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Abstract
Certain forms of hexavalent chromium [Cr(VI)] are human carcinogens. Our recent work has
shown that a broad range protein tyrosine phosphatase (PTP) inhibitor, sodium orthovanadate
(SOV), abrogated both Cr(VI)-induced growth arrest and clonogenic lethality. Notably, SOV
enhanced Cr(VI) mutation frequency, ostensibly through forced survival of genetically damaged
cells. In the present study, co-treatment with this PTP inhibitor bypassed the Cr(VI)-induced G1/S
checkpoint arrest in diploid human lung fibroblasts (HLF). Moreover, the PTP inhibitor abrogated
the Cr(VI)-induced decrease in the expression of key effectors of the G1/S checkpoint [Cyclin D1,
phospho Ser 807/811 Rb (pRB), p27]. Cr(VI)-induced G1 arrest was associated with the
cytoplasmic appearance of pRb and the nuclear localization of p27, both of which were reversed
by the PTP inhibitor. The PTP inhibitor’s reversal of G1/S checkpoint effector localization after Cr
exposure was found to be Akt1-dependent, as this was abrogated by transfection with either akt1
siRNA or an Akt1-kinase dead plasmid. Furthermore, Akt1 activation alone was sufficient to
induce G1/S checkpoint bypass and to prevent Cr(VI)-induced changes in pRb and p27
localization. In conclusion, this work establishes Akt1 activation to be both sufficient to bypass
the Cr(VI)-induced G1/S checkpoint, as well as necessary for the observed PTP inhibitor effects
on key mediators of the G1/S transition. The potential for Akt to bypass G1/S checkpoint arrest in
the face of genotoxic damage could increase genomic instability, which is a hallmark of neoplastic
progression.
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Introduction
Uncontrolled cell proliferation after genotoxic injury can contribute to the development of a
transformed phenotype. The establishment of cell cycle checkpoints in response to
genotoxic stress is essential for the maintenance of genomic integrity. As a barrier to
uncontrolled proliferation, the G1/S transition is halted in response to growth-inhibiting
stimuli, DNA damage and inappropriate activation of oncogenes.1 Consequently, bypass of
the G1/S checkpoint in the face of DNA damage may facilitate the acquisition of certain
genetic/epigenetic characteristics that could provide cells with a selective growth advantage
and predispose them to neoplastic progression.2

There is considerable evidence that protein tyrosine phosphorylation is responsible for the
maintenance of proliferative signals and is involved in the early stages of neoplasia.3 While
protein tyrosine phosphorylation is implicated in the maintenance of proliferative signals,
protein tyrosine phosphatases (PTPs) have an opposing role.3 PTPs such as PTEN
(phosphatase and tensin homolog deleted on chromosome ten) and MKP (MAP kinase
phosphatase) are integral components of the Akt and Erk survival pathways, and are
responsible for their respective inactivation.4,5 Indeed, certain of these PTPs have been
described as tumor suppressors since their overall effect is to decrease cell proliferation.6,7

Vanadium compounds such as sodium orthovanadate have been found to inhibit PTEN via
its tyrosine phosphorylation resulting in Akt activation.8,9 Sodium orthovanadate (SOV) is
known to cause an increase in protein tyrosine phosphorylation, leading to augmentation of
cell proliferation.10 We have found that maintenance of protein tyrosine phosphorylation
through PTP inhibition by SOV increases clonogenic survival in the presence of Cr(VI)-
induced genotoxic insult, mainly due to the lack of a protracted growth arrest after Cr(VI)
treatment. Importantly, this PTP inhibitor enhanced Cr(VI)-induced mutation frequency at
the hypoxanthine-guanine phosphoribosyltransferase (HPRT) locus.11

The progression of cells through the G1/S checkpoint and into S-phase is controlled by a
number of positive and negative factors.12 The CyclinD-cdk4/6 complexes regulate early G1
progression, whereas the Cyclin E/cdk2 complex is responsible for the
hyperphosphorylation and consequent inactivation of Rb, which promotes the transcription
of S-phase genes by release of the E2-F transcription factor.13 Rb inactivation by
phosphorylation is considered to be the “point of no return”, after which passage through the
cell cycle through mitosis can not be reversed.14 The cyclin-cdk complexes are subject to
another level of control by the expression and localization of cdk inhibitors, p21 and p27.15

In many cancer cells, frequent alterations in G1/S checkpoint effectors (i.e., Cyclin D1, p21
and p27) are observed resulting in an inability of cells to arrest at the G1/S checkpoint after
DNA damage.16

Certain forms of hexavalent chromium [(Cr(VI)] are known human respiratory carcinogens
that can be employed as useful genotoxic tools with clear environmental and toxicological
importance. We utilized this respiratory carcinogen as a model genotoxin to investigate
mechanisms of checkpoint bypass which in turn could lead to carcinogenesis. The structural
and functional aspects of Cr(VI)-induced DNA damage are summarized in several review
articles.17–20 Environmental and occupational exposure to chromate continues to loom large
as a major public health issue and a source of continuous high-profile litigation.

The overall objective of this present study was to elucidate the role of Akt in the bypass of
the G1/S checkpoint after genotoxic stress. We tested the hypothesis that the Cr(VI)-induced
G1/S checkpoint arrest can be bypassed by Akt activation, and this bypass results in the
modulation of expression and localization of G1/S transition effectors. Our data suggest that
activation of Akt, by either PTP inhibition or transfection with constitutively active
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myristoylated (Myr)Akt1, results in a bypass of the G1/S checkpoint after Cr(VI) exposure.
This checkpoint bypass was accompanied by changes in the localization and expression of
the G1/S effectors, p27 and phospho Ser 807/811 Rb (pRb). Moreover, in the presence of
Akt downregulation, PTP inhibition was unable to rescue the cells from the Cr(VI)-induced
effects on the localization of pRb and p27, indicating the need for Akt activity in the PTP
inhibitor effect. Taken together, our data highlight a role for Akt1 in the loss of G1/S
checkpoint control after genotoxic exposure by phosphotyrosine-regulated survival signaling
which, in turn, may lead to genomic instability and carcinogenesis.

