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Figure 4. Transforming potential of PPFIBP1-ALK. Top, mouse 373
fioroblasts were infected with retroviruses encoding PPFIBP1-ALK or
EML4-ALK or with the corresponding empty virus (Mock). The cells were
photographed after 14 days of culture. Scale bars, 400 um. Bottom, Nude
mice were injected subcutaneously with the corresponding 3T3 cells, and
tumor formation was examined after 14 days. The number of tumors
formed per 4 injections is indicated at the bottom.

the 3'-untranslated region of ALK mRNA (GenBank acces-
sion no. NM_004304), a full-length PPFIBP1-ALK cDNA
of 2488 bp was successfully amplified, which should have
produced a fusion kinase of 811 amino acids with a
predicted molecular weight of 90,740 Da (Supplementary
Fig. 1).

To examine the transforming potential of PPFIBP1-ALK,
a recombinant ecotropic retrovirus was generated to
express PPFIBP1-ALK, which was used to infect mouse
3T3 fibroblasts. As shown in Figure 4, PPFIBP1-ALK pro-
duced hundreds of transformed foci over 14 days of cul-
ture, which was comparable with the observation with
EML4-ALK. Furthermore, subcutaneous injection of the
infected 3T3 cells into the shoulder of nude mice revealed
that those expressing either PPFIBP1-ALK or EML4-ALK
formed large tumors in vivo.

Discussion

Since their discovery in 1994, appropriate diagnosis of ALK
fusion-positive tumors with conventional anti-ALK immu-
nohistochemistry methods has been accepted. However,
EMI4-AIK in lung adenocarcinoma, identified in 2007,
did not stain positive for ALK with conventional immuno-
histochemistry methods (21, 35). We developed a sensitive
immunohistochemistry method, the iAEP method, and suc-
cessfully stained EML4-ALK with ordinary anti-ALK mouse
monoclonal antibodies (21, 31-33). Such observation
further indicates a possibility that staining cancer specimens
with sensitive immunohistochemical methods (such as
iAEP) may detect novel ALK fusions in the "ALK-negative"
tumors defined by conventional anti-ALK immunohisto-
chemistry methods. On the basis of this hypothesis, we have
identified a novel ALK fusion in "ALK-negative" IMT.

Caution is needed in practical settings. For example,
thabdomyosarcoma, especially of the alveolar type, often
expresses wild-type ALK at a detectable level with conven-
tional anti-ALK immunohistochemistry (40). Moreover, in

our experience, a small portion of small cell carcinoma and
large cell endocrine carcinoma of the lung, and some
sarcomas, may be positive for ALK by iAEP immunohis-
tochemistry, expressing wild-type ALK. Therefore, in order
to specifically detect ALK fusions with sensitive anti-ALK
immunohistochemistry, a confirmatory test by using FISH,
RT-PCR, or similar is usually required. If a tumor is positive
for a confirmatory test and the suspected partner gene is not
a reported one, 5-RACE or inverse reverse transcriptase
PCR methods can be used for the identification of the
suspected partner. Even if overexpressed, wild-type ALK
may not be oncogenic (20, 21, 37, 38), although some
investigators have suggested that wild-type ALK overexpres-
sion above a certain threshold level drives the growth of
neuroblastoma (41). Further investigation will be required
to clarify if wild-type ALK overexpression is a target for ALK
inhibitor therapy.

IMT is a rare mesenchymal tumor that has been referred
to as inflammatory pseudotumor, plasma cell granuloma,
fibroxanthoma, fibrous histiocytoma, pseudosarcomatous
myofibroblastic tumor, and invasive fibrous tumor of the
tracheobronchial tree (42). It occurs in the soft tissues as
well as in the viscera and the lung, and is more likely to
occur in children and young adults. Histologically, IMT is
composed of a variable admixture of bland, spindle-shaped

myofibroblast-like cells and an inflammatory component'

of lymphocytes, eosinophils, plasma cells, and macro-
phages. Recent genetic studies have elucidated clonal chro-
mosomal abnormality involving 2p23, at which ALK is
located, in a subset of IMT. The expression of ALK fusion
proteins is detected by anti-ALK immunohistochemistry in
approximately 50% of IMT cases (42), in which various
ALK fusion genes have been reported (Table 1). Collec-
tively, these lines of evidence support ALK-positive IMT
being a distinct neoplastic entity. However, the other 50%
of IMT cases are negative for anti-ALK immunohistochem-
istry, and thus in terms of pathogenesis it remains
unknown whether these ALK-negative IMTs should be
included in the same entity or not. In fact, 1 ALK-negative
IMT case did not respond to crizotinib therapy (29).
However, we have detected a novel ALK-fusion in "ALK-
negative" IMT that subsequently proved positive for ALK
with the iAEP immunohistochemistry method. Therefore,
unexpectedly lowly expressed ALK fusions may explain the
pathogenesis of a portion of "ALK-negative" IMT cases.
PPFIBP1-ALK represents such an ALK fusion, although we
do not yet know what proportion of "ALK-negative” IMTs
can be attributed to this novel subtype. "ALK-negative" IMT
warrants screening with the iAEP method to detect this
fusion or other, unrecognized, ALK fusions.

PPFIBPI codes liprin beta 1 (also called PTPRF-interact-
ing protein-binding protein 1). This 114 kDa protein is
a member of the leukocyte common antigen-related
(LAR) transmembrane tyrosine phosphatase-interacting
protein family that may regulate LAR protein properties
via interaction with another member of the family, liprin
alphal (43). Liprin beta 1 expresses in intestinal lymphatic
endothelial cells in vitro and lymphatic vasculature in vivo,
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Table 1. ALK fusion partners in well-documented IMT cases
Partner Locus Age Sex Site Year, First author
TPM3 1p23 . 30 F Lung 2000, Lawrence

23 F Abdomen 2000, Lawrence

4 M Lung 2006, Yamamoto .

29 F lleum 20086, Milne

4 M Lung 2007, Kinoshita
TPM4 19p13 1 M Abdomen 2000, Lawrence

6 M Mesentery 2003, Hisaoka

25 M Prostate 2003, Hisaoka

5 M Mesentery 2006, Yamamoto

5 F Urinary bladder 2006, Yamamoto
CLTC 17923 3 F Neck 2001, Bridge

37 M Pelvis 2001, Bridge

2 M Thoracic cavity 2006, Yamamoto

6 M Mesentery 2006, Yamamoto

0 F Mediastinum 2007, Patel
CARS 11p15 0 M Abdomen 2002, Cools

10 M Neck 2003, Debelenko
RANBP2 2q13 7 M Abdomen 2003, Ma

0 M Abdomen 2003, Ma

2 M Abdomen 2007, Patel

34 M Liver 2008, Chen

44 M Abdomen 2010, Butrynski
ATIC 2935 46 M Urinary bladder 2003, Debiec-Rychter
SEC31L1 4921 23 M Abdomen 2006, Panagopoulos
PPFIBP1 12pi1 45 M Lung Present case 1

34 F Lung Present case 2

and plays an important role in the maintenance
of lymphatic vessel integrity in Xenopus tadpoles (44).
PPFIBP1 has 5 coiled-coil domains in exons 5 through
12, and the upper 3 domains are conserved in fusion
form with ALK (Fig. 2D). The coiled-coil domain is shared
in all ALK fusion partners (except for NPM, MSN, and
SQSTM1), with which the ALK fusion proteins homodimer-
izeleadingto constitutive activation of ALK kinase domains
(8, 19). As expected, in the present study, the oncogenicity
of PPFIBP1-ALK was clearly confirmed with an in vitro focus
formation assay and an in vivo tumorigenicity assay.

