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Abstract
Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) is a RNA binding protein that plays
important role in the biogenesis of mRNA, such as alternative splicing and mRNA stability. We have
previously demonstrated that hnRNP A1 has diminished protein levels and shows cytoplasmic
accumulation in senescent human diploid fibroblasts. Recent reports showed that p38 MAP kinase
(p38 MAPK), a member of the MAP kinase family is necessary and sufficient for the cytoplasmic
accumulation of hnRNP A1 by stress stimuli such as osmotic shock. p38 MAP kinase has been shown
to be involved in cell proliferation and the induction of senescence in response to extracellular stimuli.
However, the relationship between hnRNP A1 and p38 MAPK and the roles of hnRNP A1 in cellular
senescence have not yet been elucidated. Here we show that hnRNP A1 forms a complex with
phospho-p38 MAPK in vivo. Inhibition of p38 MAPK activity with SB203580 elevated hnRNP A1
protein levels and prohibited the cytoplasmic accumulation of the protein, but not hnRNP A2, in
senescent cells. The phosphorylation level of hnRNP A1 was elevated in senescent cells. Reduction
of hnRNP A1 and A2 levels by siRNA transfection induced a senescence-like morphology and
elevated the level of F-actin, a marker of senescence. These results suggest that the expression levels
and subcellular distribution of hnRNP A1 are regulated in a p38 MAPK-dependent manner, probably
via its phosphorylation. Our results also suggest that hnRNP A2 in addition to hnRNP A1 may play
a role in establishing the senescence phenotype.
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Introduction
The property of cells to respond to a variety of environmental changes is essential for their
homeostasis, metabolism and survival. Intracellular signaling transduction pathways are
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involved in transduction of the extracellular stress signals to downstream target genes. Protein
kinase families are known to play a central role in these processes.

The mitogen-activated protein kinase (MAPK) pathway consists of three protein kinases,
MAPK, MAPK kinase (MAPKK) and MAPKK kinase (MAPKK-K). MAPKK-Ks activate
specific MAPKKs by phosphorylation and the MAPKKs in turn activate distinct MAPKs by
phosphorylation.1–3 p38 MAP kinase (p38 MAPK) is one of the factors that plays a critical
role in the process. p38 MAPK is activated by multiple environmental stresses and
inflammatory cytokines2,4 through dual phosphorylation on its threonine/tyrosine residues in
the T-loop. The activated p38 MAPK signaling pathway then activates the downstream
transcription factors, such as ATF2 and MEF-2C.5–8 p38 MAPK is activated by Ras proto-
oncogene family members that encode small GTP-binding proteins and this process is mediated
by MKK3 and MKK6.9 Interestingly, high levels of Ras expression induces p38-mediated
premature senescence, or the early onset of replicative senescence.10–12 Replicative
senescence is an irreversible growth arrest at the terminal stage of the in vitro life span of
normal cell cultures characterized by an enlarged and flattened cellular morphology.13

Replicative senescence also possesses unique molecular features; increase in the number of
cytoplasmic micro-filaments, such as F-actin;14,15 increased acidic β-galactosidase activity;
16 increased activation of p53 and Rb;17 accumulation of cell cycle inhibitors, p16INK4A and
p21WAF1 and a p53 suppressor, p14ARF;10,18,19 and suppression of the transcription of an early
response gene, c-fos.20

Heterogeneous nuclear ribonucleoprotein (hnRNP) family members are the most abundant
components of messenger ribo-nucleoprotein complexes (mRNPs) and play a variety of
regulatory roles in the biogenesis of mRNA.21,22 Over 24 major proteins designated A1-U (34
kDa–120 kDa) have been identified in hnRNP complexes.23 The proteins found in the core
hnRNP complex have been identified as hnRNP’s A, B and C and are in the 30–43 kDa range.
23 A member of the hnRNP A/B subfamily, hnRNP A1, is highly abundant and has been shown
to be involved in pre-mRNA and mRNA processes such as alternative splicing, mRNA export,
splice site selection, mRNA turnover and translation.23–31 In addition, hnRNP A1 has
nucleocytoplasmic shuttling activity32 and has been shown to be required for cell proliferation,
differentiation and the survival of certain normal and transformed cells.33 hnRNP A2, which
shares 69% amino acid identity with hnRNP A1, has similar biochemical properties of hnRNP
A1 in RNA metabolism.23,34 hnRNP A2 is also been reported to play a critical role in cell
proliferation.35

Recent studies have shown that osmotic shock or UVC irradiation induce cytoplasmic
accumulation of hnRNP A1. The cytoplasmic accumulation is concomitant with an increase
in its phosphorylation and requires p38 MAPK.36 We have previously demonstrated that
hnRNP A1 protein levels show diminished expression and altered subcellular distribution in
senescent HS74 fibroblasts.37,38 These findings raise the possibilities that there is a relationship
between hnRNP A1 and p38 MAPK proteins and suggest that hnRNP A1 may play a significant
role in cellular senescence under the control of p38 MAPK pathway. However, the precise
molecular mechanisms by which this pathway might regulate hnRNP A1 have yet to be
identified.

In this study, we demonstrate that hnRNP A1 and p38 MAPK interact in vivo and that p38
MAPK regulates the the expression level and subcellular distribution of hnRNP A1. We have
also found that the phosphorylation level of hnRNP A1 was elevated in senescent cells.
Moreover, siRNA inhibition of hnRNP A1 and/or hnRNP A2 expression induced a senescence-
like morphology. Our studies suggest that the phosphorylation status of hnRNP A1 may have
important consequences for gene expression during senescence.
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Results
Age-dependent change in hnRNP A1 expression level in IMR-90 cells

We had previously shown in HS74 human diploid fibroblasts (derived from fetal bone marrow)
that the levels of hnRNP A1 protein were lower in senescent cells as compared to young cells.
37 However, we had not yet determined if the change in the protein level during senescence
was common among fibroblasts from different tissues. Therefore, we performed the same
experiment with IMR-90 human fibroblasts (derived from fetal lung) since the similarity of
gene expression and biological properties of these two fibroblasts have been well documented.
We examined A1 protein levels in IMR-90 cells by western blot analysis and found that the
protein levels were highly diminished in senescent cells compared to young and G0-arrested
cells, (Fig. 1A, lanes 1–3) as was originally observed in HS74 fibroblasts as well as in WI-38
fibroblasts (data not shown). These results suggest that the change in the level of hnRNP A1
protein during senescence may be a common feature in different fibroblast cell lines.