Results
G1/S checkpoint arrest is bypassed by PTP inhibition with SOV

Our previous data indicated that PTP inhibition by SOV maintained tyrosine
phosphorylation, increased clonogenic survival via override of growth arrest after Cr(VI)
exposure, and enhanced Cr(VI)-induced mutagenesis in HLF cells.11 To elucidate the
impact of PTP inhibition on the G1/S checkpoint, we analyzed the G1/S transition in HLF
cells 24 h after exposure to Cr(VI) in the presence and absence of SOV. G1/S checkpoint
function was assessed by measuring the entry of cells into S-phase by BrdU and PI double
staining. We confirmed BrdU DNA incorporation by immunofluorescence staining as shown
in Figure 1A. PI staining was used to indicate the position of the nucleus. In the control (non
Cr-treated) cells, BrdU staining was localized to the nucleus, consistent with its
incorporation into replicating DNA, with 50% of the cells staining positive for BrdU nuclear
incorporation. Following 24 h Cr(VI) exposure, BrdU nuclear incorporation was no longer
observed in any of the cells. In sharp contrast, BrdU staining was maintained after co-
treatment with the PTP inhibitor and Cr(VI), with approximately 35% of cells in the field
positive for BrdU incorporation. Finally, PTP inhibition with SOV treatment alone had no
effect on nuclear BrdU staining, with approximately 42% of cells in the field positively
staining for BrdU incorporation, as observed in the control cells.

We have previously found that 24 h Cr(VI) exposure was associated with a G1/S checkpoint
arrest in HLFs, as assessed by BrdU incorporation into early S phase cells.22 In order to
further explore the effect of PTP inhibition on G1/S transition, we studied BrdU
incorporation, as a function of PI staining by flow cytometry. As shown in Figure 1B, the
percentage of cells in early S-phase (R5 gate), as indicated by the incorporation of BrdU,
was 5.6% in the control. The addition of SOV alone had no effect on S-phase progression,
with 5.4% of the total cells in early S phase. Exposure of the cells to 1 µM Cr(VI) resulted in
a G1/S checkpoint arrest, as the cells in early S-phase decreased to ~30% of the non-treated
control. However, PTP inhibition by SOV markedly abrogated the Cr-induced G1/S
checkpoint arrest, as shown by the nearly two-fold increase in the percentage of cells in
early S phase (55% of the respective control, Fig. 1C).

The PTP inhibitor-induced bypass of the G1/S checkpoint is associated with changes in
pRb and cyclin D1 protein expression and pRb cellular localization

Because SOV co-treatment bypassed the G1/S checkpoint after Cr(VI) exposure, we studied
the protein expression of the key G1/S checkpoint effectors, Rb and cyclin D1 after Cr(VI)
exposure in the presence and absence of the PTP inhibitor. As shown in Figure 2A, after 24
h exposure, Cr(VI) induced a concentration-dependent decrease in both phospho Ser807/811
Rb (pRb) and cyclin D1 expression, consistent with a G1/S checkpoint arrest. The PTP
inhibitor alone had no effect on either pRb or cyclin D1 protein expression. However, SOV
co-treatment abrogated the Cr-induced decrease in protein expression of these G1/S
effectors. Total Rb showed a similar pattern of expression with both agents.
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G1/S checkpoint transition is also controlled by cellular localization of its effector
proteins.23 Therefore, we determined the effect of Cr(VI) and PTP inhibition on the
localization of pRb and cyclin D1 by immunofluorescence staining. PI was used as a marker
to indicate nuclear staining. As shown in Figure 2B, in control cells, pRb was exclusively
localized to the nucleus as evidenced by bright, uniform nuclear staining in 100% of the
cells studied. Exposure of HLFs to 1 and 3 µM Cr(VI) induced the cytosolic localization of
pRb with a significant decrease in exclusive nuclear pRb staining, which was observed in
only 25 and 20% of the cells, respectively (p < 0.001). Interestingly, nuclear pRb staining
was more punctuate in the presence of Cr(VI) (Fig. 2B and Suppl. Fig. 1). In the absence of
Cr(VI) treatment, the PTP inhibitor alone had no effect on pRb localization. However, the
Cr(VI)-induced cytoplasmic localization of pRb was abrogated by the PTP inhibitor, as
100% of the cells treated with 1 and 3 µM Cr(VI) and 10 µM SOV exhibited exclusive
uniform and bright nuclear staining, similar to the controls. Neither Cr(VI) nor SOV had any
effect on the localization of Cyclin D1, which was found to be in the nucleus under all
conditions, indicating that alterations in protein localization were protein-specific and not
the result of a general effect of the PTP inhibitor (data not shown).

The PTP inhibitor-induced bypass of the G1/S checkpoint is associated with changes in
p27 protein expression and cellular localization

Since cdk inhibitors are important mediators of G1/S arrest, we determined the effect of PTP
inhibition on Cr(VI)-induced changes in protein expression of the cdk inhibitor, p27.
Interestingly, Cr(VI) induced a concentration-dependent decrease in p27 protein expression
after 24 h exposure as shown in Figure 3A. The PTP inhibitor alone had no effect on p27
protein expression but significantly reversed the Cr(VI)-induced decrease in p27 protein
expression. Notably, neither Cr(VI) nor SOV had any effect on p21 protein expression (data
not shown).

Nuclear localization of p27 is necessary to block Rb phosphorylation by the Cyclin E/cdk2
complex, which in turn leads to a G1/S arrest.24 Therefore, we determined the effect of
Cr(VI) and PTP inhibition on the cellular localization of p27. As shown in Figure 3B 100%
of control cells exhibited a uniform distribution of p27 throughout the nucleus and the
cytosol. After 24 h treatment with 1 and 3 µM Cr(VI) there was an increased accumulation
of p27 in the nucleus versus the cytosol, with only 2 and 1% of the respective treated cells
displaying cytoplasmic p27, as compared to the control (p < 0.001). SOV alone had no
effect on the cellular distribution of p27 compared to that of the control, with 100% of the
cells showing nucleo-cytoplasmic p27 distribution. However, the PTP inhibitor abrogated
the Cr-induced nuclear accumulation of p27, and 96 and 95% of the cells co-treated with
SOV and 1 and 3 µM Cr(VI), respectively, stained uniformly for p27 throughout the cell.
These findings were confirmed by immunoblotting studies of subcellular fractions as shown
in Figure 3C. In keeping with the immunofluorescence data, the PTP inhibitor decreased the
ratio of nuclear/cytosolic p27 protein by ~50% of that observed in the presence of 3 µM
Cr(VI) alone. Finally, neither Cr(VI) nor SOV had any effect on the localization of p21,
which was found to be localized to the nucleus under all conditions (data not shown).

