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Figure 2. Domain analysis of the 3-UTR of LDLR mRNA. (A) Schematic representation of the 3-UTR of LDLR mRNA. Black bars indicate the
regions used for ActD chase and IP experiments. AREs 1-3 are indicated by red boxes and the UCAU repeat is indicated by the white box. Designed
oligonucleotides are indicated by blue lines. Conservation around the LDLR AREI region is shown in the blue graph, created using Vertebrate Multiz
Alignment & PhastCons Conservation (28 species), as extracted from the UCSC Human Genome Browser (http://genome.ucsc.edu/). The consensus
ZFP36L1- and ZFP361.2-binding sequence is colored in red. Sequences of the designed oligonucleotides, L1 and 1.2, are indicated. (B) RFP-tagged LDLR
3-UTR constructs were expressed in 293T cells, and cells were then subjected to ActD chase experiments. Twenty-four hours after transfection, 293T
cells were treated with ActD and PMA as indicated (PMA treatment commenced 10 min after ActD treatment). gPCR was performed using RFP and
Luc2-specific primers. Results were normalized to the levels of Luc2 mRNA. The data are representative of at least three independent experiments. mRNA
half-lives were calculated by fitting an exponential decay curve to all time points. Figures in the graph indicate the mean value of the mRNA decay half-
lives. Error bars show standard deviation of the mean. P-values were calculated using Student’s 7~test. *P < 0.002; n = 3 for each group. (C) 293T cells
were transfected with Myc-tagged ZFP36L1 and ZFP36L2. Cells were then lysed with lysis buffer and the cleared lysates were subjected to TP with the
indicated LDLR 3’-UTR bait RNAs. Immunoprecipitated proteins were subjected to western blot analysis with the anti-Myc antibody. (D) 293T cells were
transfected with Myc-tagged ZFP36L1 and ZFP36L2. Cells were then lysed with lysis buffer and the cleared lysates were subjected to IP with the indicated
LDLR 3-UTR bait RNAs and the indicated oligos. Immunoprecipitated proteins were subjected to western blot analysis with the anti-Myc antibody.
These data are representative of at least three independent experiments.

39



Nucleic Acids Research, 2014, Vol. 42, No. 15 10043

B C

=y 3 g
225 53
$5 5 523z¢ =
N o o
g g 3 g R 8
§ e tred
- 8 8 & & 2
S 25 B
38 . , < "
= 24 . -
3¢ LDLR [We s 2
O g 151 = o o
:,2_, F S B s
.%2 14 — a DTS W P A
(] ! %
gL, B-actin “AtD o 1 2z M
i ol

Control
Oligo-L1
Oligo-L2

II | wB

n=3 n=3

Expression of LDLR mRNA
(Relative to Control)
j]

Control
Oligo-L1
Oligo-L2

LDLR mRNA
(% remaining)
8
Dil-LDL uptake
{Relative to Control)

* *

£ I 1
4

B B
e
B+
ot S = B
2k

AtD 0 1 2 s(h) Hep3B Hep3B
n=3 n=3 n=3

Figure 3. LDLR mRNA is destabilized by ZFP36L1 and ZFP3612. (A) HeLa cells were transfected with ZFP36L1 and ZFP36L2 siRNAs. Forty-eight
hours after transfection. cells were harvested, total RNA was extracted and quantitative RT-PCR (qPCR) was performed using primers specific to LDL.R
mRNA and B-actin mRNA. Results were normalized to B-actin mRNA levels. Error bars show standard deviation of the mean. P-values against control
were calculated using Student’s -test.* P < 0.002; 1 = 3 for each group. (B) Forty-cight hours after transfection, cells were harvested and the lysates were
subjected (o western blot analysis using the indicated antibodics. (C) Forty-cight hours after trans{ection, cells were treated with ActD and chased for the
indicated time with or without PMA (PMA treatment commenced 10 min after ActD treatment). Total RNA was extracted and qPCR was performed
using primers specific to LDLR mRNA and B-actin mRNA. Results were normalized to the levels of B-actin mRNA. Error bars show standard deviation
of the mean. (D) Hel.a cells were transfected with the indicated oligos. Twenty-four hours after transfection, cells were harvested and total RNA was
extracted. Quantitative RT-PCR (qPCR) was performed using primers specific for LDLR and B-actin. Results were normalized to B-actin mRNA levels.
Error bars show standard deviation of the mean. P-values against control were calculated using Student’s 7-test. * P < 0.002; n = 3 for each group. (E) HeLa
cells were transfected with the indicated oligos. Twenty-four hours after transfection, cells were harvested and the lysates were subjected to western blot
analysis using the indicated antibodies. (F) HeLa cells were transfected with the indicated oligos. Twenty-four hours after transfection, cells were treated
with ActD and chased for the indicated times. Total RNA was extracted and gPCR was performed using primers specific to LDLR mRNA and B-actin
mRNA. Results were normalized to the levels of B-actin mRNA. Error bars show standard deviation of the mean. (G) Hep3B cells were transfected with
the indicated oligos. Twenty-four hours after transfection, cells were harvested and the lysates were subjected Lo western blot analysis using the indicated
antibodies. (H) Hep3B cells were transfected with the indicated oligos. Twenty-four hours after transfection, cells were treated with Dil-LDL for 1 h. The
cells were then lysed in RTPA buffer and the ratio of Dil-LDL fluorescence/protein concentration was measured. Error bars show standard deviation of
the mean. P-values against control were calculated using Student’s z-test. *P < 0.002; n = 3 for each group. The data are representative of at least three
independent experiments. The number below the figure indicates the number of times we replicated the experiment. Data from one of the independent
experiments are shown in Supplementary Figure S4A-H.
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that this regulation is conserved among these cells (Supple-
mentary Figure S3D).