Upregulation of p38 MAPK in IMR-90 cells
We had previously reported that both hnRNP A1 and A2 had cytoplasmic accumulation in
senescent fibroblasts.38 Recent studies have demonstrated that the phosphorylation of hnRNP
A1 by the p38 MAPK pathway induced cytoplasmic accumulation.36,41,42 It has also been
shown in senescent WI-38 fibroblasts and rabbit chondrocytes, that there is an upregulation of
c-H-ras mRNA with a concomitant activation of p38 MAPK.39,40 These reports raised the
possibility that an age-dependent change in hnRNP A1 localization and protein levels could
be regulated by the Ras-p38 MAPK pathway. To assess this, we first determined the
endogenous protein levels of c-H-ras and the phosphorylation level and activity of p38 MAPK
in young, G0-arrested and senescent IMP-90 cells by western blot analysis. The protein level
of c-H-ras was elevated in G0-arrested cells and senescent cells as compared to young cells
(Fig. 1B, lanes 1–3). These results are consistent with a previous study.39 The phosphorylation
level of p38 MAPK was highly elevated only in senescent cells, although the total protein levels
of p38 MAPK were relatively unchanged (Fig. 1C, lanes 1–3).

We next examined the kinase activity of p38 MAPK by assessing the phosphorylation of the
transcription factor, ATF-2. ATF-2 is known to be phosphorylated by activated p38 MAPK
and is frequently used as a substrate to measure p38 MAPK activity.43 The kinase activity of
p38 towards ATF-2 was markedly elevated in senescent cells compared to young and G0-
arrested cells (Fig. 1D, lanes 2–4). The relative kinase activities in G0-arrested cells and
senescent cells normalized to that in young cells were 1.8 and 4.5, respectively (data not
shown). The elevated phosphorylation and the activity of p38 MAPK observed in senescent
cells were equivalent to previous reports with WI-38 cells and rabbit chondrocytes,40,44

suggesting that IMR-90 cells upregulates the Ras-p38 MAPK pathway during senescence as
well as other cells. As shown in Figure 1C, lane 2 and D, lane 3, the phosphorylation and
activity of p38 MAPK in G0-arrested cells were not elevated, although c-H-ras protein levels
was upregulated (Fig. 1B, lane 2). These results indicate that the phosphorylation and activity
of p38 MAPK, but not c-H-ras levels might be specifically regulated in senescent cells.

Inhibition of p38 MAPK activity modulates hnRNP A1 expression
We then inhibited p38 MAPK activity to confirm that this kinase was active in our system. We
blocked the kinase activity of p38 MAPK using the pyridinyl imidazole, SB203580 (IC50 value
= 600 nM for in vivo inhibition), a well characterized inhibitor of p38 MAP kinase in vivo.
45 We treated young, G0-arrested and senescent IMR-90 cells with 2.5 mM SB203580 or an
equivalent volume of DMSO for 1 h. To determine the effect of SB203580 on the kinase
activity, we immunoprecipitated each cell lysate with antibody beads to phospho-p38 MAPK
followed by a kinase assay with ATF-2 (Thr71) as the substrate (Fig. 2A). The kinase activity
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in all cells was partially blocked compared to cells treated with DMSO (Fig. 2A, lanes 2, 4 and
6). As a control, we monitored the expression levels of hnRNP A1 (Fig. 2B). Surprisingly, the
endogenous levels of hnRNP A1 were upregulated in SB203580 treated young and G0-arrested
cells compared to DMSO treated cells (Fig. 2B, lanes 1–4). Of note, young cells showed a
significant increase in the level. When we normalized hnRNP A1 levels to β-actin by
densitometric analysis, we found a 1.46-fold (average) increase of A1 in SB203580 treated
young and G0-arrested cells (Fig. 2B). The hnRNP A1 levels in senescent cells remain
relatively unaffected by SB203580 compared to DMSO treated cells (Fig. 2B, lanes 5 and 6).
These results suggest that p38 MAPK activity negatively regulates hnRNP A1 protein
expression in young and G0-arrested cells. This is the first observation that hnRNP A1 protein
levels can be regulated by the p38 MAPK pathway. This modulation appears to be specific to
young cells as we did not observe a change in hnRNP A1 expression in SB203580 treated
senescent cells. The downregulation of hnRNP A1 during senescence may be due to other
mechanisms.

hnRNP A1 forms a complex with P-p38 MAPK
Because hnRNP A1 was observed to be phosphorylated by the p38 MAPK pathway,41 we
determined whether there is a physical interaction between P-p38 MAPK and hnRNP A1 by
coimmunoprecipitation assays. Cell lysates from young and G0-arrested IMR-90 cells were
immunoprecipitated with a P-p38 MAPK antibody and then the membrane was probed with
the 4B10 hnRNP A1 monoclonal antibody. A 34 kDa band was detected in the complex,
representing the presence of hnRNP A1 (Fig. 3A, lanes 2 and 3). We also tested the ability of
hnRNP A1 to co-precipitate with P-p38 MAPK in senescent IMR-90 lysates, but the 34 kDa
band was not detected (data not shown). The lack of detectable signal may be accounted for
by the diminished protein levels of hnRNP A1 in senescent cells (Fig. 1A). We next performed
the reciprocal analysis to determine whether P-p38 MAPK co-immunoprecipitated with
hnRNP A1. Both p38 MAPK and P-p38 MAPK co-immunoprecipitated with hnRNP A1 as
indicated by a 38 kDa band (Fig. 3B, parts a and c, lane 2). These results indicate a reciprocal
interaction between p38 MAPK and hnRNP A1. The very low levels of co-precipitated P-p38
MAPK may reflect its diminished protein levels observed in young IMR-90 cells (Fig. 1C,
lane 1). We also confirmed that P-p38 MAPK co-precipitated with an exogenous GFP-hnRNP
A1 fusion protein (data not shown). Immunoprecipitation of hnRNP A1 by 4B10 antibody was
confirmed by reprobing these membranes with antibodies specific for hnRNP A1 (Fig. 3B,
parts b and d, lane 2).

We immunoprecpitated P-p38 MAPK from the lysates of young cells with antibodies for
GAPDH and Bax (Fig. 3C) to assess specific binding. Neither GAPDH nor BAX was co-
precipitated with P-p38 MAPK (Fig. 3C, lanes 1), indicating that P-p38 MAPK specifically
binds to hnRNP A1.

We next determined if the inhibition of p38 MAPK affected its binding to hnRNP A1. We
treated young IMR-90 cells with 2.5 μM SB203580 or an equivalent volume of DMSO and
immunoprecpitated with P-p38 MAPK antibody. Unexpectedly, the levels of hnRNP A1 co-
precipitated with P-p38 MAPK were increased in SB203580-treated cells as compared to
DMSO-treated cells (Fig. 3D, lanes 1 and 2). Densitometric analysis indicated more than 4.0-
fold increase in the level of co-precipitated hnRNP A1. This increase is due to the increase in
the hnRNP A1 expression level by SB203580 treatment (Fig. 2B, lane 2) or a structural change
in hnRNP A1 protein when it is hypophosphorylated.

