in cell-cycle arrest
(Mandal et al, 2005). TIGAR protein also works downstream of p53

signalling and is involved in an indirect pathway of RB hypo-
phosphorylation and G1-phase arrest. Thus, in multiple systems,
the cellular ATP levels have a direct and specific role in enforcing a
G1–S phase cell-cycle arrest during periods of energy deprivation.
It is logical to believe that TIGAR-mediated decrease in cellular
ATP levels led to indirect activation of G1-phase cell-cycle arrest
and further led to TIGAR-mediated regulation of genes involved
in cell-cycle arrest and progression. In the present study, we
established that TIGAR induces hypo-phosphorylation of RB
protein and stabilises RB–E2F1 complex resulting in the G1-phase
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Figure 4 TIGAR mediates de-phosphorylation of RB protein. (A) The phosphorylation of RB protein was analysed using immunoprecipitation with
phospho-RB antibody. Tamoxifen treatment leads to hypo-phosphorylation of RB protein (lane 3). Upon silencing TIGAR genes in tamoxifen-treated KB cells,
the RB protein attains its hyper-phosphorylated status (lane 4). Addition of TIGAR cDNA results in hypo-phosphorylation of RB protein (lane 6). The effect
of TIGAR on RB phosphorylation is independent of p21 (lane 7). TIGAR expression significantly reduces the phosphorylation of RB protein (*represents
significant difference between lanes 2 and 3; Pothan 0.01) (*represents significant difference between lanes 5 and 7; Po0.01). (B) TIGAR inhibits the
dissociation of the RB1–E2F1 complex. Coimmunoprecipitation was conducted in KB cells using anti-RB1 and anti-E2F1 antibodies to analyse the effect of
TIGAR expression on the stability of their complex. Exogenous addition of TIGAR cDNA stabilises the complex between RB1 and E2F1 transcription factor
resulting in G1-phase arrest (lane 3); the effect of TIGAR protein on RB–E2F1 binding is independent of the p21 status in cancer cells (lanes 4 and 5; n¼ 5).
(C) MCF-7, HCT p53 (þ /þ ) and HCT p53 (� /� ) tumours were grown on the hind leg region of Balb-c nude mice. The tumour volumes were
measured in untreated, tamoxifen-treated, TIGAR cDNA-treated and tamoxifenþTIGAR cDNA-treated mice. Tamoxifen induces 25% tumour regression
and TIGAR cDNA alone is unable to induce significant reduction in tumour volume. TamoxifenþTIGAR cDNA treatment causes significant tumour
regression. The representative images of tamoxifen treatment (left) and tamoxifenþ TIGAR cDNA (right) show the respective tumour regression. This
study was repeated on 12 animals in each group and n¼ 7 (*represents significant difference between lanes (1–3) with lane 4 for each group); Po0.02 for all
the four tumour types).
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arrest. This observation also appears to be downstream of the
TIGAR-mediated regulation of cellular ATP content. The role of
ATP in the regulation of phosphorylation of cellular proteins in
general is established (Viticchi et al, 1996; Korzeniewski, 2006).
Previously it was shown that the ratio of various adenylate
nucleotides indicates the metabolic condition of a cell, which in
turn correlates with the ability of ATP to bring about phosphor-
ylation of proteins. It has been shown that AMP is sensitive to
metabolic stress as its levels increase rapidly upon administration
of ischaemia. During ischaemia the levels of phosphorylation of
proteins within a cell are significantly reduced. In the two separate
investigations, phosphorylation levels of proteins decreased by
about 4–14 times after a 10-min ischaemic stress (Thalmann et al,
1978; Thalmann et al, 1982), demonstrating that the phosphoryla-
tion event is closely associated with the relative abundance of
ATP in a cell. The present results suggest towards a general
phenomenon that decrease in ATP by interfering in the energy-
generating processes of glycolysis or OXPHOS, for example,
by proteins that affect the glycolysis intermediates, can induce a
general state of decreased phosphorylation in a cell. In light of
increasing evidence of tumour-suppressive role of genes that
coordinate metabolism and prevent its dysregulation, this study
may indicate a general relation of ATP levels in coordinating
signalling. Similarly Kim et al, 2003 showed a close link between
intracellular ATP concentrations and CDK4/Cyclin D1 activity and
demonstrated existence of high association constant (Km) of
CDK4/Cyclin D1 for ATP in comparison to other CDKs. CDK4/
cyclin D1 complex is known to cause the phosphorylation of RB
protein. Thus, it can be speculated that decreased intracellular ATP
concentrations may result in reduced phosphorylation of RB
protein by CDK4/cyclin-D1 and thus resulting in cell-cycle arrest.
The TIGAR-mediated hypo-phosphorylation of RB protein can be

the result of a general phenomenon where the phosphorylation
status of many proteins gets affected in the cellular context where
the ATP levels are diminishing. Thus, TIGAR-mediated regulation
of ATP levels might control RB phosphorylation status and
ultimately cell-cycle arrest.