To further confirm that the ZFP36L1 and ZFP36L2-
mediated destabilization of LDLR mRNA is caused by di-
rect interaction, we examined the effect of LNA-modified
oligonucleotides (as used in the experiment presented in
Figure 2D) on the levels of LDLR mRNA and LDLR
protein. We transfected these oligonucleotides into HeLa
cells and found that Oligo-L1 increased the levels of LDLR
mRNA and protein (Figure 3D and E, Supplementary Fig-
ure S3E). In contrast, Oligo-L.2, -L3 and -1.4 had no effect
on the levels of LDLR mRNA or protein (Figure 3D and
E. Supplementary Figure S3E). In addition, as expected,
Oligo-L1 had no effect on the levels of VEGFA or PLK3
mRNAs (Supplementary Figure S3F). We also examined
the effect of Oligo-L1 on the stability of LDLR mRNA in
HeLa and 293T cells using an ActD chase experiment and
we found that Oligo-L1 stabilized LDLR mRNA in these
cell lines (Figure 3F, Supplementary Figure S3G and H).
We then used two further oligonucleotides, Oligo-L5 and
Oligo-L6. Oligo-L5 is a point mutant of Oligo-L1 (T8G)
and Oligo-L6 is a scrambled oligonucleotide of Oligo-L1.
Neither of these oligonucleotides could inhibit the inter-
action between LDLR mRNA and ZFP36L1, nor could
they increase the stability of LDLR mRNA or the levels of
LDLR protein in cells (Supplementary Figure S31 and I)

We finally used human liver-derived Hep3B cells, because
we anticipate that this approach could potentially increase
the levels of LDLR protein in the liver, thereby lowering
blood LDL cholesterol levels. We transfected Oligo-L1 and
Oligo-L.2 into Hep3B cells and again found that Oligo-L1
stabilized LDLR mRNA and increased the levels of LDLR
protein (Figure 3G, Supplementary Figure S3K and L). We
then examined the effect of these oligonucleotides on LDL
incorporation in Hep3B cells using Dil-labeled LDL. As
expected, we found that Oligo-L1 increased LDL incorpo-
ration into Hep3B cells (Figure 3H). These results indicate
that, LNA-modified antisense oligonucleotides can increase
the LDL-uptake activity of liver-derived cells.

ZFP36L1 is regulated by phosphorylation downstream of
ERK

Next, we investigated the underlying mechanisms of PM A-
ERK-mediated LDLR mRNA stabilization. Given that
ERK is a critical kinase in PMA-mediated LDLR mRNA
stabilization (4), we examined whether ZFP36L1 is phos-
phorylated downstream of ERK. We found that PMA treat-
mentinduced an electrophoretic mobility shift of ZFP36L1,
which could be reversed when cells were treated with PMA
and U0126, a specific inhibitor of the ERK pathway (Fig-
ure 4A). We also found that the mobility shift of Flag-
ZFP36L1, which we immunopurified [rom Flag-ZFP36L1-
overexpressing and PMA-treated 293T cells, could be re-
versed by treatment with bacterial alkaline phosphatase
(Figure 4B). These results indicate that ZFP36L1 is phos-
phorylated downstream of ERK. We then analyzed the
ERK-dependent phosphorylation sites using an iTRAQ-
based quantitative MS approach. We immunopurified Flag-
ZFP36L1 protein from mock-, PMA- or PMA + U0126-
treated 293T cells and determined the ERK-dependent

