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Figure 6. NOTCH accumulation in FBXW7-deficient BMSCs promotes CCL2
expression and cancer metastasis. (A) Immunoblot analysis of FBXW7
substrates in the indicated BMSCs. (B) Relative abundance of Cc/2 mRNA in
WT BMSCs infected with retroviruses encoding NICD1, c-MYC, or KLF5. (€)
Luciferase assay for the Cc/2 gene in BMSCs infected with retroviruses for
NICD1, c-MYC, or KLF5. (B) Relative abundance of Cci2 mRNA in CAG-Cre-
ER™ Fbxw7/4 BMSCs incubated with DAPT. (E) WT and mutant forms of the
mouse (c/2 gene promoter fused to the firefly luciferase gene. Consensus
binding sequences for NOTCH-RBP-Jk are shown in bold. Proximal and
distal amplicons in G are indicated. (F) Luciferase assay for the Cc/2 gene in
CAG-Cre-ER™ Fbxw7*4 BMSCs. (G) ChIP analysis of the Cc/2 gene promoter.
Immunoprecipitation was performed with antibodies against NOTCH1 or
with control IgG. (H and 1) Intravenous transplantation with B16F10 cells

for Fbxw7"7 (n = 8), Fbxw7™" Rbpji™" (n = 1), Mx1-Cre Foxw7*! (n = 5), and
Mx1-Cre Fbxw7"* Rbpjx** (n = 8) mice. (} and K) Intravenous transplanta-
tion with B16F10 cells for Fbxw7¥7 (n = 8), Fbxw7"7 c-Myc™1 (n = 7), Mx1-Cre
Fbxw7"*(n = 6), and Mx1-Cre Fbxw7"* ¢-Myc*" (n = 8) mice. Gross appear-
ance of the lungs (H and ) and their occupancy by B16F10 colonies

(1 and K) are shown. (L) Serum concentration of CCL2, determined by ELISA.
Scale bars: 10 mm (H and }). Data are mean + SD (n = 3) (B-D, F, G, and L};
horizontal bars in 1 and K indicate means. **P < 0.01, ***P < 0.001, 1-way
ANOVA and Bonferroni test (B-D, I, K, and L).

recruitment of tumor cells to the lungs, which might be regulated
by other factors, such as CXCL13, triggering receptor expressed on
myeloid cells 1 (TREM1); epidermal growth factor, CXCL2 (also
known as macrophage inflammatory protein 2a [MIP-2q]); and
PDGF-AA. The serum levels of these proteins were increased or
decreased more than 2-fold in MxI-Cre Fbxw7%* mice compared
with controls after EQ771 cell transplantation. Further studies are
needed to elucidate the molecular mechanisms responsible for the
increase in tumor cell engraftment in FBXW7-deficient mice.

In the present study, infiltration of Mo-MDSCs and mac-
rophages into metastatic tumor lesions was promoted by the
increased production of chemokines such as CCL2 in FBXW7-
deficient mice. We found that BMSCs likely represent a major
source of CCL2 production, although a possible contribution of
other BMDCs cannot be excluded. In humans, CCL2 produced
from other cell types — such as fibroblasts, endothelial cells,
and smooth muscle cells — is also thought to promote cancer
metastasis (53-56). Our identification of FBXW7 and NOTCH
as upstream regulators of CCL2 expression provides both impor-
tant insight into the mechanism by which production of this che-
mokine is regulated and a basis for the development of new strat-
egies for cancer treatment.

Methods

Analysis of human clinical specimens. All clinical results in this study are
from retrospective studies. Peripheral blood specimens were obtained
from 406 Japanese women with breast cancer who underwent sur-
gery between 2000 and 2005 at the National Kyushu Cancer Center.
All patients were clearly identified as having breast cancer based on
clinicopathologic findings, and none underwent chemotherapy or
radiotherapy before surgery. Collection of peripheral blood through
a venous catheter for the measurement of FBXW7 mRNA was per-
formed immediately before surgery with the patients under general
anesthesia. The initial 1.0 ml of peripheral blood was discarded to
avoid contamination by skin cells; the second 1.0 ml was mixed with
4.0 ml Isogen-LS (Nippon Gene) for extraction of total RNA.
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Mice. Fbxw7"# mice, homozygous for the floxed Fbxw?7 allele (38),
were crossed with MxI-Cre transgenic mice (provided by K. Rajewsky,
University of Cologne, Cologne, Germany; ref. 57), and deletion of the
floxed allele in the resulting offspring was induced by intraperitoneal
injection (6 total injections on alternate days) with 20 ug poly(I:C)
(Calbiochem) per gram of body weight. Deletion of exon 5 of the
floxed Fbxw7 allele was confirmed by PCR analysis of genomic DNA
as previously described (38). Fhxw7#! mice were also crossed with
RbpJF mice (provided by T. Honjo, Kyoto University, Kyoto, Japan;
ref. 58) or ¢-Myc™ mice (provided by .M. de Alboran, Centro Nacio-
nal de Biotecnologia/Consejo Superior de Investigaciones Cientificas
[CNB/CSIC], Madrid, Spain; ref. 59) or with Lck-Cre (60), LysM-Cre
(61), Cd19-Cre (62), CAG-Cre-ER™ (63), or CAG-EGFP (provided by
M. Okabe, Osaka University, Osaka, Japan; ref. 64) transgenic mice.