PTP inhibition abrogates the Cr(VI)-induced decrease in Akt expression and activity
Since the PTP inhibitor induced a 2-fold increase in G1/S transition after treatment with
Cr(VI), we postulated that the mechanism of checkpoint bypass by PTP inhibition was
through upregulation of survival signaling pathways. Previous studies by our laboratory and
others 5 have found SOV to enhance tyrosine phosphorylation in vitro and vivo. In addition,
SOV-induced PTP inhibition has been shown to activate the Akt pathway via tyrosine
phosphorylation and downregulation of the inhibitor, PTEN 8,9,2 In the present study, we
also observed that tyrosine phosphorylation of PTEN was increased by over 3-fold as early
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as 1 h in the presence of SOV. Furthermore, we also immunoprecipitated PTEN and looked
at tyrosine phosphorylation in the PTEN immunoprecipitates. We observed a 2-fold increase
in tyrosine phosphorylation in the presence of SOV as early as 1 hour post treatment (Fig.
4A).

The increased PTEN tyrosine phosphorylation observed after PTP inhibition suggested that
(1) PTEN may be inhibited by SOV, and (2) that the Akt pathway may be involved in the
SOV-induced bypass of the G1/S checkpoint. Therefore, we determined the effect of the
PTP inhibitor on Akt pathway activation. As shown in Figure 4B, 24 h treatment of cells
with 1–6 µM of Cr(VI) resulted in a significant, concentration-dependant, 25–75% decrease
in the expression of pSer473 Akt. This decrease in activated Akt was significantly abrogated
by PTP inhibition (i.e., 10 µM SOV).

We next examined Akt in vitro activation after Cr(VI) exposure in the presence and absence
of the PTP inhibitor. Akt immunoprecipitates were used to phosphorylate GSK3α/β in vitro.
Akt kinase activity towards GSK3, as expressed as the amount of GSK3 phosphorylated by
Akt and normalized to total GSK3, was significantly decreased, in a concentration-
dependant fashion after treatment with 1–6 uM Cr(VI) (Fig. 4C). Notably, the Cr(VI)-
induced downregulation in Akt activity was significantly abrogated by the PTP inhibitor
(Fig. 4C). These results show that Akt activity is preserved in the presence of genotoxic
stress via maintenance of tyrosine phosphorylation by the PTP inhibitor, SOV.

Akt is necessary for the PTP inhibitor-induced abrogation of Cr(VI)-induced effects on the
localization of pRb and p27

The ability of the PTP inhibitor to partially abrogate Cr-induced Akt downregulation,
prompted us to study the role of Akt in the SOV-induced G1/S checkpoint bypass after Cr
exposure. HLF cells were transiently transfected with the Akt1 kinase-dead mutant plasmid
construct (Akt1-KD). Transfection of the Akt1-KD construct was associated with a 47–59%
decrease in pan-AKT Ser 473 phosphorylation (i.e., activation) 48 h post transfection
(Suppl. Fig. 2).

We studied the impact of Akt downregulation on the PTP inhibitor-induced relocalization of
the G1/S transition effectors, pRb and p27 after Cr(VI) exposure (Fig. 5). As shown in
Figure 5A (upper), in vector control-transfected cells, similar to the untransfected control
cells (Fig. 3B, lower), treatment with 10 µM SOV abrogated the Cr(VI)-induced cytoplasmic
localization of Rb in 100% of the cells treated with either 1 or 3 µM Cr(VI). In sharp
contrast, in cells transfected with the Akt1-KD plasmid, the PTP inhibitor was no longer
able to abrogate the Cr(VI)-induced effects on pRb localization and only 7 and 17% of the
cells respectively co-treated with SOV and 1 and 3 µM Cr(VI) maintained exclusive pRb
nuclear staining (Fig. 5A, lower).

We next studied the role of Akt in the abrogation of Cr(VI)-induced nuclear localization of
p27 by PTP inhibition. As shown in Figure 5B, treatment of vector control-transfected cells
with 1 and 3 µM Cr(VI) in the presence of the PTP inhibitor resulted in 100% of cells
displaying a uniform, nucleo-cytoplasmic distribution of p27, similar to the observed effect
of the PTP inhibitor on untransfected cells (Fig. 3B, lower). However, cells transfected with
the Akt1-KD construct and co-treated with 1 and 3 µM Cr(VI) and 10 µM SOV under the
same conditions resulted in the nuclear accumulation of p27, with only 0–2% of the cells
displaying cytoplasmic p27. Similar results with p27 localization after Akt downregulation
with Akt1 siRNA, are shown in Supplementary Figure 3.
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AKT is sufficient for G1/S checkpoint bypass and G1/S effector re-localization after Cr(VI)
exposure

Our genetic studies indicated that Akt1 inhibition/inactivation abrogated the ability of the
PTP inhibitor to re-localize the G1/S effectors, Rb and p27 after Cr(VI) exposure, thereby
leading us to conclude that Akt1 was necessary for the PTP inhibitor-induced G1/S bypass
after DNA damage. To determine whether Akt was sufficient for G1/S checkpoint bypass,
we analyzed the G1/S transition in HLFs after Cr(VI) exposure (24 h) in cells transfected
with a constitutively active Akt1 gene, which contains a Src N-terminal myristoylation
sequence (Myr-Akt1)27 Myr-Akt1 transfection was associated with a 4.5-fold increase in
pSer 473 pan Akt (Suppl. Fig. 2), as well as a 1.6-fold increase in Gsk3β phosphorylation
(data not shown).

