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Abstract

Tumor suppressor p53 is a well-characterized transcription factor that binds DNA. More enigmatic
are the RNA-binding properties of p53 and their physiological relevance. We used three sensitive
co-immunoprecipitation methods in an attempt to detect RNASs that tightly associate with p53 in
cultured human cells. Although recombinant p53 protein binds RNA in a sequence-nonspecific mode,
we do not detect specific in vivo RNA binding by p53. These results suggest that RNA binding is
prevented by post-translational p53 modifications. A ribonucleoprotein (not p53) is purified by
multiple 1gG monoclonal antibodies (including anti-p53 antibodies) from both p53 +/+ and p53 null
cells. Caution is therefore required in interpreting RNA co-immunoprecipitation experiments.
Though not formally excluded, these results do not support models in which p53 binds specific RNA
partners in vivo.

Introduction

The p53 tumor suppressor protein has been extensively characterized as a DNA-binding
transcription factor. Most cellular responses to p53 are mediated by targets of p53
transcriptional activity [1]. p53 integrates cellular stress signals ranging from DNA damage to
nutrient deprivation [2], playing a role in cell cycle arrest, DNA damage repair, and apoptosis.
p53 is nonfunctional in most human cancers [3].

The domain structure and functions of p53 have been established (Fig. 1A). A peculiar
observation is RNA binding by the C-terminus of p53 (Fig. 1A; [4]). Although many RNA-
binding proteins are characterized by RNA-recognition motifs (RRMs; [5]), the interaction
between p53 and RNA involves the C-terminal 30 amino acids of p53 [6,7], which do not form
a RRM but are disordered in solution [7,8] and do not reorganize upon RNA binding [7,9].
p53, like the HIV-1 nucleocapsid protein, has been termed an RNA chaperone [10] that may
facilitate RNA folding [11] without ATP hydrolysis [11-13].

Several in vitro observations motivated a search for in vivo RNA partners of p53. According
to early reports, mouse p53 can be purified from SV40-transformed BALB/c cells in a covalent
complex with 5.8S rRNA [14,15]. Mosner et al. reported non-covalent interactions between
p53 and the 5’-UTR of its own mRNA transcript [16], and others suggested that p53 can bind
the 5'-UTR of Cdk4 mRNA [17]. Similarly, Galy et al. reported that recombinant p53 can bind
the 5’-UTR of the FGF-2 mRNA [18]. In contrast, reports of p53 RNA-RNA annealing activity
[13] and sequence-nonspecific RNA binding [4,6,7,19] suggested that p53 binds RNA
promiscuously. Acetylation of four p53 C-terminal lysine residues eliminates detectable RNA
binding in vitro [7], as it does for sequence-nonspecific DNA binding [8].

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riley and Maher

Page 2

We wished to test the hypothesis that p53 associates with specific target RNAs in living cells.
A prior study of p53-RNA interactions in human cells suggested that RNA is co-
immunoprecipitated with p53 using Do-1 and Do-7 antibodies, which recognize N-terminal
p53 epitopes (Fig. 1A,B; [19]). Recovered RNAs were detected by radiolabeling but were not
cloned [19]. A disadvantage of such RNA co-immunoprecipitations is the potential
redistribution of complexes after cell lysis [20]. Nonspecific RNA contamination of
immunoprecipitations is also a concern. High-salt washes might enhance stringency but may
disrupt both specific and nonspecific RNA-protein interactions [7]. One approach to increase
stringency involves in vivo covalent cross-linking with a chemical agent such as formaldehyde,
which captures in vivo protein-RNA interactions rapidly and reversibly (Fig. 1B, center;

[21]).

The UV-cross-linking and immunoprecipitation (CLIP) protocol was recently reported to
facilitate the detection and cloning of protein-bound RNAs in vivo (Fig. 1B, right; [22]). CLIP
involves the brief UV irradiation of live cells followed by extract preparation for
immunoprecipitation (Fig. 1B, right; [22]). Selection among the many commercial antibodies
specific for p53 (Fig. 1A) can improve the stringency and specificity of this method. The lysate
used for immunoprecipitation is treated with nucleases to eliminate DNA contamination,
generating protein-bound RNA tags. Linker oligonucleotides are ligated to the radiolabeled
RNA tags, and the protein-RNA complexes are separated by SDS-PAGE. RNA tags are
purified, amplified, cloned, and sequenced (Fig. 1B, right).

