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ABSTRACT

Phosphorylation of Heterogeneous Ribonucleoprotein Al in Human Diploid
Fibroblasts: Implications for p38 MAP kinase
By

Ileana Rios

Advisor: Dr. Karen Hubbard

Heterogeneous nuclear ribonucleoproteins (hnRNP’s) are several classes of RNA
binding proteins which are important in the biogenesis of mature RNA (mRNA). We
have previously found that hnRNP protein A1l has diminished protein levels in senescent
human diploid fibroblasts (HDF). This RNA binding protein modulates splice site usage,
general splicing factors, polyadenylation, and cleavage efficiency. hnRNP Al has also
been implicated in mRNA stability and transport from the nucleus. Thus, the alteration in
activity of the hnRNP Al protein may affect the level of expression of mature mRNA’s
and contribute to the senescent phenotype.

Protein levels of hnRNP A1 decrease in senescent HDF and this decrease parallels
the observed alteration of nucleic acid binding properties. We have previously shown
that in young HDF’s hnRNP A1l accumulates in the nucleus while in senescent HDF
hnRNP Al disperses to the cytoplasm in a punctate pattern, the mechanism underlying
this localization pattern is unknown.

In this study we have examined the phosphorylation status of hnRNP Al in young
and senescent fibroblasts and have found that in senescent fibroblasts the phosphorylation

of hnRNP Al increases relative to its total albeit diminished protein levels.
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Recent studies have implicated p38 MAP in the modulation of oncogenic ras-
induced premature senescence. Other studies have shown that post-translational
modification by phosphorylation is necessary and sufficient for hnRNP Al cytoplasmic
accumulation. The p38 MAP kinase pathway has been shown to induce hnRNP Al
cytoplasmic accumulation during osmotic shock. Thus, this pathway was examined as a
putative modulator of hnRNP Al protein levels.

Our findings suggest that both p38 MAP kinase levels and activity are elevated in
senescent fibroblasts consistent with that reported in other fibroblast systems. We have
shown that hnRNP A1l co-immunoprecipitates with phosphorylated p38 MAP kinase
which suggests an in vivo interaction. We have also demonstrated that inhibition of p38
MAP kinase activity modulates total protein levels of hnRNP A1l. Since phosphorylation
is known to have an important role in the regulation of protein binding to nucleic acids,
the phosphorylation status of hnRNP A1 in addition to its differential nucleo/cytoplasmic
protein levels may have a critical effect in its RNA binding activity and localization with

ultimate consequences for gene expression during senescence.
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Chapter 1.

Introduction: Overview of the literature



1.1 Replicative Senescence

Normal human diploid fibroblasts in culture undergo a finite number of cell
divisions before undergoing permanent growth arrest known as replicative senescence.
This in vitro finite replicative lifespan termed the Hayflick limit (1) is not only
characteristic of human fibroblasts but for other somatic cell types including
lymphocytes, keratinocytes, and endothelial cells (2). During each round of DNA
replication the telomeric ends of linear chromosomes undergo progressive shortening in
the absence of telomerase and it is thought that telomere erosion is one mechanism that is
responsible for replicative senescence (3,4.) The defining feature of senescent fibroblasts
is the failure to undergo DNA replication in the presence of growth factors or serum
stimulation (1). In the 1960’s Hayflick demonstrated that cultured human fibroblasts had

a limited growth capacity (1).
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Figure.1. Depiction of the different phases of in vitro replicative senescence (6).

Phase I — the primary culture, the cells grow slowly initially, but the growth rate
increases. This phase ends when the cells reach 100% confluence.

Phase II- this phase is characterized by a rapid rate of proliferation during which there are
high numbers of cells in the culture. Cell division can be measured by determining the
time it takes for the cell population to double in number.

Phase III- cells in this phase are marked by a progressive slowing of the growth rate, a
reduced capability of the cells to respond to growth factors and a decrease in the number
of cells that synthesize DNA. The amount of time that is required for the population to
double increases. Cells eventually stop growing and arrest in the late G1 phase of the cell
cycle. Phase III is characteristic of the senescent phenotype and although the cells may
remain metabolically active for extended periods, the end result is death of the culture.
(6).

The Hayflick limit is also referred to as mortality 1 stage (M1) and expression of
viral oncogenes such as SV40 large T antigen and HPV E6 and E7 oncoproteins can
significantly extend in vitro life span (7,8). These cultures eventually stop dividing and
undergo a crisis stage marked by extensive cell death referred to as mortality 2 (M2). A

very small number of cells can emerge from crisis (M2) and become immortalized (7,8).



M1 and M2 cell cycle checkpoints
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Figure 2. M1 and M2 cell cycle check points (10).

Depending on the cell type, the Hayflick limit ranges from 50-100 population doublings
(PD). Replicative senescence has been described as resulting from telomere shortening
(11). Senescent cells complete a finite number of cell divisions in culture after which
they become irreversibly growth arrested in the G-1 phase of the cell cycle (12). At this
point they have a BrdU labeling index of less than 5% which indicates that less than five
percent of the cells are undergoing DNA synthesis. Furthermore, senescence is
characterized by the absence of one population doubling in a 2-4 week period at terminal
passage (13). Senescent cells comprise a post-mitotic population that is unresponsive to
mitogenic stimulation and unable to enter the synthesis phase (S-phase) of the cell cycle
(14).  These cells arrest with a G-1 DNA content and do not resemble early passage
cells that are growth-arrested in a reversible, non-proliferative state which is termed Gy or
quiescence.( 8)

However, senescent cells do not enter the cell cycle following mitogenic

stimulation. A significant feature of senescent cells is that they remain metabolically



active for periods ranging from months to years (15). In addition they acquire
characteristic phenotypic changes which include enlargement and flattening of the cells,
increased lysosome biogenesis, vacuolated cytoplasm, and an increase in cytoplasmic
filaments (reviewed in 16). Similarly they accumulate oxidized proteins and studies have
demonstrated that human fetal foreskin fibroblasts (BJ fibroblasts) undergo a marked
decline in all proteosome activities and accumulate oxidatively modified forms of cross-
linked proteins (17). Senescent cells also share several features with terminally
differentiated cells in that they are irreversibly and stably growth arrested, however
replicative senescence is a consequence of a finite number of cell divisions accompanied
with distinct morphological and genetic changes.

There are close to a hundred genes that have been reported to be differentially
expressed in senescent fibroblasts (18). Genetic changes include decreased immediate
early c-fos expression in response to mitogenic stimulation in senescent HDF (19).
Senescent cells also express [-galatactosidase which is not expressed by quiescent,
terminally differentiated, or immortal cells (21,22,23,24). Along with increased
collagenase expression, the extracellular matrix protein, fibronectin is also overexpressed
in senescent cells (25).

Other senescence—associated changes include but are not limited to the alteration
of expression/regulation of numerous transcription factors such as AP-1, FosB, JunB,
E2F-1, E2F-2, E2F-5 which are underexpressed (18,26). In addition to altered expression
of cell cycle proteins, replicative senescence is also accompanied by an upregulation of
pS3, p21Sdi’Cip1’Waﬂ, and p16 protein which collectively function to induce a permanent

cell cycle growth arrest (29).



Figure 3. The orderly progression of cells through the G1 phase, DNA synthesis ( S-
phase), G2 and mitosis (M phase) is regulated by CDKs bound to their cyclin partners
(18).

During the GI1 phase of the cell cycle phosphorylation of the retinoblastoma
protein, pRb is carried out by both Cyclin D-Cdk4/6 and Cyclin E- CDK2 complexes
and this phosphorylation event releases the E2F transcription factors which are required
for the expression of genes that are in turn required for the initiation of the S-phase (30).
Many of the cell cycle regulatory proteins such as the cyclin-dependant protein kinases
(CDK-1, CDK-2, CDK-4) and cyclins (Cyclins A, B, D3, H) are underexpressed in
senescent fibroblasts (reviewed in 18). CDK4 and CDK6 are required by the mitotic

machinery to traverse the G-1 phase of the cell cycle and in senescent cells the activity of

these kinases is decreased. This is partly due to the expression of high levels of the

1Sdi,Cip1,Waf 1 6INK4 .

cyclin dependant kinase inhibitors (CDKI) p2 and pl in late passage

cells p21 SECEPLWVAl aesociates with both CDK2-Cyclin E complexes and CDK4/6-

INK4A
6

Cyclin D complexes. pl exclusively associates with CDK4/6-CyclinD complexes



(24,29). Conversely, absence of p16INK4A relieves its inhibitory effect in CDK4/cyclinD
complexes and allows for Rb phosphorylation with subsequent E2F-1 accumulation. The
activity of the retinoblastoma protein, pRB is modulated by phosphorylation and one of
its functions is to interact with and bind to a class of transcription factors known as the
E2F family. In the hypophosphorylated form pRB is active and binds E2F ' and
prevents the induction of genes that require E2F for expression (30).

A second growth suppressor protein expressed from the INK4a locus, p14ARF
upregulates p53 protein levels by targeting the ubiquitin ligase MDM?2 for degradation.
MDM2 negatively regulates pS3 protein levels (31,32). Both p53 and Rb are believed
to play important roles in the establishment and maintenence of the senescent phenotype.
These two tumor-suppressor genes undergo senescence- related changes. p53 functions
as a transcription factor and has a role in cell cycle arrest, and is normally found in low
levels in growing cells. In response to DNA damage or hypoxia the transcriptional
activity and protein levels of pS3 increase which results in an increase in the expression

of its target genes, p21, GADD45, and IGF-BP3 (22,33,34). p213%-CPIWal 5615 as a CDK

inhibitor and contributes to cell cycle arrest.
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Figure 1. The Rb/EZF pathway.

Figure. 4. The Rb/E2F pathway and cancer (30.)

In addition to the underexpressed cell cycle regulatory proteins, senescent cells

underexpress genes which are known to be involved in DNA/protein synthesis, repair,
and structure such as the replication dependant histones, H1, H2a, H2b, H3, H4, PCNA ,
and Pola (19,36,37,38,39).
Recent studies have demonstrated a reversal of cellular senescence in senescent HDF
using lentiviruses to stably express genes in non-dividing cells (40,41). This reversal was
dependant upon protein levels of the tumor suppressor p16 which regulates pRB. When
pS3 was inactivated, senescent fibroblasts with low levels of p16 underwent proliferation
while those expressing high levels of p16 failed to do. These studies concluded that a
telomere-dependant growth arrest maintained by p53 was reversible by p53 inactivation
however cells with high levels of pl6 were unable to proliferate in the presence of
inactivated pRb (40).

What is the relevance of replicative senescence to organismal aging? Early
studies which inversely correlated donor age with in vitro life span have been re-
evaluated with the conclusion that definitve evidence for this relationship is lacking.

Furthermore studies have demonstrated that there is no significant age correlation with in



vitro life span studies in HDF (42,43). However, the HDF as a cellular model for aging
has been widely utilized to study both genetic and regulatory mechanisms under

controlled environmental conditions.



1.2 Heterogeneous Nuclear Ribonucleoproteins

hnRNP’s, heterogeneous nuclear ribonucleoproteins are RNA-binding proteins
which are predominantly found in the nucleus and form complexes with RNA
polymerase II transcripts.(44). They bind to specific sequences on pre-mRNA which are
important for pre-mRNA processing such as the 5’and 3’ splice sites and the
polypyrimidine stretch, (45,46,47,48). Collectively, hnRNP’s are proteins which bind
heterogeneous RNA (hnRNA) and are not stable components of other ribonucleoprotein
complexes such as the small nuclear RNP’s (snRNP’s) (23). To date about 24 major
hnRNP’s designated hnRNP A to U have been identified by immunoprecipitation as
components of hnRNP’s in vivo (49,50,51). These proteins associate with nascent
mRNA (pre-mRNA) in the nucleus and facilitate mRNA processing in association with
hnRNP’s and other RNA-binding proteins (52). hnRNP’s in general have multiple
functions which include regulation of alternative splicing, rRNA transcription, mRNA
transport, polyadenylation, mRNA stability and turnover, and telomere biogenesis (18).
These proteins are expressed in a cell-type specific manner in vivo and studies have
shown that hnRNP’s predominate in the nucleus however, hnRNP proteins such as Al,
D, F/H also localize to the cytoplasm of several tissues (44).

hnRNPs have a modular structure consisting of one or more RNA binding modules
and an auxillary domain (52). Currently three types of RNA binding domains have been
identified: 1) the RBD/RRM/RNP-CS motif which is a RNA-binding domain/RNA-
recognition motif/RNP consensus motif; 2) the RGG box, and 3) the K-homology (KH)

motif (52).
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hnRNP Al is a protein which in addition to hnRNP A2, B1/B2, C1/C2 comprise a
basic core group of modular RNA binding proteins that are immunologically related to
easc other (55,62,63). hnRNP A1l protein is among the best characterized of the 24
hnRNP proteins identified thus far. This basic protein migrates in the 34 kDa range (55,
56). Structurally hnRNP A1 protein consists of two copies of the RNA-recognition motif
(RRM) at the N-terminal and a glycine-rich (RGG box-containing) auxiliary domain at
the C-terminal. (49). RNP 1 and RNP 2 are conserved submotifs of RRM 1 and RRM2.
RNP 1 consists of an octapeptide which is the most conserved segment of the RNP motif

while the RNP 2 hexapeptide is not as conserved (52,56).

G domain

: =

1 15} 21 55\ 93 )\

16 62 106 1 112 146 153 194 234
107

\ ) \ 18&4 )lm \ 30‘5;20

Figure 5. Schematic domain structure of human hnRNP A1 (52).

The binding features of this motif have been determined in part by peptide binding
studies and by photochemical crosslinking of phenyalanine residues with RNP 1 and
RNP 2 motifs (59,69). The carboxy terminal RGG box has closely spaced Arg-Gly Gly
repeats and this domain has been postulated to mediate protein -protein interactions and
indeed the glycine-rich carboxy domain of hnRNP A1 has been shown to selectively
interact with other RNA-binding domains (61). The UP1 component is the proteolytic

product of hnRNP A1 that lacks the C-terminal domain.

11



In addition the C-terminal domain contains a short sequence called M9 which is
required for the shuttling properties of Al (64). This sequence (amino acids 268-305) is
involved in the bidirectional transport of hnRNP A1 (65,66,67). The M-9 motif interacts
directly with two transport receptors, Trn 1 and Trn2b and mediates hnRNP A1 import
(68,69,70). More recent studies have identified a short peptide sequence, the F-peptide
(301-319aa) adjacent to the M-9 sequence which has been shown to mediate bidirectional

transport of hnRNP Al (71).

301-319 NQGGYGGSSSSSSYGSGRR

=L %
-‘"-__ Y

- \

- F

hnRNPA1 RERM 1 RRM2 M9
Eg 1 268 305 320

22%

F

MO

268 301 305 319
1 " "

Human NQSSNFGPMKGGNE -E HEHFTEEEGQYFAKPRN EISSSSEYGSIGRRE

Mouse NLSSNFGPMKGGNEGG_F-SGPYG cGOYFAKPRN =ISSS :YGEGRRF

Rat 1le S SNFGPMKGGN JGGRRESGPYGGGEle bR e 2 EI5S8S :YGEGRRF
R GPYGGGE HH

Xenopus OSERIvhReIWobelc)i Vel S S5 Se YGeGRRF

Figure 6. hnRNP peptides identified by MALDI-TOF (71).

The role of these motifs in the modulation of alternative splicing of pre-mRNA
has been examined. hnRNP Al has been demonstrated to antagonize the activity of
SF2/ASF in 5’ splice site selection; increasing the ratio of hnRNP Al to SF2/ASF
promotes the distal 5° distal splice site selection while higher concentrations of SF2/ASF
promotes proximal 5’ splice site selection (72). Subsequent analysis with variant
recombinant proteins with either duplicated or deleted RRM’s demonstrates that both
RRM’s are required for alternative splicing; however results suggested that RRM2 is

significantly more involved in distal 5’ splice site selection, see figure 5, (52). The C-

12



terminal glycine rich domain is necessary for alternative splicing activity and for stable
RNA-binding and is also involved in strand annealing and in protein-protein interactions

(56, 73).