G1/S checkpoint function after constitutive Akt1 activation was assessed by measuring the
delay in entry of cells into S-phase by BrdU and PI double staining. We measured BrdU
DNA incorporation by immunofluorescence staining as shown in Figure 6A. PI staining was
used to indicate the position of the nucleus. In the vector-transfected, non Cr(VI)-treated
cells, BrdU staining was localized to the nucleus and stained it in a bright uniform manner
with 37% of cells staining positive for BrdU incorporation. Following 24 h Cr(VI) exposure,
BrdU nuclear incorporation was weakly observed in 8% of the vector transfected cells. In
sharp contrast, BrdU staining was maintained in Myr-Akt1 transfected cells treated with
Cr(VI) with 30% of the cells staining for BrdU. Finally, 47% of the cells transfected with
Myr-Akt1 stained positive for BrdU incorporation. We further assessed G1/S checkpoint
activation as a function of BrdU incorporation by flow cytometry with PI double staining.
Figure 6B shows that the number of cells in early S-phase in vector-transfected cells treated
with 1 µM Cr(VI) was 60% of that observed in the untreated vector-transfected cells.
However, in the cells transfected with Myr-Akt1 and treated with 1 µM Cr(VI), the
proportion of cells in early S-phase was approximately 120% of its respective control.

We then studied the effect of constitutive Akt activation on pRb localization after Cr(VI)
exposure. As shown in Figure 6C, in cells transfected with the mock vector, 100% of the
cells exhibited exclusive nuclear pRb localization, similar to the untransfected cells (Fig.
2B). Moreover, treatment with Cr(VI) caused cytoplasmic redistribution of pRb with just 2–
5% of the cells displaying nuclear staining. In sharp contrast, in cells transfected with Myr-
Akt1, Cr(VI) treatment did not cause cytoplasmic localization of pRb. Instead, pRb
remained predominantly nuclear in 100 and 98% of cells treated with 1 and 3 µM Cr(VI),
respectively.

We also investigated the effect of Akt activation on the nuclear localization of p27 (Fig. 6C).
In the mock vector-transfected cells, 100% of the cells observed exhibited
nucleocytoplasmic staining of p27, similar to that seen in the untransfected control cells
(Fig. 2C). Likewise, after treatment with 1 and 3 µM Cr(VI), p27 localization was
exclusively nuclear, as none of the cells (0%) exhibited p27 cytoplasmic staining. However,
in cells transfected with Myr-Akt1, following 1 and 3 uM Cr(VI) treatment, p27 was evenly
distributed throughout the cell with a respective 97 and 95% of the cells treated with 1 and 3
µM Cr(VI) showing nucleo-cytoplasmic distribution of p27. These data were confirmed by
immunoblotting of nuclear and cytosolic cell fractions in cells transfected with Myr-Akt1 as
compared to the mock vector control-transfected cells (Fig. 6D). The ratio of nuclear/
cytoplasmic p27 was approximately 12.5% of the ratio observed in vector transfected cells.

Discussion
Protein tyrosine phosphatases (PTPs) are integral components of key survival pathways, and
are responsible for their inactivation. Our recent studies found that PTP inhibition with SOV

Lal et al. Page 6

Cell Cycle. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enhanced clonogenic survival and mutation frequency after Cr(VI) exposure in normal
diploid mammalian cells, through a mechanism involving an override of Cr(VI)-induced
growth arrest.11 The studies presented here describe a mechanism for PTP inhibitor-induced
G1/S checkpoint bypass by Akt1 after Cr(VI) exposure. Moreover, our data indicated that
Akt activation alone is sufficient to induce S phase entry in the face of genotoxic stress. The
Akt-mediated checkpoint bypass was accompanied by changes in the localization and
expression of G1/S effectors, pRb, cyclin D1 and p27. Taken together, our data suggest a
critical role for Akt1 at the G1/S checkpoint in cell cycle progression which can occur
downstream of tyrosine phosphorylation-regulated pathways. These results underscore the
potential for genomic instability as a result of loss of checkpoint control and highlight a
potential role for PTPs in early neoplastic progression after initial genotoxic stress.

There is considerable evidence that dysregulated protein tyrosine phosphorylation is
responsible for the maintenance of proliferative signals and is involved in the early stages of
neoplasia.3,28–30 Consequently, certain PTPs have been described as tumor suppressors
since their overall effect is to decrease cell proliferation and they have been regarded to have
target potential.6,7 Notably, our study is the first to report that PTP inhibition results in a
non-lethal bypass of G1/S checkpoint arrest in the face of genotoxic insult. This bypass of
the Cr(VI)-induced G1/S checkpoint was not related to a difference in Cr-DNA binding, as
PTP inhibition has no effect on either Cr uptake or Cr-DNA adduct levels.11 Previous
reports have found SOV-induced PTP inhibition to enhance S phase progression in murine
3T3 and epithelial cells,31,32 although SOV treatment alone had no apparent effect on cell
proliferation at concentrations ≤10 µM in the present studies.

SOV has been shown to activate tyrosine phosphorylation in vivo, in association with its
PTP inhibitory activity25,33 which we have also found in a recent study.11 SOV has been
reported to activate both AKT and ERK pathways8,34–38 which is presumably through PTP
inhibition, highlighting a role for tyrosine phosphorylation in the regulation of cell survival.
PTEN is a lipid and tyrosine phosphatase that is responsible for the inactivation of PI3
kinase, and its downstream target, Akt.39,40 SOV as well as other vanadium compounds
have been shown to maintain PTEN tyrosine phosphorylation, and consequently inhibit its
activity, resulting in Akt activation.8,40 In keeping with these reports, we also found that as
early as 1 h after treatment with SOV, there was a ~4-fold increase in tyrosine
phosphorylation of PTEN. This is consistent with our findings in the present study, that the
Cr(VI)-induced concentration-dependent decrease in both phospho-Ser-473 Akt expression
and Akt in vitro activity was significantly abrogated by the PTP inhibitor. Interestingly, the
ability of Cr(VI) to downregulate Akt activity has been previously reported, albeit with
much higher concentrations (50 µM) of Cr(VI).41 The mechanism of Cr(VI)-induced Akt
downregulation is currently under investigation in our laboratory. Importantly, we did not
observe any effect of SOV on ERK activation in the present study (data not shown).
Therefore, it remains possible that upstream phosphotyrosine kinases may promote G1/S
transit after PTP inhibition and genotoxin exposure through pathways exclusively upstream
of AKT, and potentially involving PTEN. This is further supported by our observation that
constitutive activation of Akt was sufficient to bypass the G1/S checkpoint.

