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Dicer is a ribonuclease Il enzyme in biosynthesis of micro-RNAs
(miRNAs). Here we describe a regulation of Dicer expression in
monocytic cells, based on proteolysis. In undifferentiated Mono
Mac 6 (MM6) cells, full-length Dicer was undetectable; only an
~50-kDa fragment appeared in Western blots. However, when
MMB6 cells were treated with zymosan or LPS during differentia-
tion with TGF-p and 1,25diOHvitD3, full-length Dicer became abun-
dant together with varying amounts of ~170- and ~50-kDa Dicer
fragments. Mass spectrometry identified the Dicer fragments and
showed cleavage about 450 residues upstream from the C termi-
nus. Also, PGE, (prostaglandin E2) added to differentiating MM6
cells up-regulated full-length Dicer, through EP2/EP4 and cAMP.
The TLR stimuli strongly induced miR-146a-5p, while PGE; increased
miR-99a-5p and miR-125a-5p, both implicated in down-regulation of
TNFa. The Ser protease inhibitor AEBSF (4-[2-aminoethyl] benzene
sulfonyl fluoride) up-regulated full-length Dicer, both in MM6 cells
and in primary human blood monocytes, indicating a specific pro-
teolytic degradation. However, AEBSF alone did not lead to a
general increase in miR expression, indicating that additional
mechanisms are required to increase miRNA biosynthesis. Finally,
differentiation of monocytes to macrophages with M-CSF or GM-
CSF strongly up-regulated full-length Dicer. Our results suggest
that differentiation regimens, both in the MM6 cell line and of
peripheral blood monocytes, inhibit an apparently constitutive
Dicer proteolysis, allowing for increased formation of miRNAs.

miRNA | PGE, | macrophage

icer is an RNA endonuclease type III/RNase III enzyme

best known for its canonical function in biosynthesis of micro-
RNAs (miRNA), which are predicted to control up to 60% of
protein-coding genes by targeting specific mRNA for degradation
or translation repression. MiRNA are formed from primary
transcripts (pri-miRNA) in two stages of processing. Pri-miRNAs,
transcribed by RNA polymerase 11, are first cleaved by the nuclear
microprocessor complex (Drosha and its partner DGCRS) (1).
The resulting hairpin structures called pre-miRNAs (precursor-
miRNAs) consist of ~70 nucleotides with two nucleotides over-
hanging at the 3’ end. Following exportin-5-mediated transport to
the cytosol, final processing by Dicer yields ~22 nucleotide mature
double-stranded miRNAs. Only one of the strands (the guide
strand) of miRNA is then incorporated to RNA-induced silencing
complex (RISC) and directs this complex to 3’ untranslated re-
gions (UTR) of target mRNAs for inhibition of translation (1, 2).
Biogenesis of miRNAs occurs under stringent spatial and tem-
poral control, and dysregulation can be associated with human
diseases (3). Several recent findings show that miRNAs formed in
inflammatory cells play major roles in regulating inflammatory
responses (4).

Dicer is a large enzyme (~220 kDa) with several domains in-
cluding an N-terminal helicase domain, DUF283 (domain of
unknown function), PAZ (Piwi-Argonaute-Zwille) domain, two
RNase III domains (RNase IIla/b), and a dsRNA-binding do-
main (dsRBD) (5-7). An intramolecular dimerization of the two
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RNase III domains is suggested to form the active RNase center.
Crystal structures of human C-terminal RNase IIIb domain
(residues 1660 to 1852), and of mouse Dicer domains RNase IIIb
plus dsRBD, revealed homodimerization to form an active site,
which is similar to the bacterial RNase III enzyme (8, 9). Both
these C terminus homodimers were enzymatically active, cleav-
ing dsRNA substrates in vitro. Recently, a substrate processing
mechanism was suggested, based on a cryo-EM structure of
human Dicer bound with cofactor protein TRBP and its pre-
cursor miRNA substrate (7).

Regulation of Dicer expression shows complexity, mRNA
transcripts do not always correlate with protein, and there are
also posttranscriptional and posttranslational mechanisms (10).
Proteolytic cleavages of Dicer have been described in mouse and
human cells, and in Caenorhabditis elegans. Calpain I treatment
of mouse brain Dicer gave a 75 kDa fragment, with increased
RNaselll activity (11). Cleavage of Dicer in the RNase IIla
domain by caspase-3 in cancer cells resulted in loss of Dicer
activity (12). In C. elegans, cleavage by CED-3 caspase generated
a C-terminal fragment with DNase activity which could digest
chromosomal DNA and promote apoptosis (13). In HeLa cells,
Dicer was down-regulated by caspase cleavage during apoptosis
(14). In adult C. elegans, half of the Dicer protein was expressed
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as a stable truncated C-terminal fragment (small DCR-1) con-
taining the RNaselll and dsRBD domains (15). In platelets of
diabetic mice and patients, cleavage of Dicer by calpain de-
termined the miRNA levels (16). These findings on truncated
Dicer isoforms have given more insights and open up new views
about Dicer noncanonical functions, for example, in genome
regulation and surveillance (17, 18).