The difference in subcellular localization has contributed
to the discovery/identification of various ALK fusions.
Likewise, the difference in the expression level found is
here proved important in the accurate detection of fusion
proteins. Sensitive immunohistochemical methods such as
iAEP will broaden the potential value of immunohisto-
chemistry, which is a simple and long-established histo-
pathologic technique in the fields of research and
diagnosis. The ALK positivity rate {approximately 50%)
in IMT should be reassessed with these more sensitive
methods, possibly leading to the identification of novel
ALK fusions and more candidates for ALK inhibitor ther-
apy. A novel ALK fusion, VCL-ALK, has recently been
identified in renal cancers (45, 46). In addition to IMT,

therefore, a reassessment of diverse "ALK-negative" human
cancers may be required in the forthcoming era of ALK
inhibitor therapy.
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Identification of a novel fusion, SQSTM1-ALK, in ALK-positive
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ABSTRACT : ‘

ALK-positive large B-cell lymphoma is a rare subtype of
lymphoma, and most cases follow an aggressive clinical
course with a poor prognosis. We examined an ALK-posi-
tive large B-cell lymphoma case showing an anti-ALK
immunohistochemistry pattern distinct from those of 2
known ALK fusions, CLTC-ALK and NPM-ALK, for the
presence of a novel ALK fusion; this led to the identification
of SQSTM1-ALK. SQSTM1 is an ubiquitin binding protein
that is associated with oxidative stress, cell signaling, and
autophagy. We showed transforming activities of SQSTM1-
ALK with a focus formation assay and an i# vivo tumori-
genicity assay using 3T3 fibroblasts infected with a recom-
binant retrovirus encoding SQSTMI-ALK. ALK-inhibitor
therapies are promising for treating ALK-positive large B-cell

lymphoma, especially for refractory cases. SQSTM1-ALK
may be a rare fusion, but our data provide novel biological
insights and serve as a key for the accurate diagnosis of this
rare lymphoma.
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Introduction

Anaplastic lymphoma kinase-positive large B-cell lym-
phoma (ALK+LBCL) is a rare subtype of lymphoma that was
first described in 1997.! Approximately 50 cases have been
reported to date,? with most cases (60%) following an aggres-
sive clinical course.? In well-characterized cases, 3 genes have
been reported as a fusion partner of ALK: dathrin (CLTC-
ALK),*S nucleophosmin (NPM-ALK),”® and SEC31A (SEC31A-
ALK).? In this paper, we report a case of ALK+LBCL that har-
bored a novel ALK fusion partner, sequestosomel (SQSTM1).

Design and Methods

Materials

Biopsied specimens were fixed in 20% neutralized formalin and
embedded in paraffin for conventional histopathological examination.
We extracted DNA and total RNA from the snap-frozen specimens
and subsequently purified the samples. Written informed consent was
obtained from the patient. The study was approved by the
Institutional Review Board of the Japanese Foundation for Cancer
Research.

Immunchistochemistry
Formalin-fixed, paraffin-embedded tissue was used. For antigen

retrieval, we heated the slides for 40 min at 97°C in Target Retrieval
Solution (pH 9.0; Dako), and subsequently detected the immune com-
plexes with a dextran polymer reagent (EnVision+DAB system, Dako)
and an AutoStainer instrument (Dako).

Isolation of ALK fusion cDNA

To obtain cDNA fragments corresponding to novel ALK fusion
genes, we used an inverse reverse transcription-polymerase chain
reaction (RT-PCR) method slightly modified from one previously
reported.® Double-stranded cDNA was synthesized from 2 pg of total
RNA with 1 pM of the primer ALKREVex22-23 (5'-
TGGTTGAATTTGCTGATGATC-3") and a cDNA Synthesis System
(Roche), and was self-ligated by incubation overnight with T4 DNA
ligase (TaKaRa Bio). We subjected the resulting circular cDNA to PCR
(35 cycles of 94°C for 15 sec, 62°C for 30 sec, and 72°C for 1 min) with
primers ALKREV3T (5-CTGATGGAGGAGGTCTTGCC-3") and
ALKFWDex20-21 (5"-ATTCGGGGTCTGGGCCAT-3") in a final vol-
ume of 20 pL. We subjected 1 puL of the 1:100 diluted reaction products
to a second PCR step (the same settings as above), with primers
ALKREVAT  (5-GGTTGTAGTCGGTCATGATGGTC-3")  and
ALKFWDex21-22 (5’-AGTGGCTGTGAAGACGCTGC-3") in a final
volume of 20 pL. The resulting products were purified by gel extrac-
tion and directly sequenced in both directions with primers
ALKFWDex20-21 and ALKREV4T.

The fusion point of SQSTM1-ALK ¢DNA was amplified by RT-

The online version of this article has a Supplementary Appendix.
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PCR with primers SQSTM1 565F (5'-AAACACGGA-
CACTTCGGGT-3") and ALK3078RR (5'-ATCCAGTTCGTCCT-
GTTCAGAGC-3").

Full-length SQSTM1-ALK cDNA was obtained from the speci-
men by RT-PCR with primers SQSTM1v1-F90 (5’-CTCGCTATG-
GCGTCGCTCACCGTGAA-3") and KA-W-cDNA-out-AS (5'-
CCACGGTCTTAGGGATCCCAAGG-3').

Fluorescence in situ hybridization (FISH)

We performed FISH analysis of the gene fusion for unstained
slides (4 pm thick) with bacterial artificial chromosome (BAC)
clone-derived DNA probes for ALK (RP11-984121, RP11-62B19)
and SQSTM1 (RP11-55M16).

Transformation assay for ALK fusion protein

We analyzed the transforming activity of SQSTMI1-ALK as
described previously."™ Briefly, cDNA for SQSTM1-ALK was
inserted into the retroviral expression plasmid pMXS." The result-
ing plasmid and similar pMXS-based expression plasmids for
EML4-ALK variant 1 or NPM-ALK were used to generate recom-
binant ecotropic retroviruses, which were then used to infect
mouse 3T3 fibroblasts. We evaluated formation of transformed
foci after culturing the cells for 14 days. We subcutaneously inject-
ed the same set of 3T3 cells into nu/nu mice and examined tumor
formation after 20 days.

PCR for IGH gene rearrangement
Genomic PCR was used for amplification of the rearranged IGH
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gene using the primers FR2A 5-TGG(A/G)TCCGA/C)CAG
(C/G)CC/TYC/T)CNGG-3" and LJH 5-ACCTGAGGAGACG-
GTGACC-3'. Several clones were sequenced after subcloning the
PCR product into pGEM-T-Easy Vector (Promega).

Results and Discussion

Case presentation

A 67-year old man was admitted with a tumor in the left
side of his neck. A systemic workup revealed swelling of
cervical, mediastinal, and hilar lymph nodes. Blood counts
were within normal ranges. Lactose dehydrogenase was
slightly elevated (223 JU/L) in peripheral blood with high
IgG (2,425 mg/dL), normal IgA (157 mg/dL) and low IgM
(32 mg/dL) levels.

Histopathological examination of the biopsied specimen
from the cervical lymph node showed a diffuse infiltrate
of tumor cells with a round, vesicular nucleus containing a
centrally located large nucleolus. The cytoplasm was
abundant (Figure 1A). These features may be consistent
with immunoblasts or plasmablasts, but the size of tumor
cells was large compared with typical immunoblasts and
plasmablasts. Immunophenotypically, the tumor cells
were negative for CD3, CD4, CD5, CD10, CD20, CD57,
CD79a, and most cytokeratins (CK5/6, CK8, CK19,
CK20); focally positive for CD30 and cytokeratins
(AE1/AES, CAMSb .2, CK7, CK18) (Figure 1B); weakly pos-

Figure 1. Histopathology of SQSTM1-ALK-positive large B-cell lymphoma. (A) The pattern of tumor infiltration was diffuse. The lymphoma
cells were large with abundant cytoplasm and had round, vesicular nuclei, each containing a centrally located large nucleolus. These fea-
tures may be consistent with immunoblasts or plasmablasts, but the size of tumor cells was extremely large compared with these typical
cell types (Magnification 40x). (B) Some lymphoma cells expressed cytokeratin (AE1/AE3) (Magnification 20x). (C) Syndecan1/CD138 was
strongly expressed (Magnification 20x%). (D) In anti-ALK immunohistochemistry, a diffuse cytoplasmic staining pattern with ill-<demarcated

spots was clearly shown (Magnification 20x).
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itive for PAX5; and positive for CD138 (Figure 1C), EMA,
and ALK (Figure 1D). The positivity of focal cytokeratin,
which has been reported in a small proportion of
ALK+LBCL cases,” and the cytomorphology of this case
may have led to a misdiagnosis of undifferentiated
metastatic carcinoma. The presence of ALK translocation
was demonstrated by an ALK split FISH assay, which was
performed at a commercial laboratory (data not shown).
The tumor cells were positive for PAX5, which is sugges-
tive of ALK+LBCL. However, we carefully excluded a pos-
sibility of metastasis of ALK-positive lung cancer' because
the tumor cells were positive for some cytokeratins and
immunohistochemistry for immunoglobulins was not
evaluable due to background staining.
Immunohistochemistry for TTF1 was negative; this is
usually positive in ALK-positive lung cancers.” In addi-
tion, PCR and sequencing analyses revealed that IGH was
monoclonally rearranged and somatically hypermutated
(data not shown).