Increased phosphorylation of hnRNP A1 in senescent cells
Recent studies have shown that hnRNP A1 is phosphorylated by kinases downstream of p38
MAPK under various stress conditions.36,41,42,46 Since we have found that there is an elevated
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activity of p38 MAPK in senescent cells as well as an interaction between hnRNP A1 and p38
MAPK, we assessed whether the phosphorylation level of hnRNP A1 was also altered during
senescence. In vivo phosphorylation of hnRNP A1 was determined by metabolic labeling in
HS74 cells. HS74 fibroblasts have a similar senescence-associated expression pattern to
IMR-90 cells.37 Young, G0-arrested and senescent HS74 fibroblasts were incubated over-night
with 32P-ortho-phosphate, lysed, immunoprecipitated with the 4B10 monoclonal antibody and
subjected to SDS-PAGE. hnRNP A1 proteins in young and G0-arrested cells were
phosphorylated at very low levels (Fig. 4, lanes 1 and 2), while the phosphorylation of hnRNP
A1 was increased in senescent fibroblasts (Fig. 4, lane 3). Since the total protein levels of
hnRNP A1 were diminished in senescent cells (Fig. 4, lane 3), these results suggest that the
majority of hnRNP A1 is in a phosphorylated form in senescent fibroblasts. This increase in
phosphorylation might reflect the elevated p38 MAPK activity in senescent cells (Fig. 1D, lane
4). We examined the level of phosphorylated hnRNP A1 in young, G0-arrested and senescent
cells following inhibition of p38MAPK by SB203580. However, we did not observe a detectable
decrease in signal of phosphorylated hnRNP A1 using an anti-phosphoserine antibody in
western analyses (data not shown). These results are consistent with those of van der Houven
van Oordt et al. who reported that although hnRNP A1 accumulation was due to activation of
the p38MAPK pathway, p38MAPK itself did not directly phosphorylate hnRNP A1.36

p38 MAPK is required for the subcellular distribution of hnRNP A1
We have previously observed a diffuse distribution of hnRNP A1 protein in the cytoplasm in
senescent HS74 cells compared to its predominant nuclear distribution in young cells.38 Van
der Houven van Oordt et al. demonstrated that p38 MAPK activation was necessary and
sufficient for the induction of hnRNP A1 cytoplasmic accumulation.36 Thus, we assessed
whether the activation of p38 MAPK detected in senescent IMR-90 cells elicited a subcellular
redistribution of hnRNP A1 protein. We treated young (PD 33.5) and senescent IMR-90 cells
with SB203580 for 8 days and determined the subcellular localization pattern of hnRNP A1
by immunocytochemistry. Control young cells showed a predominant nuclear localization of
the protein (Fig. 5, part B). Control senescent cells showed cytoplasmic accumulation (Fig. 5,
part h). Young cells treated with SB203580 did not show any change in their nucleo-specific
localization pattern compared to the control cells (Fig. 5, part e). In contrast, SB203580
treatment inhibited cytoplasmic accumulation of hnRNP A1 as the majority of the protein was
localized in the nucleus of treated senescent cells (Fig. 5, part k). These data indicate that the
accumulation of hnRNP A1 into the cytoplasm in senescent cells requires the kinase activity
of p38 MAPK. We next determined the subcellular distribution pattern of hnRNP A2, which
has overlapping biochemical properties of hnRNP A1.21,24 hnRNP A2 also showed similar
subcellular distribution to A1 in both young and senescent control cells (Fig. 5, parts n and t).
However, the SB203580 treatment did not affect its localization pattern in young and senescent
cells (Fig. 5, parts q and w). These results suggest that the subcellular distribution of hnRNP
A1, but not A2 is specifically regulated by p38 MAPK.

We then examined the subcellular localization pattern of P-p38 MAPK and p38 MAPK. Both
proteins were uniformly present in young control cells (Fig. 5, parts c and o) and mainly in the
cytoplasm in the control senescent cells (Fig. 5, parts i and u). The treatment with SB203580
did not induce any change in the localization patterns in either growth state (Figs. 5, parts f, l
and 6, part r, 5, part x). These results indicate that the kinase activity of p38 MAPK does not
regulate its own subcellular localization. Our results also showed that SB203580 treatment
prohibited the cytoplasmic distribution of hnRNP A1 in senescent cells without affecting the
localization pattern of P-p38 MAPK.
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Inhibition of hnRNP A1/A2 expression induces a senescence-like morphology
In these studies, we have shown that there were alterations in the expression, phosphorylation
and subcellular distribution of hnRNP A1 in senescent cells. This raises the possibility that
hnRNP A1 levels might maintain the senescence phenotype. To assess this likelihood, we
performed siRNA knockdown analysis of hnRNP A1 and A2 to induce senescence. We
transfected hnRNP A1 and A2 siRNA oligonucleotides in young IMR-90 cells followed by
incubation for three days. We then determined the mRNAs and protein levels of hnRNP A1
and A2 by real-time PCR and western blot analysis, respectively (Fig. 6A, parts a and b). We
observed dramatic reductions in both the mRNA and protein levels, especially when the
expression of both A1 and A2 were simultaneously inhibited (Figs. 6A, part a, lanes 5 and 10
and part b, lane 5), indicating that we were able to successfully downregulate the expression
of the target genes. Interestingly, the inhibition of hnRNP A2 reduced the protein level of
hnRNP A1 (Fig. 6A, part b, lane 4). However, the levels of hnRNP A2 increased when A1 was
inhibited (Fig. 6A, part b, lane 3). Therefore, inhibiting hnRNP A2 might reduce A1, but not
vice versa.

We next stained siRNA transfected cells with fluorescein phalloidin in order to measure the
level of F-actin, which is a marker that increases in replicative senescence.14,15 All siRNA
transfected cells exhibited a senescence-like morphology characterized by an enlarged shape
(Fig. 6B, parts a, f, g and h). Measurement of the intensity of F-actin fluorescence showed that
the levels of F-actin were significantly increased in all of the cells transfected with A1 and A2
siRNAs (Fig. 6B, part b, lanes 3–5). However, the levels did not attain that of senescent WI38
cells (positive control) (Fig. 6B, part b, lane 6). siRNAs with scrambled sequences for hnRNP
A1 and A2 did not produce morphological changes nor reduce the mRNA levels of these
proteins (data not shown). We were unable to obtain a signal in any siRNA condition for
senescence-associated β-galactosidase activity (data not shown). These results suggest that
downregulation of hnRNP A1/A2 expression contributes to a partial senescence-like
morphology.

We have previously shown that the overexpression of hnRNP A1 and A2 modulated the splice
site usage of the INK4a locus, which contains the genes of cell cycle regulators, p16INK4a and
p14ARF, indicating that A1 and A2 have the ability to control the cell cycle.38 We isolated total
RNA from siRNA transfected cells and performed real-time PCR with probes for p21,
p16INK4a and p14ARF mRNAs (Fig. 6C). The expression level of a cyclin-dependent kinase
(cdk) inhibitor, p21 was increased when both A1 and A2 siRNAs were transfected (Fig. 6C,
lane 5). On the other hand, the expression level of another cdk-inhibitor, p16INK4a (a senescence
marker), was not increased dramatically in any siRNA conditions (Fig. 6C, lanes 8–10). The
expression level of the tumor suppressor and senescence-associated gene, p14ARF,19 was
decreased in all siRNA conditions (Fig. 6C). These results indicate that downregulation of
hnRNP A1/A2 partially contributes to senescence but is not sufficient to account for all of its
genetic features.

