THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 20, pp. 16467-16476, May 11,2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Interactions of Nucleolin and Ribosomal Protein L26 (RPL26)
in Translational Control of Human p53 mRNA™®

Received for publication, February 2, 2012, and in revised form, March 16, 2012 Published, JBC Papers in Press, March 20, 2012, DOI 10.1074/jbc.M112.349274

Jing Chen', Kexiao Guo, and Michael B. Kastan”

From the Department of Oncology, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105

Background: Increased translation of p53 mRNA is important for stress induction of p53 protein.
Results: RPL26 and nucleolin proteins interact with each other and with a double-stranded RNA structure in p53 mRNA to

regulate p53 translation after stress.

Conclusion: Nucleolin represses basal p53 translation and recruits RPL26 after cellular stress to enhance p53 translation.
Significance: This study has increased our knowledge of the molecular details of the process regulating p53 induction.

Ribosomal protein RPL26 enhances p53 translation after
DNA damage, and this regulation depends upon interactions
between the 5'- and 3'-UTRs of human p53 mRNA (Takagi, M.,
Absalon, M. J., McLure, K. G., and Kastan, M. B. (2005) Cell 123,
49 -63; Chen, J., and Kastan, M. B. (2010) Genes Dev. 24, 2146 —
2156). In contrast, nucleolin (NCL) suppresses the translation of
p53 mRNA and its induction after DNA damage. We confirmed
reports that RPL26 and NCL interact with each other and then
explored the potential role of this interaction in the transla-
tional control of p53 after stress. NCL repression of p53 trans-
lation utilizes both the 5'- and 3’-UTRs of p53 mRNA, and NCL
binds to the same 5’-3'-UTR interaction region that is critical
for the recruitment of RPL26 to p53 mRNA after DNA damage.
We also found that NCL is able to oligomerize, consistent with a
model in which NCL stabilizes this double-stranded RNA struc-
ture. We found that the RNA-binding domain of NCL partici-
pates in binding to p53 mRNA, is required for both NCL
dimerization and NCL-mediated translational repression, and
is the domain of NCL that interacts with RPL26. Excessive
RPL26 disrupts NCL dimerization, and point mutations in the
NCL-interacting region of RPL26 reduce NCL-RPL26 interac-
tions and attenuate both RPL26 binding to human p53 mRNA
and p53 induction by RPL26. These observations suggest a
model in which the base pairings in the p53 UTR interaction
regions are critical for both translational repression and stress
induction of p53 by NCL and RPL26, respectively, and that dis-
ruption of a NCL-NCL homodimer by RPL26 may be the switch
between translational repression and activation after stress.

The p53 tumor suppressor is a critical mediator of cellular
responses to DNA damage and other cellular stresses (3, 4).
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Although an increased half-life of p53 protein via modulation of
the Mdm2 E3 ubiquitin ligase contributes to p53 induction
after stress (5, 6), an important role for translational regulation
of p53 mRNA is emerging (7-10). Our laboratory recently
reported that increased translation of p53 mRNA by RPL26 is a
requisite step for optimal induction of p53 protein following
DNA damage (1, 11). We also demonstrated that RPL26 protein
binds to a double-stranded RNA structure containing comple-
mentary sequences of the 5'- and 3’-UTRs of p53 mRNA after
DNA damage (2). Disruption of the base pairing within this
region abrogates the ability of RPL26 both to bind p53 mRNA
and to stimulate p53 translation. We also identified nucleolin as
an inhibitor of p53 translation (1). However, the mechanisms by
which nucleolin represses p53 translation and its relationship
to RPL26 in this regulation were not elucidated.

Nucleolin is a highly conserved, multifunctional protein
implicated in transcription, translation, DNA replication,
recombination, and repair (12, 13). As the most abundant non-
ribosomal protein in the nucleolus, nucleolin affects rRNA syn-
thesis, processing, and transportation (12). Among its activities,
nucleolin binds a consensus “nucleolin-responsive element” in
pre-rRNA and stabilizes a stem-loop structure of this sequence
(14, 15). Nucleolin has also been reported to function as a
stress-responsive mRNA-binding protein, binding to UTRs of
mRNA in a sequence-nonspecific manner to either stabilize the
mRNAs (16 —18) or regulate their translation (19).

We report here that repression of the translation of p53
mRNA by nucleolin depends on both 5'- and 3'-UTR
sequences. Nucleolin simultaneously and independently binds
to both of the RNA sequences of the base pairing interaction
region that is also critical for the translational regulation of p53
by RPL26 after DNA damage. Disruption of the base pairs in
this region blunts nucleolin (NCL)? repression. The RNA-bind-
ing domain (RBD) of nucleolin is indispensible for NCL binding
to p53 mRNA, NCL self-interaction, NCL-RPL26 interaction,
and NCL-dependent translational repression. Disruption of the
NCL-RPL26 interaction attenuates both RPL26 binding to
human p53 mRNA and p53 induction by RPL26. These obser-
vations provide new insights about the mechanisms of transla-
tional control of human p53 and suggest a collaborative rela-

3 The abbreviations used are: NCL, nucleolin; RBD, RNA-binding domain.
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tionship between NCL and RPL26 in this translational
regulation.