The patient was diagnosed as having ALK+LBCL and
achieved complete remission after 6 cycles of cyclophos-
phamide, doxorubicin, vincristine, and prednisone
(CHOP) treatment. Four months later, however, he
relapsed.

ldentification of SQSTM1-ALK

The 2 major ALK fusions in ALK+LBCL are CLTC-ALK
and NPM-ALK, and they show a coarse granular cytoplas-
mic pattern and a nuclear and cytoplasmic pattern in anti-
ALK immunohistochemistry, respectively. In the present
case, anti-ALK immunohistochemistry showed a diffuse
cytoplasmic staining pattern with ill-demarcated spots
(Figure 1D), which was different from either of the former
2 patterns. Therefore, we carried out inverse RT-PCR to
examine the presence of a novel fusion of ALK. We indeed
isolated a cDNA containing the exon 5 of SQSTM1 in-
frame fused to the exon 20 of ALK (Figure 2A). A separate
RT-PCR assay amplified the fusion point of SQSTM1-ALK
cDNA (data not shown). To confirm the chromosome
rearrangement, we performed SQSTM1-ALK fusion FISH.
This result was consistent with the presence of a
t(2;5)(p23.1;q35.3) leading to the generation of SQSTM1-
ALK (Figure 2B). The complete sequences of SQSTM1-
ALK are shown in the Online Supplementary Figure S1.

SQSTM1 is an ubiquitin binding protein that is associat-
ed with oxidative stress, cell signaling, and autophagy.””
Autophagosomal membrane protein LC3/Atg8 binds
SQSTM1 and makes SOSTM1-containing protein aggre-
gate to the autophagosome.” Mutations within SQSTA14
are identified in patients with Paget’s disease of bone.”

SQSTMH1 is located very near NPM, which is on 5g35.1.
Therefore, the cytogenetic findings of the NPM-ALK-
positive and the SOSTM1-ALK-positive lymphomas may
be similar, and this may mean that SQSTM1-ALK occur-
rence in lymphoma may be underestimated. As men-
tioned, however, NPM-ALK and SQSTM1-ALK differ in
terms of the anti-ALK immunostaining pattern. NPM has
a nuclear transport signal, while SQSTM1 does not.
Therefore, NPM-ALK shows a nuclear and cytoplasmic
staining pattemn while SQSTM1-ALK shows only a cyto-
plasmic staining pattern. ALK is a representative “promis-
cuous” molecule because of its various fusion partners.
The subcellular localization of ALK fusions depends on
the fusion partners. The anti-ALK immunohistochemical
staining pattern is, therefore, a simple and useful means to
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Figure 2, Discovery of SQSTM-ALK fusion gene. (A) A chromosome
translocation, t(2;5)(p23.1;q35.3), generates a cDNA fusion in which
exon 5 of SQSTM is joined to the ALK cDNA for the intracellular
region of its encoded protein (containing the tyrosine kinase
domain). Numbers indicate amino acid positions of each protein.
PB1: Phox and Bemip; Z: atypical zinc finger; U: ubiquitin-associat-
ed. (B) A section of the specimen for the present case was subjected
to FISH with an SQSTM1-ALK fusion assay. Nuclei are stained blue

" with DAPL. (C) Murine 3T3 fibroblasts were infected with retroviruses

expressing SQSTM1-ALK. The cells were photographed after culture
for 14 days. (D) A nude mouse was injected subcutaneously with
373 celis infected as in (C), and tumor formation was examined after
20 days.

identify the possible partner in a tested case and, in fact,
has prompted the identification of many ALK fusion part-
ners, including the present case.

Transforming activities of SQSTM1-ALK

We generated a recombinant retrovirus encoding
SQSTMI1-ALK and used it to infect cultured 3T3 fibrob-
lasts. Infection with the virus, but not with an empty
virus, resulted in the formation of multiple transformed
foci in vitro (Figure 2C). As control experiments for forma-
tion, EML4-ALK (variant 1) and NPM-ALK similarly pro-
duced transformed foci (data not shown). The same 3T3
cells were injected into nude mice for an # vivo tumori-
genicity assay. As expected, 3T3 cells expressing
SQSTM1-ALK developed subcutaneous tumors at all
injection sites within an observation period of 20 days
(Figure 2D), confirming the transforming potential of the
novel fusion kinase, SQSTM1-ALK.

All ALK fusion partners identified so far except NPM
and moesin (MSN) have a coiled-coil domain(s) in their
sequences, and the domain is conserved in its fusion form.
The coiled-coil domain allows the protein to homodimer-
ize. The tyrosine kinase domain of the ALK fusions is con-
stitutively phosphorylated and activated through homod-
imerization via the coiled-coil domain. It has been specu-




lated that the binding properties of MSN to cell membrane
proteins lead to the dimerization of MSN-ALK proteins,
enabling the constitutive phosphorylation of the chimeric
MSN-ALK protein.®® SQSTM1 does not harbor a coiled-
coil domain and does not bind to membrane proteins.
Instead, it has the Phox and Bem1p (PB1) domain in its N-
terminus and forms heteromeric and homomeric com-
plexes mediated by this domain* Therefore, SQSTMI-
ALK probably homodimerizes through the PB1 domain,
leading to constitutive activation of the ALK kinase
domain.

In conclusion, we reported a novel ALK fusion,
SQSTMI1-ALK, and its oncogenicity. ALK+LBCL is an
aggressive lymphoma with poor prognosis;® ALK
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inhibitors are promising therapeutic agents for this condi-
tion. SQSTM1-ALK may be a rare fusion, but our data
provide novel biological insights and may serve as a key to
the accurate diagnosis of this rare lymphoma.
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SUMMARY

MicroRNAs (miRNAs) are versatile regulators of gene
expression and undergo complex maturation pro-
cesses. However, the mechanism(s) stabilizing or
reducing these small RNAs remains poorly under-
stood. Here we identify mammalian immune regu-
lator MCPIP1 (Zc3h12a) ribonuclease as a broad
suppressor of miRNA activity and biogenesis, which
counteracts Dicer, a central ribonuclease in miRNA
processing. MCPIP1 suppresses miRNA biosyn-
thesis via cleavage of the terminal loops of precursor
miRNAs (pre-miRNAs). MCPIP1 also carries a verte-
brate-specific oligomerization domain important for
pre-miRNA recognition, indicating its recent evolu-
tion. Furthermore, we observed potential antago-
nism between MCPIP1 and Dicer function in human
cancer and found a regulatory role of MCPIP1 in
the signaling axis comprising miR-155 and its target
c-Maf. These results collectively suggest that the
balance between processing and destroying ribonu-
cleases modulates miRNA biogenesis and poten-
tially affects pathological miRNA dysregulation. The
presence of this abortive processing machinery and
diversity of MCPIP1-related genes may imply a
dynamic evolutional transition of the RNA silencing
system.

INTRODUCTION

miRNAs constitute a large family of short endogenous, noncod-
ing RNA molecules that regulate posttranscriptional gene
silencing. miRNAs operate in many important aspects of diverse
biological programs, including differentiation, proliferation,
and cell death, and their deregulation is associated with an
expanding number of disease processes such as cancer and

cardiovascular diseases. The canonical miRNA biogenesis
pathway is composed of several steps in mammalian cells (Davis
and Hata, 2009; Siomi and Siomi, 2010). The primary transcripts
of miRNA genes, primary miRNAs (pri-miRNAs), are transcribed
and endonucleolytically cleaved to precursor miRNAs (pre-
miRNAs) by the nuclear RNase Il Drosha. The pre-miRNAs are
exported into the cytoplasm by exportin-5 (XPO5) and further
cleaved to a double-stranded miRNA duplex by another
RNaselll, Dicer. The mature miRNA strand is subsequently
incorporated into the RNA-induced silencing complex (RISC).
While it has been recently shown that multiple steps of miRNA
biogenesis are regulated by several RNA binding factors such
as Lin-28, hnRNP A1, and KSRP, and crosstalk with intracellular
signaling networks (Suzuki and Miyazono, 2011; Suzuki et al.,
2009), cis-regulatory elements and trans-acting factors respon-
sible for stabilization or reduction of miRNAs have been largely
unknown.