Effect of p38 MAPK inhibition on cell life span
Recently, it has been demonstrated that the inhibition of the p38 MAPK pathway delays the
onset of senescence.14,40,44 Our studies showed that downregulation of hnRNP A1/A2 by
siRNA transfection induced a senescence-like morphology (Fig. 6B) indicating that hnRNP
A1 may play a key role in the regulation of cellular senescence. To determine if hnRNP A1 or
A2 could be responsible for the initiation of senescence downstream of the p38 MAPK
pathway, we cultured young (PD 33) and pre-senescent (PD55) IMR-90 cells in medium with
continual daily supplementation of 10 μM SB203580 or an equal volume of DMSO (control)
until the cells reached senescence. PD 55 has mixed populations of young and senescent cells.
We measured the in vitro life span of cultures and hnRNP A1 and A2 protein levels. Long-
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term inhibition of p38 MAPK did not affect the life span of young cells when compared to
untreated young cells (Fig. 7A, part a). In contrast, the life span of SB203580 treated pre-
senescent cells was increased (by PD 2 or 4 times the cell number) compared to untreated pre-
senescent cells (Fig. 7A, part b). Continual SB203580 treatment of senescent cells showed no
significant change in the life span (data not shown). These results suggest that pre-senescent
cells were the most susceptive to the induction of senescence by the p38 MAPK pathway. We
also observed that the proliferation of both the young and pre-senescent cells was promoted
during the initial period of the treatment when compared to control cells (Fig. 7A, parts a and
b, insets). While treated young and senescent cells did not show any significant change in the
morphology (Fig. 7B, parts b and f), the morphology of the pre-senescent cells reverted to that
of younger cells characterized by thinner and uniform cell shapes (Fig. 7B, part d). After the
initial period, the proliferation of both growth states was no longer affected by the treatment.
Thus, inhibition of the p38 MAPK signaling pathway was effective in increasing growth and
delaying senescent morphological changes in pre-senescence cells.

We simultaneously collected cells for each condition one hour and eight days following
treatment and performed western blot analysis and real-time PCR to determine the effect of
p38 MAPK inhibition on the expression levels of hnRNP A1/A2 (Fig. 7C and D). We observed
elevated hnRNP A1 protein expression in SB203580-treated young cells on day eight compared
to un-treated and DMSO-treated control cells (Fig. 7C, lane 3). However, no change in hnRNP
A1 expression was observed in SB203580-treated pre-senescent cells on day eight (Fig. 7C,
lane 7). These observations were similar to that of our short-term treatment of young and
senescent cells (Fig. 2B). These results underscore that additional factors, besides p38 MAPK,
may be required for the reduction in the expression levels of hnRNP A1 during senescence. In
contrast, hnRNP A2 expression was increased only in SB203580-treated pre-senescent cells
(Fig. 7C, lane 7). hnRNP A2 has been reported to be required for cell proliferation.35 Our
results suggest that the suppression of hnRNP A2 level by p38 MAPK might contribute to the
cell growth retardation characteristic of pre-senescent cells. While the protein level of hnRNP
A1 expression was increased in young cells on SB203580 treatment, its mRNA level was
unchanged (Fig. 7D, part a). These results suggest that hnRNP A1 expression may be subject
to post-transcriptional regulation. hnRNP A2 mRNA expression was increased as well as its
protein level in SB203580-treated pre-senescent cells (Fig. 7D, part b), suggesting that hnRNP
A2 expression may be subject to transcriptional regulation.

Discussion
A member of heterogeneous nuclear ribonucleoprotein (hnRNP) family, hnRNP A1 is known
to function in the biogenesis of mRNA. We previously showed age-dependent changes in the
expression level and subcellular distribution of hnRNP A1.37,38 However, the molecular
mechanisms that regulate these changes have not been elucidated. In this study, we demonstrate
that the p38 MAPK pathway regulates hnRNP A1 protein levels. The p38 MAPK pathway has
been shown to play an essential role in induction of senescence and our studies suggest that
there is an interplay between this pathway and these RNA binding proteins. We have also
shown that hnRNP A1 and A2 may have roles in establishing a partial senescence morphology.

Inhibition of p38 MAPK increased the level of hnRNP A1 protein expression in young and
G0-arrested IMR-90 cells (Figs. 2B, 7C, lane 3), suggesting a p38 MAPK-dependent
regulation. In addition, this regulation of the expression may be subject to either post-
transcriptional control or increased protein stability since inhibition of p38 MAPK in young
cells even up to eight days did not show any significant change in the level of hnRNP A1
mRNA (Fig. 7D, part a). Our findings of decreased protein expression and increased
phosphorylation of hnRNP A1 during senescence (Figs. 1A and 4) suggests that the p38 MAPK
pathway might regulate the stability of hnRNP A1 protein via phosphorylation. Previous
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studies support this idea. It has been shown that osmotic stress induced phosphorylation of
cyclin D1 and D2 ubiquitination and degradation of these proteins.47,48 Overexpression of c-
Jun mediates the ubiquitin mediated proteolysis of hnRNP A1.49

We did not detect any significant changes in hnRNP A1 protein levels in senescent cells and
pre-senescent cells on p38 MAPK inhibition (Figs. 2B and 7C). We proposed two possibilities
to explain these results. Firstly, the amount of the inhibitor used may not have been sufficient
to suppress the high level of p38 MAPK activity in senescent cells. Secondly, the effect of the
treatment may have been counteracted by hnRNP A1’s auto-regulation mechanism, whereby
hnRNP A1 modulates its expression level by controlling splicing of its own pre-mRNA.50

We have found elevated phosphorylation of hnRNP A1 in senescent cells (Fig. 4), which
correlated with the increased activity of p38 MAPK in senescent cells (Fig. 1D). While p38
MAPK does not appear to regulate hnRNP A1 protein levels during senescence, we observed
that the inhibition of p38 MAPK blocked the senescence associated cytoplasmic accumulation
of hnRNP A1 (Fig. 5). These results suggest that phosphorylation of hnRNP A1 by p38 MAPK
is required for the subcellular distribution of hnRNP A1 during senescence. The recent finding
that the phosphorylation of the F-peptide in the C-terminus of hnRNP A1 regulated the
cytoplasmic accumulation of hnRNP A1 by reducing its interaction with transportin Trn1
provides support for our findings as well as those by van der Houven van Oordt et al.36,41

The elevated phosphorylation level of hnRNP A1 in senescent cells might contribute to alter
its binding activity with target pre-mRNAs. Hamilton et al. showed that modulation of serine-
threonine phosphorylation of hnRNP A1 regulated its binding to AU-rich elements (ARE’s),
which are cis-acting elements that modulate mRNA stability and turnover.51 In addition, our
previous studies had demonstrated that the in vitro binding activities of hnRNP A1 to telomeric
DNA increased in senescent fibroblasts as opposed to its RNA binding activity to a model
RNA substrate which diminished.37 Reconstituting hnRNP A1 expression has been shown to
elicite telomere elongation and telomerase activity.52,53 Taken together, these findings suggest
that the alteration of the phosphorylation level of hnRNP A1 may be required for pre-mRNA
and telomere regulation in senescent cells.