EXPERIMENTAL PROCEDURES

Cell Culture, Stable Cell Line, and Transfection—MCE-7
cells were maintained in DMEM plus 10% FBS. MCE-7 cell lines
stably expressing luciferase reporters were infected with a
pBABE-based retrovirus carrying luciferase coding sequence,
luciferase coding sequence after 145 nucleotides of the human
p53 5'-UTR, or luciferase coding sequence flanked by 145
nucleotides of the human p53 5'-UTR and the full-length
3'-UTR, and the infected cells were selected and maintained in
DMEM plus 10% FBS supplemented with 1 pg/ml puromycin.
Plasmids were transfected into cells using Lipofectamine 2000
(Invitrogen), and nucleolin siRNA duplex (Invitrogen) was
introduced using Lipofectamine RNAiMAX (Invitrogen).

Plasmids, Oligonucleotides, and Proteins—The plasmids
used in this study include pCMV3-FLAG-nucleolin, pEGFP-
C3-nucleolin, pCMV-FLAG-RPL26, and pLPCXp53mRNA
(1). NCL, RPL26, and their deletion mutants were constructed
in the pEGFP-C3 or pCMV-FLAG vector. The oligonucleotides
used in this study were synthesized at the Hartwell Center of St.
Jude Children’s Research Hospital. Native nucleolin protein
was purchased from Vaxron Corp. (Rockaway, NJ).

RNA Synthesis and in Vitro Transcription/Translation—
Capped p53 mRNA was transcribed in vitro using the mMES-
SAGE mMACHINE kit (Ambion), followed by a poly(A) tailing kit
(Ambion) to add a poly(A) tail modification. The synthesized
mRNA was further purified with a MEGAclear column (Ambion)
and quantified using NanoDrop spectrometer. RNA without
modification was synthesized using a MEGAscript high yield tran-
scription kit (Ambion). All synthesized RNA was purified using a
MEGAClear kit (Ambion) according to the manufacturer’s proto-
col. The in vitro transcription/translation reactions were per-
formed using a TNT T7 Quick for PCR DNA kit (Promega, Mad-
ison, WTI). Briefly, PCR primers for p53 were designed according to
the manual and used to amplify the desired gene. Appropriate
amounts of PCR products (usually a total of 400 ng of input PCR
products/25-ul reaction) were then further used for in vitro tran-
scription/translation in rabbit reticulocyte lysates provided with
the kit at 30 °C for 90 min. 20 uCi of [**S]methionine (PerkinElmer
Life Sciences) was added to each reaction to label newly synthe-
sized protein. After the reaction, 3 ul of reaction mixture was sep-
arated on precast 4—12% SDS-polyacrylamide gel, transferred to
nitrocellulose membrane, and subjected to autoradiography. The
primers used in this study for in vitro transcription/translation
reactions were as follows: human NCL, GGATCCTAATACGA-
CTCACTATAGGAGCCATCATGGTGAAGCTCGCGAAGG-
CAGG (forward) and CTATTCAAACTTCGTCTTCTTTCCT-
TGTGGCTT (reverse); and luciferase, TAATACGACTCACTA-
TAGGGAGACCCAAGC (forward) and GATATAGGCGCCA-
GCAACCGCAC (reverse), with the T7 luciferase plasmid as a
template.

Dual-Luciferase Assay—Luciferase assays were performed
using the Dual-Luciferase reporter assay system (Promega)
according to the manual provided by the manufacturer. Briefly,
MCE-7 cells were cotransfected with 2 g of the indicated pro-
tein constructs, 100 ng of —145pGl3ctrl+3'-UTR (145 bases of
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the 5'-UTR, coding sequence, and the full-length 3’-UTR of
human p53 mRNA), and 27 ng of pRL-TK. 24 h post-transfec-
tion, cell lysates were prepared and subjected to the reporter
assay according to the manufacturer’s instructions.

Immunoblotting, Immunoprecipitation, Co-immunoprecipi-
tation, and Immunoprecipitation/RT-PCR—Cell lysates were
prepared by freeze-thawing once, followed by incubation in
radioimmune precipitation assay buffer for 30 min on ice, and
supernatants were analyzed by immunoblotting or immuno-
precipitation. For immunoblot analysis, 20-ug protein samples
were denatured in an equal volume of SDS sample buffer, sep-
arated on 4—12% SDS-polyacrylamide gel, and transferred to
nitrocellulose membrane. The blots were probed with primary
antibody against p53 (DO-1; Santa Cruz Biotechnology, Santa
Cruz, CA), nucleolin (MS-3; Santa Cruz Biotechnology), GFP
(FL; Santa Cruz Biotechnology), FLAG (M2; Sigma or Cell Sig-
naling), RPL26 (Bethyl Laboratories), or actin (Sigma). Primary
antibody binding was detected by incubation with HRP-conju-
gated anti-rabbit or anti-mouse secondary antibody and visual-
ized using an ECL system (Amersham Biosciences).