In mammalian systems, previous studies have established
the close relationship between the immune system and the small
RNA regulation. miRNA expression is dynamically regulated
during the immune response (Moschos et al., 2007; O’Connell
et al.,, 2010), and miRNA biogenesis also seems actively regu-
lated in this setting; KSRP has been shown to regulate miRNA
maturation in macrophage activation (Ruggiero et al., 2009).

In the present study, we identify the mammalian immune
regulator, MCPIP1 (monocyte chemoattractant protein [MCP]-
1-induced protein 1, also known as Zc3h12a [Zinc-finger
CCCH-type containing 12A]), as a broad suppressor of the
miRNA pathway. MCPIP1 with NYN nuclease domain preferen-
tially cleaves the terminal loops of pre-miRNAs and counteracts
Dicer, leading to the inhibition of de novo miRNA synthesis.
Inverse correlation between MCPIP1 and Dicer function was
seen in human lung cancer, in which low Dicer expression is
associated with poor prognosis. These results suggest that the
balance of productive and abortive ribonucleases modulates
miRNA biogenesis and potentially affects pathological miRNA
dysregulation. The presence of this abortive processing
machinery and diversity of MCPIP1-related genes also implies
a dynamic evolutional transition of the RNA silencing system.
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RESULTS

Silencing of miRNA Activity by a CCCH Zinc-Finger
Protein, MCPIP1
We screened regulator(s) of the miRNA pathway employing
luciferase reporter constructs with the complementary sequence
to several miRNAs in the 3’ UTR. Based on a close relationship
between smail RNA and immune system (O’Connell et al.,
2010), we particularly focused on the immune response-associ-
ated genes harboring a potential RNA binding domain. In this
process, we found that, although the ectopic expression of short
fragments of pri-miRNAs caused a 5- to 10-fold reduction of
juciferase activity in this assay, human MCPIP1 (also known as
Zc3h12a), one of the CCCH-type zinc-finger proteins with
RNA-binding potential (Liang et al., 2008a), remarkably attenu-
ated the RNAI activity mediated by introduction of pri-miR-122
(Figure 1A). We also confirmed similar results using various
mammalian cell lines such as Hel.a, HepG2, and Cos-7 cells to
exclude the possibility of cell-type-specific phenomena.
miRNA silencing activity of MCPIP1 was extended to other
miRNAs, such as miR-21 and miR-135b (Figures 1B and 1C)
and recapitulated in the experiments using miR-135b and its
target, adenomatous polyposis coli (APC) 3' UTR (Figure 1D)
(Nagel et al., 2008). In addition, siRNA-mediated MCPIP1
knockdown consistently enhanced endogenous miRNA activity
(Figure 1E) in HepG2 hepatocellular carcinoma cells, which
express MCPIP1 at the basal level. These results suggested
that MCPIP1 suppresses miRNA functions in gene silencing.

Inhibition of miRNA Biogenesis by MCPIP1

About 60 CCCH-type zinc-finger proteins have been identified
so far in mouse and human (Liang et al., 2008a). MCPIP1 exerts
the most potent suppressive activity to miRNAs among the
MCPIP family (MCPIP1/2/3/4) and other tested CCCH-type
zinc-finger proteins such as Cpsf4, Cpsf4l, Zfp36, Rc3h1, and
Rc3h2 (Figure 1A), which prompted us to focus on the MCPIP1
function.

Because some CCCH proteins, including Zfp36 and Rc3h1,
are involved in RNA metabolism (Liang et al., 2008a) and MCPIP1
appears to have an influence on broad miRNA activities, we
examined a potential impact of MCPIP1 on the intracellular
fates of miRNAs and their precursors. Quantitative RT-PCR
analysis showed that MCPIP1 remarkably suppressed mature
miRNA production from ectopically expressed pri-miRNAs of
various miRNAs, such as miR-135b, -146a, -21, -155, -143,
and -145 (Figures 1F, 1G, and S1A-S1D). Interestingly, MCPIP1
decreased the expression levels of precursor forms (pre-
miRNAs) of these miRNAs, but the pri-miRNAs showed no
significant change (Figures 1F, 1G, and S1A-S1D). Northern
blot analyses confirmed these observations (Figures 1H, 11,
and S1E-S1H). MCPIP1 overexpression also decreased the
mature miRNA levels of endogenously expressed miRNAs by
20%-30%.

Two major steps of mammalian miRNA biogenesis are ex-
ecuted by nuclear Drosha and cytoplasmic Dicer. We then asked
in which cellular compartment MCPIP1 localizes and functions.
Immunocytochemical analysis showed that MCPIP1 localized
mainly in the cytoplasm as dot-like structures (Figure 2A).

GFP-tagged MCPIP1 also partly colocalized with HA-tagged
GW182 or Dcpla, suggesting that MCPIP1 localizes in GW
bodies or P bodies (Figure 2B). Colocalization frequency of
GFP-MCPIP1 with HA-GW182 was higher than that with HA-
Dcpla, while GFP-MCPIP1 was often adjacent to Dcpia-
positive foci. In addition, MCPIP1 strongly reduced miRNA
expression and activity under pri-miRNA overexpression (Fig-
ure 1), but showed no significant effect on miRNA activity upon
miRNA duplex introduction (Figures 2C and 2D) or the stability
of introduced miRNA duplexes (Figures 2E and 2F).

Next, we confirmed that MCPIP1 knockdown elevated the
intrinsic levels of several mature miRNAs, such as miR-21, -26a,
-107, -182, -146a, -17-5p, and -135b in HepG2 cells, without
concomitant changes of the corresponding pri-miRNAs (Fig-
ure 2G) and enhanced the miRNA maturation efficacy from
ectopically expressed pri-miRNAs (Figures S2A-S2D). Microar-
ray analysis of miRNA expression profile demonstrated that
wide proportion of miRNAs tended to be upregulated by MCPIP1
suppression (Figure 2H). These results thus proposed that
MCPIP1 acts on pre-miRNAs in the cytoplasm to inhibit de novo
maturation of a broad range of miRNA species, without deterio-
rating the major molecular components of the miRNA pathway
(Figure S2E). Immunoblot analysis also confirmed endogenous
expression of Dicer and MCPIP1 in the cell lines used in this
study (Figure S2F).

Cleavage of Pre-miRNAs by MCPIP1 Ribonuclease

The N terminus of MCPIP1 (residues 133-300) is well conserved
among other related proteins including MCPIP2, MCPIP3, and
MCPIP4 and has been previously referred to as Nedd4-BP1,
bacterial YacP Nuclease (NYN) domain (Anantharaman and
Aravind, 2006) (Figures 3A and S3A). The NYN domain shares
a similar protein fold with two characterized nuclease domains,
the PilT N-terminal (PIN) domain and FLAP nuclease domain,
and is thus predicted to exert nuclease activity (Figures 3A
and S3A-S3B) (Anantharaman and Aravind, 2006). In fact, it
has been recently shown that MCPIP1/Zc3h12a is involved in
mRNA decay of several genes as a ribonuclease (Matsushita
et al., 2009).

We therefore examined whether pre-miRNAs can be cleaved
by MCPIP1 through in vitro cleavage assay using the radiola-
beled pre-miRNAs and FLAG-tagged MCPIP1. When the radio-
labeled pre-miRNAs were incubated with immunoprecipitated
FLAG-tagged MCPIP1 in vitro, the resultant products migrated
as a broad and fuzzy band around 25-35 nt in length on electro-
phoresis, while FLAG-Dicer generated ~22 nt mature miRNA
duplex (Figures 3B and 3C), demonstrating that MCPIP1 targets
pre-miRNAs as a ribonuclease. We observed that both Dicer
and MCPIP1 cleaved pre-miRNAs in a time- and dose-
dependent manner (Figures S3C and S3D). The NYN domain
of MCPIP1 has the canonical four conserved acidic residues
(Asp 141, Asp 195, Asp 226, Asp 244) by analogy with other
PIN domain RNases (Figure S3A) (Anantharaman and Aravind,
2006). These acidic residues have been reported to be crucial
for metal ion binding and nuclease activity (Figure S3B). In
accordance with these findings, mutant MCPIP1 with D141N
mutation in the NYN domain, but not C306R mutation in the
CCCH motif, failed to cleave pre-miRNAs in vitro (Figure 3D),
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Figure 1. Suppression of miRNA Activity and Biogenesis by a CCCH-Type Zinc-Finger Gene, MCPIP1

(A) Effects of CCCH zinc-finger genes on miRNA activity. HEK293T cells were cotransfected with miR-122 sensor vector, pri-miR-122 expression vector, and the
expression vectors of indicated genes, and applied fo luciferase reporter assay at 48 hr after transfection. Numbers indicate the ratio of fold repression.