phosphorylation sites. We found that phosphorylation of
the C-terminal serine-334 residue of ZFP36L1 and of the
C-terminal serine-493 and -495 residues of ZFP36L2 was
increased upon PMA treatment, but was reversed by U0126
treatment (Figure 4C, Supplementary Figure S5A). This re-
sult indicates that the phosphorylation of these residues is
ERK -dependent. We also analyzed the phosphorylation of
endogenous ZFP36L1, which we purified from 293T cell
lysate using a Flag-tagged LDLR AREI region (Supple-
mentary Table S1), and found that the C-terminal serine-
334 residue of endogenous ZFP36L1 is also phosphorylated
upon PMA treatment (Supplementary Figure S5B and C).

To understand the function of ZFP36L1 phosphoryla-
tion, we first examined whether PMA treatment decreases
the RNA-binding ability of ZFP36L1 and ZFP36L2. We
found that PMA treatment slightly increased the interaction
between Myc-ZFP36L1 and LDLR mRNA, while that with
Myc-ZFP36L2 was not affected by PMA treatment (Fig-
ure 4C). We found that the RNA-binding ability of endoge-
nous ZFP36L1 was also slightly increased by PMA treat-
ment (Supplementary Figure S5B). These results indicate
that PMA treatment does not inhibit the RNA-binding abil-
ity of ZFP36L1 and ZFP36L2.

The CCR4-NOT deadenylase complex has recently been
shown to interact with the C-terminus of ZFP36 (16,17);
therefore, we next examined whether ZFP36L1 interacts
with the CCR4-NOT deadenylase complex and whether
this interaction is affected by PMA. We found that CNOT?7,
a critical enzymatic component of CCR4-NOT deadeny-
lase, interacts with ZFP36L1 and interestingly, this inter-
action is inhibited by PMA treatment and reversed by
U0126 treatment, indicating that this regulation is medi-
ated by the ERK pathway (Figure 4E). To confirm that
this effect was due to C-terminal phosphorylation, we con-
structed the ZFP36L1-AC mutant (in which C-terminal
amino acid residues, including all conserved phosphory-
lation sites, were deleted) and the ZFP36L1-SASA mu-
tant (in which serine-334 and -336 were mutated to alanine
residues, mimicking constitutive de-phosphorylation) (Fig-
ure 4F). We then examined the interaction between CNOT7
and these ZFP36L1 mutants and found that the ZFP36L1-
SASA mutant retained the ability to interact with CNOT7
after PMA treatment, whereas the ZFP36L1-AC mutant
did not (Figure 4G). Surprisingly, we also found that PMA
treatment still caused an electrophoretic mobility shift of
the ZFP36L1-SASA mutant. These results indicate that the
interaction between ZFP36L1 and CNOT?7 is regulated by
ERK-mediated C-terminal phosphorylation of ZFP36L1.
Furthermore, C-terminal phosphorylation of ZFP36L1 is
not responsible for the PMA-mediated electrophoretic mo-
bility shift.