Structure of Protein B;:T:[:‘g :::;3;‘; ﬁg:{;?.:i;e
hnRMNP A1 mutants
wt | ARM1 | RRM2 |6 > ++ A s
M(RRM1) ++ ++ -
MRRM2) ++ ++ =
MirrM1,2) [ x | x kT > + -+ =
A1-CT < > + + =
aies [ T KmsD e 44 -
haRNP A1 [RAm | Rae KG > - - -
hmRNP A1B [ [ K > -+ ++4 +f-
hnRNP A2 [ RAmM1[ RAM2 K(6 > + - s
mnRNPEBT [ T K > + ++ F++

Figure 7. Summary of the activities of hnRNP A1 mutants and other hnRNP A/B
proteins (56).
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Properties of hnRNP A1l

hnRNP A1l protein has been extensively studied and the following illustrate its
more relevant functions:
a) hnRNP A1 protein has been shown to be involved in the annealing of complementary
RNA molecules in vitro, the net effect of which may be to enhance base-pairing
interactions (74,75). Similarly, it may also serve to modify the conformation of pre-
mRNA and therby facilitate splicing (76,77).
b) Al protein is involved in telomere biogenesis and it has been shown that the ectopic
expression of this protein promotes telomere elongation in mammalian cells in addition,
both UP1 (the catalytic subunit of Al residues 1-195) and Al specifically bind single-
stranded telomeric repeats in vitro as shown with gel shift assays (78). Recent studies
have also demonstrated that hnRNP Al protects telomeric sequences from nuclease
activities in vitro (78).
c¢) hnRNP A1l shuttles between the nucleus and cytoplasm in both a transcription-
dependant and independent manner (79). Furthermore UV crosslinking of RNA-protein
complexes demonstrated that cytoplasmic Al protein is bound to polyA" RNA (mRNA).
These findings strongly suggest that Al is involved in RNA export (79).
d) hnRNP A1 protein is also involved in modulating mRNA stability and turnover (85).
AU-rich elements (ARE’s) are repeated pentamer (AUUUA) sequences found in the 3’-

untranslated region (UTR) of many unstable mRNA’s (80). These conserved sequences

promote the removal of the poly-A tail and destabilizes mRNA. AU-rich elements have

been shown to act as binding sites for cytoplasmic and nuclear proteins (81,82,83,84) and

accordingly function as important cis-acting sequences in posttranscriptional gene

14



expression (85). Cytoplasmic hnRNP A1l binds with high affinity to these reiterated
sequences and in doing so confers mRNA stability in vivo; RNA polymerase II inhibition
(with concomitant Al cytoplasmic accumulation ) has been shown to decrease ARE-
dependant mRNA turnover of c-fos mRNA (86). The regulation of mRNA turnover is
intricately involved in the fate of cytoplasmic mRNA and factors which confer mRNA
stability will ultimately affect gene expression.

e) hnRNP Al protein has been previously shown to modulate the effects of the serine-
arginine (SR) splicing factor 2, SF2/ASF and promote distal 5 splice site selection (56).
This involvement in the regulation of alternative splicing is achieved through the
antagonistic effects of hnRNP A1 protein. An increase in the concentration of

SF2/ASF will promote selection of a proximal 5’ splice site which is counteracted in a
concentration-dependant manner by hnRNP A1 (56). Additionally crosslinking studies
show that SF2/ASF and hnRNP A1 exhibit competitive binding to pre-mRNA (87).

f) More recently it was shown by Zhu et al., 2002 that hnRNP A1 expression levels
affected the level of cell cycle mRNA isoforms. Overexpression of hnRNP Al in HDF
modulated the two mRNA isoforms of the INK4A locus, p14ARF and pl6 INKd2. Both
proteins are known growth suppressors and when the ratio of hnRNP A1l to ASF/SF2 was

ARF
4

increased it preferentially resulted in the generation of pl 1soform, consistent with

the selection of the more distal 5’ splice site, figure 8 (88).
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Figure 8.Schematic illustration of the INK4A locus (88).

g) Concentrations of SR proteins and hnRNP Al proteins vary in different cell types and
and this differential expression may affect alternative splicing of many pre-mRNA’s,
Rooke et al., 2003 found that hnRNP A1 is involved in the regulation of C-src exon 1 and

may act as a splicing repressor of c-src (89).
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Posttranslational modifications of hnRNP A1

Phosphorylation is involved in the regulation of protein binding to nucleic acids,
and reversible phosphorylation has a significant role in the regulation of key cellular
processes such as cell cycle, growth, differentiation, and apoptosis (123,126,160). In
addition phosphorylation can alter protein-protein interactions, induce conformational
changes in protein structure, and target proteins for degradation. hnRNP’s undergo
several types of post-translational modifications: phosphorylation of serine residues,
methylation of arginine residues, sumoylation and, ubiquitination. (90,91,92,93,94).
hnRNP’s A,B,C,G,K,and U are all phosphorylated in vivo (95,55,96). The in vitro
strand-annealing activity of hnRNP A1l protein is diminished when it is phosphorylated
by protein kinase C {, (PKCC). Subsequent dephosphorylation by protein phosphatase 2A
(PP2A) restored the strand annealing activity of hnRNP A1l (97). Strand annealing
activity can mediate the RNA-RNA interactions which occur in the spliceosome and are
crucial to the splicing process (98). Overexpression of PKCC or PKA can induce
cytoplasmic accumulation of hnRNP Al (71,94,96). Moreover the accumulation of
cytoplasmic hnRNP A1 is regulated by phosphorylation (71). It has been demonstrated
that in response to osmotic shock hnRNP A1l localized to the cytoplasm in a p38 MAP
kinase mediated manner (93). This cytoplasmic localization of hnRNP Al affected the
selection of distal 5° splice site usage by lowering the concentration of hnRNP Al to
splicing factor SF2/ASF in the nucleus and thereby promoting proximal 5 splice site
selection. Thus the cellular distribution of hnRNP Al protein due to post-translational
modification appears to have relevant downstream effects on its” RNA binding properties

and on subsequent RNA processing.
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1.3 p38 MAP kinase

MAP kinases encompass signal transduction pathways that regulate cellular
proliferation, differentiation and survival. There are three major classes of kinase
pathways which include p38 MAP kinase and c-Jun N-terminal kinases (JNK) which are
strongly activated by environmental genotoxic stress stimuli as well as the extracellular
signal-regulated kinases (ERK1 and ERK2) which are both activated in response to
mitogenic stimulation (99).

Each family of MAP kinase is composed of a module of three kinases: a MAP
kinase kinase kinase (MKKK) which phosphorylates and activates a MAP kinase kinase
(MKK), which then phosphorylates and activates a MAP kinase, MAPK (100).  The
upstream MAPKKK’s are serine/threonine kinases and are activated after
phosphorylation or by interacting with a small GTP- binding protein of the RAS or Rho
family in response to extracelluar stimuli (101). p38 MAP kinase has four different
isoforms (a,B,y,0) which are 57-73% identical in their amino acid sequences but have
different expression patterns and sensitivities to the pyridinyl imadazole inhibitors,
SB203580 and SB202190 (102,103,104,105,106). These two inhibitors interact with and
inhibit p38 MAP kinase isoforms o and 3 (107). Other differences include differential
activation by MKK 3.4, and 6 (106, 108); and substrate specificities ( 106,107,108).

p38 MAP kinase is activated by MKK3/6 which results in the dual
phosphorylation of the threonine and tyrosine residues of the -Thr-Gly Tyr- -sequence
located in the activation loop (T-loop) (109). Activated MAP kinases can be deactivated
by dephosphorylation at the activating residues, tyrosine or threonine residues or both, by

the action of dual specificity phosphatases (DSP) which are also called MAP kinase
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phosphatases (MKP) (110). MAPK’s are present in the nucleus where they
phosphorylate numerous transcription factors (111,112,113). However, once activated,
MAPK can activate transcription factors and downstream kinases in various cellular
compartments (100). Other studies have demonstrated that that p38 MAP kinase is
present in both nuclear and cytoplasmic compartments and activation by UV radiation

does not induce a substantial redistribution of p38 MAP kinase from the cytoplasm to the

nucleus (114).
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Signaling Pathways Activating p38 MAPK
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1.4 Significance of phosphorylation of hnRNP A1 during replicative

senescence

Heterogeneous nuclear ribonucleoproteins are RNA binding proteins which form
complexes with RNA polymerase II transcripts. hnRNP Al is well characterized and has
been found to modulate splice-site usage and general splicing factors. In addition
hnRNP A1 binds with high affinity to A-U rich sequences at the 3’ untranslated region of
many unstable mRNA’s which confer stability in vitro (85). This protein shuttles
between the nucleus and cytoplasm and has a role in RNA export (79).

hnRNP Al is phosphorylated in vivo, however it is only weakly phosphorylated
under steady state conditions. Three major studies published in the 1990’s examined the
effects of phosphorylation of hnRNP Al on its RNA-binding activities. These studies
collectively identified serine residues as major sites for phosphorylation by PKA and
PKCC. The phosphorylation of hnRNP Al on specific serine residues was shown to
diminish its strand annealing properties and regulate the RNA binding properties of
cytoplasmic hnRNP A1 (85,96,97).

Recent studies have shown that hnRNP A1 cytoplasmic accumulation in response
to osmotic shock is modulated by phosphorylation of a short peptide sequence adjacent to
the M-9 motif (71). Furthermore cytoplasmic accumulation of hnRNP A1 was shown to
affect its alternative splicing regulation (93). Thus phosphorylation of hnRNP A1l can
therefore potentially modulate both its nuclear and cytoplasmic RNA processing
activities.

Protein levels of hnRNP A1 have been shown to to decrease in senescent HDF

with a concomitant decrease in its in vitro RNA binding activity (116). Our preliminary
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studies suggest that the levels of phosphorylated hnRNP Al increases relative to its total
protein level in senescent HDF. We have also observed a distinct cytoplasmic
localization of hnRNP Al in senescent HDF compared to young HDF. Collectively
these findings suggest that post-translational modification by phosphorylation of hnRNP
A1 may have a regulatory role during senescence.

The experimental goals outlined in this study are to examine phosphorylation of
heterogeneous nuclear ribonucleoprotein A1 (hnRNP Al) as a function of in vitro age in
IMR-90 HDF. Furthermore, evidence for involvement of the stress-activated kinase, p38
MAP kinase as a putative modulator of hnRNP A1 protein levels will be examined. Our
hypothesis is that phosphorylation of hnRNP A1l in senescent fibroblasts results in its
differential subcellular localization which may in turn affect gene expression during

replicative senescence and contribute to the senescent phenotype.
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Chapter 2.

Materials and Methods
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2.1 Cell strains and culture conditions

Experiments were carried out with young, Go-arrest, and senescent IMR-90 fibroblasts.
This cell strain was derived from fetal lung fibroblasts and cells were cultured at 37°C in
DMEM-HAM media supplemented with 10% fetal bovine serum (FBS) and 1%
penicilllin/streptomycin (Mediatech, Gibco-Life technologies). Cells were kept in a
37°C, 5% CO, incubator. Media was changed twice weekly and cells were serially
passaged at a ratio of 1:4 for IMR-90 cell until terminal passage was reached (13). IMR-
90 fibroblasts undergo up to 70 population doublings before reaching a senescent state.
Population doublings were calculated as follows: it was determined that each 1:4 split
represents two population doublings for previous experiments in which cell numbers
were determined at each passage (13). Growth arrest cells were prepared by replacing
10% FBS supplemented media with 0% FBS supplemented media for 72 hours.
Experiments were also carried out in the human diploid fetal bone marrow fibroblast cell
strain HS-74 obtained from H. Smith (117). Life span determinations have been

previously described (118).

2.2 Cell lysis and protein quantitation

Each culture dish was rinsed 3 times with ice cold 1X phosphate buffered saline (PBS)

and placed on ice. For detection of phosphorylated hnRNP proteins: 0.5 ml of cold 1%

Empigen BB buffer in 1X PBS containing ImM EDTA, 0.1mM dithiothreitol, 10mM
sodium fluoride and 100ul of Sigma phosphatase inhibitor cocktail I was added to each
100mm culture dish. Plates were scraped and lysate was collected in a 1.5 ml microfuge
tube and sonicated for 5 seconds 3 times. The lysate was cleared at 14,000g for 10

minutes. Supernatant was transferred to a fresh microfuge tube, and immediately added
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to immunoprecipitation reaction. For co-immunoprecipitation assays: cells were

prepared under non-denaturing lysis conditions in 1ml of 1X cell lysis buffer from Cell
Signaling containing 20mM Tris (pH 7.5), 150mM sodium chloride, ImM EDTA, 1mM
EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, ImM sodium vanadate, lug/ml
leupeptin, and ImM PMSF. Plates were incubated on ice for 5 minutes, scraped,
transferred to microfuge tube, sonicated for 5 seconds 3 times. Lysates were cleared at
14,000g for 10 minutes, transferred to fresh microfuge tube and stored at -80°C. All

other lysates were prepared in 1X SDS-lysis buffer containing 62.5mM Tris-HCI (pH 6.8

at 25°C, 2% SDS, 10% glycerol, 50mM DTT, 0.01% w/v bromophenol blue, sonicated
for 5 seconds 3X, and stored at -80°C. Protein concentration was quantified in triplicate
by Bradford-Lowry protein assay (Bio-Rad™) using bovine serum albumin as a standard

for protein concentration.

2.3 Immunoprecipitation

Whole cell lysates were immunoprecipitated for hnRNP A1 and C proteins using 4B10
and 4F4 monoclonal antibodies, respectively, generously provided by Dr. Serafin Pinol-
Roma (50, 119). 200ul of 4B10 or 3ul 4F4 antibody were pre-incubated with 20 ul of
Protein A-sepharose beads for 1 hour at 4°C followed by incubation with lysate for 1
hour at 4°C. Immunoprecipitates were microcentrifuged, washed 3 times with lysis

buffer, resuspended in 2x sample buffer and immediately subjected to 12% SDS-PAGE.

All other immunoprecipitations were performed according to manufacturer’s protocol.
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2.4 Immunoblot analysis

Cell extracts and immunoprecipitates were identified immunologically using standard
immunoblot protocols (152). These were suspended in protein sample loading buffer
(120), separated by 12%% SDS-PAGE and run at 120V 50mA for 4 hours. Proteins were
transferred to a PVDF membrane electrophoretically in 25mM Tris base, 190mM
glycine, and 20% ethanol. Nonspecific binding was blocked by incubating the blot for 1
hr in blocking buffer: 5% nonfat dry milk in 1x TBS-Tween-20. Membranes were
incubated in a 1:15 dilution of 4B10 in 3% bovine serum albumin (BSA), 0 .1% Tween-
20 in 1X PBS overnight at 4°C. Blots were washed 3 times for 5 minutes each in wash
buffer (1X PBS- 0.1% Tween-20.) Blots were then incubated in a 1:2000 dilution of 2°
anti-mouse-HRP conjugated antibody for 1 hour at room temperature. Blots were
washed 3 times for 10 minutes each in wash buffer, followed with detection of protein

bands using enhanced chemiluminescence (ECL-Plus™) from Amersham.

2.5 Metabolic labeling studies

HS-74 HDF were metabolically labeled overnight with 0.5mCi/ml 32P—ortho—phosphate
and cell lysates were prepared in RIPA buffer (1% NP-40, 1% sodium deoxycholate,
0.1% SDS, 0.15M NaCl) containing 10ug/ml of leupeptin and pepstatin, ImM
phenylmethylsulfonyl fluoride, 0.25mM orthovanadate, 20mM B-glyerophosphate and
10mM sodium fluoride. Endogeneous hnRNP A1 was immunoprecipitated with 4B10
monoclonal antibody and its phosphorylation was determined by autoradiography

following 12% SDS-PAGE.
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2.6 SYPRO™ Molecular Probes total protein stain of hnRNP A1

Cell lysates were immunoprecipitated with 4B10 and subjected to 15% SDS-PAGE.

Gels were fixed in 50% methanol and 10% acetic acid, washed 3x with dH20O, stained in
100 ml SYPRO total protein stain followed by destaining in 15% 1,2-propanediol and
50mM sodium acetate, pH 4.0. Protein bands were visualized with a UV transilluminator

and images were obtained with a Kodax 667 black and white film.

2.7 Immunodetection of phosphorylated hnRNP A1

Cells were prepared under conditions that disrupt the hnRNP core complex: these were
lysed in 0.5ml 1% Empigen BB detergent with added phosphatase inhibitors, and
sonicated for 5 seconds, 3 times each. Samples were cleared at 14,000g for 10 minutes at
4°C and incubated with 4B10- Protein-A-sepharose beads at 4°C for 1 hour. The immune
complex was collected and extensively washed with lysis buffer. Beads were drained of
excess buffer with a loading tip and resuspended in 2X sample loading buffer containing
dithiothreitol. Immunoprecipitation reactions were subjected to 12.5% SDS-PAGE,
transferred to PVDF membrane, and blocked for 1 hour in 3% BSA in 1X PBS-0.5%
Tween-20. Membranes were washed in wash buffer (0.5%T-20 1XPBS) 3 times for 10
minutes followed by incubation in 1ug/ml anti-phosphoserine antibody (Zymed™) for 1
hour at room temperature. The membranes were washed 3 times for 10 minutes and
incubated in a 1:2000 dilution of 2° HRP-anti rabbit antibody. Membranes were washed
3 times 10 minutes and bands visualized using enhanced chemiluminescence (ECL

PLUS™).
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2.8 Immunofluorescence microscopy

Cells were cultured overnight in chamber slides and fixed with 4% paraformaldehyde
for 20 minutes at room temperature and washed in PBS 3 times followed by incubation
in 2% Triton-X 100 for 10 minutes at room temperature. Wells were washed 3 times for 5
minutes each with 1X PBS, followed by incubation in a 1:15 dilution of 4B10 and 1:1000
7G2 (hnRNP A1l and nucleolin respectively), in a 3% BSA, 1X PBS solution.
(Antibodies kindly donated by Dr. Pinol-Roma). The wells were washed 3 times with
1X PBS and incubated at room temperature with a 1:500 dilution of anti-mouse
fluorescence-linked whole antibody from sheep (Amersham Life Sciences™) in 3%
BSA, 1X PBS. Wells were washed 3 times in 1X PBS for 10 minutes at room
temperature, drained of excess PBS, and coverslipped. Fluorescence was detected by
Axioplan fluorescence microcope at a magnification of 400x. Images were documented

with AxioVision™ software.