Our previous studies of RNA binding by p53 in yeast and in vitro demonstrated that p53 with
incomplete post-translational modifications binds RNA without apparent sequence- or
structure-specificity [4,6,7]. It is possible that a partially-modified form of p53 could exist in
vivo with one or more specific RNA partners. RNA co-immunoprecipitation with p53 was
undertaken to test the hypothesis that RNA binding partners for p53 can be cloned from human
cells.

Experimental Procedures

Cell culture and antibodies

MCEF-7 (TP53 +/+) human breast cancer cells were grown in Dulbecco's modified Eagle's
medium, PC-3 (tp53 —/—) human prostate cancer cells were grown in McCoy’s 5a medium,
and HCT116 human colorectal carcinoma cells (both p53 WT and tp53 —/—; [23]) were grown
in RPMI medium. Media were supplemented with 10% fetal bovine serum.

Anti-p53 PAb 1801 and PAb 421, and anti-c-myc Ab1 antibodies were purchased from EMD
Biosciences, anti-HA HA.11 antibody from Covance, anti-p53 (PAb 246, C-19, Do-1, HRP-
conjugated Do-1, and Do-7) antibodies from Santa Cruz Biotechnology, 2Ac (p53 Ac373/
Ac382) from Upstate, and anti-p53 Do-12 from Chemicon International.

RNA co-immunoprecipitation

Untreated cells (MCF-7, PC-3, HCT116, and HCT116 tp53—/—were lysed in 500 pl lysis buffer
(50 mM Tris [pH 8.0], 1 mM EDTA, 120 mM NacCl, 10% glycerol, 0.5% NP-40). 10% of the
resulting clarified whole cell lysate (WCL) was saved for Western blotting.

WCL was mixed with 50 pl protein G Dynabeads, pre-bound with anti-p53 Do-7 antibody for
2 h at 4 °C. One tenth of the supernatant was saved for Western blot analysis, and the beads
were washed and split. Half was eluted in 1:1 wash buffer:LDS sample loading buffer
(Invitrogen) and loaded onto a Novex 10% Bis-Tris gel (Invitrogen) for SDS-PAGE for
Western analysis. The remaining half was extracted with TRIZOL reagent (Invitrogen) to
isolate RNA. All RNA samples were treated with calf intestinal alkaline phosphatase (CIP;
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New England BioLabs) and radiolabeled using polynucleotide kinase (PNK). Samples were
analyzed by electrophoresis in 4-12% Bis-Tris SDS PAGE gels (1 h, 185 V) and 6% (1:19)
denaturing PAGE gels (1 h, 500V).

Formaldehyde cross-linking immunoprecipitation

A protocol was adapted from a prior report [21]. Cells were resuspended in PBS containing
1% formaldehyde (37% stock, Mallinckrodt). Samples were incubated with rotation for 10 min
at room temperature. Reactions were quenched with 0.25 M glycine for 5 min at room
temperature. Cell pellets were resuspended in 500 pl RIPA buffer (50 mM Tris [pH 7.5], 1%
NP-40, 0.5% deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl). Samples were sonicated
and the resulting lysate was treated with RQ1 DNase (Promega) for 5 min at 37 °C, and then
diluted RNase A (USB) was added for an additional 10 min. The lysate was centrifuged at 14
000 RPM in a benchtop centrifuge for 10 min at 4 °C. The supernatant (clarified WCL) was
recovered, and 10% was removed for Western analysis. The remaining supernatant was
incubated for 2 h at 4 °C with 50 pl protein G Dynabeads pre-bound to Do-7 antibody. A sample
of the cleared supernatant was retained for Western analysis, and the beads were washed three
times in RIPA buffer, then twice in PNK buffer (50 mM Tris-HCI [pH 7.4], 10 mM MgCl,,
0.5% NP-40). Beads were resuspended in 40 pl PNK reaction mix [4 pl 20X PNK buffer (New
England BioLabs), 1 pl [y-32P] ATP (GE), 2 ul T4 PNK enzyme (10 U/ul; New England
BioLabs), 32 pl water] and incubated at 37 °C for 10 min. Samples were washed three times
in 200 pl PNK buffer and eluted from beads in a mixture of 15 pl PNK buffer and 15 pl LDS
sample buffer (Invitrogen) with heating at 70 °C. Ten pl of eluted sample were loaded into
each lane of a Novex NUPAGE 10% Bis-Tris gel (Invitrogen). RNA-protein complexes were
transferred to nitrocellulose (BA-85; S&S) at 4 °C.