The retinoblastoma (Rb) protein, being a negative regulator of cell growth, is frequently
inactivated/mutated in human cancers.42 Hyperphosphorylation of Rb is concomitant with
the G1/S transition and entry into the S-phase whereas hypophosphorylated pRb is
considered to be the active form and is predominantly seen in cells that are arrested in G1.43

Rb phosphorylation is considered to be the “point of no return” in G1/S cell cycle transition
and is directly phosphorylated by the complex of Cyclin D1 and cdk4/6.24 Sequential
phosphorylation of at least sixteen Cdk phosphorylatable serine/threonine residues leads to
inactivation of the Rb protein. Specifically, phosphorylation on the Ser 807/811 residue is
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important in the transition from G1 to S.42 Data from the present study indicate that Cr(VI)
induced a decrease in Rb Ser807/811 phosphorylation, consistent with a G1/S checkpoint
arrest. Importantly, this Cr-induced decrease in pRb expression was not seen in the presence
of the PTP inhibitor. Cyclin D1 protein expression is also required to drive cell cycle
progression.14 It has been reported that in the face of cell cycle arrest, Cyclin D1 levels are
decreased, while increased cell proliferation corresponds to an increased level of Cyclin D1
expression.44 In keeping with those data, our results show that Cr(VI) induced a decrease in
Cyclin D1 levels which was significantly reversed by PTP inhibition.

Cytoplasmic localization of phosphorylated Rb is seen in many human cancers.42 There are
previously published reports of nucleo-cytoplasmic shuttling of pRb in cells in which cdk4
has been mutated.42 In the present work, in normal human lung fibroblasts, we found that
Cr(VI) exposure was associated with a punctate nuclear staining of pRb accompanied by
cytoplasmic localization that was reversed by Akt activation. It has been previously reported
that vanadate-induced Akt activity was blocked in cells that were transfected with a
dominant negative Akt kinase mutant plasmid.45 Our data is consistent with these reports. In
the present study, in cells transfected with the Akt1 kinase dead mutant plasmid, the PTP
inhibitor effect on pRb localization in cells treated with Cr(VI) was abrogated. This
highlights the requisite role of Akt in mediating the PTP inhibitor effects on pRb
localization, during genotoxic stress.

Other effectors of the G1/S checkpoint are the cdk inhibitors, p21 and p27. Increased levels
of expression of p21 and p27 have been shown to be concomitant with a cell cycle arrest in
G1.46 In addition, the expression of both p21 and p27 can be stimulated in response to anti-
proliferative signals, and thus block the G1/S transition.47 Loss of either p21 or p27 has been
shown to confer cells with a proliferative advantage.48 In contrast to the above mentioned
reports, our data show that in response to treatment with Cr(VI), the expression of p27 was
decreased and this was significantly reversed by PTP inhibition. Moreover, neither Cr(VI)
nor SOV had any effect on the levels of p21 protein expression. However, previous work in
our laboratory has shown that after treatment with Cr(VI), p21 mRNA levels are
significantly increased while p27 mRNA levels remain unchanged.49 This apparent
discrepancy might be the result of Cr(VI) likely targeting p27 for degradation. Previous
reports have found that both p27 and p21 have cdk2-independent activities.50 This could
explain our finding that although Cr(VI) causes a decrease in p27 protein expression levels,
we observed a G1/S cell cycle arrest owing to its exclusive nuclear localization. Consistent
with our findings in the present study, the function of p27 as a cdk inhibitor has been
reported to be governed more by its localization, than by its expression.51

Spatial and temporal control of protein expression and activity governs protein function,
which is exemplified by the tumor suppressor proteins. It has been reported that many tumor
suppressor proteins shuttle between the nucleus and the cytoplasm and that changes in this
localization can have critical effects on their functions vis a vis the cell cycle, apoptosis and
signaling path-ways.52 Nucleocytoplasmic shuttling of tumor suppressor proteins, such as
pRb and p27 can have important implications in cancer.42 The PI3 Kinase-Akt pathway
mediates the nuclear-cytoplasmic shuttling of many members of the FOXO family of
transcription factors.53 In addition, Akt has been shown to block the cell cycle inhibitory
action of p27 through its phosphorylation at the nuclear localization sequence and
subsequent retention in the cytosol.46,54 Indeed, phosphorylation and cytosolic localization
of p27 is associated with poor prognosis in many cancers.55 Our data are consistent with the
idea that, in the presence of PTP-regulated survival signaling, p27 is predominantly
cytoplasmic. Nuclear import of p27 is also governed by its association with the 14~3~3
proteins and importin α.56,57 Akt is known to affect the expression of 14-3-3 proteins by
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exerting its inhibitory effects of the forkhead transcription factors, thereby providing another
level of control to prevent nuclear re-entry of p27.57

Cancer cells often show deregulated signal transduction pathways that lead to inappropriate
growth in response to external stimuli.58 It has previously been reported that the PI3K/Akt
pathway was involved in overriding G2/M checkpoint arrest in the face of DNA damage.59

However, there is little information regarding the role of Akt at the G1/S transition. The G1/
S checkpoint exists to ensure that DNA damage is repaired before S-phase progression.
Bypass of this checkpoint in the face of genotoxic stress can predispose cells to neoplastic
progression, through the acquisition of mutations due to the replication of damaged DNA.
Our findings indicate that Akt activation can bypass the G1/S checkpoint induced by
genotoxic exposure in normal human diploid cells. The significance of these findings is
emphasized by the numerous reports linking Akt activation with tumor progression (review
in refs. 59 and 60). Our work suggests that inappropriate Akt activation may also facilitate
the early stages of oncogenesis after genotoxin exposure, via checkpoint bypass in normal
cells. Moreover, Akt activation status may also be a key determinant of G1/S checkpoint
arrest in tumor cells in the face of chemotherapeutic genotoxin exposure. Therefore, a better
knowledge of the regulation of the G1/S checkpoint in normal cells is critical to
understanding the molecular mechanisms underlying deregulation of cell cycle checkpoint
control, and may lead to the development of targeted therapies.

Materials and Methods
Cell culture and reagents

Normal diploid human lung fibroblasts (HLFs, LL24, ATCC, Manassas, VA) were
maintained in F12 complete medium, pH 7.2–7.4, containing antibiotics (penicillin 50 U/ml
and streptomycin 50 µg/ml) and 15% fetal bovine serum (Hyclone Laboratories Inc., Logan,
UT) in a 95% air and 5% CO2 humidified atmosphere at 37°C. Unless otherwise specified,
all chemicals were from Sigma (Sigma-Aldrich, St. Loius, MO) and of the highest purity
available.