Specific miRNAs with proinflammatory and antiinflammatory
functions accumulate in macrophages activated with TLR stimuli (4,
19-21). As regulators of gene expression, miRNAs also have roles in
differentiation (polarization) of macrophages (20, 22, 23). However,
the regulation of miRNA processing enzymes required for miRNA
biosynthesis in macrophages has not been extensively studied. Here
we identified a specific proteolytic truncation of Dicer in monocytic
cells. Our results suggest that Dicer is constitutively cleaved by a
serine protease in monocytes and that inhibition of this proteolytic
cleavage during macrophage differentiation up-regulates full-length
Dicer, allowing for miRNA biosynthesis.

Methods

Cell Culture. Mono Mac 6 cells (MM6), a human cell line with monocyte
characteristics, was obtained from Deutsche Sammlung von Mikroorganismen
und Zellkulturen. MM6 cells were grown in cell culture and differentiated with
transforming growth factor-p (TGF-g; 2 ng/mL) and 1,25diOHvitD3 (50 nM) for 96 h
as described (24). Cells were also differentiated in presence of either lipopoly-
saccharide (LPS, 1 pg/mL), zymosan (25 pg/mL), or PGE, (Prostaglandin E,) at
different concentrations. After 20 to 25 passages, fresh undifferentiated cells
were started from frozen stock. Different reagents (protease inhibitors, EP
receptor antagonists, 8-Br-cAMP, and forskolin) were obtained from Sigma,
if not otherwise stated.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Western Blotting. Cells were harvested, washed twice with phosphate buff-
ered saline (PBS), resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 1%
Triton X-100, 2 mM EDTA, 2 mM PMSF, 100 mM NacCl, 1 mM Na3VOy,, 0.1%
SDS, and complete protease inhibitor mixture), sonicated 2 x 5 s on ice, and
centrifuged (10,000 g, 10 min, 4 °C). Laemmli sample loading buffer was
added to supernatant protein samples (typically 50 pg) and heated (90 °C, 5
min). Proteins were separated by SDS-PAGE on 4 to 20% gradient gels (Bio-
Rad) and transferred to nitrocellulose membrane (Hybond C, Amersham GE)
by electroblot. Membranes were washed 2 x 10 min with TTBS (20 mM Tris-
HCI, pH 7.4, 100 mM Nadcl, and 0.1% Tween 20), blocked with nonfat dry milk
powder in TTBS for 1 h at room temperature, and incubated with antibodies
at 4 °C overnight. Four Dicer antibodies were used: rabbit polyclonal (N-
terminal epitope region 600 to 650, Bethyl Laboratories no. A301-936A) at
1:1,000, mouse monoclonal (epitope region 1239 to 1255, Abcam no. 14601) at
1:1,000, mouse monoclonal (C-terminal epitope 1701 to 1912, Santa Cruz sc-
136981) at 1:100, and rabbit polyclonal (C-terminal epitope around residue
1902, BioVision no. 3697-100) at 1:100. The mPGES-1 antibody was from
Cayman. Peroxidase-conjugated primary antibody against g-actin (1:2,000 di-
lution) and peroxidase-conjugated secondary antibodies (anti-rabbit 1:5,000
and anti-mouse 1:5,000) were from Sigma. Protein bands were detected by
enhanced chemiluminescence (GE Healthcare) with an Odyssey scanner
(LI-COR). Band intensity was calculated with Odyssey Imaging software.

Immunoprecipitation. Differentiated MM6 cells were suspended in lysis buffer
(Tris-HCI, pH 8.0, 0.1% Triton X-100, 1 mM PMSF, and complete protease
inhibitor mixture), sonicated 2 x 5s on ice, and centrifuged (10,000 g, 10 min,
4 °Q). Cell lysates (600 to 1,000 pg of protein) were precleared by incubation
with protein A-Sepharose for 1 h at 4 °C with continuous mixing. The pre-
cleared samples were incubated with Dicer antibody (1 to 2 pL) overnight at
4 °C. Protein A-Sepharose was added, and incubations continued for addi-
tional 1 h. The immunocomplexes were washed four times with lysis buffer
and eluted by heating (at 90 °C) for 5 min in Laemmli sample loading buffer.
After centrifugation, the supernatants were analyzed by SDS-PAGE and
immunoblotting or Coomassie blue staining of the gel.