2.9 In vitro dephosphorylation of hnRNP A1 by PP2A

Cells were cultured under the appropriate conditions and prepared in Empigen lysis
buffer with and without phosphatase inhibitor cocktail I (Sigma™). These lysates were
assayed and immediately subjected to the following experimental conditions: a) 400ug of
lysate (prepared with and without Phosphatase inhibitors) was dephosphorylated in vitro
by adding 0.4U* of Protein Phosphatase 2A (PP2A Ser/Thr) from US Biologicals and
incubating the reaction at 30°C for 2 minutes (121,122,123,124,125,126). The reactions
were placed on ice followed with immunoprecipitation with preincubated 4B10-Protein A

Sepharose beads for 1 hour at 4°C. The immune complex was collected and washed 3
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times with lysis buffer, resuspended in 3X sample buffer, boiled for 5 minutes, vortexed,
microcentrifuged for Iminute, and separated by 12% SDS-PAGE. The membranes were
immunoblotted with a lug/ml dilution of Zymed™ antt phosphoserine polyclonal
antibody, a 1:500 secondary anti-rabbit antibody followed with detection using
ECL™Plus. Protein Phosphatase 2A is inhibited with 10nm okadaic acid (US Bio™).
For the second experimental condition, cells were incubated wth 10nm okadaic acid for 2
hours at 37°C. Cell lysates were prepared with 1% Empigen BB lysis buffer in the
absence of phosphatase inhibitors. These samples were prepared as discussed above.
*Unit definition: one unit releases Inmole of phosphate per min from 15uM (**P) labeled

Phosphorylase A at 30°C.

2.10 p38 MAP kinase Assay (Cell Signaling™)

Cells were cultured under appropriate conditions and lysed in 1X cell lysis buffer
containing 20mM Tris (pH 7.5), 150mM sodium chloride, ImM EDTA, 1mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, ImM sodium vanadate, 1ug/ml
leupeptin, and ImM PMSF (Cell Signaling™). Plates were incubated on ice for
Sminutes, scraped, transferred to microfuge tube and sonicated 3 times for 5 seconds each
onice. Lysates were cleared at 14,000g for 10 minutes at 4°C, transferred to a fresh
microfuge tube, and aliquoted. Protein concentration was determined using Bio-Rad
reagents. 200ug of total protein lysate was incubated with 20ul of resuspended
Immobilized Phospho-p38 MAP (P-p38) kinase (Thr180/Tyr182) antibody (Cell
Signaling). The IP reactions were incubated with gentle rocking overnight at 4°C and

microcentrifuged. The immune complex was washed 2 times with 500ul 1X lysis
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buffer, 2 times with 500ul 1X kinase buffer and resuspended in 50ul 1X kinase buffer
supplemented with 200uM ATP and 2ug ATF-2 fusion protein. The reactions were
incubated for 30 minutes at 30°C and terminated with 25ul 3X SDS sample buffer.
Reactions were boiled for 5 minutes, vortexed, micro-centrifuged for 2 minutes, and
loaded onto 12% gel followed by SDS-PAGE. Gels were electrophoretically transferred
to PVDF membrane, followed with immunoblotting with primary antibody to Phos-ATF-

2 (Thr 71). The protein bands were visualized using ECL-Plus™.

2.11 Co-immunoprecipitation analysis

Cells were cultured under appropriate conditions and lysed in 1X cell lysis buffer from
Cell Signaling containing 20mM Tris (pH 7.5), 150mM sodium chloride, ImM EDTA,
ImM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1mM sodium vanadate,
lug/ml leupeptin, and 1mM PMSF, incubated on ice for 5 minutes, scraped, transferred
to a microfuge tube and sonicated 4 times for 5 seconds each on ice. Lysates were
cleared at 14,000g for 10 minutes at 4°C and transferred to fresh microfuge tube, and
aliquoted. Protein concentrations were determined and normalized for all samples.
Depending upon the experiment different amounts of protein were incubated with 20ul of
resuspended Immobilized Phospho-p38 MAP kinase (Thr180/Tyr182) beads (Cell
Signaling™). These IP reactions were incubated with gentle rocking overnight at 4°C,
the immune complex was microcentrifuged washed 4X with 500ul 1X lysis buffer,
resuspended in 3X SDS sample buffer, boiled for 5 minutes, vortexed, microcentrifuged
for 1 minute, followed by 12% SDS-PAGE. This was followed with immunoblotting

with antibodies to the following proteins hnRNP A1, hnRNP C, GAPDH, BAX, and
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endonuclease G. Lysates were also immunoprecipitated with 4B10 (as described earlier)

and immunoblotted with antibodies to p38 MAP kinase and P-p38 MAP kinase.

2.12 Inhibition of in vivo p38 MAP Kkinase activity

In order to observe the effects of in vivo p38 MAP kinase inhibition on total hnRNP Al
levels in IMR-90 fibroblasts, log phase and senescent cells were treated with 2.5uM
SB203580 or dimethyl sulfoxide (DMSO) equivalent for 1 hour at 37°C. Lysates were
collected in the appropriate lysis buffer for whole cell and co-immunoprecipitation
analysis.

The levels of hnRNP Al in SB203580 or DMSO treated IMR-90 cells were assayed by
immunoblotting of normalized whole cell lysates prepared from log phase, G-y arrest, and
senescent cells treated with 2.5uM SB203580 for 1 hour. Cells prepared under the same
experimental conditions were immunoprecipitated with Immobilized Phospho-p38 MAP
kinase (Thr180/Tyr182) beads, subjected to 12% SDS-PAGE and immunoblotted with

4B10 antibodies.

2.13 Transient transfection studies

The pGFP-hnRNP A1 expression vector has been previously described (92) and the
pCMV-Flag-p38 plasmid was kindly provided by Dr. Roger Davis and has been
previously described (161). The pFLAG-CMV™ and pFLAG-CMV-BAP™ (bacterial
alkaline phosphatase) control vectors were obtained from Sigma™. These were
transformed into One Shot® TOP 10 Competent cells from Invitrogen™ using the

manufacturer’s protocol, briefly: 1 ul of each plasmid was added to 50 ul of One Shot®
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cells, incubated on ice for 30 minutes, incubated for 30 seconds in a 42°C water bath. 250
ul of pre-warmed S.0.C. medium was added to each reaction and incubated at 37°C for 1
hour at 225 rpm. 100 ul from each transformation reaction was plated onto LB agar
plates with either 50 ug/ml kanamycin (pGFP-hnRNP A1) or 100 ug/ml ampicillin
(pCMV-Flag-p38) to verify the absence of antibiotic resistant contamination. Plates were
incubated overnight at 37°C and individual colonies were picked for minipreps. Plasmid
DNA was isolated using QIAprep® miniprep kit (Qiagen™). Plasmid samples were

eluted into 100 ul EB buffer (10mMTris-Cl, pH 8.5) and stored at 4°C.

2.14 Transfection protocol

Young IMR-90 HDF cultured in 100mm Petri dishes were transfected with pGFP, pGFP-
hnRNP Al, pCMV-Flag-p38, pFLAG-CMV™ or pFLAG-CMV-BAP™ using
Lipofectamine™?2000 (Invitrogen™) according to manufacturer’s protocol. Briefly, cells
were plated in antibiotic free media supplemented with 10% FBS and grown to 90%
confluency. Complexes were prepared at a ratio of 1:25 (ug DNA to
Lipofectamine2000™) and complexes were added to plates and incubated at 37°C in a
CO; incubator for 6 hours after which media was removed and 10 ml antibiotic-free
media supplemented with 10% FBS was added to each plate and incubated for 48 hours.
Plates were washed 3 times with 1X PBS and lysed under both denaturing and non-
denaturing lysis conditions. Exogenously expressed GFP- hnRNPA1 was detected using
a GFP mouse monoclonal antibody (BD Bioscience™) and the 4B10 antibody. A mouse
monoclonal antibody against the FLAG epitope, M-2 antibody (Sigma™) was used to

immunoprecipitate pCMV-FLAG, pCMV-FLAG-BAP, and pCMV-p38-Flag.
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2.15 Antibody Panel

Antibody
4B10

4F4

7G2

p38 MAP kinase

Phos p38 MAP kinase

GFP

M-2 anti-FLAG

BAX
GAPDH
Endonuclease G

Actin

Specificity

hnRNP Al

hnRNP C

nucleolin

total p38 MAP kinase (phosphorylated

and unphosphorylated)

phosphorylated p38 MAP kinase (Thr180/Tyr182)
green fluorescent protein (both N- and C- terminal
fusion proteins)
FLAG epitope (recognizes FLAG peptide sequence
at the N-, C-, or Met-N- terminus)
BAX

GAPDH

Endonuclease G

Actin

4B10, 4F4, and 7G2 antibodies were all generously provided by Dr. Serafin Pinol-Roma
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Chapter 3.
Phosphorylation of hnRNP A1 and its subcellular distribution in

human diploid fibroblasts as a function of in vitro age
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3.1 Introduction

Normal human diploid fibroblasts (HDF) in culture undergo a limited number of
cell divisions before entering a terminal and irreversible growth phase termed replicative
senescence (1). These cells arrest in the G-1 phase of the cell cycle and while they
remain viable in culture there are associated changes in morphology and gene expression
(15,18). The changes include an enlarged cell size, increases acidic B-galactosidase
activity and decreased expression of numerous transcripition factors such as c-fos, Jun-
B, and E2F-1 (18). There is concomitant upregulation of cyclin dependant kinase
inhibitors (CDKI) p21 and pl16 (24,28,29). Senescent fibroblasts are unresponsive to
serum stimulation and fail to phosphorylate the retinoblastoma protein (pRb) which
prevents the release of the E2F transcription factors which are required for entry into the
S-phase of the cell cycle (50).

Posttranslational modification of proteins has a major role in the regulation of
protein binding to nucleic acids whereby reversible phosphorylation regulates in part key
cellular processes such as cell cycle growth, differentiation, and apoptosis (123,126,160).
The tranverse through the cell cycle is controlled by cyclin-CDK interactions that are
mediated by reversible phosphorylation. Major signaling pathways are regulated by
phosphorylation and other posttranslational mechanisms that underlie important

homeostatic mechanisms.
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3.2 Results

A. Comparison of protein expression of hnRNP A1 in IMR-90 log phase, Gy-arrest,

and senescent HDF.

Hubbard et al., 1995 had determined previously that in HS-74 human diploid
fibroblasts the levels of hnRNP Al were lower in senescent HDF when compared to
young HDF (116). To determine whether this was the case for IMR-90 fibroblasts,
immunoblot analysis was performed using cultures of young, Go.arrest, and senescent
IMR-90 fibroblasts.

Since hnRNP Al is in a complex with at least 20 other hnRNP proteins, the
effective disruption of this complex during lysis was an essential step for determination
of antibody specificity (49). Therefore, lysates were prepared using 1% Empigen BB
lysis buffer, a zwitterionic detergent previously characterized for disruption of the hnRNP
core complex (119). We performed differential immunoblot analysis of whole cell
lysates of hnRNP A1, hnRNP C, and nucleolin in order to test 4B10 specificity for the
hnRNP Al protein in IMR-90 HDF lysates.

The results for differential immunoblottting reveal distinct molecular weight
bands for hnRNP A1, (34 kDa), hnRNP C, (40-45 kDa) (fig.11, panels a and b) , and
nucleolin, 100kDa, (fig. 11, panel c) in identical whole cell lysates prepared in either
Triton X-100, Empigen BB, or SDS lysis buffer.

Next we tested 4B10 immunoprecipitates by probing with either 4B10-hnRNP Al
or 4F4-hnRNP C antibodies and the results strongly suggest that the 4B10 antibody binds
to only hnRNP A1l and not hnRNP C in the 4B10 immunoprecipitates (fig.12, lanes

2,3,4,&5).
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These results strongly suggest that hnRNP Al is preferentially selected in IMR-90
fibroblasts on immunoprecipitation with 4B10, an antibody specific for hnRNP Al. In
addition a 34kDa band does not appear in the 4F4-hnRNP C blot. Therefore the hnRNP
complexes were sufficiently disrupted with EmpigenBB, a detergent characterized for
such purposes.

These studies were followed with immunoblot analysis of hnRNP Al protein
levels in log phase, Go.arrest, and senescent IMR-90. The results suggest that hnRNP A1
protein levels are highly diminished in senescent IMR-90 HDF compared to log phase
and Go-arrested HDF, (fig.13, panel a, lanes 1-3) and actin levels confirm normalization
of sample load (fig. 13, panel b, lanes 1-3). These results are consistent with that
observed in HS-74 fibroblasts (116).

To further characterize Al protein levels, we performed immunoblot analysis of
4B10-hnRNP Al immunoprecipitates from all three growth states. These IP’s were
resolved by SDS-PAGE followed by SDS-PAGE. The gel was stained with SYPRO™
total protein stain to visualize protein bands. The findings presented suggest that
immunoprecipitated hnRNP Al protein levels are highly diminished in senescent HDF

compare to both log phase and Gy arrest immunoprecipitates (fig. 14, lanes 1-3).

B. Relative levels of phosphorylated hnRNP A1 in senescent HDF

We have previously hypothesized that the altered nucleic acid binding activities
and localization pattern of hnRNP A1 might be due to post-translational modifications in
HS-74 (88). Modification through phosphorylation was assessed in HS-74 fibroblasts in

those studies. Log phase, Gy.arrest, and senescent HS-74 HDF were labeled with 3p
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ortho-phosphate, lysed, immunoprecipitated with 4B10-hnRNP Al, and subjected to
SDS-PAGE. Preliminary findings with metabolic labeling of young and senescent HS-74
suggests that phosphorylation of A1l is increased in senescent fibroblasts (fig. 15, lanes 1-
3). Since total protein levels of hnRNP A1l are diminished in these senescent cells the
results suggest that the majority of Al is in the phosphorylated form in senescent
fibroblasts. All subsequent phosphorylation studies were carried out in IMR-90 HDF
using non- radioactive detection methods.

The rationale for all subsequent studies in IMR-90 HDF is that gene expression
during senescence in IMR-90 fibroblasts have been well documented, these cells
proliferate more readily than HS-74 and as discussed above, immunoblot analysis showed
that Al levels had similar protein expression patterns as has been observed in HS-74
fibroblasts.

To determine the detection sensitivity of the anti-phosphoserine antibody for
phosphorylated serine residues, whole lysates from Hela cells were prepared under
conditions that would disrupt hnRNP core complexes (119). Lysates were prepared with
and without phosphatase inhibitors. Extracts were immunoprecipitated using 4F4, an
antibody specific for hnRNP C. hnRNP C in HeLla cells is highly phosphorylated in
vivo (130) and thus served as a positive control for immunodetection of phosphorylated
protein. The immunoprecipitates were subjected to SDS-PAGE and probed using antt
phosphoserine antibody (fig. 16, panel a, lanes 1 & 2). The same membrane was stripped
and reprobed for total hnRNP C protein levels (fig. 16, panel b, lanes 1 & 2). The results
suggest that in the presence of phosphatase inhibitors the signal representing

phosphorylated hnRNP C in HeLa extracts was detectable compared to extracts prepared
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in the absence of phosphatase inhibitors which lacked a detectable signal (fig. 16 panel a,
compare lanes 2 and 3). The subsequent reprobing of the membrane with 4F4-hnRNP C
reveal heavy bands corresponding to total hnRNP C which confirmed the
immunoprecipitated fraction of the protein (fig. 16, panel b). Based on these results, the
addition of phosphatase inhibitors to the lysis buffer was consistently performed in all
future phosphorylation studies.

The next step was to perform phosphoserine immunoblot analysis using Hela
extracts immunoprecipitated with 4B10 antibodyto test relative levels of hnRNP Al
phosphophorylation to total hnRNP A1 protein levels. A band corresponding to a 34kDa
protein in the phosphoserine immunoblot is suggestive of the phosphorylated fraction of
hnRNP A1l protein in this sample which included a whole cell lysate (fig. 7, panel a).

The mock 4B10 IP was used to establish the relative molecular weights of the heavy and
the light chain IgG and to rule out false positive signals (fig.17, panel a, lane 2).