(B-D) Suppression of a range of miRNA activities by MCPIP1. miR-21 sensor (B), miR-135b sensor (C), or APC 3' UTR luciferase vector (D), and the corresponding
pri-miRNA expression vectors were ectopically expressed with/without MCPIP1 plasmids in HEK293T cells and subjected to luciferase reporter assay as shown
in (A). Numbers indicate the ratio of fold repression.

(E) Enhancement of endogenous miRNA activity by MCPIP1 knockdown. HepG2 cells were transfected with indicated miRNA sensor vector and control siRNA or
siRNA for MCPIP1. miRNA activities were measured by the ratio of the luciferase expression of miRNA sensor vector to that of control sensor vector (*p < 0.05,
compared to Control siRNA; n = 3). Numbers indicate the ratio between control siRNA and MCPIPT siRNA.

(F-) Inhibition of de novo miRNA biosynthesis by MCPIP1 overexpression. Quantitative RT-PCR (qRT-PCR) (F and G) and northern blot (H and I) analyses of RNA
samples from HEK293T cells transfected with pri-miR-135b (F and H), -146a (G, I}, and MCPIP1 (*p < 0.05, compared to empty vector; n = 3). See also Figure S1.
Error bars represent SEM.
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indicating the indispensable role of NYN domain for MCPIP1
ribonuclease function. Recombinant MCPIP1 proteins further-
more cleaved pre-miRNAs in a NYN domain-dependent manner
in vitro (Figure 3E). On the other hand, a mutation in the CCCH
motif (C306R), which had no significant effect on in vitro
cleavage activity (Figures 3D and 3E), attenuated the miRNA
suppressor activity of MCPIP1 in vivo (Figures 3F and 3G). This
result suggests that the CCCH motif is additionally important
for the in vivo function of MCPIP1, as investigated in Figure 7
(see below).

Functional Antagonism between MCPIP1 Ribonuclease
and Dicer and Its Implication in Human Cancer

We then investigated whether MCPIP1 and its ribonuclease
function can compete with Dicer function by in vitro competition
analysis. As shown in Figures 4A and 4B, MCPIP1 antagonized
Dicer-mediated pre-miRNA processing in vitro, depending on
the intact NYN domain but not the CCCH motif, in a
dose-dependent manner. Sequential in vitro cleavage analysis
showed that MCPIP1-cleaved fragments were inefficient sub-
strates for Dicer processing (Figure S4A). These results thus
suggested that MCPIP1-mediated pre-miRNA cleavage could
interfere with Dicer activity. In addition, absence of the degraded
products in northern blot analyses suggested that MCPIP1-
cleaved fragments may be unstable and subjected to a rapid
subsequent degradation in vivo (Figure 1G, 1l, and S1E-S1H).

While individual miRNAs can behave as tumor suppressors
or oncogenes (Suzuki and Miyazono, 2010), global miRNA
downregulation has been shown to be a general trait of human
cancers in several reports (Kumar et al., 2007; Lu et al., 2005;
Ozen et al., 2008). Several mechanisms including downregula-
tion of miRNA processing factors, such as Dicer and Drosha,
and mutations of TRBP and XPO5 have been reported (Karube
et al., 2005; Martello et al., 2010; Melo et al., 2010). Recent
reports also revealed that certain oncogenesis-related mole-
cules, such as p53, Smad, and estrogen receptor, are coupled
with miRNA biogenesis (Suzuki and Miyazono, 2011). As evi-
dence demonstrating the clinical relevance of these phenomena,
reduced expression of Dicer is associated with poor survival in
lung, ovarian, and breast cancer patients (Karube et al., 2005;
Martello et al., 2010; Merritt et al., 2008).

Based on these observations, we investigated potential func-
tional crosstatk between MCPIP1 and Dicer using several public
gene expression datasets containing molecular and associated
clinical details. We extracted gene sets associated negatively
or positively with Dicer expression status (“Dicer High/Low
Downregulated or Upregulated genes”) from several human
cancer cohorts, and performed gene set enrichment analysis
(GSEA) (Subramanian et al., 2005) to examine whether these
gene sets are overexpressed or underexpressed along the
expression status of MCPIP1. During these trials, we found
a potential antagonistic relationship between MCPIP1 and
Dicer in human lung cancer. In the dataset of lung adenocarci-
noma patients (Bild et al.,, 2006), GSEA demonstrated that
“Dicer High/Low Downregulated genes” and “Dicer High/Low
Upregulated genes” are enriched in patients with high MCPIP1
expression (“MCPIP1 High Case”) and low MCPIP1 expression
(“MCPIP1 Low Case”), respectively (Figure 4C). GSEA using the

sets of potential miRNA target genes also demonstrated that
a large proportion of miRNA target gene sets are upregulated
in the MCPIP1-High group against the MCPIP1-Low group, while
the opposite phenomenon was seen in the comparison between
Dicer-High and -Low group (Figure 4D). Furthermore, we
observed that high MCPIP1 levels are associated with poor
survival in lung adenocarcinoma patients (Figure 4E), in an oppo-
site manner to the association between low Dicer levels and poor
prognosis (Karube et al., 2005; Merritt et al., 2008). Similar results
were also obtained in another dataset of lung adenocarcinoma
patients (Shedden et al., 2008) and a dataset of lung squamous
cell carcinoma patients (Larsen et al., 2007) (Figures S4B-S4E).
Together with in vitro antagonism, these findings demonstrate an
inverse correlation between MCPIP1 expression and Dicer func-
tion in human cancer and suggest that MCPIP1 could drive
opposite effects against Dicer on the transcriptome.

Modulation of miR-155/c-Maf axis by MCPIP1

We next investigated the impact of MCPIP1 on the function of
endogenous miRNAs. MCPIP1 expression dynamically changes
during the inflammatory response (Liang et al., 2008a; Liang
et al., 2008b; Matsushita et al., 2009), and the importance of
MCPIP1 in the immune system has recently emerged from a
manifestation of profound autoimmune phenotype in mice lack-
ing MCPIP1 (Matsushita et al., 2009). MCPIP1 has been shown
to promote the mRNA decay of several inflammatory genes
such as IL-6 as an endoRNase (Matsushita et al., 2009). The
severity of autoimmune phenotype in MCPIP1™'~ mice suggests
the existence of additional targets of MCPIP1 other than IL-6
(Matsushita et al., 2009), and it might thus be partly explained
by miRNA deregulation. In support of this notion, it has been
shown that transgenic mice overexpressing several miRNAs,
such as miR-17-92 and miR-155, exhibit autoimmune and/or
lymphoproliferative diseases (Costinean et al., 2009; Xiao
et al., 2008). Interestingly, increased and decreased expression
of Th2 cytokine, IL-4, has been observed in miR-155""~ and
MCPIP1~/~ T cells, respectively (Matsushita et al., 2009; Rodri-
guez et al., 2007).

We then examined the potential involvement of MCPIP1 in
regulation of miR-155 function in Jurkat T cells. In accordance
with our previous results, MCPIP1 knockdown, in fact, caused
miR-155 upregulation in Jurkat T cells (Figure 5A). MCPIP1
knockdown further suppressed the expression of the miR-155
target c-Maf and the induction of its transcriptional target
IL-4 by phorbol myristate acetate (PMA) and ionomycin in
a miR-155-dependent fashion (Rodriguez et al., 2007) (Figures
5B-5D), while IL-6 showed no significant effect on this axis (Fig-
ure S5A). These results are consistent with increased and
decreased expression of IL-4 in miR-155~~ and MCPIP1 /=
T cells (Matsushita et al., 2009; Rodriguez et al., 2007), reinforc-
ing the physiological relevance of MCPIP1-mediated miRNA
regulation. In addition, we observed that MCPIP1 is induced by
lipopolysaccharide (LPS) and involved in the restriction of miR-
155 upregulation under innate immune response and miR-16
downregulation during macrophage differentiation, while Dicer
expression is not affected by LPS (Li et al., 2010) (Figures 5E,
S5B, and S5C). These findings underscore active MCPIP1
involvement in miRNA biogenesis, together with the inverse
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Figure 2. Cytoplasmic Localization of MCPIP1 and Enhancement of miRNA Maturation by MCPIP1 Depletion
(A) Immunocytochemical analysis of overexpressed HA-MCPIP1. Scale bar: 10 um.
(B) Localization of GFP-MCPIP1, HA-GW182 and HA-Dcpia.
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Figure 3. Cleavage of Pre-miRNAs by MCPIP1 Ribonuclease

(A) Domain organization of MCPIP1. NYN, Nedd4-BP1, bacterial YacP Nuclease domain; CCCH, CCCH zinc-finger domain; PRD, proline-rich domain. See also
Figure 83. »

(B and C) In vitrc cleavage of pre-miRNAs by MCPIP1. Radiolabeled pre-miR-146a (B) or pre-let-7g (C) were incubated with immunoprecipitated FLAG-Dicer or
FLAG-MCPIP1 from HEK293T cells for indicated periods. The RNA was then extracted and analyzed by denaturing PAGE and autoradiography. ‘nt' denotes
nucleotides.