While our observations show that the p38 MAPK regulates hnRNP A1 protein levels in young
and not in senescent cells, other protein kinases may regulate hnRNP A1 protein levels during
senescence. The protein kinases, Mnk, Akt, Protein Kinase C (PKC), Protein Kinase A (PKA)
and Casein Kinase II, (CKII), have been reported to directly phosphorylate hnRNP A1,42,54,
55 whereas, Protein Phosphatase 2A (PP2A) dephosphorylates the serine residues of hnRNP
A1.54 Further studies are needed to determine if these kinases directly phosphorylates hnRNP
A1 during senescence and regulate its functions. MNK1 may play a significant role as it is a
substrate for p38 MAPK and directly phosphorylates hnRNP A1 in vitro and in vivo causing
a decrease of hnRNP A1 binding to TNFα mRNA 3′UTR leading to the de-repression of
TNFα translation.42 Jo et al. have recently demonstrated that hnRNP A1 was phosphorylated
by Akt which induced its binding to the internal ribosome entry sites (IRESs) of both cyclin
D1 and c-myc mRNAs, negatively regulating protein translation of these proteins.56 In
addition, phosphorylation of hnRNP A1 by PKC and PKA inhibited its strand annealing
activity.54,55

Our studies indicate that downregulation of hnRNP A1 and/or A2 by siRNA inhibition induced
a senescence-like morphology and caused an increase in the level of actin stress fibers (F-actin),
which are known markers for replicative senescence14,15 (Fig. 6B). However, the level of the
intensity of F-actin fluorescence did not reach the level observed in control senescent WI-38
cells (Fig. 6B, part b), suggesting that a simple downregulation of hnRNP A1/A2 is not
sufficient to induce a complete senescence morphology. This idea is supported by our qRT-
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PCR gene expression studies that show only an upregulation of p21 mRNA expression (Fig.
6C). For further studies, we will identify target pre-mRNAs that hnRNP A1/A2 bind to in
senescent cells by RNA co-immunoprecipitation assays to determine the exact role of hnRNP
A1/A2 in cellular senescence.

Our previous observations show that both hnRNP A1 and A2 have diminished expression and
increased cytoplasmic accumulation in senescent cells.37,38 In the studies presented, both
hnRNP A1 and A2 have similar effects on cellular morphology, F-actin formation, and p21
mRNA level by siRNA transfection analysis, suggesting that hnRNP A1 and A2 may have
important roles for gene expression during cellular senescence. On the other hand, the
inhibition of p38 MAPK affected the subcellular distribution of hnRNP A1, but not A2 (Fig.
5) as well as modulated both mRNA and protein levels of hnRNP A2 in contrast to hnRNP
A1, where only its protein level was changed (Fig. 7C and D, part a). He et al. demonstrated
that suppression of hnRNP A2, but not A1 or B1, slows cell growth in cancer cells.35 These
observations suggest that hnRNP A1 and A2 possess distinct roles in cellular processes
including cellular senescence under the control of different signaling pathways and is
substantiated by reports identifying factors that regulate hnRNP A2, but not hnRNP A1.57,58

We have shown that the long-term inhibition of p38 MAPK using SB203580 extended the life
span of pre-senescent cells by 2–4 PD (Fig. 7A) and that the cell shape and growth rate were
similar to that of young cells (Fig. 7B, part d). Our results are similar to those of previous
observations of p38 MAPK inhibition in Werner Syndrome fibroblasts.14 The effects we
detected of p38 MAPK inhibition on life span was not dramatic, but are consistent with previous
studies that show that individual inhibition of the p53, Rb or ERK pathways had minimal
consequences on life span.59

Finally, we observed that inhibiting p38 MAPK had differential effects on the expression level
of both hnRNP A1 and A2 in young and pre-senescent cells (Fig. 7C). Other studies have
demonstrated links between hnRNP A1/A2 and factors involved in cellular senescence. The
p53 target protein, Wig-1, binds to hnRNP A2/B1 protein dependant on the presence of RNA,
60 suggesting an involvement of the p53 pathway in the regulation of hnRNP A2. Both p38
MAPK and ERK pathway regulate TNFα expression via Mnk phosphorylation of hnRNP A1
which decreases its binding to TNFα mRNA in T cells,42 suggesting that p38 MAPK might
cooperate with ERK in the regulation of hnRNP A1.

Our present studies establish a novel link between hnRNP A1 and p38 MAPK. In addition, we
have identified a novel function for hnRNP A1/A2 in promoting the senescence morphology.
Our working model is the following: Factors leading to the induction of senescence activate
p38 MAPK. This induction alters the subcellular distribution of hnRNP A1 via phosphorylation
by the p38 MAPK pathway and in cooperation with other factors. Although p38 MAPK is not
involved in the subcellular distribution of hnRNP A2, it may regulate hnRNP A2 expression
levels in a signal-dependent manner. These changes in the localization and expression levels
of hnRNP A1/A2 proteins could modulate the biogenesis of target pre-mRNAs and have
profound effects in maintaining cellular senescence.

Previous studies have demonstrated that hnRNP A1 and A2 proteins are elevated in tumor cells
and A2 is especially known as an early marker for lung cancer.61,62 Considering the fact that
cellular senescence acts as a tumor suppression mechanism in vivo, these proteins might be
ideal targets for cancer therapy. Further study is required to reveal the precise role of hnRNP
A1 and A2 in cellular senescence under the control of p38 MAPK.
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Materials and Methods
Cell strains and culture conditions

HS74 fetal bone marrow fibroblasts63 and IMR-90 fetal lung fibroblasts64 were cultured as
previously described.65 Briefly, cells were cultured at 37°C in DMEM-HAM media
(Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Mediatech, Gibco-Life technologies). Cultures were serially passaged
until terminal passage was reached.65 Life span determinations have been previously described.
66 Growth arrested cells were generated by replacing 10% FBS supplemented media with 0 or
0.5% FBS supplemented media for 72 h.