The membrane was stripped and reprobed with 4B10 antibody to determine total
protein levels of hnRNP Al and results suggest an abundance of this protein
immunoprecipitated in this sample (fig. 17, panel b, lane 3). The collective results for
immunodetection of both hnRNP C and hnRNP A1l proteins in Hela extracts strongly
suggest that immunodetection of phosphorylated serine residues on hnRNP Al is a valid
method.

The levels of phosphorylated hnRNP A1l were tested in log phase and senescent
HDF using anti-phosphoserine antibodies. Whole cell lysates were prepared in 1%

Empigen BB lysis buffer, immunoprecipitated with 4B10, and subjected to SDS-PAGE.
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This blot was probed first with anti-phosphoserine antibody (fig. 18, panel a),
then stripped and reprobed with 4B10 in order to test total protein levels of hnRNP Al
(fig.18, panel b). Relative levels of phosphorylated hnRNP A1l are apparent in the log
phase sample but are highly diminished in the senescent IP sample (fig. 18, panel a, lanes
2 and 3) due to the low overall protein levels (fig.18 panel b, lanes 2 and 3). A mock IP
reaction containing 4B10 antibody and beads was included to establish the molecular
weight of the heavy and light chains of the antibody which are also phosphorylated and to
exclude the possibility of false positive bands. In this experiment we were unable to
detect phosphorylated hnRNP Al in the senescent lysate (fig. 18, panel a, lane 1).

The lysis conditions were further optimized and this experiment was repeated.
The phosphorylated form of hnRNP Al in the senescent IP sample was visualized as a
faint band in the 34kDa range (fig. 19, panel a, lane 3) and the subsequent reprobing of
the membrane with 4B10 confirms the presence of total hnRNP Al in the senescent
sample (fig. 19, panel b, lane 3). This suggests that while the overall levels of Al are
diminished in senescent IMR-90 fibroblasts the detection of this post-translationally
modified protein may represent increased levels of the phosphorylated form of the

protein.
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C. Detectable levels of phosphorylated hnRNP A1l are diminished with Protein
Phosphastase 2A treatment (PP2A).

To further confirm that we were detecting phosphorylated A1, experiments were
performed in the presence of protein phosphatase 2A (PP2A) which specifically
dephosphorylates serine/threonine residues. Figure 20 represents immunoblot analysis of
phosphorylated hnRNP Al in young IMR-90 HDF after treatment with PP2A.

In lanes 3, 5, and 7 0.4U of PP2A was added to 400 ug of IMR-90 extracts
prepared in Empigen lysis buffer with or without phosphatase inhibitors (PI),
immunoprecipitated with 4B10 and immunoblotted with anti- phosphoserine antibodies.

Lanes 4 & 5 plates were incubated with 10 nM okadaic acid and prepared in
Empigen BB lysis buffer in the the absence of phosphatase inhibitors. Okadaic acid is a
potent inhibitor of PP2A which dephosphorylates at ser/thr residues (131). These lysates
were incubated with 0.4U of PP2A, immunoprecipitated with 4B10 antibody and
immunoblotted with anti-phosphoserine antibodies.

These results show that hnRNP Al is partially dephosphorylated by treatment
with PP2A (lane 7) and this dephosphorylation appears to be inhibited by the addition of
either phosphatase inhibitors in the lysis buffer or with in vivo treatment with 10nM
okadaic acid (lanes 2 & 3, 4 & 5). The samples were tested for equivalent hnRNP Al
protein loads by subsequent reprobing of the membranes with hnRNP Al antibody.
However, this resulted in heavy overlapping signals for hnRNP A1 which were rendered
unsuitable for analysis (data not shown).

Our findings are consistent with those previously observed which found that

PP2A dephosphorylates hnRNP Al at specific serine residues and these residues may
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represent the dephosphorylated serine sites in this experiment (97). These results further
validate the feasibility of the immunodetection of phosphorylated hnRNP proteins using

anti-phosphoserine specific antibodies.

D. Semi-quantitation of phosphorylated hnRNP A1 levels in IMR-90 HDF

Four experiments were analyzed for the relative levels of phosphorylation by
densitometry and were calculated for log and senescent HDF as the signal intensity of
phosphorylated hnRNP Al divided by the signal intensity of the total hnRNP A1l protein
level (fig. 21). Our analysis suggests that relative phosphorylation of hnRNP Al in

IMR-90 HDF is higher in senescent HDF compared to young HDF.

E. Subcellular distribution of hnRNP A1 and nucleolin in IMR-90 HDF as a

function of in vitro age.

hnRNP AT has both nuclear and cytoplasmic localization patterns and is known to
accumulate in the cytoplasm in response to osmotic shock (93). To determine whether
hnRNP Al localization in senescent IMR-90 was similar to what we had previously
observed in HS-74 (88), the nucleocytoplasmic distribution of hnRNP A1l was examined
as a function of in vitro age.

Results reveal a predominantly nuclear localization in log phase and Go-arrest
HDF (fig. 22, panels 1 & 2) compared to a more diffuse distribution of hnRNP Al into
the cytoplasm (fig. 22, panel 3). Interestingly it is absent in the nucleoli in all three

phases.
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In situ immunofluorescence analysis using the secondary anti-mouse antibody as a
control for non-specific binding, were negative for immunofluorescence (data not
shown).

These findings are consistent with our previous findings which reported a
predominantly nuclear distribution of hnRNP A1 compared to a more diffuse distribution
in senescent HS-74 HDF (88).

Nucleolin is a 100 kDa protein which has been shown to shuttle between the
nucleus and cytoplasm and is found in the nucleoli (73). As an internal control the
subcellular distribution of nucleolin was also examined (fig. 23, panels 1-3). While
nucleolin was found dispersed throughout the cell, it was also consistently found in the
nucleoli of all three phases indicating that it has a distinct localization profile compared

to hnRNP Al.
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Differential immunoblot analysis of 4B10-hnRNP A1 antibody specificity

hnRNP A1 protein hnRNP C protein
a) 1 2 3 4 b) 5 6 7
. |
40 kDa ~hnRNP C
34 kDa- hnRNP A1 R -
Hela Log1 Log2 Log3 Log1 Log2 Log3
SDS Triton X Empigen SDS Triton X Empigen SDS
Blot:4B10-hnRNP A1 Blot: 4F4-hnRNP C
Nucleolin

nucleolin

. a Tog
SDS Empigen SDS Empigen Triton X

Blot: 7G2-nucleolin

Figure 11. Differential immunoblot analysis of 4B10 specificity. Whole cell lysates
were prepared in Hela cells or log phase IMR-90 HDF using SDS, Triton X, or Empigen
BB lysis buffer and protein concentrations were normalized. 10ug of lysates were
simultaneously subjected to 12.5% SDS-PAGE and immunoblotted with either panel a)
4B10, hnRNP A1 specific or panel b) 4F4, hnRNP C, or panel ¢) 7G2, nucleolin
specific antibodies. These experiments were performed in duplicate.
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Differential immunoprecipitation of hnRNP A1, C, and nucleolin

a) hnRNP Al b) hnRNP C
1 2 3 5 6 7
—— -
Mock log #1 log #2 log#1 log#2 mock log#1

4B10 IP 4B10IP 4B101IP

IP: 4B10-hnRNP A1
Blot: 4B10-hnRNP A1l

4B10IP 4B10IP 4F41P 4F4 1P

IP: 4B10-hnRNP A1 & 4F4-hnRNPC
Blot: 4F4-hnRNP C

c¢) hnRNP A1l d) hnRNP C
1 2 3 4 5 6 7
N e —
Mock log #1 log#2 log#1 log #2 mock log #1

4B10 IP 4B10IP 4B10 1P

IP:4B10-hnRNP A1
Blot: 4F4-hnRNPC

4B10IP 4B10IP 4F4IP  4F41P

IP: 4B10-hnRNP A 1 and hnRNP C
Blot: hnRNP Al

Figure 12. Differential immunoblot analysis of hnRNP A1 and hnRNP C
immunoprecipitates. Log phase samples were prepared in Empigen BB 1% lysis buffer.
400ug of total protein were used to immunoprecipitate with either 4B10 or 4F4 primary
antibody, then subjected to 12.5% SDS-PAGE. Proteins were transferred to PVDF
membrane and probed with panel a) 4B10 or panel b) 4F4 antibodies, hnRNP A1 or
hnRNP C, respectively. Blots were then stripped and reprobed with the either hnRNP A
or hnRNP C antibodies to confirm the absence of hnRNP C in the 4B10 IP’s ( panel c,
lanes 2&3) and presence of hnRNP Al in the 4B10 IP’s ( panel d, lanes 4 and 5). This
experiment was performed in duplicate.
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hnRNP A1 protein levels in IMR-90 HDF

hnRNP A1l

actin

Log phase G-y Senescent

Figure 13. Immunoblot analysis of hnRNP A1 protein levels in IMR-90 log phase

and senescent whole cell lysates. Panel a) 10ug of whole lysates were electrophoresed on a
12% SDS-PAGE and probed with 4B10 a monoclonal antibody specific for hnRNP Al.
Panel b) The blot was then stripped and reprobed for total actin levels. This experiment was

performed in triplicate.

hnRNP A1

Mock IP Log phase ] G-y Senescent

Figurel4. Immunoblot analysis of immunoprecipitated hnRNP A1 in log phase, G0
arrest and senescent IMR-90 HDF. 500ug of whole lysates were immunoprecipitated
with 4B10-hnRNP A1l antibody and subjected to 15% SDS-PAGE. Mock IP was
included to establish molecular weight of heavy and light chains (55 and 25 kDa,
respectively). This reaction contained antibody and beads only. Bands were visualized
using SYPRO-Total protein stain. This experiment was performed four times.
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Metabolic labeling of hnRNP A1 in HS-74 HDF

1 2 3

Phos-hnRNPA1

log phase G-0 arrest senescent

Figure 15. In vivo **P radiolabeling of log phase, G-0 arrest, and senescent HS74 fibroblasts.
Cells were incubated overnight in 0.5mCi/ml 32P—ortho-phosphate. Total protein was isolated

and endogeneous hnRNP A1 was immunoprecipitated using 4B10 antibody. hnRNP A1l
phosphorylation levels were determined by autoradiography following 12% SDS-PAGE.

This experiment was performed four times.
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Phosphorylated hnRNP C protein levels in HeLa cells

a) 1 2 3

50 kDa &
IPhos hnRNP C

25kDa | | Le

Mock 4F4 1P HeLa 4F4 1P HeLa 4F4 1P
phosphatase inhibitors ) +)
Reprobe
b) 1 2 3 b
50KD:
total hnRNP C
e L m— .
25kDa -G

Mock 4F4 1P HeLa 4F4 IP  HeLa 4F4 IP

phosphatase inhibitors ) +)

Figure 16. Immunoblot analysis of phosphorylated hnRNP C in Hela extracts.
Panel a) 700 ul of HelLa extracts with and without phosphatase inhibitors were
immunoprecipitated with 4F4 primary antibody, subjected to SDS-PAGE and
immunoblotted with antiphosphoserine antibody to determine the levels of
phosphorylated hnRNP C protein (lanes 2 & 3). Mock IP reaction was included to
establish antibody heavy and light chain molecular weight, 55 and 25 kDa, respectively
(lane 1). This reaction contained antibody and beads only.

Panel b) Blots were stripped and reprobed using 4F4 primary antibody to determine the
total protein levels of hnRNP C (lanes 2 & 3). This experiment was repeated two times.
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Phosphorylated hnRNP A1 protein in Hela cells

3

s Phos hnRNP A1
- ——
25 e c
Whole cell lysate Mock IP Hela IP
4B10 4B10

b)

1 2 3

50 .C.

otal hnRNP A1

25 .C

Whole cell lysate Mock IP Hela IP
4B10 4B10

Figure 17. Immunoblot analysis of phosphorylated hnRNP A1 in HeLa extracts.
Panel a) 700ul of HeLa extracts lysed in the presence phosphatase inhibitors were
immunoprecipitated with 4B10-hnRNP A1 antibody, subjected to SDS-PAGE and
immunoblotted with anti-phosphoserine antibody to determine the level of
phosphorylated hnRNP A1 protein ( lane 3). Mock IP reaction was included to establish
molecular weight of antibody heavy and light chain, 55 and 25 kDa, respectively (lane 2).
This reaction contained antibody and beads only.

Panel b) Blots were stripped and reprobed using 4B10-hnRNP A1l antibody to determine
the total protein levels of hnRNP A1 (lane3). This experiment was repeated two times.
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Phosphorylated hnRNP A1 in IMR-90 HDF
a) 1 2 3

h.c.

Phos hnRNP A1

Lc.

Mock IP log phase senescent
4B10 4B10 4B10

Total hnRNP A1l in IMR-90 HDF

b)

Total hnRNP A1

Lc.

Mock IP log phase senescent
4B10 4B10 4B10

Figure 18. Immunoblot analysis of phosphorylated hnRNP A1 in log phase and
senescent fibroblasts. *700ug of total cell lysates prepared in Empigen lysis buffer were
immunoprecipitated using 4B10 primary antibody, reactions were extensively washed
and separated by 12.5% SDS-PAGE (lanes 2 & 3). Mock IP reaction was included to
establish molecular weight of heavy and light chain, 55 and 25 kD, respectively, (lane 1).
This reaction contained antibody and beads only.

Panel a) Proteins were transferred to PVDF membrane, and probed with anti-
phosphoserine primary antibody. Panel b) Blots were then stripped and reprobed for
total hnRNP A1 levels using 4B10 primary antibody. This experiment was performed in
triplicate.
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Phosphorylated hnRNP A1 protein in IMR-90 HDF

a) 1

50

37

mock IP log phase IP  senescent IP Hela IP

Total hnRNP A1 protein in IMR-90 HDF

b) 1 2 3 4
50 h.c.
37
——— Total hnRNP A1
25 Le.

mock IP log phase IP  senescent IP Hela IP

Figure 19. Immunoblot analysis of phosphorylated hnRNP A1l in log phase and
senescent fibroblasts. ~750ug of total cell lysates prepared in Empigen lysis buffer were
immunoprecipitated usizg 4B10 primary antibody, reactions were extensively washed
and separated by 12.5% SDS-PAGE (lanes 2, 3, &4). Mock IP reaction was included to
establish molecular weight of antibody heavy and light chain, 55 and 25 kDa,
respectively (lane 1). Panel a) Proteins were transferred to PVDF membrane, and probed
with a Tug/ml dilution of anti-phosphoserine primary antibody.

Panel b) Blots were then stripped and reprobed for total hnRNP A1l levels using 4B10
primary antibody. This experiment is representative of four independent experiments.
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Dephosphorylation of hnRNP A1 with Protein Phosphatase 2A

1 2 3 4 5 6 7
sokpa | SR S . 9 . . . h.c

37 kDa phos hnRNP A1l
- ae .
25kDa

MockIP NT PP2A OKA OKA+PP2A PP2A
4B10  +PI +PI PI -PI

IP : 4B10 hnRNP A1

Blot: anti-phosphoserine

Figure 20. Immunoblot analysis of phosphorylated hnRNP A1l in young IMR-90
after treatment with PP2A and/or okadaic acid.

a) Lane 2 was untreated and lysed in the presence of phosphatase inhibitors, (PI).

b) Lanes 3, 5, and 7: 0.4U of PP2A was added to 400ug of young IMR-90 extracts
prepared in Empigen lysis buffer with or without phosphatase inhibitors, (PI), incubated
at 30°C for two minutes, immunoprecipitated with 4B10, subjected to SDS-PAGE, and
immunoblotted with anti-phosphoserine antibody to detect phosphorylated hnRNP Al.

c) Lanes 4 and 5 plates were incubated in vivo with 10mM okadaic acid for 2 hours at
37°C and lysed in the absence of phosphatase inhibitors. These extracts were processed
as above. Mock IP reaction was included to establish molecular weight of antibody
heavy and light chain, 55 & 25 kDa, respectively, (lane 1). This experiment was
performed in duplicate.
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Cell line IMR-90 Phosphorylated hnRNP A1/Total hnRNP A1 Protein levels

1 2 3 4 S.E. +
Log phase 0.034 0.013 0.037 0.105 0.02
Senescent 0.021 0.035 0.21 0.04 0.04

Table 1. Relative ratios of hnRNP A1 phosphorylation in log phase and senescent IMR-
90 HDF were calculated by dividing the signal intensity of phosphorylation levels by
signal intensity of total protein levels. Signals were obtained using ImageQuant ™
software on scanned blots. Membranes were first probed with anti-phosphoserine
antibody, processed and scanned and signal intensity was quantitated. Membranes were
subsequently reprobed with anti-hnRNP A1l antibody, processed and the signal intensity
was quantitated. The relative signal for phosphorylated hnRNP A1 was calculated. Ratio
values from four independent experiments were tabulated and summarized above.
Standard error was calculated as the standard deviation/NN where = sample number.