We considered the possibility that ZFP36 and ZFP36L2
could also be regulated by PMA because the C-terminal re-
gion is highly conserved in members of the ZFP36 protein
family (Figure 4C). We examined the interaction between
CNOT7 and ZFP36 or ZFP36L2 and found that ZFP361.2,
in addition to ZFP36 and ZFP36L1, also interacts with
CNOT?7 and that the interactions between CNOT7 and
ZFP36 or ZFP36L2 arc inhibited by PMA treatment (Sup-
plementary Figure S5E). Thus, ERK-mediated regulation
may be conserved among members of the ZFP36 family.
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Figure 4. ERK pathway phosphorylates and inhibits ZIFP36L2. (A) 2937 cells were transfected with Flag-tagged ZFP36L1. Twenty-four hours after
transfection, cells were treated with PMA (for 30 min) and U0126 (for 45 min), as indicated. Cell lysates were subjected to western blot analysis using
anti-Flag antibody. (B) 293T cells were transfected with Flag-tagged ZFP36L1. Cells were treated with or without PMA (for 30 min) and the lysates were
subjected to TP, Immunopurified Flag-ZFP36L1 was treated with or without bacterial acid phosphatase (BAP) and samples were subjected to western blot
analysis using anti-Flag antibody. (C) Alignment of C-terminal amino acid sequences in the human ZFP36 family. The C-terminal end of each protein is
shown as (*). Identical residues are shown by (1) and similar residues are shown by (+). The serine residues identified as being phosphorylated downstream
of ERK are shown in red. (D) 2937 cells were transfected with Myc-tagged ZFP361.1 or ZFP361.2 and then treated with or without PMA (for 30 min). Cell
lysates were subjected to IP using the Flag-antibody and the indicated bait RNAs. Co-immunoprecipitated proteins were subjected to western blot analysis
using anti-MYC (9E10) antibody. (E) 293T cells were transfected with Flag-tagged ZFP36L1, then treated with PMA (for 30 min) and U0126 (for 45
min) as indicated, and lysates were subjected to IP. Co-immunoprecipitated proteins were subjected to western blot analysis using the indicated antibodies.
(F) Schematic representation of the constructs used in this experiment. (G) 293T cells were transfected with the indicated constructs. Twenty-four hours
after transfection, cells were treated with or without PMA (for 30 min), and lysates were subjected to IP. Co-immunoprecipitated proteins were subjected
to western blot analysis using the indicated antibodies. (H) HeLa cells were transfected with RFP-LDLR 3'-UTR (AREI) or Luc2-B-Actin-UTR along
with the indicated ZFP36L1 constructs. Twenty-four hours after transfection, cells were treated with ActD and PMA (PMA treatment commenced 15 min
after ActD treatment), as indicated. Two hours after ActD treatment, cells were harvested and total RNA was extracted. Quantitative RT-PCR (qPCR)
was performed using RFP and Luc2-specific priniers. Results were normalized to the levels of Luc2 mRNA. The data are representative of at least three
independent experiments.
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We further validated the function of ZFP36L1 phos-
phorylation in LDLR mRNA-destabilization. We trans-
fected the RFP-LDLR-3-UTR expression vector and a
luciferase-B-actin-3'-UTR vector along with ZFP36L1-
WT, ZFP36L1-SASA or ZFP36L1-AC into 293T cells
and preformed ActD chase experiments with or without
PMA treatment. We observed PMA-mediated stabilization
of RFP-LDLR-3-UTR in mock- and wild-type-ZFP36L1-
transfected cells, but not in ZFP36L1-SASA or ZFP36L1-
AC mutant-transfected cells (Figure 4F and H). These re-
sults indicate that ZFP36L1 is regulated by PMA. and that
C-terminal phosphorylation of ZFP36L1 is indispensable
for ERK-mediated LDLR-mRNA stabilization.

RSK directly phosphorylates ZFP36L1 downstream of ERK

We showed that the C-terminal serine-334 of ZFP36L1 and
the C-terminal serine-493 and -495 of ZFP36L2 are phos-
phorylated downstream of ERK. However, these sites do
not match the consensus MAP kinase recognition motifs
(SP or TP), indicating that ERK does not directly phos-
phorylate ZFP36L1. We then examined the possibility that
RSK, a major downstream kinase of ERK, directly phos-
phorylates the C-terminus of ZFP36L1. We first investi-
gated whether BI-D1870 and SL0101, established RSK in-
hibitors, can reverse PMA-mediated dissociation between
ZFP36L1 and CNOT7 protein. We found that BI-D1870
and SLO101 clearly reversed the effect of PMA (Figure 5A,
Supplementary Figure S6A). We then examined whether
RSK 1 directly phosphorylates the C-terminus of ZFP36L1
using recombinant proteins. We incubated E. coli-expressed
GST-ZFP36L1 with or without active recombinant RSK 1
protein under phosphorylation conditions, and analyzed
the C-terminal phosphorylation of GST-ZFP36L1 by MS.
We found that the C-terminal serine-334 of ZFP36L1 is
phosphorylated only when we incubated GST-ZFP36L1
with active RSK1 (Figure 5B and C, Supplementary Fig-
ure S6B). We also examined whether active RSK1 inhibits
the ability of ZFP36L1 to interact with CNOT proteins.
We incubated GST-ZFP36L1 protein with mock buffer, ac-
tive recombinant ERK 1 and/or active recombinant RSK 1
under phosphorylation conditions, washed out residual ki-
nase, added 293T cell lysate and performed pulldowns
with glutathione-sepharose. We found that GST-ZFP36L1
looses its ability to interact with CNOT1 and CNOT?7 pro-
teins when incubated with active recombinant RSK1 (Fig-
ure 5D). These results indicate that RSK1 directly phos-
phorylates the C-terminus of ZFP36L1 downstream of
ERK, and inhibits the mRNA destabilization activity of
ZFP36L1.