For immunoprecipitations, 1 mg of whole cell extract in
radioimmune precipitation assay buffer (1) was cleared using
protein A/G PLUS-agarose (Santa Cruz Biotechnology) and
rabbit/mouse IgG (Sigma). Precleared lysates were incubated
overnight with anti-GFP antibody (Abcam), anti-FLAG anti-
body M2, anti-p53 antibody (FL393; Santa Cruz Biotechnol-
ogy), anti-RPL26 antibody, or anti-nucleolin antibody (H250;
Santa Cruz Biotechnology). Immunoprecipitated proteins were
then washed extensively with lysis buffer and subjected to
Western blot analysis as described above. For co-immunopre-
cipitations, cells were lysed in TGN buffer (1, 30), and the rest of
the procedure followed the immunoprecipitation protocol. For
immunoprecipitation/RT-PCR, immunoprecipitated protein
complexes were split in half: one half was used for immunoblot
analysis, and the other half was used for real-time RT-PCR as
described previously (1).

Northwestern Blot Analysis—The Northwestern blot analysis
was adapted from a procedure described previously (16).
Briefly, GFP or GFP-tagged proteins were immunoprecipitated
from H1299 cells as described above, separated on 4—12% SDS-
polyacrylamide gel, and transferred to nitrocellulose mem-
brane. The blot was then renatured in RNA binding buffer and
hybridized to a 5'-end-labeled RNA probe (~10° cpm/5 ml of
hybridization buffer) overnight at ambient temperature. RNA
probes were first synthesized using the MEGAscript high yield
transcription kit, labeled at the 5’-end using a KinaseMax™
5'-end labeling kit (Ambion), and later purified using the
MEGACclear kit. After extensive washing with wash buffer at
room temperature, the membrane was air-dried for autora-
diography at —80 °C.

Real-time RT-PCR—1 ug of total RNA prepared using TRI-
zol reagent (Invitrogen) was treated with DNase I (Invitrogen)
and then reverse-transcribed with a SuperScript first-strand
synthesis system (Invitrogen) as recommended by the manu-
facturer using the random hexamer primer provided in the kit.
Real-time RT-PCR was performed using an ABI PRISM
7900HT sequence detection system and an ABI TagMan One-
Step PCR Master Mix Reagents kit. The primer/TaqMan probe
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FIGURE 1. Both 5’- and 3’-UTR sequences of human p53 mRNA are required for translational repression by NCL. A, the 5'-UTR of human p53 mRNA is
required for translational repression of p53 by NCL in vitro. NCL repression of translation was evaluated in rabbit reticulocyte lysates containing p53 cDNAs with
variable lengths of 5'-UTR sequences (as indicated) plus the full-length p53 coding sequence and the 3'-UTR without (—) or with (+) the NCL coding sequence
added. The expression of newly synthesized, [>*Slmethionine-labeled protein was assessed by autoradiography. The panels merge the results of two inde-
pendent experiments with different exposure times of the film. B, the 3’-UTR of human p53 mRNA is required for translational repression by NCL in vitro.
Translation of p53 mMRNA containing 75 bases of the 5'-UTR and the p53 coding sequence without (A3’ UTR) or with (FL) the full-length 3’-UTR was evaluated
in rabbit reticulocyte lysates without (—) or with (+) the NCL coding sequence. The expression of newly synthesized, [**SImethionine-labeled protein and total
p53 protein was assessed by autoradiography. The band intensity of **S-labeled p53 protein in each lane was quantitated using NIH ImageJ software and
compared with thatin the first lane, and the -fold changes are shown under the panel. C, the first 355 nucleotides (nt) of the p53 3'-UTR are required for nucleolin
repression in vitro. p53 cDNA (75 nucleotide of the 5'-UTR plus the full-length coding sequence) with variable lengths of the 3’-UTR sequence was coexpressed
without (—) or with (+) the NCL coding sequence in rabbit reticulocyte lysates. The expression of newly synthesized, [>*SImethionine-labeled protein was

assessed by autoradiography.

set for human p53 was Hs00153340_m1 (20X mixture; Applied
Biosystems). Human 18 S rRNA (20 X; Applied Biosystems) was
used as an internal control. Total RNA extracted from MCE-7
cells was used for a standard curve. The reaction was performed
with 20 ng of total RNA in triplicate reactions in a 30-ul volume
containing 2X p53 primer/probe and 1X 18 S rRNA primer/
probe. Cycling conditions were 25 °C for 10 min, 48 °C for 30
min, 95 °C for 10 min, and 40 cycles at 95 °C for 15 s and 60 °C
for 1 min for amplification. The results were analyzed using
SDS 2.2 software (Applied Biosystems). For comparison of total
human endogenous p53 mRNA levels in cells, the p53 mRNA
level was normalized to the internal 18 SrRNA level. For immu-
noprecipitation/RT-PCR, the absolute human p53 mRNA level
was used for analysis.