Cross-linking immunoprecipitation

CLIP was performed as previously described [22]. Cells were irradiated on ice with 200 mJ/
cmz in a Stratalinker 1800 (Stratagene). Where noted, samples were treated with CIP (1 U/ul;
Roche). Reactions were performed in PNK buffer [pH 7.4]. Western analysis was performed
by standard methods.

Results and Discussion

RNA co-immunoprecipitation with anti-p53 antibody Do-7

Anti-p53 antibodies were used to precipitate p53 from cells (Fig. 1B, left). Tested cell lines do
(MCF-7, HCT116 +/+) or do not (PC-3, HCT116 —/-) express p53 [23]. Unstimulated levels
of p53 were tested, as induction methods induce p53 post-translational modifications [24]. The
high steady-state p53 levels that accumulate in some model cell lines are presumably tolerated
because p53 is not properly activated for transcriptional function [25,26]. The co-
immunoprecipitation protocol required mild conditions to preserve binding to immobilized
antibody Do-7 Fig. 1A, [27].

Western blots of input WCL identified p53 at ~50 kDa in parental HCT116 (TP53 +/+) (Fig.
2A, lane 2) but not tp53 —/— HCT116 cells (Fig. 2A, lane 1). p53 was detected in MCF-7 cells
(Fig. 2A, lane 4), but not in PC-3 cells (Fig. 2A, lane 3). p53 proteins in MCF-7 and HCT116
cell lines displayed slightly different electrophoretic mobilities, suggesting differences in post-
translational modifications (Fig. 2A, compare lanes 2 and 4). p53 was immunoprecipitated
with Do-7 antibody from HCT116 (TP53 +/+) and MCF-7 cells (Fig. 2A, lanes 6 and 8) but
not from HCT116 cells (tp53 —/-) or PC-3 cells (Fig. 2A, lanes 5 and 7).

RNAs that co-immunoprecipitated with p53 were extracted, radiolabeled, denatured, and
separated on a polyacrylamide gel (Fig. 1A, left; Fig. 2B). The resulting signal was sensitive
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to RNase (data not shown). Unexpectedly, Do-7 antibody immunoprecipitated a wide range
of RNA species from all four cell lines (Fig. 2B), even those lacking p53 expression. The pattern
of labeled RNA species was indistinguishable for all cases (Fig. 2B, lanes 1-4). Because a p53-
associated RNA signal might be occluded by the strong nonspecific RNA signal, we increased
the wash stringency by the use of cross-linking in subsequent experiments.

RNA co-immunoprecipitation after formaldehyde cross-linking

We used formaldehyde to cross-link protein-RNA complexes in live cells prior to
immunoprecipitation [21]. Cells were treated with an optimized concentration of formaldehyde
before rigorous lysis and immunoprecipitation (Fig. 1B, center). Samples were treated with
[y-32P] ATP and T4 PNK to radiolabel bound RNA fragments before elution from beads (Fig.
1B, center).

p53 protein was detected exclusively in the expected cell types as a high molecular weight
complex, consistent with chemical cross-linking before immunoprecipitation (Fig. 2C, lanes
2and 4). As previously observed without cross-linking, RNA was co-immunoprecipitated from
all four cell lines regardless of p53 expression. Although more RNA was obtained from the
cell lines that express p53 (Fig. 2D, lanes 2 and 4), radiolabeled RNA species appeared
throughout the gel, not comigrating with p53 as would have been expected for RNA species
covalently linked to p53. The pattern of radiolabeled RNAs was indistinguishable among the
four samples, again indicating that unique RNAs were not recovered in a p53-dependent
manner.