To further confirm our finding that ZFP36L1 and
ZFP36L2 are inhibited by PMA treatment, we examined
the effect of PMA on the stability of polo-like kinase 3
(PLK3), VEGFA and cellular myelocytomatosis oncogene
(cMYC) mRNAs. PLK3 and VEGFA mRNAs have re-
cently been identified as targets of ZFP36L1 (7,8), whereas
¢cMYC mRNA does not bind to ZFP36L1 or ZFP36L.2. We
found that PLK3 and VEGFA mRNAs were also stabilized
by PMA, but that this was not the case for cMYC mRNA
(Supplementary Figure S7). These data strongly support the
regulation of ZFP36 family proteins by PMA.

DISCUSSION

We have identified ZFP36L1 and ZFP36L2 as two proteins
that specifically interact with LDLR mRNA. We showed
that ZFP36L1 and ZFP36L2 destabilize LDLR mRNA and
that this activity is inhibited by ERK/RSK1 signaling. Re-
cently, KHSRP, hnRNPD and PTBP1 have been reported
to be LDLR-destabilizing proteins (5). However, using our
approach, we identified KHSRP as a binding protein for
the 3-UTRs of IFNAL, B-actin and cMYC mRNAs and
hnRNPD and PTBP1 were common to all the RNA baits.
In spite of the binding of these proteins, IFNAI and B-
actin mRNAs were stable, whereas cMYC mRNA was un-
stable and was not stabilized by ERK signaling. How these
proteins selectively regulate the stability of LDLR mRNA
is unclear. It is possible that ZFP36L1 and ZFP36L2 co-
ordinately regulate the stability of LDLR mRNA along
with KHSRP, hnRNPD and PTBPI.

Target prediction of ZFP36L1 and ZFP361.2

ZFP36L1 and ZFP36L2 belong to the family of CCCH
tandem zinc finger proteins (the ZFP36 family), mem-
bers of which interact with AREs containing a UAUU-
UAUU sequence and trigger the degradation of several
ARE-containing mRNAs, including PLK3 and VEGFA
(7,8,18,19). Consistent with previous reports, we found
that ZFP36L1 and ZFP36L2 predominantly interact with
the UAUUUAUU sequence of the AREIL region of the
LDLR mRNA, even though the ARE2 region of the
LDLR mRNA also contains the same sequence. Interest-
ingly, IFNA1 mRNA, which also has a UAUUUAUU se-
quence in its 3'-UTR, is stable in cells and ZFP36L1 does
not interact strongly with the 3’-UTR of this mRNA (Fig-
ure 1B, Supplementary Table S2). Our results suggest that
the UAUUUAUU sequence is necessary but not sufficient
for ZFP36L1 and ZFP36L2 to interact with and destabi-
lize mRNA. Further investigation is required to predict the
target mRNAs of ZFP36L1 and ZFP36L2 in silico.

Methods used to identify the regulator of RNA stability

The methods used for (RBP) purification are generally clas-
sified into in vivo and in vitro categories. The in vivo purifica-
tion approach makes use of antisense oligonucleotides, ap-
tamers or MS2-based purification to identify interactions
between RNA and RBPs within cells (13,20-24). Use of
these methods has elucidated important information on in-
teractions (22-24). On the other hand, the in vitro purifica-
tion approach makes use of cell lysates to purify and iden-
tify proteins interacting with in vitro synthesized RNA. Tt is
known that some critical regulators of specific RNAs inter-
act specifically with RNA in vitro (25). The in vitro purifica-
tion method has several advantages. First, since experimen-
tal mRNA expression in cells is not required, this method
is sufficiently flexible to enable a wide variety of cells to be
used without concerns for transfection efficiency or mRNA
expression levels. Second, the amount of bait RNA to be
used can be precisely determined to obtain reproducible re-
sults that can be subjected to comparison analysis. Third, it
is possible to use the RNA sequence of interest, which re-
duces the amount of nonspecific protein interactions, e.g.
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asterisk shows a nonspecific band. Five percent of the initial amount of cleared 293T cell lysate was loaded as total lysate. These data are representative of

at least three independent experiments.
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with ribosomal proteins or PABPs. Given these advantages,
plus our fully automated robotic IP and protein identifica-
tion system, which is highly sensitive and reproducible (11),
we opted to use the in vitro purification approach, com-
bined with comparison analysis. This allowed us to demon-
strate that ZFP36L1 and ZFP36L.2 specifically interact with
LDLR mRNA, leading to its destabilization. We also iden-
tified several known interactions with other bait RNAs in-
cluding 7SK-CDK9 and 7SK-LARP7. Thus, our results
demonstrate that our in vitro purification approach is useful
for identifying critical regulators of RNAs, which may be
used in the identification of important regulators of other
types of RNA.