RESULTS

Repression of p53 Translation by NCL Requires Both p53 5'-
and 3'-UTR Sequences—Although nucleolin binds to p53
mRNA and represses its translation (1), the mechanisms by
which nucleolin affects p53 translation have not extensively
characterized. We explored the mechanisms of p53 transla-
tional repression by NCL in both an in vitro translation system
and a cell-based reporter system. A series of constructs were
generated that contained various lengths of p53 mRNA 5'- and
3'-UTRs, and the ability of nucleolin to repress translation of
these constructs was examined in an in vitro rabbit reticulocyte
translation system. As noted previously both in cells and in vitro
(1), adding a 75-base 5'-UTR sequence enhanced basal transla-
tion of p53, but UTR sequences longer than 75 bases then began
to reduce basal p53 translation (Fig. 14), suggesting the pres-
ence of basal inhibitory sequences in this 5'-region of p53
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mRNA. Nucleolin failed to repress p53 translation in the
absence of a 5-UTR (Fig. 1A, right panel), but nucleolin
repressed p53 translation of mRNAs containing 5'-UTR
sequences of 75 bases or more, regardless of the basal level of
translation (left and right panels). These effects were also seen
when purified nucleolin protein was directly added to the sys-
tem (supplemental Fig. S1A) and were not attributable to non-
specific inhibition of protein translation in this system (supple-
mental Fig. S1B) or changes in p53 RNA levels (data not shown).
Furthermore, they were not altered in the presence of a
5'-m’GpppN cap or 3'-poly(A) tail structure (supplemental
Fig. S1C). Translational repression was also evident in a cell-
based system using a chimeric construct containing the 5'- and
3'-UTRs of p53 mRNA surrounding the luciferase coding
sequence instead of the p53 coding sequence (data not shown).
Thus, similar to the requirements of RPL26 to stimulate p53
translation, nucleolin repression of p53 translation requires the
5'-UTR, but not the p53 coding sequence, 5'-m’GpppN cap
structure, or 3’-poly(A) tail.

Deletion of the 3’-UTR of p53 decreased the basal level of p53
translation and unexpectedly also abrogated the ability of
nucleolin to repress p53 translation in vitro (Fig. 1B). Serial
deletion of the 3'-UTR region demonstrated that the first 355
nucleotides of the 3'-UTR were sufficient to mediate transla-
tional repression of p53 mRNA by nucleolin (Fig. 1C). Thus,
nucleolin repression appears to require both the 5'- and
3'-UTR sequences of p53 mRNA. Similar results were obtained
in the cell-based reporter system. Overexpression (Fig. 24) or
knockdown (Fig. 2B) of NCL affected luciferase reporter activ-
ity if the 5'- and 3’-UTR sequences of p53 mRNA were both
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FIGURE 2. Both 5’- and 3’-UTR sequences of human p53 mRNA are required for translational repression by NCL in cells. A, overexpression of NCL
represses the translation of human p53 mRNA in the presence of both 5’- and 3'-UTR sequences. MCF-7 stable cell lines were established to constitutively
express a firefly luciferase reporter gene without any UTR sequences of human p53 mRNA (LUC) or containing the 145-nucleotide p53 5'-UTR with (5'LUC3") or
without (5'LUC) the full-length p53 3'-UTR. FLAG-tagged NCL (NCL) or empty vector (Flag) was cotransfected with a Renilla luciferase (19) expression vector
(internal control; RL) into these stable cell lines. 24 h post-transfection, modulation of the reporter gene expression was assessed by comparing the LUC/RL ratio
of each samples with that of LUC samples. The error bars represent the mean = S.D. for three independent experiments. *, the p value was calculated using
Student's t test. B, knock down of NCL in cells enhances the translation of human p53 mRNA in the presence of both 5'-and 3’-UTR sequences. 40 um NCL siRNA
duplex (NCLsi) (1) or non-target control siRNA (ctr/ si) was introduced into the above MCF-7 stable reporter cell lines. 3 days post-transfection, the endogenous
NCL levels was assessed by immunoblotting (right panels). Modulation of the reporter gene expression was assessed by comparing the firefly luciferase reading
of each sample with that of LUC samples (left panel). The error bars represent the mean = S.D. for three independent experiments. *, the p value was calculated
using Student’s t test. The band intensity of NCL (upper right panel), p53 (middle right panel) and HDM2 (lower right panel) proteins was quantitated using NIH

Imagel software, and -fold changes in the intensity compared with those in the NCL siRNA duplex sample are shown under the panels.

present, but not if the reporter with the 5'-UTR (Fig. 2, A and B)
or 3'-UTR (supplemental Fig. S2, A and B) was present alone.
Because complete knockdown of NCL is detrimental to the
cells, we chose a condition under which nucleolin is only par-
tially depleted (Fig. 2B, right panels). Manipulation of NCL lev-
elsin these stable reporter lines did not affect the mRNA level of
the luciferase reporter genes (supplemental Fig. S3).