BM transplantation. C57BL/6 or other recipient mice (8 weeks of
age) were irradiated with a lethal dose (11 Gy) of y rays and injected via
the tail vein with BM cells (2.0 x 10°in 100 pl PBS) isolated from 8-week-
old CAG-EGFP, CAG-EGFP Fbxw7"#, or CAG-EGFP MxI1-Cre Fhxw7/
mice. At 2 months after transplantation, recipients were injected with
poly(I:C) as described above to delete floxed Fhxw7 alleles; at 3 days
after the final poly(I:C) injection, animals were injected with B16F10,
LLC, or E0771 cells as described below. Recipient peripheral blood cells
were examined for chimerism by flow cytometry each month after BM
transplantation as well as at the time of lung dissection.

Assay of tumor metastasis. Suspensions of BI6F10 (2.0 x 10%), B16F1
(2.0 x10%), or LLC (5.0 x 10°) cells in PBS were injected into the tail vein
of 8- to 11-week-old host mice. After 2 weeks, the animals were killed,
and the lungs were removed and fixed in Bouin’s solution or 4% parafor-
maldehyde. Lung occupancy by visible B16F10 tumor colonies was ana-
lyzed using NIH Image]. E0771 cells (5.0 x 10%) were injected subcutane-
ously into the mammary fat pad. Tumor volume (in mm®) was measured
with calipers and calculated as (w? x [) /2. For stable expression of tdTo-
mato, E0771 cells were infected with a lentivirus encoding MYC epitope-
tagged tdTomato for 2 days. Mice were fed normal chow without or with
supplementation with 0.005% propagermanium (3-oxygemylpropinic
acid polymer; provided by Sanwa Kagaku Kenkyusho Co.) beginning 1
day before cancer cell injection. Experiments were randomized, and
investigators were blinded during experiments in the animal studies.

Cell culture. B16F10 (provided by Cell Resource Center of Tohoku
University), LLC (provided by Cell Resource Center of Tohoku Uni-
versity), BI6F1 (provided by S. Okano, Kyushu University, Fukuoka,
Japan), and E0771 (CH3 BioSystems) cells were maintained in RPMI
1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Invitrogen), 1 mM sodium pyruvate, 100 U/ml penicillin, 100
ug/ml streptomycin, 2 mM L-glutamine, and 10 ml/l nonessential ami-
no acids (Gibco). BMSCs were isolated from BM collected from the tibia
and femur of 8- to 10-week-old mice, and they were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, 10% horse
serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin. Nonadherent cells were removed after 24 hours, and adher-
ent cells were maintained with replenishment of the medium every 3
days. BMSCs were treated with 10 pM tamoxifen (Sigma-Aldrich) for
2 days in order to delete floxed Fhxw7 alleles. They were also treated
with DAPT (Calbiochem) for 2 days to inhibit NOTCH signaling. MEFs
were prepared from embryos at embryonic day 13.5 and maintained as
previously described (65), and they were treated with 2 pM tamoxifen
(Sigma-Aldrich) for 2 days in order to delete floxed Fhxw?7 alleles.
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Figure 7. Clinical relevance of FBXW7 expression in breast cancer patients. (A and B) Kaplan-Meier curves for overall (A) and disease-free (B)
survival of breast cancer patients (n = 406) classified according to the abundance of FBXW7 mRNA in peripheral blood. (C-E) Kaplan-Meier curves
for disease-free survival of breast cancer patients with luminal (C), HER2* (D), or triple-negative ER"PR"HER2" (E) tumors classified according to the
abundance of FBXW7 mRNA in peripheral blood. *P < 0.05, **P < 0.01, log-rank test. (F) Representative immunohistochemical staining patterns for
FBXW?7 in breast cancer patients: positive in both primary tumor cells and stroma, positive in tumor cells only, positive in stroma only, or negative in

both tumor cells and stroma. T, tumor cells; S, surrounding stromal cells.

Scale bars: 100 pm. (G and H) Mosaic plots summarizing the abundance of

FBXW7 mRNA in peripheral blood and FBXW?7 expression in tumor cells (G) and surrounding stroma (H) for the indicated numbers of breast cancer

patients (n = 22). P values for the association between these parameters

were calculated by ¥ test. (I) Correlation between the abundance of FBXW7

mRNA in peripheral blood and the serum CCL2 concentration in breast cancer patients (n = 57).

Flow cytometry. For sorting of peripheral blood cells of breast cancer
patients, we obtained 6 ml heparinized peripheral blood from 4 patients
with recurrent breast cancer and metastasis. Mononuclear cells were iso-
lated from the blood by Ficoll (GE Healthcare) density centrifugation at
500 g for 25 minutes at 4°C. Erythrocytes were lysed with 1x BD Pharm
Lyse buffer (BD Biosciences). The isolated cells were then stained with
antibodies against CD45 (clone HI100, Sony Biotechnology) and CD326
(clone 9C4, Sony Biotechnology) for analysis using Cell Sorter SH800
(Sony Biotechnology). For analysis of mouse BM and peripheral blood,
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erythrocytes were lysed with hemolysis buffer (0.14 M NH,Cl and 0.01
M Tris-HCl at pH 7.5), and the remaining cells were stained with anti-
bodies against F4/80 (clone BM8, eBioscience), CD115 (clone AFS98,
eBioscience), MACI (clone M1/70, eBioscience), Ly6G (clone 1A8, BD
Biosciences), and Ly6C (clone AL-21, BD Biosciences). The stained cells
were analyzed with a FACSCalibur flow cytometer (BD).