Cell lysis and protein quantitation
Each culture was rinsed with ice cold 1X phosphate buffered saline (PBS), pH 7.4 and 0.5 mL
of cold 1% Empigen BB buffer in 1X PBS containing 1 mM EDTA, 0.1 mM dithiothreitol
(DTT), 10 mM sodium fluoride and 100 μL of Phosphatase Inhibitor Cocktail I (Sigma, St.
Louis, MO) was added to each 100 mm culture dish. Cells were scraped and lysed on ice by
sonication three times for five sec each. Lysates were cleared at 14,000 ×g for 10 min. Protein
concentration was quantified in triplicate using the Bradford-Lowry protein assay (Bio-
Rad™).

Western blot analysis
Western blot analysis was performed using standard western procedures.67 Briefly, all extracts
and immunoprecipitates were suspended in protein sample loading buffer,68 separated by 12%
SDS-PAGE, and electrophoresed at 120 V 50 mA for 4 h. 0.5 mL of lysates were used for IP
reactions. Proteins were electrophoretically transferred to PVDF membranes in 25 mM Tris
base, 190 mM glycine and 20% ethanol. Nonspecific binding was blocked by incubation of
membranes for one hour in blocking buffer (5% nonfat dry milk in 1X TBS and 0.1%
Tween-20). Membranes were incubated in the appropriate dilution of primary antibodies in
3% bovine serum albumin (BSA), 0.1% Tween-20 in 1X PBS overnight at 4°C. Membranes
were washed three times for five minutes each in wash buffer (0.1% Tween-20 in 1X PBS)
followed by incubation in a 1:1,000 dilution of secondary anti-mouse or rabbit horseradish
peroxidase (HRP)-conjugated antibodies (Amersham, Buckinghamshire, UK) in blocking
buffer for one hour at room temperature. Membranes were then washed three times for ten min
each in 1X PBS containing 0.1% Tween-20, followed by detection of protein bands using
enhanced chemiluminescence (ECL-Plus™) from Amersham. For a positive control for p38
MAPK expression, lysates were treated with 5 μM Anisomycin (Sigma), a well-known
activator of p38 MAPK69 for 30 min.

The primary antibodies used: 4B10 for hnRNP A1 and 10D4 for hnRNP A2 were generously
provided by Dr. Serafin Pinol-Roma; anti-H-ras antibody (Santa Cruz Biotechnology, Santa
Cruz, CA); anti-p38 antibody (Cell Signaling™); anti-phospho-p38 antibody (Cell
Signaling™); anti-GAPDH antibody (CHEMICON, Temecula, CA); anti-Bax antibody (Cell
Signaling™) Densitometric analysis was performed using ImageJ 1.41o software (National
Institutes of Health).

Immunoprecipitation
Whole cell lysates were imunoprecipitated for hnRNP A1 proteins using the 4B10 monoclonal
antibody. 8.5 μg 4B10 antibody was pre-incubated with 20 μL of Protein A-sepharose beads
(Roche, Diagnostics, Mannheim, Germany) for one hour at 4°C. Complexes were then
incubated with cell lysates for one hour at 4°C. Immunoprecipitates were centrifuged at 14,000
×g for five min, washed three times with 1% Empigen BB buffer in 1X PBS containing 1 mM
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EDTA, 0.1 mM dithiothreitol (DTT), 10 mM sodium fluoride, then resuspended in 1X sample
buffer (62.5 mM Tris-HCl, pH 6.8 at 25°C, 2% w/v sodium dodecyl sulfate (SDS), 10%
glycerol, 50 μM dithiothreitol (DTT), 0.01% bromophenol blue), and immediately subjected
to 12% SDS-PAGE.

For co-immunoprecipitation analysis, cells were lysed in 1X cell lysis buffer from Cell
Signaling (20 mM Tris (pH 7.5), 150 mM sodium chloride, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM sodium vanadate, 1 μg/mL leupeptin and
1 mM PMSF). Lysates were incubated overnight at 4°C in 20 μL of resuspended Immobilized
Phospho-p38 MAP kinase (Thr180/Tyr182) beads (Cell Signaling™). The immune complex
was microcentrifuged at 14,000 ×g for 5 min, washed 4X with 500 mL 1X lysis buffer,
resuspended in 1X SDS sample buffer and subjected to 12% SDS-PAGE. Proteins in the
immunocomplexes were identified by western analysis.

Metabolic labeling studies
HS74 cells were metabolically labeled overnight with 0.5 mCi/ml 32P-ortho-phosphate and
lysed with RIPA buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl)
containing 10 μg/mL of each leupeptin and pepstatin, 1 mM phenylmethylsulfonyl fluoride,
0.25 mM orthovanadate, 20 mM β-glyerophosphate and 10 mM sodium fluoride. Endogenous
hnRNP A1 was immunoprecipitated using the 4B10 monoclonal antibody, then subjected to
12% SDS-PAGE. Phosphorylated protein was determined by autoradiography.

p38 MAP kinase assay
Cells were cultured as described above and lysed in 1X cell lysis buffer from Cell
Signaling™ (20 mM Tris (pH 7.5), 150 mM sodium chloride, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM sodium vanadate, 1 μg/mL leupeptin and
1 mM PMSF). Two-hundred micrograms of total protein lysate was incubated with 20 μL of
resuspended immobilized Phospho-p38 MAP (P-p38) kinase (Thr180/Tyr182) antibody (Cell
Signaling™) overnight at 4°C. The immune complex was washed two times with 500 μL 1X
lysis buffer, 2 times with 500 μL 1X kinase buffer and resuspended in 50 μL 1X kinase buffer
(as provided by Cell Signaling™ Assay Kit) supplemented with 200 μM ATP and 2 μg ATF-2
fusion protein. The reactions were incubated for 30 min at 30°C and terminated with 25 μL
1X SDS sample buffer. Reactions were subjected to 12% SDS-PAGE followed by western
blot analysis with primary antibody to Phos-ATF-2 (Thr71) (Cell Signaling™). The protein
bands were visualized using ECL-Plus™ (Amersham).

Inhibition of p38 MAP kinase activity
Young, G0-arrested, pre-senescent (PD 55) and senescent IMR-90 cells were treated with 2.5
μM or 10 μM SB203580, a p38 MAPK inhibitor70 or an equivalent volume of dimethyl
sulfoxide (DMSO) as a control for one hour or longer at 37°C. For lifespan assays, the media
with the inhibitor was changed daily until the cells reached senescence. The cell number was
simultaneously counted at each passage using a hemacytometer (Hausser Scientific, Horsham,
PA). Following treatment, immunoprecipitation, western blot analysis or
immunocytochemistry were performed.