It is also interesting to observe that although TIGAR induces more
than 90% G1-phase arrest but it does not directly involve itself
in this phenomenon, and instead induced an indirect cell-cycle
arrest. In past a variety of proteins in the cellular system are
known to induce indirect cell-cycle arrest and it is now established
that cell-cycle arrest may be brought about in ways other than the
direct modification of the cell-cycle proteins. The regulation of
mRNA stability by Akt/mTOR and MAPK/MAP kinase-interacting
kinase-1 (MNK1) is one indirect way that increases the mRNA
stability by phosphorylation of the eukaryotic mRNA cap-binding
protein elongation factor (eIF4E) at its Ser209 residue (Ellederova
et al, 2008). It has been recently shown that excessive phosphor-
ylation of eIF4E by MNK1 causes increased proliferation in central
nervous system lymphoma patients and an MNK1 inhibitor
decreased Cyclin D1 levels and proliferation possibly by affecting
mRNA stability (Muta et al, 2011). Another instance where cell-
cycle arrest is observed via an indirect mechanism was shown in
endometrial carcinoma cells where induction of PTEN, a
phosphatase that negatively regulates phospho-inositide 3-kinase
pathway, decreased the level of Cyclin D3 and a concomitant
increase in p27–CDK2 amount causing a cell-cycle arrest in G1
phase. Notably, the levels of known G1 inhibitors remained
unchanged (Zhu et al, 2001). Another research reported that ARF
(Alternative Reading Frame) tumour suppressor can overcome the
effects of increased Cyclin A and Cdk2-dependent kinases to
execute a p21-independent cell-cycle arrest (Modestou et al, 2001).
Ubiquitin-mediated degradation of cyclin D1 under hypoxia in a
p21-independent manner was observed as a downstream effect of
ROS signalling in HCT116 cell lines (Lim et al, 2008). Further
genistein-induced activation of kinases Myt-1 and Wee-1 results in
cell-cycle arrest and both these kinases do not participate in cell-
cycle machinery (Touny and Banerjee, 2006). Taken together, these
reports clearly demonstrate that execution of cell-cycle arrest does
not require the direct interplay of cyclins, CDKs and CDK-
inhibitors and that this indirect arrest may not restricted to any
specific phase of the cell cycle. Thus, we conclude that TIGAR
promotes indirect cell-cycle arrest in cancer cell suffering from low
and repairable doses of cellular stress by regulating ATP levels and
modulation of the RB–E2F1 pathway. A model has been proposed
(Figure 5) to explain the mechanism of the TIGAR-mediated cell-
cycle arrest. As per the model p53 activates TIGAR gene
upregulation only in cancer cells exposed to low doses of UV
stress. TIGAR gene activation inhibits the expression of genes
involved in cell-cycle progression and inhibits phosphorylation of
RB protein. TIGAR protein regulates this step by (I) regulation of
the cellular ATP levels or (II) via some unknown cellular
mechanism. Thus, TIGAR upregulation results in G1-phase cell-
cycle arrest in cancer cells suffering from repairable doses of
cellular stress. Further, we propose the possibility of combinatorial
therapy where the TIGAR-mediated cell-cycle arrest can be used in
combination with therapeutic drugs to achieve higher apoptosis in
aggressive cancer forms.
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Figure 5 A model depicting the mechanism of TIGAR-mediated cell-
cycle arrest in cancer cells. p53 is unable to transcriptionally upregulate
TIGAR protein in cells experiencing high doses of cellular stress and
p53-dependent overproduction of TIGAR is observed in cells experiencing
low doses of cellular stress. TIGAR protein decreases the expression of
cyclins and cdks involved in cell-cycle progression and mediates hypo-
phosphorylation of RB protein via (I) regulation of cellular ATP levels and
(II) other unknown cellular pathways. The alterations in the expression
of cyclins and cdks and hypo-phosphorylation of RB protein results in
TIGAR-mediated cell-cycle arrest.
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