(D and E) Requirement of an intact NYN domain for in vitro RNase activity of MCPIP1. Radiolabeled pre-miRNAs were incubated with immunoprecipitated
FLAG-MCPIP1 proteins (wild-type [WT], D141N, and C306R) (D) or recombinant MCPIP1 proteins (E).

(F and G) Effects of mutations in the NYN domain and CCCH domain on in vivo miRNA silencing activities. miR-122 sensor (F) or miR-135b sensor (G) and
the corresponding pri-miRNA were coexpressed with/without MCPIP1 into HEK293T cells, and subjected to luciferase reporter assay (n = 3). Error bars
represent SEM.

correlation between MCPIP1 and Dicer function in human cancer  from the terminal loop were recovered as the cleaved fragments

(Figure 4). of pre-miR-146a, pre-let-7g, pre-miR-135b, pre-miR-143 and

pre-miR-16-1 (Figures 6A, 6B, and S6A-S6C), indicating that
Targeting of the Terminal Loops of Pre-miRNAs the primary cleavage sites of MCPIP1 were dispersed in the
by MCPIP1 Ribonuclease terminal loop of pre-miRNAs. A comparison with the predicted

The results shown in Figures 3 and 4 demonstrate that MCPIP1  secondary structures of pre-miRNAs (Zuker, 2003) shows that
cleaves pre-miRNAs and antagonizes Dicer function. We further  MCPIP1 preferentially cleaves the unpaired regions around the
analyzed the mode of MCPIP1 action on pre-miRNAs by direct  terminal loops as an endoribonuclease (Figure 6C). Furthermore,
cloning of pre-miRNA fragments cleaved by MCPIP1. Various addition of Lin-28b, an RNA-binding protein interacting with
5 and 3’ miRNA strands accompanied with additional bases the terminal-loop of pre-let-7 (Heo et al., 2008), abolished the

(C and D) Differential effects of MCPIP1 on miRNA activities under introduction of pri-miRNAs and miRNA duplexes. miRNA sensor vectors (C: miR-21, D:
miR-135b) and the corresponding pri-miRNA expression vectors or synthetic miRNA duplexes were cotransfected with/without MCPIP1 plasmids into HEK293T
cells, and applied to luciferase reporter assay.

(E and F) Effect of MCPIP1 on the stability of introduced miRNAs duplexes. MCPIP1 plasmid was cotransfected with synthetic miRNA duplexes (10 nM)
(E: miR-21, F: miR-135b) in HEK293T cells. At 48 hr posttransfection, miRNA expression levels were analyzed with qRT-PCR.

(G) Upregulation of mature miRNA levels, but not pri-miRNA levels, of several miRNAs by MCPIP1 depletion. The levels of MCPIP1, pri-miRNAs, and mature
miRNAs were compared by gRT-PCR analyses in HepG2 cells transfected with control siRNA or siRNA for MCPIP1 ("p < 0.05, compared to Control siRNA; n = 3).
(H) Giobal effects of MCPIP1 knockdown on endogenous miRNA expression, analyzed by miRNA microarray analysis in HepGz2 cells. The proportion of miRNAs
at different fold change levels is shown in the right panel. See also Figure S2. Error bars represent SEM.
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Figure 4. Antagonism between MCPIP1 Ribonuclease and Dicer and Its Implication in Human Cancer

(A and B) In vitro competition analysis using FLAG-Dicer, FLAG-MCPIP1 mutants (A), or increased amounts of FLAG-MCPIP1 (B) and radiolabeled pre-let-7g.
Cleaved mature miRNAs are quantified as relative Dicer activity (A, right).

(C) Gene set enrichment analysis (GSEA) for genes negatively or positively associated with Dicer expression (“Dicer High/Low Downregulated or Upregulated
genes”), along with the patients with high and low MCPIP1 expression (“MCPIP1 High Case” versus “MCPIP Low Case”), in the cohort of lung adenocarcinoma
patients (Bild et al., 2006). Genes negatively or positively associated with Dicer expression were enriched in MCPIP1-High group and MCPIP1-Low group,
respectively.

(D) Global histogram showing distribution of GSEA enrichment scores for the putative miRNA target gene sets in the lung adenocarcinoma cohort (Bild et al., 2006).
In the comparison between Dicer-High and -Low groups, large proportion of miRNA target gene sets were underrepresented in Dicer-High group. In contrast,
opposite asymmetrical distribution was observed in the comparison according to MCPIP1 expression, supporting the antagonism between Dicer and MCPIP1.
(E) Kaplan-Meier plots representing the survival probability in the same dataset, according to low or high MCPIP1 expression levels. The log-rank test p value
reflects the significance of the association between high MCPIP1 expression and poor prognosis. See also Figure S4.

cleavage by MCPIP1 in vitro (Figure 6D), strengthening the
importance of terminal loop as a target of MCPIP1.

While MCPIP1 has recently been shown to promote the
mRNA decay of IL-6 (Matsushita et al., 2009), we noticed that
the target element of IL-6 3' UTR forms a stem-loop structure
similar to pre-miRNAs (Matsushita et al., 2009; Paschoud
et al., 2006) (Figure 6C, right). We similarly cloned the IL-6 3’
UTR fragments cleaved by MCPIP1 in vitro, and found that the
ends of recovered 5 and 3’ fragments were distributed in 5'-
and 3'-franking regions of the hairpin structure, respectively
(Figure S6D), supporting the idea that MCPIP1 preferentially
targets the hairpin structure. We then investigated structural
features of MCPIP1 target RNAs by generating a range of pre-

miRNA mutants with various lengths of stem and terminal
loop. As a result, deletion analysis showed that MCPIP1 could
cleave pre-miRNA mutants with various stem lengths (Figures
6E and S6E), while deletion of the loop region affected MCPIP1
action in vitro, and MCPIP1 could not cleave pre-miRNA
mutants without a loop region (Figures 6F and S6F, see d5-7
mutants). These findings thus suggest that MCPIP1 potentially
controls the destinies of various hairpin RNAs. This notion paral-
lels the finding that the Drosha-DGCR8 complex cleaves the
hairpin structure in DGCR8 mRNA, as well as pri-miRNAs (Han
et al., 2009). These observations imply the presence of dynamic
crosstalk between the pathways for mRNA stability control and
miRNA biogenesis.
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Figure 5. Modulation of miR-155/c-Maf Axis by MCPIP1

(A) miR-155 upregulation by MCPIP1 knockdown in Jurkat cells. Jurkat cells were transduced with MCPIP1 knockdown lentivirus vector (MCPIP1 kd) and

analyzed by gRT-PCR analysis.

(B) miR-155-dependent c-Maf suppression by MCPIP1 depletion, as assessed by immunoblot analysis of c-Maf under a combination of MCPIP1 knockdown and

transfection of anti-miR-155 inhibitor in Jurkat cells.

(C) Effects of MCPIP1 and miR-155 suppression on IL-4 induction by stimulation with PMA and ionomycin. Jurkat cells were prepared in the same combination as

in (B) and analyzed by gRT-PCR analysis.
(D) Relationship of MCPIP1/miR-155/c-Maf/IL-4 axis.

(E) Involvement of MCPIP1 in LPS-mediated miR-155 upregulation in THP-1 macrophage cells, as assessed by gRT-PCR analysis after transfection with control

SiRNA or MCPIP1 siRNA. See also Figure S5. Error bars represent SEM.