Refer to figure 21 for graph.
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Relative ratio of phos A1 to total A1
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0.02
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Figure 21. Graphical representation of the relative ratios of phosphorylated hnRNP

Al. The relative ratios for phosphorylated hnRNP Al:total hnRNP A1l protein in log
phase and senescent IMR-90 were quantitated using ImageQuant™ analysis and is
presented as relative ratio of signal intensity. Data are presented as mean S.E.+
densitometric values from four independent experiments.
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In situ immunofluorescence of hnRNP Al in log phase, Gy-arrest,
and senescent IMR-90 HDF

Log phase G, arrest Senescent

Figure 22. In situ immunofluorescence of hnRNP A1l in log phase, Gy-arrest, and
senescent IMR-90 HDF. In panels 1-3 IMR-90 HDF were fixed, permeabilized, and
incubated first with 4B10-hnRNP A1l primary antibody followed by anti-mouse
secondary antibody. All fields are shown at a magnification of 400x. This experiment
was performed in triplicate.
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In situ immunofluorescence of nucleolin in log phase, Gy-arrest, and

senescent IMR-90 HDF

Log phase Garrest Senescent

.-

Figure 23. In situ immunofluorescence of nucleolin in IMR-90 log phase, G¢-arrest,
and senescent HDF. In panels 1-3 IMR-90 HDF were fixed, permeabilized, and
incubated first with 7G2-nucleolin primary antibody followed by anti-mouse secondary
antibody. All fields are shown at a magnification of 400x. This experiment was
performed in triplicate.
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3.3 Discussion

Expression of hnRNP A1 in IMR-90 HDF
In this study we measured the relative levels of phosphorylated hnRNP Al as

compared to total hnRNP A1 protein levels as a function of in vitro age in IMR-90 HDF,
a human diploid fibroblast derived from fetal lung tissue. Our findings suggest that
relative levels of phosphorylated hnRNP Al are increased in senescent HDF. Subsequent
immunofluorescence analysis of the subcellular distribution of hnRNP Al reveal a
predominantly nuclear localization in young HDF compared to a diffuse cytoplasmic
distribution in senescent HDF. Consistent with increased phosphorylated hnRNP Al
shown by others, the cytoplasmic accumulation of hnRNP Al has been shown to be
modulated by the p38 MAP kinase pathway in response to osmotic shock with a
concomitant increase in phosphorylation (93). These initial findings collectively suggest
that post-translational modifications may have a regulatory role during senescence.
hnRNP’s are proteins that bind RNA polymerase II transcripts which are termed
hnRNA’s (heterogeneous nuclear RNA). Over 24 major proteins designated Al1-U
(34kDa-120 kDa) have been identified in hnRNP complexes (49) and among the proteins
found in the core hnRNP complex are hnRNP’s A, B, and C in the 30-43kDa range.
Since hnRNP Al exists in this multiprotein complex, we sought to efficiently disrupt the
core complex in order to efficiently immunodetect and immunoprecpitate hnRNP Al
using the 4B10 monoclonal antibody which has been previously characterized for the

immunodetection of hnRNP A1 (119).
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We tested the specificity of the 4B10 monoclonal antibody for hnRNP Al in
lysates prepared from IMR-90 HDF under conditions known to disrupt the hnRNP core
complex. These studies were initiated in order to ensure that: a) the hnRNP core
complex was sufficiently disrupted in our samples and b) to confirm that only hnRNP A1l
and no other hnRNP protein was immunodetected with the 4B10 antibody.

In order to test the relative levels of hnRNP A1 phosphorylation as a function of
in vitro age the total hnRNP Al levels were first examined by immunoblot analysis.
Total protein levels of hnRNP Al were highly diminished in senescent IMR-90 HDF
compared to young and Gy-arrest HDF. These findings are consistent with Hubbard et
al., 1995 which report that protein levels of hnRNP’s A1, A2/B1, and C are decreased in
senescent HS-74 HDF. Furthermore, decreased protein levels of hnRNPAT in senescent
HDF parallel the observed decrease in its mRNA levels in senescent HDF as indicated by
Northern analysis (88).

The observation that protein levels of hnRNP A1l decrease in senescent HDF also
parallels the observed alteration of its nucleic acid binding properties. Previous studies
have shown that in senescent fibroblasts the RNA binding activity to a model RNA
substrate diminishes as opposed to in vitro telomeric DNA binding activities which
increase (132). hnRNP Al protein can counteract the effect of SR proteins by promoting
distal 5° splice site utilization in vitro and in vivo and the decreased hnRNP Al protein
levels would potentially result in the selection of proximal 5’ splice sites
(56,133,134,135). Indeed earlier studies demonstrated that the ratio of hnRNP A1l to the
splicing factor, SF2 decreases in senescent HDF with the resulting decrease in the ratio

of p14 ** to p16 INK4A (132).  More recent studies have implicated hnRNP Al in the
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alternative splicing of c-H-ras mRNA which renders two proteins, p21-H-Ras and p19-H-
RasIDX (136). hnRNP A1l was found to have an inhibitory role in IDX splicing, thus a
decrease in hnRNP Al protein levels may potentially alter the expression of p21-H-ras.
Overexpression of ras is known to induce a premature senescent phenotype and this
effect is mediated through the p38 MAP kinase signaling pathway (137).

Since hnRNP Al is involved in a range of pre-mRNA processing functions as
well as mRNA transport and stability, the decreased protein levels and altered binding
activities observed in senescent fibroblasts may affect the levels of expression of mature

mRNA’s and contribute to the senescent phenotype.

Phosphorylation of hnRNP A1

Reversible phosphorylation has a regulatory role in modulating the activity of
several DNA-RNA binding proteins as well as modulating protein-protein interactions.
The kinases known to phosphorylate hnRNP A1l in vitro and in vivo at serine/threonine
residues in vitro are Protein kinase C ¢, (PKCC), Protein Kinase A (PKA), Casein Kinase
II, (CKII) and Mnk (96,97,115). Phosphorylation of hnRNP A1l by protein kinase
CC occurs at three major sites, ser 9 ,Ser 192, and ser '*? which correlates with an inhibition
of its strand annealing activity (97). These sites are also dephosphorylated by protein
phosphatase 2A which restores the strand annealing activity. Studies by Hamilton et al.,
1997 indicated that modulation of serine-threonine phosphorylation of hnRNP Al
regulated its’ binding to AU-rich elements (ARE’s), which are cis-acting elements that

modulate mRNA stability and turnover (25).
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hnRNP Al is dephosphorylated by Protein Phosphatase 2A (PP2A) which is the
class of phosphatases that dephosphorylates serine residues (96,97). Cytoplasmic hnRNP
Al binds to A-U rich elements (ARE) which are found in the 3-untranslated region
(UTR) of many unstable RNA’s (85). ARE’s are conserved sequences which promote
the removal of the poly-A tail and destabilizes mRNA. Binding of these ARE’s by
hnRNP A1l confers mRNA stability in vivo (86). It has been previously reported that
phosphorylation of hnRNP A1 by MNK1/2 decreased its binding to TNFo mRNA 3’UTR
which contributed to the de-repression of the translation of TNF o mRNA (115). This

data is consistent with Idriss et al., 1994 which reported that phosphorylation of hnRNP

5
9,S 9

Al at three major sites, ser er 2, and ser '’ by Protein Kinase C & diminished its in
vitro strand annealing activity of hnRNP Al and subsequent dephosphorylation with
protein phosphatase 2A restored its strand annealing activity (85,97). Thus the reversible
phosphorylation of hnRNP A1l modulates its affinity for specific sequences on labile
mRNA’s which ultimately affects gene expression.

The preliminary analysis of phoshorylated hnRNP Al was examined in HS-74
HDF, a human diploid fetal bone fibroblast cell strain with hnRNP A1 expression profiles
similar to IMR-90 HDF. The in vivo phosphorylation of hnRNP Al was tested by
metabolic labeling in HS-74, and since hnRNP A1 is only weakly phosphorylated under
steady state conditions (93), the results suggest that the phosphorylation of hnRNP Al
was higher in senescent HS-74 HDF compared to young and Go.arrest HS-74 HDF
(fig.15). Previous attempts to test the levels of phosphorylated hnRNP A1l in senescent

HDF by 2D gel electrophoresis were largely unsuccessful owing to very low protein

recovery in senescent HDF.
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Furthermore these results are consistent with recent findings of Allemand et al.,
2005 who detected relatively low levels of phosphorylated hnRNP A1l in Hela cells with
an anti-phosphoserine antibody (71).

A more stringent analysis of the specificity of the phosphoserine antibody was
performed using protein phosphatase 2A (PP2A) in conjunction with immunoblot
analysis.  Cell lysates when treated with PP2A, a protein phosphatase which
dephosphorylates at serine/threonine residues, demonstrated a diminished detection of
phosphorylated hnRNP A1 compared to the untreated samples and this may suggest that
hnRNP A1l was dephosphorylated by PP2A. The results suggest that in PP2A-treated
lysates prepared in the presence of phosphatase inhibitors the level of detectable
phosphorylation increased compared to the PP2A treated samples prepared in the absence
of phosphatase inhibitors. These findings are consistent with those of Cobianchi et al.,
1993 who reported that phosphorylated hnRNP A1 was recovered from labeled Hela cells
only in the presence of okadaic acid which is potent inhibitor of PP2A (131).

The relative levels of phosphorylated hnRNP A1l in young and senescent IMR-90
HDF were tested using the anti-phosphoserine antibody and calculated as the ratio of
phosphorylated hnRNP Al to total hnRNP Al protein level as quantitated by
ImageQuant ™ software (fig. 21). Hamilton et al., 1997 quantitated phosphorylated
hnRNP Al in human lymphocytes using the same parameters. Given that the total
protein level of hnRNP Al is highly diminished in senescent HDF, the overall
phosphorylated fraction of this protein appears to be higher in senescent HDF compared

to young HDF where hnRNP Al is highly expressed. However, since hnRNP Al is only
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weakly phosphorylated under steady state conditions it remains difficult to detect the
phosphorylated form of this protein.

In vitro studies have shown that both PKC ( and PKA kinases phosphorylate
hnRNP Al at serine '** and recently Mnk 1 has been shown to phosphorylate hnRNP A1
(94, 96, 115). We know from previous studies that hnRNP Al is involved in the
annealing of complementary RNA molecules in vitro which may serve to enhance base
pairing interactions (74,75). As a splicing factor it has been shown to modulate the
effects of another splicing factor, SF2/ASF (serine-arginine splicing factor 2) and
promote distal 5° splice site selection (56). A shift in the concentration of nuclear
hnRNP A1:SF2/ASF results in the selection of proximal 5° splice sites which is
counteracted in a concentration dependant manner by increasing the ratio of hnRNPAT.
Cytoplasmic accumulation of hnRNP A1 has been shown to alter its alternative splicing
properties (93). Thus decreasing the ratio of hnRNP Al in the nucleus can affect RNA

processing.

Subcellular localization of hnRNP A1 in IMR-90 HDF

hnRNP Al shuttles between the nucleus and cytoplasm in a transcription-
dependant and independent manner (79). Under steady state conditions and in the
absence of stress stimuli hnRNP A1l is predominantly nuclear in young HDF and our
results in IMR-90 are suggestive of distinct nucleo-cytoplasmic localization profiles
between young and senescent HDF.

Our findings show that the subcellular distribution in IMR-90 log phase and G-

arrest HDF is predominantly nuclear compared to senescent HDF where it diffuses into
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the cytoplasm, suggesting a distinct localization profile both young and log phase HDF
(figs.22 panel 1-3). hnRNP Al is noticeably absent from the nucleoli in all three cell
phases. In situ localization of nucleolin, another shuttling protein revealed a distinct
localization in the nucleoli of all three cell phases and dispersed into the cytoplasm of
senescent HDF (fig. 23 panels 1-3).

One important consequence of accumulating hnRNP Al in the cytoplasm is the
potential effect on the regulation of alternative splicing in senescent cells. Nuclear ratios
of hnRNP A1l can modulate splice site usage. hnRNP Al can also modulate alternative
splicing of its own pre-mRNA (166). Thus both the decreased protein levels and altered
subcellular distribution of hnRNP Al observed in senescent IMR-90 HDF may affect
gene expression.

These findings in IMR-90 HDF are consistent with Zhu et al., 2002 where it was
reported that hnRNP A1l localized to the cytoplasm in senescent HS-74 fibroblasts while
remaining predominantly nuclear in young and G arrested fibroblasts (88). Collectively
these results suggest that the increase in phosphorylated hnRNP A1l observed in senescent
HDF may mediate the cytoplasmic accumulation of hnRNP A1l in senescent HDF. This
is supported by recent findings that phosphorylation of the F-peptid in the C -terminus of
hnRNP A1l regulated the cytoplasmic accumulation of hnRNP Al by reducing its
interaction with the transportin receptors, Trnl and Trn2b (71). In addition both PKC (
and PKA can induce cytoplasmic accumulation of hnRNP Al (94, 96). Whether the
import/export signals of hnRNP Al are altered in senescent HDF or whether nuclear
membranes are compromised in senescent HDF remains to be elucidated, however the

end result of cytoplasmic accumulation of hnRNP Al is known to affect its alternative
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splicing properties and these effects may be extrapolated to senescent HDF. Thus, the
cytoplasmic accumulation of hnRNP Al appears to increase due to phosphorylation and
may provide a significant contribution towards altering the level of gene expression

during senescence.

3.4 Conclusion

We initially sought to examine potential kinase/phosphatase modulators of
hnRNP A1 phosphorylation in senescent HDF. Studies which reported modulation of
hnRNP Al by the p38 MAPK signaling pathway in response to osmotic shock also
observed a concomitant increase in phosphorylation levels of hnRNP Al. This effect
was abrogated by the overexpression of a MKK3/6 dominant negative mutant which
prevented the upstream activation of p38 MAPK. In their report, the cytoplasmic
accumulation of hnRNP A1 affected its alternative splicing activity (93).

These studies implicated the involvement of activated p38 MAP kinase in the
regulation of hnRNP Al and thus warranted further investigation in IMR-90 HDF. An
examination of p38 MAP kinase as a putative modulator of either hnRNP Al protein

levels or localization was initiated in IMR-90 HDF and is discussed in chapter 4.
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Chapter 4.

p38 MAP Kkinase studies
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4.1 Introduction

p38 MAP Kinase is a serine/threonine kinase that is activated in response to a
variety of cellular stress signals including UV light, lipopolysaccharides, inflammatory
cytokines-TNFa, IL-1, and osmotic shock (153,154,155). The p38 MAPK family
consists of at least 4 isoforms, a.,f3,7,0, the first two of which are inhibited by a pyridinyl
imadazole, SB203580 (138). p38 MAPK is activated upon phosphorylation at
ThrlgO/Tyr182 residues by at least three upstream MAP kinase kinases, MKK3,6, and 4
mostly in response to non-mitogenic signals (106). Activated p38 MAPK kinase
phosphorylates numerous downstream substrates which include transcription factors and
downstream kinases (139,140,141,142,93). The dual specificity phosphatases MAP
Kinase Phosphatase, (MKP) dephosphorylates and inactivates p38 MAP kinase (110).

In this study we examined the steady state levels of activated p38 MAPK in IMR-
90 HDF in the absence of external stress stimuli and quantitated its relative kinase
activity as a function of in vitro age. Here we show that in senescent HDF both the
activated form of p38 MAPK and its kinase activity are increased compared to young
HDF.

Replicative senescence is accompanied by a sequence of changes which include

INK4:
6

altered expression of cell-cycle proteins, upregulation of p53, pl and

p21C]P1/ WAFSDL  these changes distinguish senescence from quiescence or
differentiation. (22,23,24,29).
We know from previous studies that oncogenic ras induces premature senescence

in primary mammalian cells and this effect is mediated by an active mitogenic MEK-

ERK pathway (137,143). Stress activated p38 MAP kinase is also activated during the
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onset of ras-induced senescence and studies have shown that constitutively active p38
MAP kinase induces premature senescence (137). In addition these studies demonstrated
that inhibition of p38 MAP kinase prevented oncogenic ras-induced premature

Tnkd:
6 ™ and

senescence. This growth arrest is associated with growth inhibitors such as pl
pS3 (143). The cascade of signaling events in ras induced-premature senescence is as
follows:

Oncogenic ras activates the MEK-ERK pathway which activates MKK3/6 activates p38

MAP kinase pathway in normal primary cells:
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Figure 24. Schematic representation of the role of p38 MAP kinase in oncogenic ras-
induced premature senescence in primary fibroblasts (137)

Oncogenic-ras induced premature senescence differs from replicative senescence
in that it is telomere-independent, the latter resulting from serial passaging of primary
fibroblasts. Secondly, in primary fibroblasts premature senescence is a late response to
oncogenic ras expression, the immediate consequence of ras activation is growth

stimulation (137). Elevated p38 MAPK activity has been reported in senescent W138
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fibroblasts (156). This group also reported that p38 MAPK was activated by shortened
telomeres in MRC-5 fibroblasts. Furthermore the BrdU labeling efficiency rates of
senescent WI38 fibroblasts cultured in media containing SB203580 (a specific inhibitor
of p38 MAPK) was increased to 30%. A dominant negative form of MKK6 (MKK6AA),
the kinase upstream of p38 MAPK was introduced into young WI38 cells and found to
increase the life span of these cells by 7 population doublings suggesting that p38 MAP
kinase activity is necessary for telomere dependent senescence.