Immunocytochemistry
IMR-90 cells treated with SB203580 were fixed with 4% paraformaldehyde and made
permeable with 0.2% triton X-100 for ten min. Cells were washed with 1X PBS for five min
twice, blocked with 10% serum in PBS for one hour at room temperature. Then, anti-hnRNP
A1 4B10 monoclonal antibodies, anti-phospho-p38 MAPK (Thr180/Tyr182) monoclonal
antibody (Cell Signaling™), or anti p38 MAPK antibody (Cell Signaling™) were added at
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dilutions of 1:1,000, 1:300 and 1:500, respectively and incubated overnight at 4°C. The cells
were washed with 1X PBS for five min three times and incubated with the appropriate
secondary antibody at a 1:1,000 dilution in blocking solution for one hour at room temperature
in the dark. For the secondary antibodies, either Alexa Fluor® 488 anti-rabbit antibody
(Invitrogen), or Alexa Fluor® 594 anti-mouse antibody (Invitrogen) were used. Cells were
washed with 1× PBS for ten min four times in the dark and mounted in ProLong® Gold antifade
reagent with DAPI (Invitrogen). Fluorescence signals were detected using a Zeiss Axioplan
fluorescence microscope at a magnification of 400×. Images were then processed using
ADOBE Photoshop version 7.0 (Adobe Systems, Mountain View, CA).

siRNA transfection
siRNA inhibition for hnRNP A1 and A2 was done using the following sequences: 5′-AGC
AAG AGA UGG CUA GUG CUU-3′ and 5′-UGA AGA GCU UCC UCA GCU GUU-3′ for
hnRNP A1; 5′-CGU GCU GUA GCA AGA GAG GUU-3′ and 5′-GAG CUU ACG GAA CUG
UUC CUU-3′ for hnRNP A2 (He et al.35 and Kashima et al.71 respectively). siRNA
oligonucleotides were purchased from Dharmacom Research, Inc., (Lafayette, CO). Young
IMR-90 cells (PD 33) were seeded at a density of 2.5 × 105 cells in a 60 mm plate. After 24 h
of incubation when the cells reached approximately 30% confluence, transfection of cells with
RNA oligos for hnRNP A1 and A2 was performed using oligofectamine (Invitrogen) according
to the manufacturer’s instructions. Cells treated without siRNA oligonucleotides were used as
a control.

RNA extraction and reverse transcription
Total RNA was isolated from young and senescent IMR-90 cells and hnRNP A1-
overexpressing young IMR-90 cells using TRIZOL (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. Total RNA was then treated with DNA-free™ (Ambion,
Austin, TX) to remove possible DNA contamination and 1 μg of RNA in a 20 μL reaction
mixture was reverse transcribed to cDNA using the Retroscript kit (Ambion) according to the
manufacturer’s instructions.

qReal time PCR
For SYBR green assays the primers for hnRNP A1, hnRNP A2, p14ARF, p16INK4a and p21,
and the primers for human acidic ribosomal phosphoprotein PO (RPLPO) were previously
described by Zhu et al. and Bièche et al. respectively.38,72 The 7500 Real Time PCR System
(Applied Biosystems, Foster City, CA) was used for assays. For every assay, cycling conditions
were 95°C for ten seconds, followed by 40 cycles at 95°C for 15 sec and 60°C for one min. 22
μL PCR mixture contained 11 μL Power SYBR® green PCR Master Mix (Applied
Biosystems), 1 μL of RT reaction mixture and 0.36 μM of each primer. Each sample was
prepared in triplicate.

Detection of F-actin stress fibers
Fluorescent Phallotoxins have been used to label F-actin (stress fibers). Stress fibers tend to
increase with age and have been used as a marker of replicative senescence.14,15 Early passage
siRNA-treated IMR-90 and senescent WI-38 cells were cultured in 4-well chamber slides
(Fisher Scientific, Suwanee GA). Slides were washed with 1X PBS and fixed with 2%
paraformaldehyde for 15 min at room temperature. Slides were then washed in 1X PBS and
permeabilized with 0.1% Triton X-100 (Fisher Scientific) for 5 min at room temperature. Slides
were washed in 1× PBS. Slides were blocked in 10% bovine serum albumin (BSA) for 20 min
and Alexa Fluor®488 Phalloidin (Molecular Probes, Eugene, OR) was added for 20 min in the
dark. Slides were then mounted with SlowFade Antifade solution (Molecular Probes). Images
were captured using a Zeiss LSM510 Confocal Microscope (Zeiss, Germany) at a
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magnification of 600X under an Argon laser. The average F-actin intensity in 15 randomly
fields was determined using Adobe photoshop version 7.0 software (Adobe Systems, Mountain
View, CA) and paired t-test values were calculated.
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Figure 1.
Western analysis of hnRNP A1 and the Ras signaling pathway in IMR-90 young, G0-arrested
and senescent cells. (A) Western analysis of hnRNP A1. 10 μg of whole cell lysates from young
(lane 1), G0-arrested (lane 2) and senescent (lane 3) cells were electrophoresed on a 12% SDS-
PAGE and probed with 4B10 monoclonal antibody specific for hnRNP A1. The blot was then
stripped and reprobed to detect total β-actin levels. (B) Western analysis of c-H-Ras levels.
Fifty micrograms of whole cell lysates from young (lane 1), G0-arrested (lane 2) and senescent
(lane 3) cells were subjected to 15% SDS-PAGE and c-H-Ras levels were determined by
immunoblot analysis using H-Ras antibody. The membrane was stripped and reprobed with
β-actin antibody as a loading control. (C) Western analysis of p38 MAPK and phospho-p38
MAPK levels. 25 μg of whole cell lysates from young (lane 1), G0-arrested (lane 2) and
senescent (lane 3) cells were electrophoresed on a 12% SDS-PAGE and probed with antibodies
for p38 MAPK, phospho-p38 MAPK (P-p38 MAPK) and β-actin. Anisomycin treated lysates
were used as positive controls (lane 4). (D) p38 MAPK activity in IMR-90 cells. 400 μg of
whole cell lysates from young (lane 2), G0-arrested (lane 3) and senescent (lane 4) fibroblasts
were incubated with immobilized anti-phosphorylated p38 MAPK beads and the kinase activity
was measured using a fusion ATF-2 protein with a single phosphorylation site at Thr71. A
mock IP reaction containing antibody and beads only was included as a negative control (lane
1).
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Figure 2.
Effect of p38 MAPK inhibition on p38 MAPK activity and hnRNP A1 expression. (A) p38
MAPK kinase assays. Two hundred micrograms of total cell lysates prepared from young (lanes
2 and 3), G0-arrested (lanes 4 and 5) and senescent IMR-90 cells (lanes 6 and 7) treated with
2.5 μM SB203580 (SB) or an equivalent volume of DMSO (DM) were immuno-precipitated
with P-p38 MAPK antibody and kinase assay was performed using a synthetic phospho-ATF-2
(Thr71) peptide as the substrate. (B) Western blot analysis of total hnRNP A1 protein levels.
20 mg of lysates prepared from young (lanes 1 and 2), G0-arrested (lanes 3 and 4) and senescent
cells (lanes 5 and 6) treated with 15 μM SB203580 (lanes 2, 4 and 6) or an equivalent volume
of DMSO (lanes 3, 5 and 7) were subjected to 12% SDS-PAGE and probed with the 4B10
hnRNP A1 antibody. Membranes were stripped and reprobed with β-actin as a loading control.
hnRNP A1/β actin levels were measured by densitometric analysis.