Histological, immunohistochemical, and immunohistofluores-
cence analyses. For H&E staining, tissue was fixed in Bouin’s solu-
tion, embedded in paraffin, cut into serial sections (4 pm thickness),

30



Downloaded from http://www.jci.org on March 30, 2015. http://dx.doi.org/10.1172/JCI78782

The Journal of Clinical Investigation

Tumor cells
F4/80* TAMs
Ly6C+*MDSCs

k=
> cCL2
FBXW7-high FBXW7-low
BMSCs BMSCs

Figure 8. Promotion of cancer metastasis by loss of FBXW?7 in the host environment.
Loss of FBXW?7 in BMSCs results in accumulation of NICD1 and increased secretion

of CCL2, which in turn promotes recruitment of Mo-MDSCs and macrophages. These
cells then promote the growth of tumors that have already colonized the lungs. TAM,

tumor-associated macrophage.

and stained as described previously (66). For immunohistochemi-
cal analysis, breast tissue microarray slides obtained from Kyushu
University Beppu Hospital were stained with antibodies against
FBXW?7 (clone 3D1, Abnova) using an Envision immunostaining
system (DAKO). The sections were counterstained with hema-
toxylin. Immunohistochemical staining intensity of breast can-
cer regions and surrounding stroma was scored as negative (low)
or positive (high). For immunohistofluorescence analysis, tissue
was fixed with 4% paraformaldehyde in 0.1 M phosphate buffer,
embedded in 30% sucrose overnight, sectioned (15 um thickness)
with a cryostat, and stained as described previously (66). Antibod-
ies against TCRB (clone H57-597), B220 (clone RA3-6B2), MACI
(clone M1/70), and c-Kit (clone 2B8) were from eBioscience; anti-
bodies against Ly6C (clone AL-21), Ly6G (clone 1A8), and VE-cad-
herin (clone 11D4.1) were from BD Biosciences; antibodies against
F4/80 (clone A3-1) were from Serotec; and antibodies against FSP
(clone D9FID) were from Cell Signaling Technology. Immune
complexes were detected with secondary antibodies labeled with
Alexa Fluor 633 or Alexa Fluor 405 (Molecular Probes), each at a
dilution of 1:2,000. The sections were mounted in Fluoromount
(Diagnostic BioSystems) and examined with a laser-scanning con-
focal microscope (LSM700, Carl Zeiss).

Immunoblot analysis. Total protein extracts were prepared from
BMSCs with lysis buffer (50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 0.5%
Triton X-100; 10 mM NaF; 10 mM Na,P,0,; 0.4 mM Na VO ; 0.4 mM
EDTA; 20 pg/ml leupeptin; 10 pg/ml aprotinin; 1 mM phenylmeth-
ylsulfonyl fluoride). The extracts (20 pg protein) were subjected to
immunoblot analysis as previously described (67). Antibodies against
NOTCH3 (clone M-20) and KLF5 (clone H-300) were obtained from
Santa Cruz Biotechnology; antibodies against cleaved NOTCHI1 (clone
D1E11), NOTCH2 (clone D76A6), c-JUN (clone 60A8), pl00-p52
(catalog no. 4882), and mTOR (clone 7C10) were from Cell Signaling
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Technology; antibodies against ¢-MYC were from Abcam;
and antibodies against GAPDH (loading control) were from
BD Biosciences.

Retroviral expression system. Complementary DNA encod-
ing hemagglutinin epitope-tagged mouse NICD1, mouse
¢-MYC, mouse KLF5, or FLAG epitope-tagged mouse FBXW7a.
(or its AF mutant) were subcloned into pMX-puro (provided by
T. Kitamura, University of Tokyo, Tokyo, Japan), and the result-
ing vectors were used to transfect Plat E cells (68) and thereby
generate recombinant retroviruses. BMSCs were infected with
recombinant retroviruses and subjected to selection in medi-
um containing puromyein (10 pg/ml). Cells stably expressing
each recombinant protein were pooled for experiments.

RNAI. Construction of shRNA vectors and RNAI were
performed as described previously (69). The sequence
targeted for mouse Ccl2 was 5-GGTATTCCCTTTCAT-
GAATAC-3'. An RNAi vector for EGFP was used as a control.

RT and real-time PCR analysis. Total RNA (1 ug), iso-
lated from mouse cells using Isogen (Nippon Gene), was
subjected to RT with a QuantiTect Reverse Transcription
Kit (Qiagen), and the resulting ¢cDNA was subjected to
real-time PCR analysis with SYBR Green PCR Master Mix
and specific primers in a StepOnePlus Real-Time PCR Sys-
tem (Applied Biosystems). PCR primer sequences were as
follows: Ccl2 sense, 5'-CAGCAGCAGGTGTCCCAAAG-3;
Ccl2  antisense, 5-TGTCTGGACCCATTCCTTCTTG-3; RpsI8
sense, 5-GAGGACCTGGAGAGGCTGAAG-3'; Rpsl8 antisense,
5-CTGCGGCCAGTGGTCTTG-3'. The amount of Ccl2 mRNA was
normalized to that of RpsI8 mRNA. For human clinical specimens,
total RNA (2.7 pg) isolated from cells using Isogen-LS (Nippon
Gene) was subjected to RT with Moloney leukemia virus reverse
transcriptase (BRL), and the resulting cDNA was subjected to real-
time PCR analysis with SYBR-Green I dye and specific primers in
a LightCycler system (Roche Applied Science). Amplification was
monitored as described previously (70). PCR primer sequences
were as follows: Fhxw7 sense, 5-CCTCCAGGAATGGCTAAAAA-3;
Fbxw7 antisense, 5-AAGAGTTCATCTAAAGCAAGCAA-3'; Gap-
dh sense, 5-AGCCACATCGCTCAGACAC-3'; Gapdh antisense,
5-GCCCAATACGACCAAATCC-3". The amount of Fbxw7 mRNA
was normalized to that of Gapdh mRNA.