Nucleolin Independently Binds Both UTRs in Interaction
Regions—Nucleolin has been reported to bind ribosomal RNA
in a sequence- and structure-specific manner, and its RBD has
been characterized (14, 15, 20, 21). We initially identified
nucleolin in a screen for proteins binding to the 5'-UTR of p53
mRNA (1), but had not demonstrated whether this was a direct
interaction. Immunoprecipitation of nucleolin from cells
brings down p53 mRNA in an immunoprecipitation/RT-PCR
assay (1), but to explore whether nucleolin directly interacts
with p53 mRNA, we made a series of epitope-tagged expression
constructs coding for various domains of nucleolin protein (Fig.
3A). Using Northwestern blot analysis, we found that full-
length nucleolin was able to directly and independently bind
both the 5'-UTR sequence (—75 to +1) (Fig. 3B, left panel, lane
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2) and the 3'-UTR sequence (first 355 bases) (middle panel,
lane 2). Similar results were obtained with immunoprecipitated
endogenous nucleolin (data not shown). Domain mapping
revealed that the N terminus of nucleolin did not directly bind
either of the UTR probes in vitro (Fig. 3B, lane 3) or p53 mRNA
in vivo (supplemental Fig. S4, lane 5), and deletion of the N
terminus did not affect the ability of nucleolin to bind these
sequences (Fig. 3B, lane 8, and supplemental Fig. S4, lane 10). In
contrast, the RBD was sufficient for the binding of p53 mRNA
in vivo (supplemental Fig. S4, lane 9) and both the 5'- and
3'-UTR sequences in vitro (Fig. 3B, lane 7). Deletion of the RBD
abrogated the binding of nucleolin to both sequences (Fig. 3B,
lane 6, and supplemental Fig. S4, lane 8). We noted that a con-
struct containing the N terminus plus the first half of the RBD
appeared to weakly bind to the 5'-UTR sequence, but did not
bind the 3'-UTR sequence (Fig. 3B, lane 4). These interactions
were specific to these particular RNA sequences because full-
length nucleolin failed to bind a control RNA sequence from
the p53 coding sequence region (data not shown). We recently
demonstrated that a region of double-stranded RNA contain-
ing complementary sequences from the 5'- and 3'-UTRs is crit-
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FIGURE 3. NCL repression requires base pairings within UTR interaction region. A, schematic diagram of nucleolin functional domains adopted from Ref.
12 and nucleolin deletion mutants generated in this study. NLS, nuclear localization signal; NES, nuclear export signal; ANCL, human NCL; FRBD, first half of the
RBD. B, NCL and its RBD directly and independently bind both the 5’- and 3’-UTRs of human p53 mRNA. GFP-tagged NCL deletion mutants were transiently
transfected into H1299 cells and immunoprecipitated (/P) with anti-GFP antibody. Theimmunoprecipitated proteins were hybridized with a >?P-5'-end-labeled
5'-UTR (=75 to +1; left panel) or 3’-UTR (first 355 nucleotides; middle panel) RNA probe for Northwestern blot analysis. The immunoprecipitated proteins were
also detected by Western blot (WB) analysis using anti-GFP antibody (right panel). C, disruption of the base pairings in UTR interaction region blunts NCL
repression. Mutations were introduced into the last 3 bp of the 5’-and 3’-UTR interaction regions (5M/3M; depicted in the diagram on the right-hand side with
mutations labeled in red), the middle 3 bases of the 5’-UTR in this region (5IM/3W), or a compensatory mutation (5M/3C) (2) that restores complementarity of
the last 3 bp. The Dual-Luciferase reporter assay was performed as described under “Experimental Procedures.” Data shown are the mean =+ S.D. for three
independent experiments. p values were calculated using Student’s t test. *, p < 0.01; **, p < 0.001.

ical for translational regulation of human p53 mRNA by RPL26  nucleotides representing the 21-base region of either the 5'- or
after stress (2). To investigate if NCL utilizes the same region  3’-UTR strands of the complementary region. Both the 5'- and
for regulation, we performed Northwestern blotting with 3’-UTR probes bound to the immunoprecipitated nucleolin
immunoprecipitated nucleolin and probed with labeled oligo-  protein (data not shown).

MAY 11,2012-VOLUME 287-NUMBER20  ASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 16471



Control of p53 Translation by Nucleolin and RPL26

A IP Ab: a-GFP input input 1gG a-Flag |P Ab
GFP GFP- GFP GFP- + - + Flag-NCL
NCL NCL + - + GFP-NCL
250 KD | 260 KD 2
160 KD- | , |
@ (| == <GFP-NCL Y\:\IBC'L 260KD WB:
105KD| == | . < NCL * 110 KD+ - g< Flag-NCL | o-Flag
e e 80 KD -
wokpl
160KD| o 160 KD-
< GFP-NCL e o — < GFP-NCL
105k | 44 | o-GEP 110 KD wGi;P
K0, e s v
30k B2 o8
B N+FRBD
(LT
N RBD C
IP Ab: a-Flag IP Ab: o Flag input IP Ab: o Flag  input
V  Flag-NCL L C . C 0 0
GFP-RBD 98 R | @ T (R o
250 KD & 250 KDE =
[
160kD }- - < GFP-NCL | WB: 160 KD~ ‘ - GFP-NCL WB:
105 KD = a-GFP 105 KDF > Ll { (W Deletion | . Grp
} 75 KDF »®. - - duN &8 | mutants
75 KD }M | t
I WB: e | WB:
50 KD~ FHagRBD: [l S0KD-  wwewemwe < Flag-RBD W W <Flag-RBD a-Flag
35 KD+ - :