Shimada et al. Page 18

RNA Biol. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
hnRNP A1 forms a complex with p38 MAPK in vivo. (A) 300 μg of young and G0-arrested
lysates (lanes 2 and 3) were immunoprecipitated with 20 ml Immobilized Phospho-p38 MAPK
180/182 (Thr/Tyr) monoclonal antibody beads, subjected to 12% SDS-PAGE and subsequently
probed with the 4B10-hnRNP A1 antibody. Mock IP reactions without lysates were included
to establish the molecular weight of the antibody heavy and light chain, 55 and 25 kDa,
respectively (lane 1). (B) Co-immunoprecipitation of p38 MAPK and phospho-p38 MAPK
with hnRNP A1. 300 μg of total lysates isolated from young IMR-90 cells were
immunoprecipitated using the 4B10-hnRNP A1 antibody, subjected to 12% SDS-PAGE and
probed with either p38 MAPK (Part a, lane 2) or P-p38 MAPK (Part c, lane 2) antibodies. Both
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blots were stripped and reprobed with the 4B10 monoclonal antibody to detect total hnRNP
A1 (Parts b and d, lane 2). (C) Binding specificity of P-p38 MAPK. 300 μg of total cell lysates
from young IMR-90 cells were immunoprecipitated with immobilized phospho-p38 MAPK
antibody beads and probed with either GAPDH or Bax (lane 1) antibodies. Positive controls
for each protein were included (lane 2). (D) Effect of p38 MAPK inhibition on its interaction
with hnRNP A1. Each 200 μg of total cell lysates isolated from 2.5 μM SB203580 (lane 2) or
DMSO (lane 1) treated young IMR-90 cells was immunoprecipitated with P-p38 MAPK and
probed with the 4B10-hnRNP A1 antibody. 5 μg of collected supernatants from each reaction
were subjected to western analysis to determine β-actin levels.
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Figure 4.
In vivo 32P radiolabeling of young, G0 arrest and senescent HS74 fibroblasts. Cells were
incubated overnight in 0.5 mCi/ml 32P-ortho-phosphate. Total protein was isolated and
endogenous hnRNP A1 was immunoprecipitated using 4B10 antibody. hnRNP A1
phosphorylation levels were determined by autoradiography following 12% SDS-PAGE. 300
μg of total lysates isolated from IMR-90 cells were immunoprecipitated using the 4B10-hnRNP
A1 antibody, subjected to 12% SDS-PAGE and probed with the 4B10-hnRNP A1 antibody.
For input, total lysates were subjected directly to western analysis. Membranes were stripped
and reprobed with β-actin as a loading control.
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Figure 5.
Effect of p38 MAPK inhibition on the subcellular distribution of hnRNP A1 and A2. Young
and senescent IMR-90 cells were treated with 10 μM SB203580 (Parts d–r and j–x) or an equal
volume of DMSO (Parts a–o and g–u) for 8 days and then subjected to in situ
immunocytochemistry for hnRNP A1, A2, p38 MAPK and phospho-p38 MAPK (P-p38). All
fields are shown at a magnification of 400×. Nuclei were identified by DAPI staining. Identical
fields were taken for DAPI, hnRNP A1 and P-p38 MAPK, or DAPI, hnRNP A2 and p38 MAPK
signals. The scale bar represents 20 μM.
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Figure 6.
siRNA inhibition of hnRNP A1 and A2 expression in IMR-90 fibroblasts. (A) Young IMR-90
cells were transfected with siRNA against hnRNP A1 and/or A2 overnight and incubated in
fresh regular media for three days. Control cells were treated with oligofectamine in the absence
of siRNA. The cells were harvested followed by isolation of RNA and protein separately for
real-time PCR (Part a) and western blot (Part b) analysis, respectively. (Part a) For real-time
PCR analysis, RPLPO was used as a control to quantify the amount of hnRNP A1/A2 mRNAs.
The relative expression level of these mRNAs (lanes 1, 3–5 or 6, 8–10) was calculated by
normalization using the mRNA level in control cells (lanes 2 and 7). Three independent
experiments were done, but error bars shown represent the standard errors of triplicate values
from one representative experiment. (Part b) For western blot analysis, each 5 μg of each total
cell lysate was loaded on 12.5% SDS-PAGE gels and the transferred membranes were probed
with 4B10 and 10D1 antibodies for hnRNP A1 and A2, respectively. (B) F-actin fiber formation
in siRNA treated IMR-90 fibroblasts. (Part a) F-actin staining was performed 7 days post-
transfection of siRNA oligos for hnRNP A1 and A2 in IMR-90 cells (Parts d–h). Senescent
WI-38 cells were used as a positive control for F-actin staining (Part c). Images were taken
using a Zeiss LSM 510 confocal microscope at a magnification of 600X. The scale bar
represents 20 μm. (Part b) The mean F-actin fluorescent intensity in 15 randomly selected fields
for each condition were quantified and subjected to statistical analysis (lanes 1–6). The asterisks
represent the level of significance using paired t-test values when comparing the mean intensity
of each condition to the negative control (mock); *p = 0.000280763, **p = 0.000189 and ***p
= 0.001402. (C) Effect of siRNA inhibition of hnRNP A1/A2 on the expression of senescence
associated gene expression. Real-time PCR was performed with probes for p21, p16INK4a and
p14ARF mRNAs.

Shimada et al. Page 23

RNA Biol. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Long-term inhibition of p38 MAPK. (A) Lifespan assays. Young (PD 33) and pre-senescent
(PD 55) IMR-90 cells were supplemented daily with complete media and 10 μM SB203580
(open squares) or an equal volume of DMSO (closed diamonds) until cells reached senescence
(Parts a and b, respectively). Cell number was determined at each passage using a
hemacytometer. Insets show higher-magnifications of the initial period of the treatments. (B)
Change in morphology by p38 MAPK inhibition. Young (Parts a and b), pre-senescent (Parts
c and d) and senescent (Parts e and f) IMR-90 cells were treated with 10 μM SB203580 (Parts
b, d and f) or an equivalent volume of DMSO (Parts a, c and e) for 6–9 days. The scale bar
represents 10 μm. (C) Effect of p38 MAPK inhibition on expression of the proteins involved
in cellular senescence and cell cycle regulation. After 8 days of SB203580 treatment, 5 μg of
total cell lysate was loaded on 12.5% SDS-PAGE gels and western blot analysis was performed
with the antibodies specific for hnRNP A1 and A2. Cell lysates of G0-arrested cells were used
as a control (lane 4). (D) Effect of p38 MAPK inhibition on mRNA expression. Real-time PCR
was performed to determine the transcription level of the proteins. The mRNA levels after one
hour of treatment were also determined to confirm the effect of the treatment itself on gene
expression. The procedure for real-time PCR is discussed in the legend of Figure 6.

Shimada et al. Page 24

RNA Biol. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