Antibody array and ELISA. The serum concentrations of chemo-
kines and cytokines were analyzed using a Proteome Profiler kit (cata-
log nos. ARY0O06 and ARY015, R&D Systems). CCL2 levels in mouse
or human serum and in mouse BMSC or MEF culture supernatants
were also measured by ELISA (Ready-SET-Go kit; eBioscience). For
measurement of CCL2 release by BMSCs or MEFs, cells (1 x 10* per
well in 24-well plates) were cultured for 48 hours.

Luciferase reporter assay. The promoter region of mouse Ccl2 and
its deletion mutants were subcloned into pGL2-Basic (Promega),
which encodes firefly luciferase. BMSCs were seeded (2 x 10* per well
in 24-well plates) 24 hours before transfection with promoter con-
structs (0.25 pg) and the internal control vector pRL-TK (0.25 pg; Pro-
mega) for Renilla luciferase using the FuGENE HD reagent (Promega).
Luciferase activities were measured using a Dual-Luciferase Reporter
Assay System (Promega) and a Lumat LB9507 luminometer (EG&G
Berthold) at 48 hours after transfection. Firefly luciferase activity was
normalized to that of Renilla luciferase.
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ChIP. BMSCs (2 x 107) were fixed for 5 minutes with 0.5% formal-
dehyde in RPMI1640 medium. Fixation was terminated by addition of
glycine to a final concentration of 0.125 M, and cells were then washed
with ice-cold PBS, lysed with 2 ml lysis buffer (5 mM Hepes-NaOH, pH
8.0;200 mM KCl; 1 mM CaCl,; 1.5 mM MgCl,; 5% sucrose; and 0.5%
Nonidet P-40) and exposed to micrococcal nuclease (New England
Biolabs) to yield chromatin fragments consisting of 1-5 nucleosomes.
The nucleosomes were incubated for 6 hours at 4°C with 2 ug of anti-
bodies against NOTCH1 (clone C-20, Santa Cruz Biotechnology)
conjugated to 20 ul Dynabeads-Protein G. The immunoprecipitated
material was washed, chromatin was eluted, and the crosslinks were
reversed. The DNA fragments were purified by phenol-chloroform
extraction followed by precipitation with isopropanol, then used as
a template for real-time PCR analysis with the SYBR Select PCR sys-
tem (Applied Biosystems). PCR primer sequences were as follows:
Ccl2 (distal) sense, 5'-GCTCACATTCCAGCTAAATATCTCT-3'; Ccl2
(distal) antisense, 5-GAGTTATTGTCTGTTTCCCTCTCA-3'; Ccl2
(proximal) sense, 5-TTACTGGGGGTCCTTTCCCA-3'; Ccl2 (proxi-
mal) antisense, 5-GGAGTGGCTCTGCTTTCACT-3". The extent of
chromatin enrichment was normalized to input.

Statistics. Quantitative data were subjected to statistical analysis as
indicated. A Pvalue less than 0.05was considered statistically significant.

Study approval. All animal experiments were approved by the
TACUC of Kyushu University, and animal care was in accordance with
institutional guidelines. All clinical samples were approved for analy-
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sis by the ethical committees of the National Hospital Organization
Kyushu Cancer Center (no. 2001-15; October 16, 2001) and Kyushu
University (no. 302; February 9,2006). Written informed consent was
obtained from all patients with cancers analyzed in this study.
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ABSTRACT

Low-density lipoprotein receptor (LDLR) mRNA is
unstable, but is stabilized upon extracellular signal-
regulated kinase (ERK) activation, possibly through
the binding of certain proteins to the LDLR mRNA
3’-untranslated region (UTR), although the detailed
mechanism underlying this stability control is un-
clear. Here, using a proteomic approach, we show
that proteins ZFP36L1 and ZFP36L2 specifically bind
to the 3'-UTR of LDLR mRNA and recruit the CCR4-
NOT-deadenylase complex, resulting in mRNA desta-
bilization. We also show that the C-terminal re-
gions of ZFP36L1 and ZFP36L2 are directly phos-
phorylated by p90 ribosomal S6 kinase, a kinase
downstream of ERK, resulting in dissociation of the
CCR4-NOT-deadenylase complex and stabilization of
LDLR mRNA. We further demonstrate that targeted
disruption of the interaction between LDLR mRNA
and ZFP36L1 and ZFP36L2 using antisense oligonu-
cleotides results in upregulation of LDLR mRNA and
protein. These results indicate that ZFP36L1 and
ZFP36L2 regulate LDLR protein levels downstream
of ERK. Our results also show the usefulness of our
method for identifying critical regulators of specific
RNAs and the potency of antisense oligonucleotide-
based therapeutics.

INTRODUCTION

Messenger RNA (mRNA) turnover plays a key role in
the regulation of protein levels. This regulation is achieved
through cis-regulatory clements, including adenosine and
uridine (AU)-rich elements (AREs) residing in the 3'-
untranslated regions (UTRs) of mRNAs. AREs are present
in many translationally repressed and unstable mRNA
species and play a role in 5-8% of all mRNAs (1).
Destabilization of ARE-containing mRNAs is accom-
plished through their interaction with ARE-binding pro-
teins (ARE-BPs). Many ARE-BPs, including hnRNPD,
KHSRP, DHX36 and ZFP36 family proteins have been
identified (2); however, predicting which protein can bind
to a specific ARE is still very difficult (2).