Our recent findings suggest that in addition to increased levels of activated
(phosphorylated) p38 MAPK, there is also a concomitant increase in kinase activity in
senescent fibroblasts as shown by phosphorylation of a ATF-2 substrate.

The subcellular localization profile of hnRNP A1 in IMR-90 fibroblasts reflects a
predominantly nuclear localization in log phase cells compared to a diffuse cytoplasmic
localization in senescent cells as discussed in chapter 3. While hnRNP Al is not directly
phosphorylated in vitro by p38 MAP kinase (115, 93) it has shown to be a substrate for
another p38 MAPK target, Mnk1 (115). Rousseau et al., 2002 identified hnRNP Ay as a
major substrate for MAPKAP-K?2, a kinase phosphorylated by p38MAPK (144). Other
kinases known to be phosphorylated by p38 MAPK are MNK1/2, MSK2, MAPKAP-K3,

and MSKI1 (145).
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4.2 Results

A. Expression levels of H-ras and p38 MAP Kkinase signaling proteins in IMR-90
HDF.

Previous studies in WI38 HDF have shown that H-ras mRNA levels were
elevated in senescent cells (128). We determined whether the pattern of protein
expression was increased in senescent IMR-90. Endogenous protein levels of H-ras
were analyzed by immunoblotting and found to be elevated in senescent HDF as
compared to log phase fibroblasts (fig. 25, panel a). The resulting actin analysis confirms
normalization of the total protein load in each sample (fig.25, panel b).

Cell lysates from log phase, Go-arrest, and senescent HDF were immunoblotted
with antibodies to both total p38 MAP kinase and to phosphorylated p38 MAP kinase
(Pp38 MAP kinase) which is the activated form of the kinase. The results suggest that
while the total protein levels of p38 MAP kinase were relatively unchanged (fig. 26,
panels a, lanes 1-3), the phosphorylated form, Pp38 MAP kinase, was highly expressed
in senescent HDF compared to the log phase and Gy arrest HDF( fig. 26, panel b, lane3).
A positive control for p38 MAP kinase and the phosphorylated p38 MAP kinase were
included (fig. 26, panels a and b, lane 4). Protein loading was normalized was by actin

analysis (fig. 26, panel c).

B. p38 MAP kinase activity in IMR-90 HDF
ATF-2 is a transcription factor which is phosphorylated by activated p38 MAP
kinase and frequently used as a substrate to measure p38 MAP kinase activity (146).

Dual phosphorylation at two sites, Thr'*® and Tyr182 activates p38 MAPK to
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phosphorylate numerous downstream targets (106). We next examined the kinase activity
in order to assay the catalytic activity of p38 MAPK. The kinase activity of this protein
was found to be markedly elevated in senescent HDF (fig. 27, lane 5) compared to log
phase and Go-arrest HDF, this suggests that p38 MAP kinase was functional in
senescent HDF.

We measured kinase activity six times and normalized the relative activity in Go.
arrest and senescent IMR-90 HDF to the relative activity in log phase IMR-90. Our
results suggest that p38 MAP kinase activity is elevated in senescent IMR-90 HDF
compared to log phase or Go-arest HDF (fig. 28). This elevated kinase activity reflects
the observed increase in the activated protein form of the kinase in senescent HDF (fig.

26, panel b, lane 3).
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Protein levels of H-ras in IMR-90 HDF

1 2 3
-
a . H-ras
Log phase Gy _arrest Senescent

Figure 25. Immunoblot analysis of H-ras levels in log, Go.arrest, and senescent
IMR-90 fibroblasts. 50ug of whole cell lysates were subjected to 15% SDS-PAGE and
H-ras levels were determined by immunoblotting ( panel a, lanes 1,2,3).

Membrane was stripped and reprobed with actin antibody as a loading control (panel b,
lanes 1,2,3). This experiment was repeated three times.
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Protein levels of p38 MAPK and phosphorylated p38 MAPK in IMR-90 HDF

1 2 3 4
b. - — Pp38 MAP kinase
c. w h actin
Log phase  Ggarrest Senescent  + control

Figure 26. Immunoblot analysis of p38 MAP kinase and phosphorylated p38 MAP
kinase levels in log phase, G.arrest, and senescent IMR-90 extracts. 25 ug of whole
cell lysates were electrophoresed on a 12% SDS-PAGE and probed with antibodies to
p38 MAP kinase,( panel a, lanes 1-3), phosphorylated p38 MAP kinase (panel b, lanes 1-
3), and actin, (panel c, lanes 1-3). This experiment was repeated three times.
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p38 MAP kinase assay in IMR-90 HDF

- - p-ATF-2 (Thr 7"

Marker Mock IP log phase Goarrest ~ S€Nescent

Figure 27. p38 MAP kinase activity in IMR-90 HDF. 400ug of whole cell lysate
from log phase, Go.arrest, and senescent fibroblasts were incubated with Immobilized
anti-phosphorylated p38 MAP kinase beads, subjected to kinase assay conditions, and
kinase activity was measured using a fusion ATF-2 protein with a single site for
phosphorylation at Thr’'. A mock IP reaction was included as a negative control and
contained antibody and beads only. This experiment was repeated six times.
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Cell line IMR-90  Signal Intensity( ™*?""™ for Kinase Activity

1 2 3 4 5 6 S.E.+

Log phase 36.0 32.0 24.2 81.3 10.6 17.6 0
G-0 arrest 44.8 26.8 66.5 62.0 40.4 28.7 0.49
Senescent 91.7 73.5 151.6 99.9 60.0 159.6 1.18
Ratios: 3 < 2 a NE =

un <+ ~ © % ©

o < N = e —

— = . — .e

- By -
s|o[s| [F] [3] |z |z

Table 2. Relative kinase activity of p38 MAP kinase in log phase,Go.arrest and senescent
IMR-90 HDF. ImageQuant analysis was used to calculate the ratios of signal intensity by
dividing the values for Gy-arrest and senescent samples by the the value obtained for the
log phase sample (log phase normalized to 1) for each experimental set.

Six independent experiments were analyzed. Standard error was calculated as the

standard deviation/\N where = sample number. Refer to figure 28 for graph.
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p38 MAP Kinase Activity in IMR-90 Fibroblasts

Relative Kinase Activity

log G-0 sen

Cell Passage

Figure 28. Relative p38 MAP kinase activity in young Gy. arrest, and senescent
IMR-90. p38 MAP kinase activity is elevated in senescent IMR-90 HDF as measured b?/
phosphorylation of a fusion ATF-2 protein with a single site for phosphorylation at Thr’".
This graph represents the relative kinase activity in Gy-arrest and senescent HDF as
compared to log phase HDF. Relative ratios were quantitated using ImageQuant™
analysis. Data are presented as mean S.E.+ densitometric values from six independent
experiments.
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4.3 Discussion

The Ras family of proto-oncogenes consists of three GTP-binding proteins, c-H-
ras, K-ras, and, N-ras and all are involved in the transduction of external mitogenic
signals (reviewed in 147): These proteins play a key role in controlling proliferation and
differentation. Ras is a GDP/GTP switch located in the inner surface of the plasma
membrane which tranduces signals from receptors to the cytoplasm. By altering the
catalytic activity of ras, activated ras oncogenes amplify the downstream signals which
drive the cell towards proliferation and malignant transformation. In addition to
proliferative functions normal ras also has both pro-apoptotic and onco-suppressor
properties. The expression of a wild-type H-ras gene can suppress transformation by
mutant H-ras in tumor cell lines and the observation that oncogenic-ras induces a state of
permanent growth -arrest supports these onco-suppressor properties (147).

This may in part explain that while the initial cellular response to ras
overexpression is cell proliferation, the end result is premature senescence. Our analysis
of endogeneous H-ras indicate that levels are elevated in senescent IMR-90 HDF and
are consistent with previous findings by Deng et al., 2004 which reported that the
differential effects of ras depended upon its signaling intensity. High intensity ras
signaling activated the p38 MAP kinase pathway and resulted in the accumulation of p53
and p16™**, thereby contributing to cell cycle arrest (28).

A major role of p38 MAP kinase is the regulation of inflammatory cytokine gene
expression. More recent studies have revealed that in addition to modulating the cellular

stress response it also negatively regulates cell growth (28, 35, 93). The overexpression
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of oncogenic ras results in premature senescence which is mediated by the p38 MAP
kinase signaling pathway (137.

The ability of oncogenic ras to induce premature senescence in primary
mammalian cells is mediated by an active MEK-ERKp38 MAP kinase pathway and
dominant negative p38 MAP kinase mutant abrogates this effect and prevents premature
senescence (137). The observation that p38 MAPK activation is necessary and sufficient
for the induction of hnRNP A1 cytoplasmic accumulation in response to osmotic shock
along with a concomitant increase in phosphorylation (93) prompted us to test if the
p38MAP kinase signaling pathway was upregulated in senescent HDF. So we asked
whether levels of activated p38 MAP kinase increased in senescent IMR-90 HDF
compared to young HDF. We sought to examine the levels of activated p38 MAPK in
IMR-90 by analyzing the endogeneous levels of total p38 MAPK followed by the
assesment of the activated form of the kinase in log phase, Gy arrest, and senescent HDF.
Our findings suggest that while the total protein levels of p38 MAPK were relatively
unchanged in all three phases, the phosphorylated form of p38 MAPK was markedly
upregulated in senescent HDF (fig. 26). These findings were consistent with those in
WI38 HDF by Iwasa et al., 2003. This group also found that the inhibition of p38 MAP
kinase activity in WI38 HDF resulted in a decrease in P galactosidase activity and an
increase in population doublings. Other recent studies have shown that inactivation of
p38 MAP kinase resulted in the stimulation of proliferation and a delay in the onset of
senescence in rabbit articular chondrocytes (162).

There exist at least three possible mechanisms to describe the ability of p38 MAP

kinase to act as a growth inhibitor:
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1) p38 MAP kinase has been established as an inhibitor of cyclin D
gene expression (148)

2) Secondly, p38 MAP kinase can phosphorylate and inhibit cdc25B
and cdc25c¢, two protein phosphatases that activate cyclin dependent
protein kinase activities (149).

3) p38 MAP kinase phosphorylates p53 tumor suppressor protein on

two activating sites and causes pS3-dependent powth arrest (150 ).

These targets of p38 MAPK may collectively function to negatively regulate the cell
cycle. Our studies show that p38 MAP kinase is elevated and functional in senescent
IMR-90 (fig. 24). This activity may induce the accumulation of hnRNP Al in the
cytoplasm of senescent cells. As discussed above, p38 MAP kinase signaling cascade
mediates cytoplasmic accumulation of hnRNP A1 (93). This increase in phosphorylation
was attributed to the reduced interaction of the M-9 motif with the transportin which

resulted in A1’s cytoplasmic accumulation (71).

4.4 Conclusion

Our results show that H-ras protein levels and the p38 MAP kinase activity are
elevated in senescent IMR-90 HDF. These proteins are also activated in response to
external stress stimuli such as osmotic shock, UV radiation, and pro-inflammatory
cytokines (153,154,155). Moreover intrinsic stress stimuli such as ROS (reactive oxygen
species) which are byproducts of cellular metabolic pathways is a form of cellular stress

which is believed to play a regulatory role in the aging process. (157).
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These findings are consistent with published reports of elevated p38 MAP kinase
activity in senescent WI38 HDF (157). Our observations that there are increased levels
of phosphorylated Al in senescent IMR-90 HDF taken together with the increase in p38
MAPK activity and Al’s cytoplasmic accumulation indicates an in vivo interaction

between these two proteins.
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Chapter 5.

p38 MAP kinase-hnRNP A1 interaction studies
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5.1 Introduction

Our data suggests that while hnRNP A1 levels are diminished in senescent IMR-
90 HDF, its relative phosphorylation increases compared to young HDF. Our
observations also suggest that activated p38 MAP kinase protein levels as well kinase
activity are elevated in senescent HDF. Given these findings we asked whether hnRNP
Al interacts with activated p38 MAPK in IMR-90 HDF. We performed co-
immunoprecipitation analysis of hnRNP Al- p38 MAP kinase interaction in young, Go-
arrest, and senescent IMR-90 and found that hnRNP A1l co-precipitates with p38 MAP
kinase in young and Gy.arrest fibroblasts but this interaction was not observed in
senescent fibroblasts. This may be due to the highly diminished protein levels of hnRNP
Al in senescent IMR-90 HDF and requires further investigation. As a result, however,
we focused our analysis of the hnRNP A1-p38 MAP kinase interaction in young IMR-90
HDF.

Here we present in differential co-immunoprecipitation analysis that these two
proteins interact in vivo. In addition, our data show that exogenously expressed hnRNP
Al also co-precipitates with activated p38 MAPK which further supports our protein
interaction studies. These findings suggest that there may be a putative in vivo interaction
between hnRNP Al and the activated form of p38 MAP kinase. We further investigated
whether p38 MAP kinase inhibition modulates hnRNP Al protein levels and/or
diminishes the putative association between these two proteins using a specific p38 MAP
kinase inhibitor.

The analysis demonstrates that in vivo inhibition of p38 MAP kinase activity in

young IMR-90 HDF modulates the total protein levels of hnRNP Al in young IMR-90
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HDF as well as the protein levels of hnRNP Al associating with activated p38 MAP

kinase.
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5.2 Results

A. hnRNP A1 co-immunoprecipitates with p38 MAP kinase

We determined whether Al and p38 MAP kinase formed a complex by
performing co-immunoprecipitation assays. Cell lysates from log phase and Go-arrest
IMR-90 HDF were prepared under non-denaturing lysis conditions followed by
immunoprecipitation with Phos-p38 MAP kinase antibody. The blot was probed with
4B10-hnRNP Al and results show that 34 kDa bands representing hnRNP Al were
present (fig. 29, lanes 2 and 3). This study shows that hnRNP Al can be co-
immunoprecipitated with phosphorylated p38 MAP kinase. As a control for specificity,
log phase lysates were incubated with actin antibody beads and immunoblotted with
hnRNP Al (fig. 29, lane 1). These experiments were repeated three times using log phase
and Go-arrest lysates.

We also tested the ability of hnRNP Al to co-precipitate with Pp38 MAP kinase
in senescent IMR-90 lysates but were unable to detect a 34kDa band (results not shown).
The lack of detectable signal may be accounted for by the diminished protein levels of
Al in senescent cells. It was problematic to obtain sufficiently high protein yields to
fully characterize in vivo interactions of Al and p38 MAP kinase during senescence.
However, this lack of evidence does not rule out a potential p38 MAPK-hnRNP Al
interaction in senescent HDF. All subsequent experiments were carried out with young
HDF where the levels of hnRNP A1l are highly expressed.

We next performed the reciprocal analysis to determine whether p38 MAP kinase
and phosphorylated p38 MAP kinase co-immunoprecipitated with hnRNP Al. Figure 30

shows that both p38 MAP kinase and phosphorylated p38 MAP kinase co-
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immunoprecipitate with hnRNP A1 as indicated by the 38 kDa bands in (fig. 30, panels a
and c¢). Included in each blot was a positive control extract for p38 MAP kinase and
phosphorylated p38 MAP kinase (fig. 30, panels a and c, lane 3). These blots was then
stripped and reprobed with hnRNP A1l to ensure that hnRNP Al immunoprecipitated
with the 4B10 antibody (fig. 30, panels b and d.). These results show an in vivo protein
interaction between activated p38 MAP kinase and hnRNP Al. Furthermore the very
low levels of co-precipitated phosphorylated p38 MAPK may reflect its diminished
protein levels observed in young IMR-90 (fig. 30, panel c). These blots were reprobed
with 4B10 antibody which confirmed the immunoprecipitated levels of hnRNP Al in
these lysates (fig. 30, panels b and c). Our results are highly suggestive of a reciprocal
interaction between hnRNP A1-Pp38 MAP kinase.

To examine the binding specificity of the activated p38 MAPK antibody used in
co-immunoprecipitate studies, we tested whether proteins others than hnRNP Al co-
precipitated with the Pp38 MAP kinase antibody under the conditions examined. We
immunoprecpitated phosphorylated p38 MAPK from young HDF lysate and probed with
antibodies for GAPDH, BAX, and Endonuclease G (fig.31, lanes 1,3,5, & 7). Whole cell
lysates were included in the immunoblot analysis as positive controls for the GAPDH,
BAX, and Endonuclease G antibodies (fig. 31, lanes 2, 4, & 8).