FIGURE 4. NCL complexes with itself at RBD. A, NCL interacts with itself. GFP-tagged NCL was transfected (left panels) or cotransfected with FLAG-tagged NCL
(right panels) into MCF-7 cells. GFP- or FLAG-tagged NCL was immunoprecipitated (/P) by anti-GFP or anti-FLAG antibody, respectively, and the bound protein
was assessed by immunoblot analysis using anti-nucleolin (upper left panels) and anti-GFP (lower left panels) or anti-FLAG (upper right panel) and GFP (lower right
panel) antibodies. 1-2 mg of total cell lysate was used for co-immunoprecipitation in each sample, and 10 ng of lysate was used as input. WB, Western blot.
B,NCL interacts with itself at the RBD. The FLAG-tagged NCL RBD was cotransfected with GFP-NCL (left panels); with the GFP-tagged NCL N-terminal domain (N),
the N-terminal domain plus the first half of the RBD (N+FRBD), the RBD, or the RBD plus the C-terminal domain (RBD+C) (middle panels); or with the N-terminal
domain plus the full-length RBD (N+RBD) (right panels) into MCF-7 cells. FLAG-RBD was immunoprecipitated from cells using anti-FLAG antibody, and the
bound proteins were detected by anti-FLAG (lower panels) or anti-GFP (upper panels) antibody. In these experiments, 3 mg of total cell lysate was used for
co-immunoprecipitation in each sample, and 30 ug of lysate was used as input. V, empty vector.

One of the reported properties of nucleolin protein is that it
binds both single- and double-stranded RNAs or DNAs and
promotes base pairing of homologous or complementary
nucleic acids (22-24). Because the 21-nucleotide regions of the
5'-and 3'-UTRs form a double-stranded RNA structure (2) and
because nucleolin appeared to bind independently to each of
the sequences involved in forming this double-stranded region,
we speculated that the binding of NCL to these sequences
secures/enhances the interaction between UTRs in this region.
To investigate whether the UTR base pairs participate in the
translational repression of human p53 mRNA by NCL, we
introduced point mutations to disrupt the last 3 bp (5M/3M) (2)
or the internal 3 bp (5IM/3W) of the UTR interaction region or
to restore the last 3-bp interaction (5M/3C) (2). As long as the
UTR interaction remained intact (5W/3W and 5M/3C), the
reporter responded to NCL repression (Fig. 3C). Interestingly,
the point mutations (5M/3M and 5IM/3W) that would partially
disrupt the double-stranded structure in the UTR interaction
region enhanced basal reporter expression levels, suggesting
that the base pairs between UTRs are involved in regulating
basal translation of human p53 mRNA. No alterations of
reporter mRNA levels were detected in any samples (supple-
mental Fig. S5).

Interactions Occur between Nucleolin, RPL26, and pS53
mRNA to Regulate p53 Translation—We noted that nucleolin
protein appeared to be able to form a homodimer (or homo-
oligomer) (Fig. 4A). This dimerization did not require p53
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mRNA because it was observed in H1299 cells, which lack p53
genes, and because the NCL interaction was stable in the pres-
ence of nucleases that digest both DNA and RNA (data not
shown). Domain mapping of nucleolin protein demonstrated
that the RBD was sufficient for this self-interaction (Fig. 4B).
Interestingly, the N terminus of nucleolin did not interact with
the RBD, but its presence blunted nucleolin dimerization (Fig.
4B, middle and right panels). The C terminus of nucleolin did
not appear to be involved in these interactions.

We then investigated whether NCL dimerization/oligomer-
ization is required for its repression of p53 translation. Both
full-length NCL and its RBD were able to repress the expression
of aluciferase reporter containing both p53 5’-UTR (145 nucle-
otides) and 3'-UTR (full-length) sequences, whereas NCL dele-
tion mutants (N-terminal domain plus the first half of or full-
length RBD) that failed to self-interact were unable to repress
the reporter (Fig. 5). No alterations of luciferase reporter
mRNA levels were observed (supplemental Fig. S6). In both
cases (self-interaction and repression), the nucleolin N-termi-
nal domain seemed to counter the function of its RBD, and we
speculate that this could be due to either the highly negatively
charged nature of the N-terminal domain in cells or the confor-
mational change in the protein when the N-terminal domain is
included. On the basis of reported observations that nucleolin
can facilitate annealing of single-stranded nucleic acids (23, 24)
and our observations that nucleolin independently bound to
each component of the UTR interaction regions (Fig. 3B) and
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FIGURE 5. NCL self-interaction is required for translational repression. MCF-7 cells were transiently transfected with empty vector (V), FLAG-NCL, or
FLAG-tagged NCL deletion mutants together with a firefly luciferase construct (LUC) containing a 145-nucleotide p53 5’-UTR and the full-length p53 3'-UTR
plus a control Renilla luciferase expression construct (RL). A simple diagram of the deletion mutants used is included (upper right panel). The relative LUC/RL
ratio was calculated by normalizing the LUC/RL ratio of each sample to the ratio in cells transfected with the empty vector and both luciferase reporters. Data
shown are the mean = S.D. for three independent experiments. *, p < 0.0001 (Student’s t test) (left panel). The expression level of FLAG-tagged proteins was
assessed by immunoblotting with anti-FLAG antibody (lower right panel). FRBD, first half of the RBD.

that nucleolin could form a homodimer (Fig. 4), a property
associated with translational repression of p53 mRNA (Fig. 5),
we hypothesized that nucleolin homodimers facilitate the for-
mation or stability of a repressive double-stranded RNA
structure.