The low-density lipoprotein (LDL) receptor (LDLR) is
a receptor for circulating LDL and has a critical role in re-
moving LDL from blood (3). A high blood level of LDL
cholesterol is a major risk factor for heart disease. Develop-
ment of a drug to increase the amount of LDLR protein in
the liver to lower LDL cholesterol is advanced and would
be highly beneficial (3).

LDLR mRNA is known to be unstable, but is stabilized
upon phorbol 12-myristate 13-acetate (PMA) treatment
through the activation of extracellular signal-regulated ki-
nase (ERK) (4). The 3'-UTR of LDLR mRNA, particularly
the 1 kb 5’ region that contains three AREs (ARE1-3), and
the proteins that bind this region are thought to be involved
in this stabilization. Although some LDLR mRNA-binding
proteins have been identified, the detailed mechanisms un-
derlying the control of LDLR mRNA stability remain un-
known (4,5), and the critical regulator of this control has
not been identified.
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Here, using a proteomic approach, we found that
ZFP36L1 and ZFP36L2 bind specifically to the LDLR
mRNA 3-UTR region. ZFP36L1 and ZFP36L2 belong to
the family of CCCH tandem zinc finger proteins (the ZFP36
family, which includes ZFP36, ZFP36L1 and ZFP36L2)
(6). ZFP36 family proteins bind to AREs and trigger the
degradation of several ARE-containing mRNAs, including
PLK3 and vascular endothelial growth factor A (VEGFA)
(7,8). We examined the role of ZFP36L1 and ZFP36L2 in
LDLR mRNA stability using an RNAi-based knockdown
method and we found that ZFP36L1 and ZFP36L2 desta-
bilize LDLR mRNA. We also found that p90 ribosomal
S6 kinase (RSK)1, a kinase downstream of ERK, directly
phosphorylates the C-terminus of ZFP36L1 and inhibits
the mRNA-destabilizing activity of ZFP36L1. From these
results, we conclude that ZFP36L1 and ZFP36L.2 regulate
the levels of LDLR protein downstream of ERK.

We then tried to disrupt the interaction between LDLR-
mRNA and ZFP36L1 and ZFP36L2 proteins using locked
nucleic acid (LNA)- (9) modified antisense oligonucleotides.
We were able to selectively disrupt the interaction between
LDLR-mRNA and ZFP36L1 and ZFP36L2 without af-
fecting interactions of ZFP36L1 and ZFP36L2 with other
target mRNAs. This resulted in an increase in LDLR pro-
tein levels. Our results show the usefulness of our method
for identifying regulators of specific nRNAs and also show
the potency of antisense oligonucleotide-based therapeu-
tics.

MATERIALS AND METHODS
Cell culture

HEK293T and HeLa cells were cultured at 37°C in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Hep3B cells were cultured at 37°C in
minimal essential medium supplemented with nonessential
amino acids and 10% fetal bovine serum.

Preparation of bait RNAs

T7 tagged cDNA template was polymerase chain reaction
(PCR) amplified and subjected to in vitro transcription us-
ing a MEGAscript T7 kit (Applied Biosystems). Amplified
¢RNA was purified with an RNeasy Mini Kit (Qiagen) and
then subjected to Flag conjugation as described (10) with
some modifications. Briefly, 60 pl of freshly prepared 0.1
M NalO, was added to 60 ul of 250 pmol cRNA, and the
mixture was incubated at 0°C for 10 min. The 3'dialdehyde
RNA was precipitated with 1 ml of 2% LiClOy4 in acetone
followed by washing with 1 ml acetone. The pellet was dis-
solved in 10 wl of 0.1 M sodium acetate, pH 5.2 and then
mixed with 12 pl of 30 mM hydrazide-Flag peptide. The
reaction solution was mixed at room temperature for 30
min. The resulting imine-moiety of the cRNA was reduced
by adding 12 pl of I M NaCNBHj3, and then incubated at
room temperature for 30 min. The RNA was purified with
an RNeasy Mini Kit (Qiagen). The regions of bait RNAs
used for immunoprecipitation (IP) experiments are shown
in Supplemental Table I'V.

Purification and analysis of RNA-binding protein

Purification and analysis of RNA-binding protein (RBP)
were carried out as described (11) with some modifications.
Briefly, 293T cells were lysed with lysis buffer [10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(pH 7.5), 150 mM NaCl, 50 mM NaF, 1 mM Na3VOy,
5 pg/ml leupeptin, 5 wg ml aprotinin, 3 pg/ml pepstatin
A, 1 mM phenylmethylsulfonyl fluoride (PMSF), | mg/ml
digitonin] and cleared by centrifugation. The cleared lysate
was incubated with indicated amounts of Flag-tagged bait
RNA, antisense oligos and Flag-M2-conjugated agarose for
I h. The agarose resin was then washed three times with
wash bufler [10 mM HEPES (pH 7.5), 150 mM NaCl, 0.1%
Triton X-100] and co-immunoprecipitated RNA and pro-
teins were eluted with Flag elution buffer [0.5 mg/ml Flag
peptide, 10 mM HEPES (pH 7.5). 150 mM NacCl, 0.05% Tri-
ton X-100]. The bait RNA associated proteins were digested
with lysyl endopeptidase, and the resulting peptides were
analyzed using a nanoscale liquid-chromatography tandem
mass spectrometry (LC/MS/MS) system.

Western blot analysis

Whole-cell lysates or immunoprecipitates were resolved by
sodium dodecyl sulphate (SDS) polyacrylamide gel elec-
trophoresis and then transferred onto Immobilon-P mem-
branes (Millipore). The membranes were probed with the
indicated antibodies and proteins of interest were visual-
ized with horseradish peroxidase-conjugated mouse, rabbit
or goat immunoglobulin G using ECL Plus (GE). Intensity
of individual bands was quantified using Multi Gauge soft-
ware (Fuji Photo Film).