Mass Spectrometric Analysis. Dicer immunoprecipitates were subjected to
SDS-PAGE, and the gel was stained with Coomassie brilliant blue. Bands
corresponding to the molecular mass of full-length and Dicer fragments were
excised and subjected to in-gel trypsinization and mass spectrometric analysis,
performed at Proteomics Karolinska (PK/KI).
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Analysis of Dicer mRNA and miRNAs. RNA isolation including DNA digestion
was performed using the miRNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. RNA was reverse transcribed with the High Capacity
RNA-to-cDNA kit (Applied Biosystems). Dicer levels were analyzed using the
Power SYBR Green PCR Master Mix or the Fast SYBR Green Master Mix
(Applied Biosystems). p-actin or GAPDH served as an endogenous control. For
primer sequences, see SI Appendix, Table S1. For gPCR analysis of miRNAs,
primers and kits from Qiagen (miScript Il RT kit, miScript SYBR Green PCR kit)
were used according to the manufacturer’s protocols. The Qiagen miScript
Primer Assay utilizes miRNA-specific forward primers and the miScript Universal
primer as reverse primer. U6 or miRNA-20a-5p served as an endogenous control.
qPCR was carried out on Applied Biosystems 7300 or StepOnePlus machines.
Affymetrix screening of miRNAs in MMB6 cells was performed at the Bioinformatics
and Expression analysis core facility, Novum, Karolinska Institutet.

Generation of mPGES-1 Knockdown MM6 Cells. Generation of stable knock-
down for mPGES-1 (microsomal Prostaglandin E Synthase-1) in MMB6 cells was
performed as described (24). Lentiviral constructs with shRNAs directed
against mPGES-1 (NM_004878.3-306s1c1) was obtained from Sigma Aldrich.
Lentivirus was prepared by transient cotransfection of HEK293T cells with
shRNA plasmid (pLKO.1-puro) along with third-generation packaging con-
structs (PMDLg/pRRE + pRSV-Rev + pMD2.G). Control cells were obtained by
transfection with lentivirus obtained from the pLKO.1-puro nontarget
shRNA control plasmid (Sigma SHC002). Stable knockdown cells were se-
lected by culture with puromycin (10 pg/mL) for 2 wk. The efficiency of
knockdown was verified by Western blotting and analyzed each time when
cells were used for different experiments.

Preparation and Differentiation of Monocytes. Monocytes were isolated from
buffy coats of 12 healthy human donors (Karolinska Hospital Blood Bank) as
described previously (25, 26). Peripheral blood mononuclear cells were iso-
lated by gradient centrifugation with Ficoll-Paque PREMIUM (GE Healthcare)
and seeded at 5 x 10° cells per mL for 2 h, allowing monocytes to adhere to
plates. Cells were then vigorously washed twice with PBS, to remove lym-
phocytes. Finally, monocytes were cultured in RPMI (Roswell Park Memorial
Institute) medium 1640 with glutamine supplemented with 10% FBS, 100 mg/mL
streptomycin, 100 U/mL penicillin, 1x nonessential amino acids, 25 mM Hepes.
Cells were differentiated for 7 d in rhGM-CSF (granulocyte-macrophage colony-
stimulating factor, 10 ng/mL) and in rhM-CSF (macrophage colony-stimulating
factor, 10 ng/mL) to obtain to obtain M1- or M2-primed macrophages, respec-
tively. Cells were supplied with fresh medium and cytokines on days 3 and 6. To
yield M1/M2 macrophages, GM-CSF primed cells were treated also with LPS (100
ng/mL) and IFNy (20 ng/mL), and M-CSF primed cells also with IL-4 (20 ng/mL) for
the final 24 h of differentiation. These treatments resulted in increased formation
of IL-6 and surface markers CD86 and ICAM-1 for M1 and IL-10 and surface
markers CD14 and DC-SIGN for M2, as described in our previous study (26).

Data Availability. All relevant data, associated protocols, and materials are
within the manuscript and its S/ Appendix files.