Oligomerization of MCPIP1 Ribonuclease via the
Vertebrate-Specific C Terminus

In our study, other MCPIP family proteins (MCPIP2, MCPIP3,
and MCPIP4) showed little effect on miRNA activity in spite
of the presence of the conserved NYN domain and CCCH
motif (Figures 1A, 7A, and S7A). Together with the differential
effects of C306R mutation on in vitro and in vivo activities of
MCPIP1 (Figures 3D-3G), these observations raised the possi-
bility that other domain(s) including CCCH motif, besides the
NYN domain, could be important for the in vivo function of
MCPIP1. Besides the NYN domain, the CCCH zinc-finger
domain and proline rich domain are placed at the central
region and C-terminal region of MCPIP1, respectively (Fig-
ure 7A). In C. elegans and Drosophila, a similar protein with
MCPIP1, C30F12.1 and CG10889, respectively, is observed
(Figure 7A). These molecules lack a proline-rich domain found
in MCPIP1 C terminus, and the C terminus of vertebrate
MCPIP2/3/4 also shows little similarity with the MCPIP1 C
terminus, suggesting that the C terminus of MCPIP1 has
emerged as a certain functional domain in the vertebrate
MCPIP gene family (Figure 7A).

Previous studies have demonstrated that some RNases and
RNase domains, including RNase A and RNase L, function in
the oligomerized state (Bergdoll et al., 1997; Salehzada et al.,
1993). RNase A has been shown to oligomerize via a proline-
dependent arm exchange mechanism (Bergdoll et al., 1997).
Dicer has also been shown to function through intramolecular
dimerization of its two RNase Il domains (Zhang et al., 2004).

On the basis of these findings, we examined the possibility of
MCPIP1 oligomerization via the unconserved C-terminal region
including the proline-rich domain. While human MCPIP1 was
usually observed as a 66 kDa monomer, the protein was

detected as a high molecular weight complex of about
200 kDa under chemical crosslinking by disuccinimidyl suberate
(DSS) (Figure 7B). Blue native PAGE analysis revealed that
overexpressed and endogenous MCPIP1 proteins mainly exist
as complexes of about 200 kDa, and of about 220 kDa and
600-700 kDa, respectively (Figure 7C). Immunoprecipitation
analysis also detected an additional band of FLAG-tagged
MCPIP1 with about 400 kDa in blue native PAGE (Figure 7D).
Since these FLAG-MCPIP1 complexes were coimmunoprecipi-
tated with cointroduced HA-tagged MCPIP1 (Figures 7B and
7D), these complexes may represent oligomeric forms of
MCPIP1. In addition, endogenous MCPIP1 complexes of about
220 kDa and 600-700 kDa showed higher molecular weights
than two FLAG-tagged MCPIP1 complexes of 200 kDa and
400 kDa, suggesting the presence of additional partner protein(s)
interacting with endogenous MCPIP1. The conventional immu-
noprecipitation experiments confirmed the association between
FLAG-tagged and HA-tagged MCPIP1 molecules (Figure S7B)
and revealed that this oligomerization required the C-terminal
region (Figures S7C and S7E). In accordance with the results,
these C-terminal deletion mutants also showed reduced miRNA
suppressor activities (Figures 7F, 7G, S7D, and S7E). Further-
more, RNA immunoprecipitation analysis clarified that both the
CCCH motif and vertebrate-specific C terminus are important
for efficient interaction between MCPIP1 and pre-miRNA in vivo,
although the NYN domain has a minor role in this aspect (Fig-
ure 7H). We further observed that D141N and C306R mutants
showed little dominant-negative effects on the function of
wild-type MCPIP1 both in vivo and in vitro (Figure S7F). Collec-
tively, MCPIP1 harbors several functional domains to inhibit
miRNA maturation efficiently (Figure 71). The presence of the
vertebrate-specific MCPIP1 C terminus suggests that the
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Figure 6. Targeting of the Terminal Loops of Pre-miRNAs by MCPIP1 Ribonuclease
(A and B) Cloning analysis of MCPIP1-cleaved pre-miRNA fragments. After in vitro cleavage reaction (90 min), the cleaved fragments of pre-miR-146a
(A) and pre-let-7g (B) were cloned and sequenced. 5’ and 3' fragments indicate the fragments composed of & and 3’ mature miRNA strand and additional
bases within the terminal loop, respectively. The data about pre-miR-135b, pre-miR-143, and pre-miR-16-1 are shown in Figures S6A-S6C.

(C) Comparison of the sequence analyses of MCPIP1-cleaved fragments (A and B and Figures S6A-S6C) and secondary structure prediction (Zuker, 2003). The ends
of 5 and 3’ fragments are indicated by blue and red circles, respectively. The structure of MCPIP1 target sequence of mouse /16 3' UTR (80-110) is also shown.
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MCPIP family has evolved an anti-miRNA function of MCPIP1 in
vertebrates.

DISCUSSION

Here we identified the CCCH zinc-finger ribonuclease MCPIP1
as an important RNase, which counteracts the productive
miRNA biogenesis directed by two RNases, Drosha and Dicer
(Figure 7J). It is poorly understood how the half-lives and abso-
lute levels of mature miRNAs are determined, in comparison
with advances concerning the mechanisms of miRNA produc-
tion. Recent reports revealed that several nucleases, such as
SDN in Arabidopsis and XRN-2 in C. elegans, degrade mature
miRNAs (Chatterjee and Grosshans, 2009; Ramachandran and
Chen, 2008). The present study first demonstrated that not
only mature miRNAs but also pre-miRNAs are targets of active
degradation to reduce miRNA activities. Considering that
MCPIP1 expression dynamically changes during the inflamma-
tory response (Liang et al., 2008a; Liang et al., 2008b), the rate
of de novo miRNA synthesis might be actively regulated through
the pre-miRNA decay by MCPIP1. Accordingly, global downre-
gulation of miRNAs including miR-16 (as also demonstrated in
Figure S5C) and overall shortening of mRNA 3’ UTRs have
been observed along T cell activation (Sandberg et al., 2008;
Wu et al., 2007).

Open questions remain regarding how MCPIP1 recognizes
pre-miRNAs and preferentially inhibits the miRNA pathway and
whether MCPIP1 uniformly acts on individual miRNAs. While
further investigation is important, our trial analysis of RNA-IP/
sequencing experiments suggested that the MCPIP1 D141N
mutant interacts with a range of miRNA precursors and tran-
scripts including IL6 (Figures S7G and S7H). On the other
hand, the expression levels of externally expressed DGCR8
mRNA and IL-6 3’ UTR RNA both containing a hairpin structure
decreased to about 50% by MCPIP1 overexpression (Figure S71,
left), as well as pre-miRNAs, but MCPIP1 knockdown only
slightly upregulated the endogenous DGCR8 and IL-6 mRNA
levels and also failed to show significant or consistent effects
on other RNA species such as Alu and tRNAs (Figure S71, right),
in contrast to the effects on endogenous mature miRNAs.
Considering that MCPIP1 decreased overexpressed pre-
miRNAs by about half and their mature forms by about one-tenth
(Figure 1), these results suggest that the miRNA biogenesis
pathway is more susceptible to MCPIP1 regulation than other
RNA species, maybe because of the requirement for stepwise
collaboration of multiple maturation processes. Differential local-
ization of MCPIP1 and various RNA species may also contribute
to the strong inhibitory impact of MCPIP1 on the miRNA
pathway. In addition, heterogenous effects of MCPIP1 knock-
down on individual mature miRNAs (Figures 2G and 2H) might
be attributable to intrinsic properties of MCPIP1, as influenced
by preferential target structures/sequences and additional

partner protein(s), or complexity of regulation of each miRNA
modified by various factors, including pri-miRNA transcription,
Drosha processing, cytoplasmic export, Dicer processing, exis-
tence of specific RNA-binding proteins, and miRNA stability
regulation.

Lin-28 interacts with the terminal loop of let-7 precursor and
specifically hinders let-7 maturation. In addition, several other
RNA-binding proteins such as hnRNP A1 and KSRP also interact
with the terminal loops of miRNA precursors and rather facilitate
the processing of pri-miRNAs and/or pre-miRNAs. Considering -
that MCPIP1 targets the terminal loop of pre-miRNAs, these
RNA-binding proteins might protect miRNA precursors from
the degradation in addition to their intrinsic function in miRNA
biosynthesis. Since the loop region is largely considered dis-
pensable for the basic action of Drosha and Dicer, the evolution-
arily conserved loops of many miRNA precursors might contain
regulatory information for active degradation to differentially
generate distinct miRNA species.