Quantitative reverse-transcription PCR

Total RNA was purified using the RNeasy Mini Kit (Qi-
agen). cDNA was synthesized using the High Capac-
ity cDNA Reverse Transcription Kit (Invitrogen). Quan-
titative PCR (qPCR) was performed using Fast SYBR
Green on a StepOnePlus system (Applied Biosystems).
The following PCR primers were used: human {-actin:
forward: 5-TGGATCAGCAAGCAGGAGTATG-3, r
everse: 5-GCATTTGCGGTGGACGAT-3', human LD
LR: forward: 5-CCCGACCCCTACCCACTT-3', rever
se: 5-AATAACACAAATGCCAAATGTACACA-3, h
uman PLK3: forward: 5-CTGCGCCATGACTTCTTTA
CC-3, reverse: 5'-GTCACGCAGCTGCTGATAGG-3, h
uman VEGFA: forward: 5-CGAGGGCCTGGAGTGTG
T-3', reverse: 5-CCGCATAATCTGCATGGTGAT-3, R
ed Fluorescent Protein (RFP): forward: 5-AGACCAC
CTACATGGCCAAGA-3, reverse: 5'-CTCGTTGTGGG
AGGTGATGTC-3, Luc2: forward: 5-ACGAGCACTTC
TTCATCGTG-3', reverse: 5-CCTGGTAGCCCTTGT
ATTTGA-3.

Half-lives of mRNAs were calculated by fitting an expo-
nential decay curve to the mRNA levels determined at all
time points.

Expression constructs

3-UTR regions of LDLR mRNA were cloned into
pDESTI12.2 (Invitrogen), which contains a 5-RFP tag.
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3-UTR regions of B-actin mRNA were cloned into
pDEST12.2 (Invitrogen), which contains a 5-LUC2 tag.
Human ZFP36, ZFP36L1 and ZFP36L2 open reading
frames were cloned into pDEST12.2 (Invitrogen), which
contains a 5-MYC tag or a 5'-Flag tag, or into pDESTI15
(Invitrogen).

Antibodies

The following antibodies were used for IP and/or west-
ern blot analysis: anti-B-actin (#4970; Cell Signalling),
anti-CDKD9 (sc-13130; Santa Cruz), anti-CNOT1 (14276-
1-AP; Protein Tech), anti-CNOT7 (H00029883; Abnova),
anti-FLAG (M2; Sigma), anti-hnRNPD (Q14103; Mil-
lipore), anti-HA (1867423; Roche), anti-IGF2BP1 (sc-
21026; Santa Cruz), anti-K HSRP (ab83291; Abcam), anti-
LARP7 (LaRP7-101AP; FabGennix Inc.), anti-LDLR
(AF2148; BD Biosciences), anti-Myc (9E10; Roche), anti-
phospho-ERK (#9101s; Cell Signalling), anti-phospho-
MAPKAPK?2 (#3007s; Cell Signalling), anti-phospho-
RSK (sc-17033; Santa Cruz), anti-ZFP36L1 (#2119; Cell
Signalling), anti-phospho-S6 (#2211; Cell Signalling).

Chemicals

Cells were treated with each chemical as described below.
PMA (Sigma) was used at a final concentration of 100
ng/ml. U0126 (Cell Signalling) was used at a final concen-
tration of 10 wM. BI-D1870 (Stemgent) was used at a final
concentration of 20 wM. SLO101 (Millipore) was used at a
final concentration of 75 wM. Actinomycin D (ActD) (Cal-
biochem) was used at a final concentration of 5 wg/ml.

Isobaric tags for relative and absolute quantitation (iTRAQ)-
based quantification of phosphopeptides

FLAG-tagged ZFP36L1 and ZFP36L2 were transiently ex-
pressed in 293T cells. These proteins were purified using
anti-Flag (M2) agarose beads (Sigma) and subjected to in
solution digestion by lysyl endopeptidase and trypsin. Di-
gested peptide mixtures were labeled with iTRAQ reagents
(114 for PM A-treated sample; 115 for PMA+U0126-treated
sample; 116 for untreated sample) according to the man-
ufacturer’s instructions and then loaded onto Fe-charged
Probond (Fe-IMAC) columns (Applied Biosystems) (12).
Loading/washing buffer for Fe-IMAC columns was 0.1%
trifluoroacetic acid, 60% acetonitrile. After washing, bound
peptides were eluted with 1% phosphate. Peptides were an-
alyzed using a nanoLC/MS/MS system (QSTAR Elite,
AB/MDS-Sciex) and a nanoLC system (Paradigm MS2,
Michrom BioResources). Peak lists were obtained from the
script using Analyst QS 2.0. MASCOT searches were per-
formed against IPI human ver.3.1.6.

Short interfering RNA and antisense oligonucleotides

Short interfering RNAs (siRNAs) against human ZFP36L1
(Cat. No. HSS101104, HSS101101) and ZFP36L2 (Cat.
No. HSS101105, HSS101102) and control siRNA (Cat.
No. 12935-100) were purchased from Invitrogen. These
siRNAs were transfected into cells using DarmaFECT

36

Nucleic Acids Research, 2014, Vol. 42, No. 15 10039

2 (Thermo Scientific) at a final concentration of 20 nM.
All the antisense-oligonucleotides against human LDLR
mRNA were fully LNA-modified and were purchased
from Gene Design Inc.: Oligo-L1 (5-AGATGAATAAA-
3), Oligo-L2 (5-GCCTCCCAGAT-3), Oligo-L3 (5'-
CACTTAATAAA-3"), Oligo-L4 (5-ATAATAACACA-
3), Oligo-L5 (5-AGATGAAGAAA-3'), Oligo-L6 (5'-
AGAATAATAGA-3"). These oligonucleotides were
transfected into cells using DarmaFECT 2 (Thermo
Scientific) at a final concentration of 80 nM.