RNA co-immunoprecipitation after CLIP

The CLIP technique [22] was applied to further enhance the specificity of RNA cross-linking
and co-purification with p53. CLIP cross-links only RNAs in close p53 contact (Fig. 1B, right).
Application of CLIP also assumes that UV treatment does not induce changes in p53 that
prevent RNA binding. We compared MCF-7 (TP53 +/+) breast cancer cells with PC-3 (tp53
—/-) prostate cancer cells as a negative control. Similar results were obtained with HCT116
TP53 +/+ and tp53 —/— cell lines.

Anti-p53 antibodies recognizing N-terminal epitopes were selected to monitor potential RNA
cross-linking at the p53 C-terminus. (Fig. 1A; [7]), while N-terminal anti-p53 antibodies Do-7
and PAb 1801 were used to directly compare protein and RNA signals immunoprecipitated
from UV-cross-linked MCF-7 and PC-3 WCL (Fig. 4A-B). p53 was efficiently
immunoprecipitated from MCF-7 cells (Fig. 3A, lanes M), and not from p53-null PC-3 cells
(Fig. 3A, lanes P). The overexposed Western blot shows a ladder (~60-150 kDa) of
ubiquitinated p53 isoforms (Fig. 3A, lanes M), which further accumulate upon proteasome
inhibitor MG132 treatment (data not shown). Also visible below 50 kDa is a smaller p53
species, possibly a p53 isoform [28], and a Do-7 cross-reacting, non-p53 species was detected
at ~250 kDa (Fig. 3A, lanes M and P, Do-7).

Strikingly, the yield of radiolabeled RNA was not p53-dependent, being similar after
immunoprecipitation of UV-cross-linked extract from TP53 +/+ and tp53 —/— cell lines with
either antibody (Fig. 3B, compare lanes M and P). In addition, the migration of the major
radiolabeled ribonucleoprotein species suggested a molecular weight lower than p53 (Fig. 3A-
B, ~41 kDa vs. ~53 kDa). The p53-independent RNA recovery was consistent with the data in
Fig. 2. We conclude that at least one ribonucleoprotein (not p53) is detected by anti-p53
antibodies in these experiments. This ribonucleoprotein “X” is evidently co-
immunoprecipitated by antibodies of the IgG class, in a manner independent of their epitope
specificity.
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Prior in vitro experiments suggested that C-terminally acetylated p53 is incapable of interacting
with RNA [7]. We assayed the relative amount of acetylated p53 in MCF-7 cells (Fig. 3C). We
compared p53 immunoprecipitation by Do-12, an antibody with an internal p53 epitope in a

non-acetylated region of the protein (Fig. 1), to immunoprecipitation by 2Ac, an antibody that
specifically recognizes p53 acetylation on K373 and K382. Comparison of the yield of these
immunoprecipitation reactions showed that the majority of p53 in MCF-7 cells has at least one
C-terminal acetylated lysine (Fig. 3C).

To explore the basis for ribonucleoprotein “X” immunoprecipitation by anti-p53 antibodies,
we applied the CLIP protocol to p53-null PC-3 cells (Fig. 3D). Several anti-p53 antibodies
were tested (Fig. 1A). Like Do-7 and PAb 1801, Do-1 binds an N-terminal p53 epitope, Do-12
binds an internal epitope (residues 256-270) [29], and C-19 and PAb 421 (C-terminal epitopes)
were included [30]. Antibodies against mouse p53 and unrelated proteins (c-myc and influenza
HA) were tested. Remarkably, although no p53 protein can be immunoprecipitated from these
p53-null cells (Fig. 3A), the pattern of RNA immunoprecipitation was comparable for all
antibodies (Fig. 3D). This result shows that ribonucleoprotein “X” is a ubiquitous contaminant
of immunoprecipitations including antibodies not specific for p53 (Fig. 3D). Because
ribonucleoprotein “X” is not purified by beads alone (Fig. 4C-D), these results suggest that
mouse 1gG2b antibody constant region most strongly immunoprecipitates ribonucleoprotein
“X”,