Oligonucleotide-based functional validation

We used RNAi-based knockdown Lo assess the function
of ZRP36L1 and ZFP36L2, but as with many RNA-
regulating proteins, ZFP36L1 and ZFP36L2 regulate mul-
tiple target mRNAs (6). This makes it difficult to deter-
mine whether the result of knockdown is directly caused
by inhibition of the interaction between the mRNA and
the putative regulator, or is a secondary effect. We there-
fore performed targeted disruption of the interaction be-
tween LDLR-mRNA and ZFP36L1 and ZFP36L2 pro-
teins, using LNA- (9) modified antisense oligonucleotides.
LNA is a new-generation artificial nucleotide involving a
2/~ and 4'-linked ribose moiety. LNA oligonucleotides have
several useful characteristics (26): (i) LNA oligonucleotides
are resistant to exo- and endonucleases; (i) LNA oligonu-
cleotides do not evoke RNase H activity when paired with
a complementary RNA strand; (iii) LNA oligonucleotides
have very high specificity for complementary RNA and can
discriminate even a single-base difference; therefore, short
oligonucleotides can be used. Thus, we used LNA-modified
antisense oligonucleotides to disrupt the interaction be-
tween LDLR and ZFP36L1 and ZFP36L2.

A crucial factor in using antisense-oligonucleotides for
such a purpose is to show that the effect of the antisense-
oligonucleotide is caused by the interaction between the
antisense-oligonucleotide and the intended target mRNA.
We have shown several lines of evidence to confirm
that the effect of the antisense-oligonucleotide (Oligo-L.1)
was caused by disrupting the interaction between LDLR
mRNA and ZFP36L1 and ZFP36L2: (i) Oligo-L1 could in-
hibit the interaction between ZFP36L1 and LRLD mRNA,
without affecting the interaction between LDLR and hn-
RNPD, hnRNPI or KHSRP, or the interaction of ZFP36L 1
with the 3-UTRs of PLK3 or VEGFA mRNAs (Supple-
mentary Figure S2B). (i) Oligo-L1 could stabilize LDLR
mRNA in cells (Figure 3F, Supplementary Figure S3G, H
and K). (iii) Oligo-L1 could increase the level of LDLR
mRNA in cells (Figure 3D). (iv) Oligo-L1 could increase
the level of LDLR protein in cells (Figure 3E and G, Sup-
plementary Figure S3E and L). (v) Four control oligonu-
cleotides, Oligo-L.2, -L3, -L4, -L5 and -L6, could not in-
hibit the interaction between LDLR mRNA and ZFP36L1,
and also could not increase the levels of LDLR mRNA or
protein in cells (Figure 3D, E and G, Supplementary Fig-

ure S3E, J and L). These results indicate that the effect of

Oligo-L1 is caused by disruption of the interaction between

LDLR mRNA and ZFP36L1 and ZFP36L2. These results
indicate that LNA-modified antisense oligonucleotides are
a powerful tool for validating the function of RBPs. As
Cibois et «al. have also reported (27), antisense oligonu-
cleotides allow us to elucidate the binding sites and the func-
tion of RNA/RBP interactions in cells.

In addition to validating the function of the interac-
tion, we were able to increase the amount of LDLR pro-
tein in cells. In the liver, the LDLR binds to LDL, thereby
lowering blood LDL levels. 1t has been reported that in-
creasing the amount of LDLR protein in the liver could
be a therapeutic approach for hyperlipidemia (28). Re-
cently, some reports have shown that an anti-microRNA
antisense oligonucleotide efficiently blocked the function
of the microRNA, thereby alleviating diseases in rodents
and nonhuman primates (29,30). These results demonstrate
the potency of antisense oligonucleotide-based therapeu-
tics. If appropriate delivery of Oligo-L1 to the liver could
be achieved, this could result in a candidate drug for the
treatment of hyperlipidemia. We believe that Oligo-L1 can
be further developed to treat hyperlipidemia. However, it
is also very important to consider off-target effects of anti-
sense oligonucleotides, especially with regard to therapeutic
applications.