Because nucleolin directly binds to the same interacting 5'-
and 3'-UTR sequences (Fig. 3B) that are critical for RPL26
recruitment to p53 mRNA after damage (2), we explored the
potential cooperation between nucleolin and RPL26 proteins in
these interactions. Consistent with previous findings (25), we
found that endogenous nucleolin and RPL26 proteins inter-
acted with each other (Fig. 6A) and that RPL26 interacted with
the RBD of nucleolin (Fig. 6B, left panel), the same domain
involved in nucleolin homodimerization (Fig. 4B) and repres-
sion (Fig. 5). The N-terminal domain of nucleolin had no obvi-
ous effect on this interaction (Fig. 6B, right panel). The results
of domain mapping experiments are summarized in Fig. 6C.
Because RPL26 bound to the same domain of nucleolin protein
as that involved in nucleolin homodimerization, we investi-
gated if RPL26 could affect nucleolin homodimerization.
RPL26 protein was able to compete with both full-length
cotransfected GFP-nucleolin and endogenous nucleolin for
binding to a FLAG-tagged RBD fragment (Fig. 6D), suggesting
that RPL26 can inhibit nucleolin homodimerization.

Finally, we explored the functional consequences of the
interaction between RPL26 and nucleolin. Deletion analysis of
RPL26 narrowed down the interaction region to 26 amino acids
(positions 63— 88) (Fig. 74, left panels). These amino acids were
also indispensible for p53 induction by RPL26 (Fig. 7A, right
panels). Replacing amino acids 80 — 88 (the last 9 amino acids of
the 26 amino acids) with alanine was sufficient to inhibit RPL26
and NCL interaction (Fig. 7B). This multiple-point mutant of
RPL26 also reduced the ability to induce p53 protein when
overexpressed (Fig. 7C) and the ability to bind endogenous p53
mRNA (Fig. 7D). We also observed that knocking down NCL
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attenuated the binding of nuclear RPL26 to biotin-labeled p53
mRNA in an in vitro RNA pulldown assay.* These data suggest
that nucleolin-RPL26 interaction at least partially contributes
to the binding of RPL26 to p53 mRNA and its regulation of the
translation of the message.

DISCUSSION

Expression of eukaryotic genes is tightly regulated at multiple
levels, especially under stress conditions. Diverse RNA-binding
proteins participate in the regulation of almost every aspect of
the mRNA life cycle by binding to unique structures or
sequences of the target RNA (15, 26). Protein-protein interac-
tions mediated by specific domains in the RNA-binding pro-
teins increase the complexity of the regulation of gene expres-
sion. Here, we have presented evidence for both positive and
negative translational control of human p53 mRNA by the mul-
tifunctional RNA-binding protein NCL and ribosomal protein
L26. We proposed a model (supplemental Fig. S7) in which
NCL binds to an intrinsic double-stranded RNA region formed
by base pairing between the UTRs of human p53 mRNA in
unstressed cells, and based on the reported ability of NCL to
stabilize nucleic acid hybrids, dimerization/oligomerization of
NCL facilitates the formation/stability of the above repressive
double-stranded RNA structure. Stress stimulation results in
recruitment of RPL26 to this double-stranded RNA structure
occupied by NCL, which disrupts the NCL homodimer by
forming NCL-RPL26 heterodimers and facilitates the transla-
tion of p53 mRNA.

We suggest that this transition from NCL-NCL homodimer
to NCL-RPL26 heterodimer occurs in the nucleus and repre-
sents an extraribosomal function of RPL26. At least two pieces
of evidence support this suggestion. First, in vitro synthesized
human p53 mRNA is able to bind RPL26 in nuclei in the

4J. Chen and M. B. Kastan, unpublished data.
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absence of mature ribosomes, and this binding enrichment is
enhanced by ionizing irradiation.* Second, RPL26 is able to pull
down endogenous human p53 mRNA from nuclear fractions,
and the binding is increased in IR-treated cells (2). Because