Our results show that neither GAPDH, Bax, or endonuclease G co-precipitated
with the Pp38 MAP kinase immunoprecipitates (fig. 31, lanes 1, 3, & 7). Furthermore,
the identical lysates were also immunoprecipitated with Pp38 MAPK beads and probed
with 4B10-hnRNP Al to detect the simultaneous co-precipitation of hnRNP A1 (fig. 31,

lanes 5, 6, & 9). This differential co-precipitation analysis may suggest that the Pp38
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MAPK- hnRNP Al interaction is not the result of non-specific binding of the Pp38-MAP

kinase antibody.

B. Further characterization of hnRNP A1-p38 MAP kinase interaction

Although our initial experiments suggested that the endogeneous forms of these
proteins interact in vivo, we tested further the putative hnRNP A1-Pp38 MAP kinase
interaction. We performed a transient transfection of the GFP-hnRNP A1l expression
vector into young IMR-90 HDF to exogenously express hnRNP A1l for co-precipitation
analysis. Immunoblot analysis of lysates prepared from HDF transfected with either
pGFP, pGFP-hnRNP Al, or left untreated (NT) indicate that the GFP-hnRNP A1 fusion
protein was exogeneously expressed only in the pGFP-hnRNP Al transfectants as
demonstrated by the 65kDa band (34kDa hnRNP A1l + 30 kDa GFP) present in the blot
probed with hnRNP A1 antibodies (fig. 32, lanes 3 and 6). In addition both GFP (30kDa)
and GFP-hnRNP A1l (65kDa) proteins were detected when the blots were probed with
anti-GFP antibodies (fig. 33, lanes 2, 3 and 5, 6). As a control, we transfected an empty
GFP vector (lanes 2 and 5) which indicated that the other bands observed in lanes 1 and 4
as well as the additional bands in which cells were transfected with the fusion vector
(lanes 3 and 6) were due to non-specific binding. These results strongly suggest that both
the GFP and GFP-hnRNP A1 fusion proteins were sufficiently expressed in young IMR-
90 HDF.

To determine whether the GFP-hnRNP A1 fusion protein co-precipitated with
Pp38 MAP kinase, lysates were prepared from NT, pGFP, and pGFP-hnRNP Al

transfected HDF and immunoprecipitated with Phos-p38 MAP kinase antibody. The
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immunoprecipitates were subjected to SDS-PAGE and followed by hybridization with
either 4B10-hnRNP A1 or Phos-p38 MAP kinase antibodies

Our findings show that the GFP-hnRNP A1l fusion protein (64kDA) co-
precipitated with endogeneous P-p38 MAP kinase (fig.34, panel a, lane 3). The fusion
protein was not detected in the NT or pGFP lanes (fig. 34, panel a, lanes 1 and 2).
These results suggest an in vivo interaction between the exogenous hnRNP Al and
phosphorylated p38 MAP kinase and support our initial studies discussed earlier in this
chapter in section A.l. In addition endogenous hnRNP A1l,(34kDa) also co-
immunoprecipitates with Pp38 MAP kinase in all lanes, as expected, (fig. 34, panel a,
lanes 1-3).

In order to confirm the presence of the appropriate co-precipitated protein the
same blot was stripped and reprobed with either 4B10-hnRNP A1l or Pp38 MAPK. Both
hnRNP A1l and Pp38 MAPK are present in their respective IP’s (fig. 34, panel b, lanes 1-
3,5).

Reciprocal experiments were performed using exogeneously expressed p38 MAP

kinase in young IMR-90 HDF. We exogeneously expressed the p38 -Flag fusion protein

in young HDF and the presence of both exogeneous and endogenous p38 MAP kinase
was confirmed by immunoblot analysis using the p38 MAP kinase antibody. The p38-
Flag fusion protein has a slightly higher molecular weight compared to endogenous p38
MAP kinase (fig. 35, lanes 3 and 7).

We then assessed the presence of the exogenous p38-Flag fusion protein using the
monoclonal M2 Anti-FLAG antibody that binds to fusion proteins containing a FLAG

peptide sequence. We were unable to detect p38-Flag fusion protein in these samples
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(data not shown) so we immunoprecipitated the lysates using the M2 antibody and
probed with p38 MAP kinase antibody (fig. 36). In this manner we were able to enrich
for the p38-Flag fusion protein and therefore detect exogeneous p38-Flag using the p38
MAP kinase antibody (fig. 36, lane 5). As expected we did not detect the exogeneous
p38-Flag fusion protein in the untreated (NT), pCMV-FLAG, or pCMV-FLAG-BAP
transfected HDF (fig.36, lanes 1-4).

We followed up with co-precipitation analysis of these lysates using the M2 anti-
FLAG immunoprecipitates in order to precipitate exogenous p38 MAP kinase only. In
this manner we tested whether endogenous hnRNP Al associates with the p38 MAP
kinase-Flag fusion protein in the sample. We obtained mixed results for this experiment:
the subsequent probing of the M2-antt FLAG immunoprecipitates with 4B10-hnRNP A1
revealed endogenous hnRNP A1l bands for all the samples, NT, pPCMV, pCMV-BAP, and
pCMV-p38-Flag (data not shown). These findings most likely represent either an
overload of the M2-antibody used in the immunoprecipitation reaction or cross-reactivity
between the M-2 anti-FLAG antibody and hnRNP Al since both are monoclonal.
However, the earlier experiments whereby hnRNP A1 was co-precipitated with p38 MAP
kinase are sufficient to demonstrate the interaction.

We then asked whether levels of endogeneous Al co-precipitating with Pp38
MAPK IP’s increase in HDF expressing exogeneous the p38 —Flag fusion protein. These
transfected HDF express two fractions of p38 MAPK, endogenous and exogeneous and
presumably both forms are also present in the phosophorylated state. Using the Pp38
MAPK antibody we immunoprecpitated lysates prepared from untreated HDF, pCMV-

BAP, pCMV-FLAG-BAP, and pCMV-p38-Flag transfected HDF. These
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immunoprecipitates were subjected to SDS-PAGE and immunoblotted with 4B10-hnRNP
A1l antibodies (fig. 37).

Our results show that the endogenous level of hnRNP Al co-precipitated with
Pp38 MAP kinase is increased in the pCMV-p38-Flag transfected HDF (fig.37, lane 4)
compared to the NT, pCMV-FLAG, and pCMV-FLAG-BAP transfected HDF ( fig.37,
lanes 1-3). This is consistent with the collective association of hnRNP Al with both
endogeneous and exogeneous p38 MAP kinase and should show an increase in signal on

co-immunoprecipitation.

C. Inhibition of in vivgp38 MAP kinase activity in IMR -90 HDF using SB203580

We next sought to determine whether we could inhibit the phosphorylation of
hnRNP A1 by p38 MAP kinase using a specific inhibitor of this enzyme. Therefore we
used the pyridinyl imadazole, SB203580 (ICsy value= 600nm for in vivo inhibition), a
well characterized inhibitor of p38 MAP kinase to inhibit p38 MAP kinase activity in
vivo (72). The lowest concentration required for partial inhibition of kinase activity in
IMR-90 HDF was empirically determined at 2.5uM:
Log phase, Gy-arrest, and senescent IMR-90 HDF were treated with 2.5uM SB203580 or
DMSO equivalent and immunoprecipitated with phos-p38 MAP kinase beads followed
by kinase assay with ATF-2 (Thr71) as the substrate (fig. 38).

Results suggest that kinase activity was partially blocked in log phase, Gy-arrest,
and senescent HDF treated with 2.5uM SB203580 compared to the HDF treated with
DMSO equivalent (fig. 38, lanes 2,4,6). SB203580 specifically inhibits the p38 MAP

kinase isoforms, o and B while the remaining two isoforms y 6 are unaffected (151).
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We then examined the effects of inhibiting the basal activation of p38 MAP
kinase in vivo using the p38 MAP kinase inhibitor SB203580 on the phosphorylation
levels of hnRNP A1l in young HDF. Young IMR-90 HDF were incubated in 2.5uM of
SB203580 or DMSO equivalent and subjected to immunoblot analysis using antibodies
to hnRNP A1l. Results suggest that the endogeneous levels of hnRNP A1l are upregulated
in the SB203580 treated young HDF compared to the DMSO treated HDF (fig. 39, lanes
2 and 4). We were surprised to find that the total protein levels of hnRNP Al was
modulated through inhibition of the p38 MAP kinase pathway. This experiment was
repeated three times and graphical analysis of these results suggest that there is a 1.5
fold increase in the upregulation of total hnRNP A1l protein levels in HDF treated with
SB203580 (fig. 42).

Subsequent analysis using SB203580 was performed only in young HDF due to
the observation in immunoblot analysis which showed that protein levels of hnRNP Al in
senescent HDF remain relatively unaffected bytreatment with SB203580 as compared
to DMSO treated senescent HDF (fig. 39). Our data suggests that inhibition of p38 MAP
kinase upregulates the hnRNP Al protein levels in young HDF. However, this does not
exclude the possibility that hnRNP Al protein levels in senescent HDF may be affected
by concentration and exposure times not examined in this study and requires further
testing.

The modulation of protein levels of hnRNP A1 by p38 MAP kinase prompted us
to next examine the effects of p38 MAPK inhibition on the co-precipitation of hnRNP
Al. Young IMR-90 HDF were incubated with 2.5uM SB203580 or DMSO equivalent

and immunoprecpitated with Pp38 MAPK kinase antibody. These IP reactions were then
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subjected to SDS-PAGE and immunoblotted with antibodies to hnRNP Al. The results
suggest that the levels of hnRNP Al co-precipitating with Pp38 MAP kinase are
increased in HDF treated with SB203580 compared to DMSO treated HDF (fig. 41, lanes
2 and 4). Graphical analysis of these results suggests a 4.0 fold increase in the level of

co-precipitating hnRNP A1l in these Pp38 MAPK immunoprecipitates (fig. 43).
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hnRNP A1 co-immunoprecipitates with phosphorylated p38 MAP kinase

1 2 3
| a———— e
— s | hnRNP A1
A, —
l.c
Mock IP Log Phase IP Gy IP
IP: actin IP: Phos p38 IP: Phos p38

Blot: hnRNP A1l

Figure 29. Ce immunoprecipitation of hnRNP Al in Pp38 MAP Kkinase
immunprecipitates. 300ug of log phase and Gy-arrest lysates were immunoprecipitated
with 20ul immobilized Phospho-p38 MAP kinase (ThrlSO/Tyrlgz) monoclonal antibody
beads, subjected to 12% SDS-PAGE and subsequently immunoblotted with 4B10-hnRNP
Al antibody. A mock IP reaction was included to establish the molecular weight of the
antibody heavy and light chain, 55 & 25 kDa, respectively. This experiment was
repeated three times.
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Figure 30. Co-immunoprecipitation of p38 MAPK and phosphorylated p38 MAPK
with hnRNP Al. 300 ug of total lysate isolated from log phase IMR-90 HDF were
immunoprecipitated using 4B10-hnRNP A1 antibody, subjected to 12.5% SDS-PAGE
and immunoblotted with either panel a) p38 MAP kinase or panel ¢) Pp38 MAP kinase
to detect co-precipitation of these proteins. Both blots were stripped and reprobed with
4B10 monoclonal antibody to detect total hnRNP Al, panels b) and d). Mock IP
reactions were included to establish the molecular weight of the antibody heavy and light
chain, 55 & 25 kDa, respectively. This reaction contained antibody and beads only.
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Differential co-immunoprecipitation of GAPDH, BAX, and Endonuclease G
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Blot: Endonuclease G Blot: hnRNP A1l

Figure 31. Differential co-immunoprecipitation of Bax, GAPDH, and endonuclease
G with Pp38 MAP kinase IP’s. 300 ug of total cell lysate from log phase IMR-90 HDF
were immunoprecipitated with Immobilized Phos-p38 MAP kinase antibody beads,
subjected to 12% SDS-PAGE, transferred to PVDF membrane, and probed with either
GAPDH, ( lanes 1&2), BAX, ( lanes 3& 4), endonuclease G, ( lanes 7&8), or hnRNP Al,
(lanes 5, 6, & 9). Positive controls for GAPDH, Bax, and endonuclease G were included
in lanes 2, 4, and 8 respectively. These experiments were performed in duplicate.
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Immunoblot analysis of pGFP-hnRNP A1 fusion protein

65 kKD —_ <4—FP- Al

KD | S G SR S |nRNP Al

NT #1 pGFP #1 pGFP-A1#1 NT#2 pGFP #2 pGFP-A1 #2

Figure 32 . Immunoblot analysis of pGFP-hnRNP A1 fusion protein levels. IMR-90
fibroblasts were transfected with pGFP (empty vector), pGFP-Al, or left untreated (NT).
20 and 30 ug of total lysates were collected 48 hrs later, resolved by 12% SDS-PAGE
and immunoblotted with 4B10-hnRNP A1 antibody. This experiment was performed in
duplicate.
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GFP and GFP-A1 protein levels

1 2 3 4 5 6
65 kD ————— —_— @—pGFP-Al
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37kD >
NT #1 pGFP #1 pGFP-A1#1 NT #2 pGFP #2 pGFP-A1 #2
Figure 33. Immunoblot analysis of the Green Fluorescent Protein. IMR-90

fibroblasts were transfected with pGFP (empty vector), pGFP-Al, or left untreated (NT).
Lysates were collected 48hrs later, resolved by 12% SDS-PAGE and immunoblotted with
a monoclonal GFP antibody. This experiment was repeated two times.
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Figure 34. Co-precipitation analysis of Pp38 MAP kinase-exogenous hnRNP A1
interaction was examined once the expression of pGFP-A1 was confirmed by western
analysis. Panel a) Lysates prepared from pGFP, pGFP-A1, or untreated (NT) were
immunoprecipitated with Pp38 MAP kinase, subjected to 12,5% SDS-PAGE, transferred
to PVDF,and probed with either 4B10 —hnRNP A1 or Pp38 MAP kinase as a positive
control for the immunoprecipitation reaction. Panel b) Reprobe of Pp38 MAP kinase-
hnRNP A1 blot with Pp38 MAP kinase or hnRNP Al. This experiment was repeated two

times.
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p38 Flag fusion protein expression levels

p38 —Flag fusion protein p38- Flag-fusion protein

1 2 3¢ 4 5 6 7 ¥ 8

m— essswen NS em— -—-—'—i‘_-—

pCMV-Flag pCMV-BAP pCMV-p38 + control pCMV-Flag pCMV-BAP pCMV-p38 + control
trial 1 trial 2

Figure 35. Immunoblot analysis of exogenous p38 MAP kinase in transfected
IMR-90 HDF.

Log phase HDF were transfected with pPCMV-Flag (empty vector, lanes 1 & 5),
pCMV-Flag-BAP (lanes 2 & 6), or pCMV-p38-Flag ( lanes 3 & 7).

Lysates were collected 48 hours later, resolved by 12% SDS-PAGE, and followed with
immunoblotting with p38 MAP kinase antibody. A positive control for endogenous
p38 MAP kinase was loaded in lanes 4 & 8). This experiment was repeated two times.
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Immunoprecipitation of the p38-Flag fusion protein

1 2 3 4 5 6
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Figure 36. Immunoprecipitation of p38-Flag with M2 anti-FLAG antibody to detect
exogeneous p38 MAP kinase. Immunoblot analysis of exogeneous p38 MAP kinase-Flag
fusion protein using the M?2 antibody which detects fusion proteins containing a FLAG
peptide. 600ug of lysate was collected from NT, or pCMV-FLAG, pCMV-FLAG-BAP,
and pCMV-p38-Flag transfected IMR-90 HDF (lanes 2,3,4, &5) and immunoprecipitated
with the M2 anti-Flag antibody . The IP reactions were subjected to 12.5% SDS-PAGE,
transferred to PVDF, and immunoblotted with p38 MAP kinase antibody. 30ug of a
positive control lysate for endogenous p38 MAP kinase was included in lane 6. This
experiment was repeated in duplicate.
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hnRNP A1 co-immunoprecipitation of phos p38 MAP kinase IP’s

1 2 3 4
34 kDa — Endogeneous
—_— P— ’ 4— hnRNP Al protein
NT pCMV pCMV-FLAG-BAP pCMYV- p38-Flag

IP: Pp38 MAP Kkinase
Blot: 4B10-hnRNP A1

Figure 37. hnRNP A1l co-precipitation of phosphorylated 38 MAP kinase IP’s in
pCMV-p38-Flag transfected IMR-90. 300 ug of lysate collected from NT (No
treatment) pCMV, pCMV-FLAG-BAP, pCMV-p38 Flag, were immunoprecipitated with
pp38 MAP kinase antibody, subjected to 12.5% SDS-PAGE and immunoblotted with
4B10 which detects total levels of hnRNP Al co-immunoprecipitating with Pp38 MAP
kinase in these samples. This experiment was repeated two times.
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p38 MAP kinase assay in IMR-90 HDF treated with SB203580

1 2 3 4 5 6 7 8
— E— ATEF-2 (thr 71)
Mock IP Log SB Log DM G-0 SB G-0 SB Sen SB Sen DM+ anisomycin
SB203580 + - + - + -

Figure 38. p38 MAP Kinase Assay in IMR-90 HDF treated with 2.5uM SB203580.
200ug of total cell lysate prepared from log phase ( lanes 2 & 3), G- arrest ( lanes 4 & 5),
and senescent HDF (lanes 6 & 7) treated with 2.5uM SB203580 (SB) or DMSO (DM)
equivalent were immunoprecipitated with Pp38 MAP kinase antibody and a kinase assay
was performed using a synthetic pATF-2 (71) peptide as the substrate. This experiment
was repeated two times. A positive control for phosphorylated ATF-2 was included in
lane 8.
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Total protein levels of hnRNP A1 in SB203580 treated IMR-90

6

1 2 3 4 5
a. hnRNPA1
e I — — "

b. I — — L — —— —— —_— | {in

log DM log SB G, DM Gy SB Sen DM Sen SB

Figure 39. Immunoblot analysis of total hnRNP A1 protein levels. Panel a) 20 ug of
lysate prepared from log phase ( lanes 1 & 2), Go-arrest (lanes 3 & 4), and senescent
HDF (lanes 5 & 6) treated with 15uM SB203580 or DMSO equivalent were subjected to
12% SDS-PAGE, transferred to PVDF and probed with 4B10-hnRNP Al antibody.
Panel b) Membrane was stripped and reprobed with actin as a loading control. This
experiment was repeated in triplicate.
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In vivo p38 MAP kinase inhibition using SB203580

1 2

a) —.‘ hnRNP Al
b) actin

log DMSO  log SB203580

Figure 40. Immunoblot analysis of hnRNP A1 protein levels in SB203580 treated
young HDF. 15 ug of total cell lysate prepared from SB203580 (2.5uM) treated (panel a,
lane 2) or DMSO equivalent HDF (panel a, lane 1) were subjected to 12% SDS-
PAGE,and immunoblotted with 4B10- hnRNP A1 antibody to detect total protein levels
of hnRNP Al. Membranes were stripped and reprobed for actin levels. These
experiments were performed three times.