Regulation of ZFP36L1

The CCR4-NOT poly (A) deadenylase complex is com-
posed of more than 10 proteins, including CNOT7. It
is known to interact with ZFP36 and ZFP36L1 and to
act as an important effector complex of ZFP36-mediated
mRNA-destabilization (16,17). We show in this report
that PMA treatment causes dissociation of ZFP36L1 and
CNOT7, and does not cause the dissociation of LDLR and
ZFP36L1/L2 (Figure 4D). In the case of ZFP36L1, the in-
teraction is somewhat increased by PMA treatment (Fig-
ure 4D, Supplementary Figure S5B); however, the mech-
anisms and meaning of enhanced PMA-mediated binding
of ZFP36L1 to LDLR mRNA are still unknown. Recently,
MAPKAPK2, a downstream kinase of p38, has been shown
to phosphorylate ZFP36, but not in the C-terminal re-
gion, leading to dissociation of ZFP36 and CNOT?7 (16,17).
These findings indicate that ZFP36 family proteins are regu-
lated by at least two independent signaling pathways. Itis an
open question, whether these pathways commonly regulate
all ZFP36 family proteins or whether there are differences in
regulation between ZFP36 family proteins. It will be impor-
tant to investigate in detail the mechanisms of these regula-
tory pathways and to clarify their functional consequences.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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MDM2 mediates the ubiquitylation and thereby triggers the proteasomal degradation of the tumor suppressor protein p53.
However, genetic evidence suggests that MDM2 contributes to multiple regulatory networks independently of p53 degradation.
We have now identified the DEAD-box RNA helicase DDX24 as a nucleolar protein that interacts with MDM2. DDX24 was
found to bind to the central region of MDM2, resulting in the polyubiquitylation of DDX24 both in vitro and in vivo. Unexpect-
edly, however, the polyubiquitylation of DDX24 did not elicit its proteasomal degradation but rather promoted its association
with preribosomal ribonucleoprotein (pre-rRNP) processing complexes that are required for the early steps of pre-rRNA pro-
cessing. Consistently with these findings, depletion of DDX24 in cells impaired pre-rRNA processing and resulted both in abro-
gation of MDM2 function and in consequent p53 stabilization. Our results thus suggest an unexpected role of MDM2 in the non-
proteolytic ubiquitylation of DDX24, which may contribute to the regulation of pre-rRNA processing.

DM2 belongs to the family of RING finger-type ubiquitin

ligases (E3s) and functions as a pivotal negative regulator of
the tumor suppressor protein p53 (1, 2). MDM2 inhibits p53
function by two distinct mechanisms: it abrogates the transactiva-
tion activity of p53 through direct binding to the NH,-terminal
region of the protein (3, 4), and it mediates the polyubiquitylation
of p53 and thereby targets it for degradation by the 26S protea-
some (5-7). On the other hand, p53 binds to the promoter of the
MDM2 gene and activates its expression (8, 9), thereby complet-
ing a negative-feedback loop that is responsible for strict regula-
tion of p53 function in the absence of stress. Exposure of cells to
stress, however, results in downregulation of both the abundance
and the activity of MDM2 as well as consequent stabilization and
subsequentactivation of p53 (1, 2). The mechanisms by which p53
escapes from the inhibitory action of MDM2 differ among cell
types and stress signals.

The role of the nucleolus as a stress sensor has recently
emerged. Many types of stress signal converge on steps of ribo-
some biogenesis and thereby activate p53 (10). A group of ribo-
somal proteins (RPs), including RPL5, RPL11, and RPL23, serve
as transmitters of stress signaling. These proteins are released from
the nucleolus in response to stress, bind to and inhibit the activity
of MDM2 in the nucleoplasm (11), and eventually activate p53
(11-18).

Inhibition of precursor rRNA (pre-rRNA) processing is a key
mechanism for induction of nucleolar stress (19). In mammals,
the ~200 genes encoding 47S pre-rRNA, which serves as a precur-
sor for 188, 5.8S, and 28S rRNAs, are organized in five tandem
arrays on the short arms of acrocentric chromosomes. These genes
are transcribed by RNA polymerase I (Pol I) in association with
the Pol I-specific basal factors SL1 (also known as TAF1B) and
UBF (20). The transcribed 47S pre-rRNA undergoes a series of
endo- and exonucleolytic cleavages to remove the spacer se-
quences. In addition, the pre-rRNA is subjected to covalent mod-
ifications that include base and ribose methylation as well as uri-
dine isomerization to pseudouridine at specific sites (21, 22).
During this process, many assembly factors are associated with the
pre-rRNA and its processing products in the form of a preribo-
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somal ribonucleoprotein (pre-rRNP) complex (23). Proteomic
characterization of human pre-rRNP complexes has identified
>>180 assembly factors and 100 small nucleolar ribonucleoprotein
particles (snoRNPs) involved in this process (24-27).

DEAD-box RNA helicases constitute a group of such assembly
factors, although their precise roles in ribosome biogenesis have
not been fully characterized. These enzymes participate in the reg-
ulation of essentially all aspects of RNA metabolism, including
pre-mRNA splicing, translation, pre-rRNA processing, and
mRNA decay. Most of them have been highly conserved through
evolution, and many have been shown to contribute to ribosome
biogenesis in yeasts (28, 29).