CLIP allows cloning of RNA sequences [31]. We cloned RNA tags from ribonucleoprotein
“X” to determine what RNAs might be misinterpreted as p53 partners. An RNase A titration
was performed to optimize RNA tag length (Fig. 4 A-B; [22]). “Low,” “medium,” and “high”
RNase A treatments were employed (Fig. 4 A-B). At the highest RNase A treatment, the
radiolabeled ribonucleoprotein migrated in a manner consistent with a molecular weight
smaller than 50 kDa (Fig. 4B, lane 9). Panels C and D of Fig. 4 show results of a control
experiment, where an antibody-free mock immunoprecipitation after high RNase A treatment
(Fig. 4C) yielded little RNA (Fig. 4D, lane 3).

The CLIP protocol was applied to ribonucleoprotein “X” as shown in Fig. 4E. RNA recovery
was dependent upon UV-cross-linking (Fig. 4E, compare lane 1 with 2—4). The indicated bands
(Fig. 4E, 9 boxes) were excised and RNA tags were cloned. Nineteen sequence tags from 45
identified RNAs are listed in Table 1. No RNA sequences were obtained from the negative
control sample at 33 kDa (Fig. 4E, lane 3). All of the tags were human sequences. Seven of
the cloned tags could have originated from multiple human chromosomes (not shown).
Excluded tags (19/45) corresponded to chromosomal regions with no putative genes. All of
the remaining identified tags were located in non-coding regions of pre-mRNAs, with the
majority residing near the center of introns. One tag mapped to a 5’-UTR.

RNA tags associated with ribonucleoprotein “X” implicate an interesting collection of genes,
any one of which could have been mistakenly interpreted as a target for direct p53 regulation
(Table 1). The yield of immunoprecipitated ribonucleoprotein “X” was insufficient for protein
detection or mass spectrometric identification.

We report that no RNA partners are purified with p53 from the human cell lines tested. Rather,
nonspecific RNA contamination of p53 immunoprecipitations is problematic and dependent
on the isotype of the immunoprecipitating antibody. This RNA contamination can easily be
misinterpreted as evidence for specific p53-RNA interactions. Whereas unmodified or partially
post-translationally modified p53 proteins from E. coli [19], yeast [6], insect cells [7,13,16—
18], or reticulocyte lysate [16-18] are prone to nonspecific RNA binding, p53 protein is not
complexed with RNA when purified from the tested human cells. Perhaps p53 post-
translational modifications prevent p53-RNA interactions in vivo. Together with other recent
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results [6,7], this work illuminates a historically mysterious aspect of p53 biology. The
physiological significance of RNA binding by p53 remains obscure [4].
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Protocols to study protein-RNA interactions. (A) p53 domains and antibodies. TA:
transactivation domain, P-X-X-P: proline-rich domain, S-S DBD: sequence-specific DNA-
binding domain, Tet: tetramerization domain, CTD: regulatory C-terminal domain. (B) In vivo
RNA identification protocols.
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Fig. 2.