Treatment of cells with chromium
Sodium chromate (Na2CrO4.4H2O, J.T. Baker Chemical Company, Philipsburg, NJ) stock
solution was dissolved in double distilled water and sterilized by passage through a 0.2 µm
filter before use. Cells were also treated with the protein tyrosine phosphatase (PTP)
inhibitor, sodium orthovanadate (SOV; Na3VO4, Sigma-Aldrich, St. Louis, MO), which was
also dissolved in double distilled water and sterilized through a 0.2 µm filter before use. In
experiments in which SOV was co-incubated with Cr(VI), SOV was added 30 min prior to
Cr(VI) addition.

Cell cycle analysis using bromodeoxyuridine (BrdU) and propidium iodide (PI) double
staining

HLFs were seeded at a density of 5 × 105 cells/150 mm dish and incubated with 0, 1, 2 and 3
µM Cr(VI) with and without 10 µM SOV for 24 h. Cells were washed after treatment and
maintained in F12 complete medium. At the indicated times, BrdU (Molecular Probes,
Carlsbad, CA) was added to the medium at a final concentration of 10 µM, and cells were
incubated for an additional 30 min. The cells were then trypsinized, washed with PBS and
fixed in 70% ethanol. Following fixation, the cells were resuspended in 2 N HCl for 20 min
and neutralized with 0.1 M sodium borate (pH 8.5) at room temperature. The cells were then
incubated with an anti-BrdU monoclonal antibody (1:40 dilution, Molecular Probes,
Invitrogen) for 30 min. The secondary antibody used was an Alexa Fluor 488 conjugated
anti-mouse IgG (Molecular Probes). Cells were stained with 5 µg/ml PI in PBS and analyzed
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using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Alternatively, for a number
of experiments, a BrdU FITC flow kit (BD Pharmingen) was used to determine BrdU
incorporation, according to the manufacturers instructions. The wavelengths used were 488
nm for excitation, and the emission filters used were 530 nm for Alexa Fluor 488, 595 nm
for PI and 650 nm for 7’AAD. The PI fluorescence signal (fluorescence pulse area versus
pulse width) was used to exclude doublets and aggregates from analysis. The percentage of
cells transitioning from G1 to S phase was determined with 10,000 cells. The data were
analyzed using the Cell Quest (Version 3.3) and the Modfit Mac LT (Version 3.1) software.
In addition to the flow cytometry studies, cells were also analyzed for BrdU incorporation
by immunofluorescence staining as described below.

Western blot
HLFs were seeded at a density of 1 × 10 cells/100 mm dish and were incubated at 37°C for
24 h prior to the indicated treatment. Following treatment, cells were lysed after 30 min
incubation in TGN buffer (50 mM Tris (pH 7.5), 50 mM glycerophosphate, 150 mM NaCl,
10% glycerol, 1% Tween 20, containing 1 M NaF, 100 mM Na3VO4 and 2 µg/ml pepstatin
A). In addition, 1 tablet of complete mini protease inhibitor (Roche, Basel, Switzerland) was
added to every 10 ml of TGN buffer. The cells were lysed by sonication on ice for 5 second
pulses at 40% amplitude. The lysates were then centrifuged at 12,000 rpm for 20 min at 2–
8°C. Cytosolic and nuclear extracts from HLFs were prepared with a Nuclear Extraction Kit
according to the manufacturer’s instructions (Panomics, CA). The supernatants were
resolved by 12% SDS-PAGE, transferred to polyvinylidene difluoride membranes (Perkin
Elmer, Waltham, MA) and probed with the following antibodies: p21/WAF1 (Oncogene
Research Products, San Diego, CA); p27/Kip1 (BD Transduction Laboratories, Franklin
lakes, NJ); Cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA); pRb Ser 807/811 (Cell
Signaling Technology, Danvers, MA); Total Rb (Santa Cruz, biotechnology) and phospho
Ser 473 Akt (Cell Signaling Technology) overnight. The membranes were then probed with
the appropriate horseradish peroxidase-linked secondary antibody (Amersham Biosciences,
Pittsburgh, PA). Secondary antibodies were visualized by ECL western blotting detection
reagents (PerkinElmer). An antibody to either constitutively expressed β-actin or α-tubulin
was used to confirm equal protein loading (Sigma).

Immunofluorescent detection of p21, p27, pRb, cyclin D1 and BrdU
HLFs were seeded at a density of 1 × 10 cells/well in 8 well chamber slides (Nunc
International, Rochester, NY) and were incubated at 37°C for 24 h prior to the indicated
treatment. The cells were rinsed with 200 µl of phosphate buffered saline (PBS) for 10 min,
fixed with 100% methanol at ~20°C for 10 min, and then kept in the dark. The cells were
sequentially rehydrated with 80%, 60%, 40% and 20% methanol in PBS, each for a duration
of 10 min in the dark. The cells were washed with PBS and blocked with 3% BSA in PBS
for 30 min or longer at room temperature. The cells were then rinsed with PBS and
incubated with primary antibody diluted 1:250 in 3% BSA at 4°C overnight. Following
incubation, the cells were rinsed with PBS and incubated for 1 h at room temperature with
secondary antibody [goat anti-mouse IgG conjugated to Alexa Fluor 488 for mouse
monoclonal primary antibodies (p21, p27, BrdU), and goat anti rabbit IgG conjugated to
Alexa Fluor 488 for rabbit polyclonal primary antibodies (Cyclin D1, pRb)] at a 1:4,000
dilution in 3% BSA. The cells were then rinsed with PBS. DNA staining was performed by
incubating the cells with 100 µl 5 µg/ml PI for 30 min in the dark. The cells were then rinsed
with PBS and were visualized by either fluorescence or confocal microscopy.
Immunofluorescence was quantified for each experiment by counting five fields per
treatment group and quantifying the number of cells positive for nuclear p27, pRb and BrdU
as a percentage of the total number of cells per field, respectively. The fluorescent
microscope used was an Olympus 1×70 (Center Valley, PA) and the confocal microscope
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was a BioRad Zeiss Confocal (Hercules, CA). The magnifications used were 40X and 60X
respectively. The excitation wavelengths were 488 nm for Alexa-Fluor conjugated
antibodies and for PI.