Analysis of direct phosphorylation

Wild-type and mutant GST-ZFP36L1 were expressed in
Escherichia coli and purified using glutathione-sepharose
(GE). Two micrograms of purified GST-ZFP36L1
(unedited from glutathione-sepharose beads) and 0.5
g of purified kinase were incubated in a kinase assay
buffer [25 mM Tris (pH 7.5), 10 mM MgCl,, 2 mM
NaiVO4, 1 mM dithiothreitol (DTT), 1 mM adenosine
triphosphate] at 30°C for 30 min with continuous mixing
(total volume of 100 ). Glutathione-sepharose beads were
washed in wash buffer [0 mM HEPES (pH 7.5), 150 mM
NaCl, 0.1% Triton X-100] three times. We then analyzed
the phosphorylation of GST-ZFP36L1 using MS. We also
examined the ability of GST-ZFP36L1 proteins to interact
with CNOT using IP and western blot analysis.

Cell-based Dil-LDL uptake assay

Hep3B cells were transfected with indicated oligos. Twenty-
four hours after transfection, cells were treated with Dil-
LDL (final concentration 1 pg/ml, Molecular Probes) for
1 h and then lysed in RIPA buffer (25 mM Tris—HCI pH
7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS). Dil-LDL fluorescence (excitation/emission at
530/590 nm) was read on an Infinite 200 (Tecan) and
protein levels were quantified using a BCA Protein As-
say Kit (Thermo). For data analysis, the ratio of Dil-LDL
fluorescence/protein concentration was used to normalize
Dil-LDL uptake into cells.

RESULTS

To identify the critical protein controlling the stability of
LDLR mRNA., we first developed the method of Flag-
peptide-tagging the 3'-end of in vitro transcribed RNA
(Supplementary Figure S1A and B; see Experimental Pro-
cedures). We then validated whether Flag-peptide-tagged
RNA can be used to co-immunoprecipitate its binding
protein, using HA-tagged-MS2 and a Flag-peptide-tagged-
RNA that contains an MS2-binding site (13) (Supplemen-
tary Figure S1C). We found that Flag-peptide-tagged RNA
can be used for co-immunoprecipitation of its binding pro-
tein (Supplementary Figure S1D). Next, we hypothesized
that the critical protein controlling LDLR mRNA stabil-
ity would bind specifically to its 3'-UTR region, but would
not bind to stable mRNAs or unstable mRNAs that are not
stabilized by PMA treatment. We then selected seven bait
RNAs, including LDLR mRNA, five stable RNAs (B-actin
mRNA, IFNAT mRNA, MBP mRNA, hnRNP A2/BI
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mRNAs and 7SK RNA) and one very unstable mRNA,
c-Myc, which is not stabilized by PMA treatment (Table
S1). We synthesized these RNAs in vitro and conjugated a
Flag-peptide to their 3'-ends. We performed an IP experi-
ment using these seven bait RNAs and a 293T cell lysate.
The co-immunoprecipitated proteins were eluted using the
Flag peptide, and then digested with lysyl endopeptidase,
and all peptides obtained were directly analyzed by MS
(Figure 1A). For each RNA, we conducted two indepen-
dent TP experiments and performed MS analysis in dupli-
cate to obtain four sets of data. We identified about 400
kinds of peptides derived from ~150 proteins (Table S2).
Approximately 25% of these proteins, including IGF2BP1,
were common to all the RNA baits. We then extracted
the LDLR mRNA-specific binding proteins that were only
identified in all four MS analyses of LDLR samples and
found ZFP36L1 and ZFP36L2 as proteins that bind specif-
ically to the LDLR mRNA 3'-UTR (AREI1-3) (Table S3).
Using this method, we also found well-known 7SK RBPs,
including CDK9 and LARP7 as 7SK-Flag specific bind-
ing porteins (14) (Table S4). This result demonstrates the
accuracy of our strategy. We confirmed the interactions of
bait RNAs and their specific binding proteins by western
blotting (Figure 1B). To further confirm the endogenous
interaction between LDLR mRNA and ZFP36L1, we per-
formed a co-immunoprecipitation experiment using the an-
tibody against ZFP36L1 and 293T cell lysate. We found that
endogenous ZFP36L1 interacts with LDLR mRNA, and
also with PLK3 and VEGFA mRNAs, previously identi-
fied ZFP36L1-interacting mRNAs (7,8). ZFP36L1 did not
interact with B-actin mRNA (Figure 1C).

ZFP361L1 and ZFP36L2 bind to LDLR mRNA

ZFP36L1 and ZFP36L2 are known as proteins that bind
to a certain type of ARE that contains the sequence UAU-
UUAUU, causing destabilization of target mRNAs. The
LDLR mRNA 3-UTR contains three AREs (ARE1-3)
(4); AREl and ARE2 are comprised of the UAUU-
UAUU sequence. We investigated the region responsi-
ble for LDLR mRNA instability and PMA-mediated sta-
bilization (PMA is an activator of ERK) in an ActD
chase experiment. After transfection of 293T cells with the
reporter constructs, RFP-LDLR-3-UTR-AREI-3, RFP-
LDLR-3-UTR-ARE2-3 or RFP-LDLR-3-UTR-AREI,
we examined the stability of the reporter mRNA and
the effect of PMA on stability using quantitative reverse-
transcription (RT)-PCR (qPCR) analysis. We also calcu-
lated the half-life of each RFP-reporter mRNA (Figure 2A
and B). We found that the AREl-containing region is
not only responsible for LDLR mRNA instability, but is
also responsible for PM A-mediated stabilization of LDLR
mRNA.