Our results demonstrated the importance of the C terminus for
MCPIP1 function and its poor conservation between inverte-
brates and vertebrates (Figure 7). These findings suggest that
the vertebrate MCPIP family has diversified and evolved an
anti-miRNA function of MCPIP1. Although miRNA and RNAi
pathways and their components are well conserved across
a wide range of species, previous studies suggested certain -
evolutional differences, in particular from immunological
aspects, as represented by different major antiviral mechanisms
between plants/invertebrates and mammals, i.e., respectively,
RNAi response and interferon (IFN) response (Umbach and
Cullen, 2009). In addition, miRNAs encoded in certain mamma-
lian viruses perturb host gene regulatory networks and there
exist several mechanisms represented by RNase L and ZAP to
avoid the promiscuity by viral-derived RNA species in vertebrate
cells (Sadler and Williams, 2008). The presence of MCPIP1-
mediated abortive processing machinery and diversity of
MCPIP1-related genes, taken together with these findings,
may therefore imply dynamic evolutional transition of RNA
silencing system.

In the present study, we have intriguingly found an inverse
correlation between MCPIP1 and Dicer function in human
lung cancer cohorts (Figures 4C—4E and S4). importantly, we
observed an association of high MCPIP1 expression with poor
survival, suggesting the usefulness of MCPIP1 as a prognostic
marker. MCPIP1 upregulation by several inflammatory stimuli,
including MCP1, might be partly attributable to global miRNA
downregulation in cancer, in addition to reduced expression of
Dicer and/or Drosha and mutations in TRBP and XPO5. Future
studies may provide useful information about involvement of
MCPIP1 in miRNA dysregulation in human malignancies
and important insights for the efficiency of RNA-based therapeu-
tics. In conclusion, the present work provides a clue for the
comprehensive understanding of miRNA dynamics during the

(D) Effect of Lin-28b addition on MCPIP1 activity targeting pre-let-7g.

(E) Effect of the stem length of pre-miRNA on MCPIP1 activity. (Left) The sequences of deletion mutants of pre-miR-135b with various lengths of stem region.
(Right) In vitro cleavage assay by coincubation of radiolabeled pre-miR-135b mutants and FLAG-MCPIP1 for 90 min.

(F) Effect of the terminal-loop length of pre-miRNA on MCPIP1 activity. (Left) The sequences of deletion mutants of pre-let-7g carrying a long terminal loop (35 nt).
(Right) In vitro cleavage assay by coincubation of radiolabeled pre-let-7g mutants and FLAG-MCPIP1 for 120 min. See also Figure S6.
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Figure 7. Oligomerization via Vertebrate-Specific C Terminus Is Important for miRNA Silencing Activity of MCPIP1

(A) Schematic representation of human MCPIP family proteins and invertebrate MCPIP1-related proteins (C. elegans C30F12.1 and Drosophila CG10889).
The numbers on the right indicate the sequence similarity to human MCPIP1 protein.

(B) Oligomerization of MCPIP1, FLAG-MCPIP1 and HA-MCPIP1 were ectopically expressed in HEK293T cells. Cell lysates were crosslinked with DSS
and immunoprecipitated with the anti-FLAG antibody followed by immunoblotting. Asterisks (*, **) indicate MCPIP1 monomers and oligomers, respectively.
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physiological and pathological processes, such as inflammation
and cancer.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents

HEK293T, HepG2, Jurkat, and THP-1 cell lines were obtained from the
American Type Culture Collection. HEK293T and HepG2 cells were main-
tained in Dulbecco’s modified Eagle’'s medium (GIBCO) containing 10% fetal
bovine serum (FBS). Hematological cell lines were maintained in RPMI1640
medium (GIBCO) with 10% FBS. Plasmids, antibodies, and reagents are
described in the Supplemental Experimental Procedures.

Luciferase Reporter Assay, qRT-PCR Assays, and Northern Blot
Analyses

Dual renilla/luciferase assays, qRT-PCR assays, and northern blot analyses
were carried out as previously described (Suzuki et al., 2009). The expression
levels of mature miRNAs were determined using TagMan MicroRNA assay kit
(Applied Biosystems) according to the manufacturer's protocol. The primer
sequences used and related procedures are described in the Supplemental
Experimental Procedures. ’

Immunocytochemistry

Immunostaining was carried out with anti-HA antibody, followed by counter-
staining with TOTO-3 (Invitrogen-Molecular Probes). Stained specimens
were examined using a LSM 510 META confocal microscope (Carl Zeiss).

In Vitro Pre-miRNA Cleavage Assay

In vitro pre-miRNA cleavage assay was performed modifying the method of
in vitro pri-miRNA processing assay described previously (Suzuki et al.,
2009). o*2P-UTP-internally-labeled pre-miRNAs were generated by in vitro
transcription using PCR fragments containing pre-miRNA sequences fused
to a T7 RNA polymerase promoter as templates. The detailed procedures
are described in the Supplemental Experimental Procedures.

Immunoprecipitation and Immunoblot assay
Cells were lysed with Nonidet P-40 lysis buffer and subjected to immunoblot
assay with standard procedures.

Cloning of Pre-miRNA Fragments

MCPIP1-cleaved RNA fragments were cloned and sequenced using
microRNA cloning kit (Wako) according to the manufacturer's instructions.
Briefly, the fragments were isolated using Trizol (Invitrogen), after in vitro
cleavage reaction (30 min) without radioisotope as described above. We
ligated 3’ adaptors into the RNA fragments with thermostable ssDNA
ligase (Wako). The ligated substrate was reverse-transcribed, ligated with
5" adaptors, and further PCR-amplified using HOT Goldstar DNA Polymerase
© (Wako). The PCR products were cloned into pCR2.1-TOPO vectors
(Invitrogen) and sequenced.

RNA Immunoprecipitation Assay
RNA immunoprecipitation assay was performed as previously described
(Suzuki et al., 2009).

Gene Expression Profiling Analysis

Gene expression profiling data of lung cancer patients were previously
described (in Bild et al., 2006 [Figures 4C-4E], Shedden et al., 2008 [Figures
S4B and S4D), and Larsen et al., 2007 [Figures S4C and S4E]), and were
obtained from caArray system or NCBI's Gene Expression Omnibus. The
expression levels of Dicer or MCPIP1 were evaluated by the corresponding
probes. GSEA was performed with GSEA software available from the Broad
Institute (http://www.broadinstitute.org/gsea/) (Subramanian et al., 2005).
GSEA-embedded potential miRNA target gene sets were used. Survival
analysis was performed using the survival package of R, the survfit function
and the survdiff function.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j-molcel.2011.09.012.
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(C and D) Blue native PAGE analyses. HEK293T cells expressing FLAG-MCPIP1 or HepG2 cells were subjected to blue native PAGE analysis using FLAG
antibody or MCPIP1 antibody (C). FLAG immunoprecipitates from cell lysates containing FLAG-MCPIP1 and HA-MCPIP1 were also analyzed by blue native

PAGE analysis after elution with FLAG peptide (D).

(E) Requirement of the C terminus for MCPIP1 oligomerization. FLAG-MCPIP1 and HA-MCPIP1 mutants were ectopically expressed in HEK293T cells. Cell
lysates were immunoprecipitated with the anti-FLAG antibody followed by immunoblotting.

(F and G) Effects of MCPIP1 mutation on miRNA maturation. MCPIP1 mutants were coexpressed with pri-miR-135b in HEK293T cells. At 48 hr posttransfection,
the expression levels of pri-miRNA (F) and mature miRNA (G) were analyzed with qRT-PCR analyses (‘p < 0.05, compared to wild-type MCPIP1 [WT]; n = 3).
(H) pre-miRNA binding capacity of MCPIP1 mutants. HEK293T cells were cotransfected with pri-miR-135b expression vector and various MCPIP1 mutant
expression vectors. After transfection, MCPIP1 mutants were immunoprecipitated with anti-HA antibody and subjected to RT-PCR analysis with pre-miR-135b
primers. As controls, RNA samples immunoprecipitated with nonspecific 1gG (Control IgG; n = 3) were subjected to PCR.

(1) Differential contribution of MCPIP1 domains for miRNA silencing activity.

(J) A schematic model for the inhibition of miRNA processing by MCPIP1. See also Figure S7. Error bars represent SEM.
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