Determination of PTEN tyrosine phosphorylation
Immunoprecipitation for pan-phosphotyrosine was carried out using a Catch and Release
Phosphotyrosine Immunoprecipitation Kit according to the manufacturer’s instruction
(Millipore, Billerica, MA). HLFs at 24 hr post-seeding were treated with 10 µM SOV or
medium alone for 1 h and protein lysates were extracted as described previously. 700 µg of
protein lysates were added to the spin column prepacked with IP capture resin. Then 4 µg of
anti-phosphotyrosine 4G10 antibody or normal mouse IgG was added to the column and
incubated on a rotator at room temperature for 30 minutes. After 3 washes, proteins were
eluted from the column with a denatured elution buffer followed by immunoblotting with
anti-PTEN antibody (Cell Signaling). Reverse immunoprecipitation was carried out by
immunoblotting for pan-pTyrosine from the PTEN immunoprecipitation by utilizing a catch
and release Reverse Immunoprecipitation System (Millipore).

Akt in-vitro kinase activity assay
HLFs were seeded at a density of 106 cells/100 mm dish before being treated 24 h later with
0–6 µM Cr(VI) for an additional 24 h. Cells were then lysed on ice in the presence of a cell
lysis buffer (Cell Signaling Technology) followed by sonication (ten 5 second pulses at an
amplitude of 40%). After microcentrifugation at 14,000 xg for 20 min, 200 µl of cell lysate
was incubated with 20 µl immobilized Akt monoclonal antibody (clone# 1G1, Cell
Signaling Technology) overnight at 4°C. The immunocomplexes were recovered by
centrifugation at 14,000 xg for 30 sec and washed twice with 500 µl of kinase buffer (Cell
Signaling Technology). Kinase reactions were initiated by resuspending washed beads in 50
µl of kinase buffer supplemented with 1 µl of 10 mM ATP (Cell Signaling Technology) and
1 µg of Gsk~3 fusion protein (Cell Signaling Technology) at 37°C. The reaction was
stopped after 30 min by the addition of SDS sample buffer.

Transfection
Akt activation was blocked by two approaches; gene silencing using siRNA and Akt
inactivation by transfection with an Akt kinase dead mutant. For all transfections, HLFs
were serum starved 4 h prior to the experiment and transfections were performed using the
Amaxa nucleofector system. For siRNA silencing, HLFs were transfected with either buffer,
Akt1 SMARTPool siRNA, or Cy3 luciferase siRNA as a control (Dharmacon, Lafayette,
CO), at 120 pmoles. The Akt1 kinase dead (KD) plasmid (pCMV6-Myc-Akt KD) was
obtained from Dr. Philip Tsichlis at Tufts University School of Medicine. The plasmid
control was pmax from Dharmacon. Akt1-KD plasmids were transfected at a final
concentration of 1 µg. In a separate series of experiments cells were transfected with the
constitutively active myristoylated Akt1 plasmid (pCMV6-Myr-HA-Akt1), obtained from
Dr. Tsichlis, at a final concentration of 1 µg.

Transfection efficiency was determined for each experiment with 2 ug of a pmax-GFP
plasmid (Amaxa) and evaluation of cells by fluorescence microscopy. The average
transfection efficiency usually achieved was between 80–90%. For all experiments, protein
was collected at the indicated times in order to confirm Akt knockdown/activation
depending on the type of transfection performed.
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Statistical analysis
Graph Pad Prism version 4.0 (San Diego, CA) was used to perform statistical analysis
among different experimental groups. One way analysis of variance (ANOVA) with a
Bonferroni post test was used when performing multiple sample comparisons, whereas a two
tailed, unpaired t test was performed when comparing two experimental groups. The results
are presented as mean ± standard error of the mean or standard deviation of the mean for all
experiments, and for all statistical analysis, p < 0.05 was considered statistically significant
unless stated otherwise.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
G1/S checkpoint arrest is bypassed by PTP inhibition. HLF cells were incubated with 0 or 1
µM Cr(VI) in the presence and absence of 10 µM SOV for 24 h and cells were treated with
BrdU for 30 minutes before collection and fixation. Cells were fixed and incubated with
mouse anti-BrdU antibody and Alexa 488-conjugated goat anti mouse secondary antibody
and DNA was stained with PI. (A) HLF cells were seeded on chamber slides prior to
treatement. All pictures were taken on an Olympus 1×70 fluorescence microscope at a
magnification level of 40X. The numbers indicate the percentage of cells positive for BrdU
incorporation, and are the means of 2 experiments. (B) Dot plots show the incorporation of
BrdU into DNA (y axis) as an indication of DNA synthesis and PI fluorescence (x axis) as