With a proteomics approach, we have now identified proteins
that are associated with MDM2 in human cells. Among these
MDM2 binding proteins, we focused on DDX24, a nucleolar pro-
tein that belongs to the family of DEAD-box RNA helicases. Al-
though MAKS, the Saccharomyces cerevisiae ortholog of human
DDX24, was previously found to contribute to the biosynthesis of
the 60S ribosome subunit (30), the function of DDX24 in mam-
mals has remained unclear. We found that DDX?24 binds to the
central acidic region of MDM2 and that such binding promotes
the polyubiquitylation of DDX24. However, the polyubiquityla-
tion of DDX24 did not elicit its proteasomal degradation but
rather promoted its association with components of pre-rRNP
complexes that are required for efficient pre-rRNA processing re-
actions. Depletion of DDX24 by RNA interference (RNAI) inhib-
ited proper pre-rRNA processing. Our findings thus demonstrate
the existence of MDM2-mediated noncanonical polyubiquityla-
tion in human cells.
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TABLE 1 Proteins identified by LC-MS/MS analysis of tryptic peptides derived from endogenous proteins captured by FLAG-MDM2 expressed in

HCT116 cells

No. of
Protein function(s) and name UniProt accession no. Yeast ortholog Domain(s)’ peptides
DNA repair
HMGBI P09429 NHP6B HMG box 4
HMGB2 P26583 NHP6B HMG box 3
XRCC5 P13010 YKU80 Leucine zipper, Ku 2
Protein and RNA metabolism
RPLI11 P62913 RPL11A 10
RPL3 P39023 RPL3 4
RPL9 P32969 RPL9B 3
RPS10 P46783 RPS10A ]
RPS14 P62263 RPS14A 4
RPS19 P39019 RPS19A 3
RPS2 P15880 RPS2 S5 DRBM 6
RPS25 P62851 RPS25A 3
RPS3A P61247 RPS1A 9
RPS6 P62753 RPS6A 7
RPS7 P62081 RPS7A 8
RPS9 P46781 RPS9A $4 RNA binding 5
RNA metabolism, splicing, processing
DDX24 Q9GZR7 MAK5 Helicase 12
WDR77 QI9BQA1 PFS2 WD repeats 14
HNRNPF P52597 RRM 4
HNRNPHI P31943 RRM 6
HNRNPK P61978 PBP2 RGG box, KH 6
RBM10 Q6PKH5 RRM, G patch, zinc finger 18
SNRNP200 075643 BRR2 Helicase, SEC63, coiled coil 8
GRWD1 QI9BQ67 RRB1 WD repeats 4
NCL P19338 NSRI1 RRM 9
TRMT10C Q7L0Y3 TRM10 Coiled coil 7
Protein metabolism
CCT2 P78371 CCT2 10
CCT4 P50991 CCT4 ?
CCT5 P48643 CCT5 6
PSMC2 P35998 RPT1 2
TCP1 P17987 TCP1 10
Lipid metabolism: HADHA P40939% EHD3 30
Signal transduction, phosphorylation, ubiquitylation
NPM1 P06748 6
TP53 P04637 DNA binding 9
YWHAB P31946 BMH2 6
YWHAQ P27348 BMH2 6
CDK9 P50750 CTK1 Protein kinase 4
STK38 Q15208 CBK1 Protein kinase, AGC kinase 14
STK38L B4E3]8 CBK1 Protein kinase, AGC kinase 8
PIP4K2C Q8TBXS8 MSS4 PIPK 4
TRIM21 P19474 B30.2/SPRY, zinc finger, coiled coil 9
Regulation of transcription: THRAP3 QIY2W1 10
Cell adhesion: EZR P15311 FERM 3

“ HMG, high mobility group; DRBM, double-stranded RNA binding motif; RRM, RNA recognition motif; KH, K homology; PIPK, phosphatidylinositol phosphatase kinases;

FERM, four-point-one, ezrin, radixin, moesin.

MATERIALS AND METHODS

Plasmids. Complementary DNAs encoding wild-type (WT) or mutant
forms of human or mouse MDM2 as well as human DDX24, DDX24-ub,
P53, p53-ub, ubiquitin, nucleolin (NCL), NIP7, p14ARF, RPL5, RPL11,
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RPL23, RPL26, and RPS7, each tagged at its NH, terminus with FLAG,
hemagglutinin (HA), Myc, or green fluorescent protein (GFP) epitopes,
were subcloned into pcDNA3 (Invitrogen), pRSET (Invitrogen), or
pGEX6p (GE Healthcare). A cDNA encoding human ubiquitin, tagged at
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