RNA is purified from cell lysates by anti-p53 antibodies regardless of p53 status. (A) Western
analysis of p53. Preparations of whole cell lysate (WCL; 10% of total) [HCT116 (tp53 —/-)
lane 1; HCT116 (TP53 +/+) lane 2; PC-3 (tp53 —/-) lane 3; MCF-7 (TP53 +/+) lane 4, after
IP with anti-p53 Do-7 (lanes 5-8, respectively). (B) Co-immunoprecipitated RNA after
[y32P]-ATP labeling: HCT116 (tp53 —/-) lane 1; HCT116 (TP53 +/+) lane 2; PC-3 (tp53 —/-)
lane 3; MCF-7 (TP53 +/+) lane 4. Formaldehyde cross-linked whole cell lysate: [HCT116
(tp53 —/-) lane 1; HCT116 (TP53 +/+) lane 2; PC-3 (tp53 —/-) lane 3; MCF-7 (TP53 +/+) lane
4], subjected to IP with anti-p53 Do-7 followed by RNA radiolabeling. (C) Western blot with
anti-p53 antibody Do-1. (D) Membrane from panel (C) exposed to film.
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UV-cross-linked RNA is purified from p53-null cells by anti-p53 antibodies. UV-cross-linked
MCEF-7 (TP53 +/+) cell lysate (M) or PC-3 (tp53 —/-) cell lysate (P) treated with RNase A and
cross-linked RNA fragments were labeled before IP. (A) Western detection of p53. (B)
Membrane from (A) exposed to film to visualize labeled RNA. (C) CLIP with anti-p53
antibodies. MCF-7 cell lysate treated with RNase A and subjected to IP with the indicated
antibodies and Western detection of p53. (D) Radiolabeled RNA IP from p53-null PC-3 cells.
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Fig. 4.

CLIP analysis of ribonucleoprotein “X”. (A) Western blot. MCF-7 cell lysate treated with
RNase A. Lanes 1, 4 and 7: 10% of total WCL. Lanes 2, 5, and 8: cleared supernatant after IP
with antibodies Do-1 and PAb 1801. Lanes 3, 6, and 9: IP material. (B) RNA analysis after
p53 CLIP, RNAse treatment, and RNA labeling. Western blot from (A) exposed to a
phosphorimager screen. (C) Mock IP without antibody, followed by processing, and Western
blot. Whole cell lysate (lane 1), post-IP supernatant (lane 2) and IP sample (lane 3). (D)
Phosphor image of membrane (C). (E) MCF-7 cell lysate treated with UV irradiation and RNase
A, as indicated, subjected to IP by Do-7, and labeled. RNA samples of ~68, ~53, and ~33 kDa
(boxes) were excised and cloned.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2008 November 16.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Riley and Maher

Table 1

CLIP tag sequences from ribonucleoprotein “X”
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2

4

kDal Tag chr3 Gene
53 AAGTTACCACAGGGATAACTGGCTT 1 HFM1
53 AATGGTGCCTATGCACCCATC 5 CTNNA
68 AAAACATCAGATTGTGAATCTGACAACAGAGGCTT 5 PCBD2
53 AAGCTCCTCCTTTCCTTTCC 6 SOD2ps
53 AAATCACTGAGCCCCTCGGAGCCTC 7 PODXL
53 ATGTTGGTGTTATAGGTACCAGAAAGAGCTCT 8 SNX16
53 AGAAGATGAAGAGAGGCTGAGTCACT 8 KIAA0196
68 AATGTCCACCTGGATCTGCCCTGT 9 ALG2
68 CGAGAAAGCCCCGGCTAACTAC 9 Q5VZ16
53 ATTTGGTTTTACAGAAAAACTTTGTCAACCCCCGTTCTGAGGTTCTT 10 CACNB2
68 AAAGGTGAGGAAGTTGGGTTCC 10 OPTN
68 ACTTGTTGTGGTTAGGGCCAGTTT 11 FCHSD2
53 AAGAGAGGACTAGTGATCTGAAA 12 CRADD
53 AAAGGATGTGCAGGACTTGTTCA 12 NAP1L1
68 ATTTTGAAGGCTTGTGTGGCAAAT 14 PRKCH
68 ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGTTAG 15 PNAS-20
68 AATTTGGGCTGTGAGGGACAGAGAAT 17 RAI1
68 AATTCTGTCCCTTGTGTGTCTGGCATAAGGGAGNTGAAAGT 21 DSCAM
68 AACGATCTGGGCGCTGTCTCAACGG 21 GT335

1Molecular weight of tagged complex

2Tag sequence

3 .
Chromosomal location

4
Gene
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