Co-immunoprecipitation of hnRNP A1 with Pp38 MAP kinase
in SB203580 treated IMR-90 HDF

1 2 3 4

— D - ‘hnRNPAl
— — o c—

log DMSO log SB log DM log SB

actin

Figure 41. Co-immunoprecipitation of hnRNP A1 with Pp38 MAP kinase. 200ug of
total cell lysate collected from SB203580 (2.5uM) treated or DMSO equivalent HDF
were immunoprecipitated with Pp38 MAP kinase, subjected to 12.5% SDS-PAGE,
transferred to PVDF membrane, and immunoblotted with 4B10-hnRNP A1 antibody. 5
ug of collected supernatant from each reaction were immunoblotted for actin levels.
These experiments were performed three times.
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Cell Line Signal Intensity ("™2e@uant™
1 2 3
Log phase IMR-90 SB203580 188.7 200.0 148.3
Log phase IMR-90 DMSO 63.9 132.3 118.3
Ratios:  2.95:1 1.5:1 1.25:1
S.E.£ 0.54

Table 3. Ratios of signal intensities for total protein levels of hnRNP Al in SB203580
treated IMR-90 HDF. Control  lysates were treated with DMSO
(dimethylsulfoxide) equivalent. ImageQuant™ analysis was used to calculate the ratios

(of signal intensity) by dividing the intensity of the whole protein levels in the treated
samples by the intensity obtained in the control samples which were normalized to 1.
Three independent experiments were analyzed. Standard error was calculated as the

standard deviation/YN where = sample number. Refer to figure 42 for graph.
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Graphical analysis of hnRNP A1 protein levels in SB203580 treated IMR-90 HDF

hnRNP AT levels in 2.5 uM/1hr SB203580 treated lysates

relative hnRNP A1 levels

log phase DM log phase SB

Figure 42. Graphical analysis of hnRNP A1 protein levels in SB203580 treated
IMR-90 HDF. a) hnRNP Al protein levels in whole cell lysate Results were presented
as hnRNP A1 protein levels relative to the protein levels in the presence of SB203580.
Data are presented as S.E.+ densitometeric values from 3 independent experiments.
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Cell line Signal Intensity ("™*eeQuant™
1 2 3
Log phase IMR-90 SB203580 165.3 163.6 185.6
Log phase DMSO 49.3 31.7 46.1
Ratios: 3.35:1 5.15:1 4.0:1
S.E.+ 0.53

Table 4. Ratios of signal intensities for co- immunoprecipitated hnRNP A1 protein levels

in SB203580 treated IMR-90 HDF. Control lysates were treated with DMSO

(dimethylsulfoxide) equivalent. ImageQuant ™ analysis was used to calculate the ratios

(signal intensity) by dividing the intensity of the co-immunoprecipitated protein levels

in the treated samples by the intensity obtained in the control samples which were

normalized to 1. Three independent experiements were analyzed. Standard error was

calculated as the standard deviation/YN where = sample number. Refer to figure 43 for

graph.
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b. hnRNPAT1 protein levels in co-IP of 2.5 uM/1hr SB treated IMR-90 fibroblasts
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Figure 43. Graphical analysis of hnRNP A1 protein levels in SB203580 treated IMR-
90 HDF. hnRNP Al co-precipitating with Pp38 MAP kinase.

Results were presented as hnRNP Al protein levels relative to the protein levels in the
presence of SB203580. Data are presented as S.E.+ densitometeric values from 3
independent experiments.
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5.3 Discussion

p38 MAP kinase- hnRNP A1 interaction studies

Our preliminary studies strongly suggest that hnRNP Al co-precipitates with
activated p38 MAP kinase in young IMR-90 HDF. We attempted to test this putative
interaction in senescent HDF but were unable to detect co-precipitating hnRNP Al at the
protein concentrations examined (results not shown). While the activated form of p38
MAP kinase is elevated in senescent IMR-90 HDF, the protein level of hnRNP Al is
highly diminished and may account for the lack of detection. As a result we focused
instead on testing this interaction in young IMR-90 HDF.  Our co-immunoprecipitation
analysis of the putative hnRNP Al-phosphorylated p38 MAP kinase interaction suggests
that in young IMR-90 HDF, hnRNP A1 co-precipitates with phosphorylated p38 MAP
kinase (fig. 29) and this interaction is not observed in Pp38 MAP kinase precipitates
probed with irrevelant antibodies. Additional co-precipitation experiments using young
IMR-90 lysates immunoprecipitated with the hnRNP A1 antibody demonstrated that both
p38 MAPK and Pp38 MAPK co-precipitated with hnRNP Al.

Analysis of the putative p38 MAP kinase-hnRNP Al interaction using
exogenously expressed hnRNP Al protein demonstrated that a GFP-A1 fusion protein
also co-immunoprecipitates with p38 MAP kinase.

Our findings of a putative protein interaction are supported by recent studies
which show that hnRNP Al is phosphorylated by Mnk 1, a kinase substrate of p38 MAP

kinase (115). Earlier studies by others found that while hnRNP A1 phosphorylation was
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mediated by the p38 MAP kinase pathway , it was not shown to directly phosphorylate
hnRNP A1 either in vitro or in vivo (93). Our data suggests a reciprocal hnRNP A1-p38
MAP kinase interaction and thus an indirect phosphorylation event via the p38 MAP
kinase pathway in IMR-90 HDF cannot be excluded.

We questioned if the levels of hnRNP Al co-precipitating with phosphorylated
p38 MAP kinase increase in IMR-90 HDF which exogeneously express p38 MAP kinase.
The rationale was that there should be more substrate (endogeneous and exogeneous p38
MAPK) available for this binding interaction and thus more hnRNP Al co-precipitating
with phosphorylated p38 MAPK. Our findings suggest that more hnRNP Al co-
precipitated in the cells transfected with pCMV-p38-Flag compared to the untreated,
pCMYV, or pPCMV-FLAG-BAP transfected cells. This is consistent with the exogeneous
expression of p38 MAP kinase which may result in an increased level of the
phosphorylated form of kinase present in the immunoprecipitation reaction and in the

collective amounts of hnRNP A1 co-precipitating with these IP’s.

p38 MAP Kkinase activity inhibition studies

p38 MAP kinase has been previously shown by others to modulate both the
accumulation and phosphorylation of hnRNP Al in response to osmotic shock. Their in
vitro analysis suggested that kinase substrates of p38 MAP but not p38 MAPK itself
interacted with hnRNP A1 (93). Other studies have shown that its splice form Ay is
phosphorylated by MAPKAP2, a substrate for p38 MAPK a (144). Mnk 1 has been
shown more recently to directly phosphorylate hnRNP Al thus establishing p38 MAPK

as upstream effector of hnRNP A1l phosphorylation (115). Iwasa et al., 2003
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demonstrated that in senescent WI38 HDF the inhibition of p38 MAP kinase correlated
with a decrease in B-galactosidase activity and an increase in population doublings.

In light of our recent findings which suggests an in vivo phosphorylated p38
MAPK-hnRNP Al interaction in IMR-90 HDF, we asked whether inhibition of the p38
MAP kinase would modulate a) the phosphorylation levels of hnRNP Al and/or b) the
association of hnRNP A1l with Pp38 MAPK IP’s.

In vivo inhibition of p38 MAP kinase activity using SB203580 has been
extensively documented (151). Enslen et al., 1998 reported effective but not total
inhibition of p38 MAP kinase isoforms a and 2 using 1uM SB203580 (106). This is a
well characterized pyridinyl imidazole inhibitor which has been shown to compete for the
ATP- binding site of p38 MAP kinase (158). Thus it only inhibits the catalytic activity of
p38 MAP kinase and not its own phosphorylation.

Kinase assays were performed in order to determine the degree of inhibition as
measured by phosphorylation of a synthetic ATF-2 substrate. Our results suggest that a
concentration of 2.5uM SB203580 partially inhibited the catalytic activity of p38 MAP
kinase in young, Gy arrest, and senescent IMR-90 (fig.39). The partial inhibition of the
kinase activity may be attributed to several factors. First, the precise concentration of
inhibition can vary from cell to cell, cell type to cell type, and from cell phase to cell
phase. We observed that one concentration did not inhibit total p38 MAP kinase activity
in all three cell phases. Secondly, SB203580 specifically inhibits the p38 MAP kinase
isoforms a and B so that the remaining two isoforms, y and ¢ putatively retain their
catalytic activity and could potentially phosphorylate the ATF-2 substrate used in the

kinase assay. Given these caveats, we empirically determined an optimum concentration
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of 2.5 uM and an exposure time of lhr to partially inhibit p38 MAP kinase activity in
young, Gy arrest and senescent HDF IMR-90 HDF.

However, when we inhibited p38 MAP kinase activity in young IMR-90 HDF and
examined the endogenous protein levels of hnRNP A1 we unexpectedly found that total
hnRNP Al protein levels were upregulated by 1.5 fold in the HDF treated with 2.5uM
SB203580 compared to the DMSO treated HDF (figs.35 and 36). We limited our
inhibition studies to young IMR-90 HDF due to the observation that protein levels of
hnRNP Al in senescent HDF treated with SB203580 were relatively unchanged (fig. 35).

Additionally, co-precipitation analysis of the hnRNP Al-phos p38 MAP kinase
interaction suggests that inhibition of p38 MAP kinase activity modulates the protein
levels of hnRNP Al associating with phosphorylated p38 MAP kinase. Our results
suggest that there was a 4.0 fold increase in the protein levels of hnRNP Al co-
precipitating with Pp38 MAP kinase in HDF treated with 2.5uM SB203580 compared to
the DMSO treated HDF (fig 37). These studies also indicate that the hypophosphorylated
form of hnRNP Al binds to p38 MAP kinase preferentially. The results of the co-
immunoprecipitation experiments also suggest that inhibition of p38 MAP kinase activity
increases the ability of p38 MAP kinase to interact with hnRNP Al. Thus, it may be that
the unphosphorylated form hnRNP Al binds preferentially in the complex with
subsequent phosphorylation by p38 MAP kinase or a kinase downstream in its pathway.
Phosphorylation of another well known splicing factor, SF2/ASF, regulates its binding to
SR protein —specific kinase (SRPK) (163). Serine/Arginine splicing factors (SR) are
posttranslationally modified by phosphorylation on serine residues (164)

Unphosphorylated SF2/ASF binds to SRPK whereas phosphorylated SF2/ASF does not
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(163). It cannot be excluded however, that the increase in hnRNP Al protein co-
precipitating in these experiments is due to the better accessibility of the antibody for
precipitation of the complex.

These findings also do not exclude the possibility that hnRNP A1 protein levels in
senescent HDF are potentially modulated by p38 MAPK inhibition especially given that
phosphorylated p38 MAPK protein levels are elevated in senescent HDF. Further
analysis with time-course and dose-response studies are required in order to effectively
analyze this question.

Modulation of protein levels has been well documented for other proteins via
phosphorylation/dephophorylation (159.). The p38 MAP kinase pathway can regulate
protein stability via phosphorylation, for example in the ubiquitination and degradation of
cyclin D1 protein which is triggered by direct phosphorylation on Thr 286 by p38 MAP
kinase (114) Phosphorylation has been shown to effect the protein levels of hnRNP Al
through the ubiquitin pathway (92).

Our data suggests that steady state endogenous levels of hnRNP Al in IMR-90
HDF may be regulated by signaling mediated by the p38 MAP kinase pathway
Collectively, these results suggest that in young IMR-90 HDF 1) inhibition of p38 MAP
kinase activity upregulates total hnRNP A1 protein levels and 2) protein levels of hnRNP
Al in young IMR-90 HDF are potentially modulated by the p38 MAP kinase signaling
pathway and 3) the putative Pp38 MAPK —hnRNP Al interaction is modulated by
inhibition of p38 MAP kinase activity. The mechanism whereby inhibition of p38 MAP
kinase results in the apparent modulation of hnRNP Al protein levels is presently

unknown. It may be due to the effects of indirectly inhibiting Mnk phosphorylation
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Mnk1/2 which are substrates for p38 MAP kinase, have been recently shown to

phosphorylate hnRNP Al in vitro and in vivo (115).
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5.4 Conclusion

One important consequence of the observed diminished protein levels and
cytoplasmic accumulation of hnRNP Al in senescent HDF is the alteration of nuclear
ratios of hnRNP Al to antagonistic splicing factors. Both hnRNP’s and SR proteins vary
in concentration between different cell types and differential expression of these proteins
in concert may affect the alternative splicing of select pre-mRNA’s (165). Recent data
suggests that ratios of hnRNP A1l to antagonistic splicing factors in the nucleus have a
role in c-H-ras alternative splicing and thus acts as a trans-acting factor (136). Our data
suggests that c-H-ras protein levels are elevated in senescent HDF which may be
consistent with the diminished hnRNP Al protein levels and cytoplasmic accumulation
observed in senescent HDF.  Activated p38 MAP kinase protein levels and kinase
activity are also elevated in senescent HDF. Two major observations underlie the
involvement of both nuclear and cytoplasmic hnRNP A1l in RNA metabolism: 1) the p38
MAPK- mediated cytoplasmic accumulation of hnRNP Al resulted in its altered
alternative splicing activity, (93), and 2) Mnk1- mediated phosphorylation of hnRNP A1l
reduced its binding to TNF a AU-rich sequences (ARE) both in vitro and vivo, (115).
Furthermore our studies suggest that 1) p38 MAP kinase and hnRNP A1 associate in vivo
and) inhibition of p38 MAP kinase activity modulates hnRNP Al protein levels.
Collectively these findings suggest potential mechanisms to link the p38 MAP kinase-
hnRNP Al interaction to either the induction or maintenance of the senescent phenotype

through the altered regulation of post-transcriptional processing.
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5.5 Future Experiments

Follow up studies in IMR-90 HDF to further examine the modulation of hnRNPA1
protein levels and the hnRNP A1-p38 MAPK protein interaction studies include:

A. p38 MAP kinase- hnRNP A1 n senescent IMR-90 HDF':

1. To test the putative p38 MAP kinase —hnRNP Al interaction in senescent HDF.
This experiment involves optimization of protein recovery in senescent HDF.

2. To determine optimum inhibition of p38 MAP kinase in senescent HDF using time
course studies with SB203580.

3. Test the modulation of hnRNP A1 protein levels by inhibition of p38 MAP kinase

B. In situ immunofluorescence studies:

1. Examine p38 Map kinase inhibition in senescent HDF. Will it induce a nuclear
relocalization of hnRNP A1?
2. Transiently transfect p38- Flag in young IMR-90 HDF. Will this alter the

subcellular distribution of hnRNP A1?

C. Phosphorylation assays:

Examine MNK as a putative regulator of hnRNP A1 phosphorylation protein levels:

1- Test Mnk1/2 kinase activity in IMR-90 HDF. Is it upregulated in senescence?

2- Examine whether Mnk inhibition modulates phosphorylation of hnRNP Al in log
phase, Go. arrest, and senescent HDF.

3- Test whether inhibition of p38 MAP kinase activity inhibits the Mnk1/2 kinase

activity in young and senescent HDF.
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