Lal et al. Page 16

Cell Cycle. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an indication of DNA content. (C) The percentage of total cells in early S phase as assessed
by BrdU incorporation was quantified from region R5 in Figure 1B. Data are mean ± SE of
four experiments and are expressed as percentage of total cells, normalized to respective
control. *indicates a statistically significant difference from control (p < 0.05) and +indicates
a statistically significant difference between the samples treated with and without SOV (p <
0.05).
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Figure 2.
The PTP inhibitor-induced bypass of the G1/S checkpoint is associated with changes in pRb
and Cyclin D1 protein expression and pRB cellular localization. HLF cells were treated with
0, 1 or 3 µM Cr in the presence and absence of 10 µM SOV for 24 h. Total cellular protein
was extracted after the treatment. (A) Proteins were separated by SDS-PAGE and total pSer
807/811 Rb and Cyclin D1 were detected by immunoblotting. The same amount of protein
loading was confirmed by immunoblotting for β-actin. Data are the means ± SE of three
independent experiments and are expressed as percentage of control, normalized to β-actin.
*indicates a statistically significant difference from control (p < 0.05) and +indicates a
statistically significant difference between the samples treated with and without SOV (p <
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0.05). (B) HLF cells were seeded on chamber slides and, after treatment, were fixed and
incubated with rabbit pRb antibody and Alexa 488-conjugated goat anti-rabbit secondary
antibody. DNA was stained with PI to indicate the position of the nucleus. The numbers in
each box represent the percent of cells that have exclusive nuclear pRb.
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Figure 3.
The PTP inhibitor-induced bypass of the G1/S checkpoint is associated with changes in p27
protein expression and cellular localization. HLF cells were treated with 0, 1 or 3 µM Cr in
the presence and absence of 10 µM SOV for 24 h. Total cellular protein was extracted after
the treatment. (A) Proteins were separated by SDS-PAGE and total p27 was detected by
immunoblotting. The same amount of protein loading was confirmed by immunoblotting for
β-actin. Data are the means ± SE of three independent experiments and are expressed as
percentage of control, normalized to β-actin. *indicates a statistically significant difference
from control (p < 0.05) and +indicates a statistically significant difference between the
samples treated with and without SOV (p < 0.05). (B) HLF cells were seeded on chamber
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slides and, after treatment, were fixed and incubated with mouse p27 antibody and Alexa
488-conjugated goat anti-mouse secondary antibody. DNA was stained with PI to indicate
the position of the nucleus. The numbers in each box represent the % of cells that have p27
nucleo-cytoplasmic localization. (C) Immunoblotting of the nuclear and cytoplasmic
fractions for p27. α-Tubulin and Lamin A/C are loading controls for the cytoplasmic and
nuclear fractions respectively. Data are mean ± SE of four experiments and are expressed as
percentage of SOV 10 µM control. *indicates a statistically significant difference from
control (p < 0.05).
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Figure 4.
PTP inhibition abrogates the Cr(VI)-induced decrease in Akt expression and activity. (A)
HLF cells were treated with and without 10 µM SOV for 1 h. Total protein was extracted
and immunoblotting for PTEN from the pan-pTyrosine immunoprecipitates and for
pTyrosine from the PTEN immnuoprecipitates was performed. Non specific IgG was used
as the negative control. (B) HLF cells were treated with 0, 1, 3 or 6 µM Cr in the presence
and absence of 10 µM SOV for 24 h. Total cellular protein was extracted after the treatment.
Proteins were separated by SDS-PAGE and total pSer 473 Akt was detected by
immunoblotting. The same amount of protein loading was confirmed by immunoblotting for
β-actin. Data are the means ± SE of three independent experiments and are expressed as
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percentage of control, normalized to β-actin. * indicates a statistically significant difference
from control (p < 0.05) and + indicates a statistically significant difference between the
samples treated with and without SOV (p < 0.05). (C) HLF cells were treated with 0, 1, 3 or
6 µM Cr in the presence and absence of 10 µM SOV for 24 h. Total cellular protein was
extracted, and Akt was immunoprecipitated and used in an in vitro kinase assay with a
Gsk-3 fusion protein as a substrate. Proteins from each reaction were separated by SDS-
PAGE, and Gsk-3 phosphorylation was detected by immunoblotting, and normalized to total
Gsk-3 protein expression. Data are the means ± SE of two independent experiments are
expressed as percentage of control, normalized to total GSK3 and + indicates a statistically
significant difference between samples treated with and without SOV (p < 0.05). Cr(VI)
induced a statistically significant (p < 0.05) decrease in Akt in vitro activity as determined
by linear regression analysis (r2 = 0.9647).

Lal et al. Page 23

Cell Cycle. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Akt is necessary for the PTP inhibitor-induced abrogation of Cr(VI)-induced effects on the
localization of pRb and p27. (A) HLF cells transfected with vector control and Akt1-KD
plasmids were incubated with 0, 1 and 3 µM Cr(VI) in the presence and absence of 10 µM
SOV for 24 h. Cells were fixed and incubated with rabbit pRb antibody and Alexa 488-
conjugated goat anti rabbit secondary antibody. DNA was stained using PI to indicate the
position of the nucleus. The numbers in each box represent the % of cells that have
exclusive nuclear pRb. (B) HLF cells transfected with vector control and Akt1 Kinase dead
plasmids and were incubated with 0, 1 and 3 µM Cr(VI) in the presence and absence of 10
µM SOV for 24 h. Cells were fixed and incubated with a mouse p27 antibody and Alexa
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488-conjugated goat anti mouse secondary antibody. DNA was stained with PI to indicate
the position of the nucleus. The numbers in each box represent the % of cells that have p27
nucleo-cytoplasmic localization. All pictures were taken on an Olympus 1×70 fluorescence
microscope at a magnification level of 40X.
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Figure 6.
Akt is sufficient for G1/S checkpoint bypass and G1/S effector re-localization after Cr(VI)
exposure. HLF cells transfected with either the vector control or the constitutively active
Myr-Akt1 plasmid were incubated with 0 or 1 µM Cr(VI) for 24 h. (A) Transfected HLF
cells were seeded on chamber slides and were incubated with 0 or 1 µM Cr(VI) for 24 h and
incubated with BrdU for the final 30 minutes. Cells were fixed and incubated with mouse
anti-BrdU antibody and FITC-conjugated goat anti-mouse secondary antibody. Cells were
treated with PI to stain the DNA. All pictures were taken on an Olympus 1×70 fluorescence
microscope at a magnification level of 40X. The numbers indicate the percentage of cells
positive for BrdU incorporation, and are representative of one experiment. (B) Cells were
fixed and labeled with mouse anti-BrdU antibody and AAD to stain the DNA. The graphical
representation of the flow cytometry data shows the number of cells in early S-phase in the
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vector and Myr-Akt1 transfected cells treated with 1 µM Cr(VI). Data are the means ± SE of
two experiments and *indicates a statistically significant difference from the vector control
treated with 1 µM. (C) HLF cells transfected with the vector and constitutively active Myr-
Akt1 plasmid were seeded on chamber slides and were incubated with 0, 1 or 3 µM Cr(VI)
for 24 h. Cells were fixed and incubated with either the rabbit pRb antibody or the mouse
anti p27 antibody and Alexa 488-conjugated goat anti rabbit or anti mouse secondary
antibody, respectively. DNA was stained with PI to indicate the position of the nucleus. All
pictures were taken on an Olympus 1×70 fluorescence microscope at a magnification level
of 40X. The numbers in each box represent the % of cells that have exclusive nuclear pRb,
and the % of cells that have p27 nucleo-cytoplasmic localization, respectively. (D)
Immunoblotting of p27 in nuclear and cytoplasmic fractions in vector and Myr-Akt1
transfected cells. α-Tubulin and Lamin a/c are loading controls for the cytoplasmic and
nuclear fractions, respectively. Data are mean ± SE of four experiments and are expressed as
percentage of Myr-Akt1 transfected control. *indicates a statistically significant difference
from control (p < 0.05).
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