IP Ab: IgG a-L26 input Input a-NCL

enhanced binding of RPL26 to p53 mRNA is a critical step for
RPL26-dependent p53 induction and because it can occur in
the nucleus after stress, RPL26 likely interacts with NCL and
binds to p53 mRNA in the nucleus.
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FIGURE 7.NCL-RPL26 interaction affects human p53 induction by RPL26. A, a deletion mutant of RPL26 lost RPL26 binding to NCL (left panels) and the ability
of RPL26 to induce p53 in cells (right panels). GFP-tagged RPL26 deletion mutants were transiently transfected into MCF-7 cells and immunoprecipitated (/P)
using anti-GFP antibody. The bound NCL was detected using anti-nucleolin antibody (left panels). In this co-immunoprecipitation experiment, 30% of total cell
lysate was used as input. The basal p53 protein level was also assessed in these samples before immunoprecipitation by immunoblotting (right panels). aa,
amino acids; FL, full-length; V, empty vector; WB, Western blot. B, a point mutant of RPL26 lost RPL26 binding to NCL. GFP-tagged RPL26 point mutants (m; nine
alanine replacements of amino acids 80-88) were transiently transfected into MCF-7 cells and immunoprecipitated using anti-GFP antibody 24 h post-
transfection. The bound NCL was detected using anti-nucleolin antibody. 3 mg of total cell lysate was used for co-immunoprecipitation in each sample, and 20
g of lysate was used as input. G, a point mutant of RPL26 lost RPL26 ability to induce p53 in cells. GFP-tagged RPL26 point mutants were transiently transfected
into MCF-7 cells, and 24 h post-transfection, the basal p53 protein level was assessed by immunoblotting. D, a point mutant of RPL26 lost RPL26 binding to p53
mRNA in cells. GFP-tagged RPL26 point mutants were transiently transfected into MCF-7 cells and immunoprecipitated using anti-GFP antibody 24 h post-
transfection. The bound p53 mRNA was measured by real-time RT-PCR. The bar graph shows the ratio of the bound p53 mRNA level compared with that seen
in cells expressing GFP protein. The error bars represent the mean = S.D. for three experiments. p values were calculated using Student’s t test. *, p < 0.01; **,
p < 0.001.

p53 induction acts as a double-edged sword. On the one the potential detrimental effects of p53 induction could be ben-
hand, elevated p53 protein levels initiate apoptosis, cell cycle eficial in reducing p53-mediated cell death and tissue toxicity in
arrest, or senescence to restrain development of tumor cells. settings of DNA damage or other stresses. Our study and pre-
On the other hand, in certain settings, p53 induction is detri- vious investigations have demonstrated that translational reg-
mental to normal tissue (27). Therefore, transiently blunting ulation of p53 mRNA is a critical step in p53 induction under

FIGURE 6. NCL interacts with RPL26. A, NCL interacts with RPL26 in cells. Endogenous NCL or RPL26 (L26) was immunoprecipitated (/P) with anti-nucleolin or
anti-RPL26 antibody. The bound protein was assessed using appropriate antibodies. 1-2 mg of total cell lysate was used for co-immunoprecipitation in each
sample, and 20 ug of lysate was used as input. WB, Western blot. B, the RBD of NCL is sufficient for NCL-RPL26 interaction. FLAG-tagged RBD (left panels) or
FLAG-tagged NCL deletion mutants (del muts; right panels) were cotransfected with GFP-RPL26 into MCF-7 cells. FLAG-tagged proteins were immunoprecipi-
tated with anti-FLAG antibody. The bound proteins were detected by anti-GFP antibody. 1-3 mg of total cell lysate was used for co-immunoprecipitation in
each sample, and 30 g of lysate was used as input. FRBD, first half of the RBD; V, empty vector. C, the schematic diagram summarizes the results from domain
mapping experiments described in Figs. 3-6. D, RPL26 disrupts NCL self-interaction. The indicated amounts of FLAG-RBD, GFP-RPL26, and GFP-NCL were
cotransfected into MCF-7 cells. FLAG-RBD was immunoprecipitated by anti-FLAG antibody, and the bound proteins were detected using the indicated
antibodies. 6 mg of total cell lysate was used for co-immunoprecipitation in each sample, and 30 g of lysate was used as input.
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stress conditions. Several different aspects of this translational
regulation could be potential targets for small molecule/drug
interventions. The first is the UTR base pairing of p53 mRNA
itself, which not only forms a closed structure to facilitate the
repression of its own translation by nucleolin under unstressed
conditions but also attracts RPL26 recruitment after stress
stimuli. We have successfully designed targeting oligonucleo-
tides to disrupt the UTR interaction region of human p53
mRNA, and these oligonucleotides blunt p53 induction and
enhance cell survival after various stress stimuli by inhibiting
RPL26 binding to p53 mRNA (2). The results reported here
now support additional aspects of this regulatory mechanism
that are potential targets for modulation of this response,
including NCL-NCL, NCL-RPL26, and RPL26-p53 mRNA
interactions. Although protein-protein interaction as a poten-
tial intervention point has been challenging due to large, fea-
tureless, or sporadic interaction surfaces, small molecules, pep-
tides, or mimetics of protein structure have been developed as
effective therapeutic reagents (28, 29). We have narrowed down
the region of RPL26 that interacts with NCL to 9 continuous
amino acids, and mutation of these amino acids interferes with
the binding of RPL26 to p53 mRNA as well as p53 induction
(Fig. 7). Detailed structural studies of the interaction between
these two proteins and with p53 mRNA could help in the design
of inhibitors for this interaction.
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