We then investigated which regions of the LDLR mRNA
3-UTR are responsible for binding to ZFP36L1 and
ZFP36L2 using several Flag-peptide-tagged 3'-UTR frag-
ments of the LDLR mRNA, including LDLR-3-UTR-
AREI1-3, LDLR-3-UTR-ARE2-3 and LDLR-3-UTR-
AREL. We found that ZFP36L1 and ZFP36L2 predomi-
nantly bind to the AREI region, and only modestly bind

to the ARE2-3 region, despite the presence of the UAUU-
UAUU sequence (Figure 2A and C).

To confirm the binding of ZFP36L1 and ZFP36L2 to
the UAUUUAUU sequence of AREI, we used LNA-
modified antisense oligonucleotides. First, we designed
LNA-modified [1-base oligonucleotides (Oligo-L1-L4).
Oligo-L1 was complementary to the evolutionary con-
served UAUUUAUU sequence in the ARE] region, and to
an LDLR gene-specific sequence located immediately 3’ to
the UAUUUAUU sequence (Figure 2A and Supplementary
Figure S2A). Oligo-L2 was designed to interact with the 3'-
flanking region of the UAUUUAUU sequence, but not with
UAUUUAUU itself (Figure 2A). Oligo-L3 and -L4 were de-
signed to be complementary to the LDLR mRNA ARE-
2 and -3 regions, respectively (Figure 2A). We then per-
formed co-immunoprecipitation experiments with or with-
out Oligo-L.1, -1.2, -L3 and -L4 to examine the ability of
oligonucleotides to disrupt the in vitro interaction between
LDLR mRNA and ZFP36L1 or ZFP361L.2. We found that
interaction was clearly blocked by Oligo-L 1, but was not af-
fected by Oligo-L2, -L3 or -L4 (Figure 2D). On the other
hand, Oligo-L1 did not disrupt the interaction between
LDLR mRNA and KHSRP, hnRNPD or hnRNPI, which
have recently been identified as LDLR mRNA-destabilizing
proteins (Supplementary Figure S2B). Furthermore, Oligo-
L1 had no effect on the interaction between ZFP36L1 and
the 3’-UTR regions of VEGFA or PLK3 mRNAs, recently
identified as target mRNAs of ZFP36L1 (7.8), (Supplemen-
tary Figure S2B). These results indicate that ZFP36L1 and
ZFP36L2 predominantly interact with the UAUUUAUU
sequence of the AREIL region of the LDLR mRNA 3'-
UTR.

ZFP36L1 and ZFP36L2 destabilize LDLR mRNA

To investigate the significance of the interaction between
LDLR mRNA and ZFP36L1 or ZFP361.2, we performed
double siRNA-mediated knockdown of ZFP36L1 and
ZFP36L2. We used HelLa cells because siRNA-mediated
gene silencing 1s more efficient in HeLa cells than in
HEK293T cells (15). We first examined the efficiency of
knockdown using qPCR (Supplementary Figure S3A). We
then examined the effect of this knockdown on LDLR
mRNA and protein levels. We found that knockdown of
ZFP36L1 and ZFP36L2 together resulted in an increase in
both LDLR mRNA and protein (Figure 3A and B, Sup-
plementary Figure S3B). Next, we examined the effect of
siRNA on LDLR mRNA stability using an ActD chase ex-
periment. We found that LDLR mRNA in cells transfected
with ZFP36L1 and ZFP36L2 siRNA was clearly more sta-
bilized than that in control siRNA-transfected cells (Figure
3C, Supplementary Figure S3C). We also observed PMA-
mediated LDLR mRNA stabilization in cells transfected
with control siRNA but, interestingly, not in cells trans-
fected with ZFP36L1 and ZFP36L2 siRNAs (Figure 3C,
Supplementary Figure S3C). These results suggest that
ZFP36L1 and ZFP36L2 are LDLR mRNA-destabilizing
factors that are indispensable for PM A-mediated stabiliza-
tion of LDLR mRNA. ZFP36L1 and ZFP36L2-mediated
LDLR mRNA destabilization was also observed in other
cell lines, including 293T cells and Hep3B cells, indicating
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Figure 1. Identification of bait-specific RBPs. (A) Flow chart summarizing the experiment. (B) Confirmation of our results by western blot analysis. 293T
cells were lysed in lysis buffer and the cleared lysates were subjected to TP with anti-Flag antibody in combination with the indicated bait RNAs. Co-
immunoprecipitated RNA and proteins were eluted using the Flag-peptide and were then subjected to western blot analysis using the indicated antibodics.
Five percent of the initial amount of cleared 293T lysate was loaded as total lysate. An IP experiment without bait RNA was performed as a control. (C)
Confirmation of the endogenous interaction between ZFP36L1 and LDLR mRNA. 293T cells were lysed in lysis buffer and the cleared lysates were sub-
jected to IP with control or anti-ZFP36L1 antibody. Total RNA and co-immunoprecipitated RNA were extracted, and quantitative reverse-transcription
(RT)-PCR (qPCR) was performed using primers specific to LDLR, PLK3, VEGFA and B-actin mRNAs. Results are shown as% of input. The data are
representative of at least three independent experiments. Error bars show standard deviation of the mean.
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