Results

Up-Regulation of Full-Length Dicer and Truncated Fragments in MM6
Cells Differentiated in Presence of LPS and Zymosan. Mono Mac 6
(MMB6) is a human cell line with monocytic properties; differentia-
tion with TGF-p and 1,25diOHvitD3 for 96 h leads to macrophage-
like cells (24). Screening of Dicer expression by Western blot was
routinely performed using two antibodies, raised against N-terminal
(epitope 600 to 650) and C-terminal (epitope 1701 to 1912) parts of
Dicer (Fig. 14). In both undifferentiated MM6 and in cells differ-
entiated with TGF-f and 1,25diOHvitD3, truncated fragments (~50
and ~170 kDa) appeared, while full-length Dicer (~220 kDa) was
undetectable. However, when cells were differentiated with TGF-f
and 1,25diOHvitD3 in presence of LPS or zymosan, full-length
Dicer was up-regulated (Fig. 1B). The N-terminal (epitope 600
to 650) antibody detected full-length Dicer and the ~170-kDa
fragment but not the ~50-kDa fragment. Similar results were
obtained with an antibody directed against the middle region of
Dicer (epitope 1239 to 1255; SI Appendix, Fig. S1). The antibody
with epitope at the C terminus (epitope 1701 to 1912) recognized
full-length Dicer as well as the ~50-kDa fragment but not the
~170-kDa fragment (Fig. 1B). These results indicated that the
small ~50-kDa fragment should be from the C terminus.
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Cleaved ~50 kDa fragment
(relative to undifferentiated cells)

Up-regulation of full-length Dicer and Dicer fragments, induced by zymosan or LPS during differentiation of MM6 cells. (A) Scheme of Dicer domains.

Epitope regions of antibodies used in this study are indicated. Most data were obtained with antibody (Ab) 600 to 650 and Ab 1701 to 1912. (B) Analysis of
Dicer expression with Dicer antibodies 1701 to 1912 and 600 to 650. Lane 1, molecular weight markers; lane 2, undifferentiated MM6 cells; lane 3, MM6 cells
differentiated with TGF-B (5 ng/mL) and 1,25diOHvitD3 (50 nM) (VD3) for 96 h; lane 4, zymosan (25 pg/mL) present during 96 h differentiation; and lane 5, LPS (1
ug/mL) present during 96 h differentiation. Whole-cell lysates (~50 ug protein) were analyzed by Western blot (WB) using Dicer Ab 1701 to 1912. The
membrane was reblotted with Dicer Ab 600 to 650. (C) Relative expression levels of full-length Dicer and Dicer fragments (~50 and ~170 kDa). In un-
differentiated MM6 cells (Undiff), MM6 cells differentiated with TGF-p + 1,25diOHvitD3 (Diff) for 96 h, with zymosan present during differentiation, and with
LPS present during differentiation. Band intensities were normalized to f-actin, before comparisons between samples. Data are from B and six additional

experiments. Mean + SE, n = 7.

The relative levels of Dicer and fragments were evaluated in
seven independent experiments (Fig. 1C). The C-terminal ~50-
kDa fragment was present in all samples. Full-length Dicer
appeared only when cells were differentiated in presence of zy-
mosan (stimulates TLR2) or LPS (stimulates TLR4). In zymosan-
treated cells, full-length Dicer dominated over the ~170-kDa
fragment, while the opposite was observed for LPS-treated cells.
We also tested to add zymosan late during differentiation (at time
72 h of the 96 h differentiation period). Also in this condition, full-
length Dicer was up-regulated but less intense compared to ~170-
kDa fragment (SI Appendix, Fig. S2). In several experiments an
inverse relationship between full-length Dicer and the fragments
was observed, suggesting a specific proteolytic cleavage.

Basavarajappa et al.

Quantitative analysis of Dicer mRNA in MM6 cells by gPCR
showed a modest twofold to threefold up-regulation when also
LPS or zymosan was present during the 96 h differentiation with
TGF-p and 1,25diOHvitD3 (Fig. 24). When LPS or zymosan was
present only during the final 24 h of differentiation, Dicer
mRNA was quite constant (Fig. 2B). The primers used amplified
the Dicer mRNA sequence 5662 to 5811, which corresponds to
the region of the ~50-kDa fragment.

Mass Spectrometric Analysis of Dicer Inmunoprecipitates Validate
Truncation in C-Terminal Part. Dicer was immunoprecipitated
(IP) from cells differentiated in presence of zymosan or LPS using
the epitope 1239 to 1255 antibody. When the IP was analyzed by
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Fig. 2. Dicer mRNA levels in MM6 cells. RNA was prepared from MM6 cells,
reverse transcribed, and analyzed by qPCR with p-actin as reference gene.
The data are presented relative to undifferentiated cells, set as 1. Two-tailed
unpaired t test. **P < 0.01; *P < 0.05. (A) Undifferentiated cells and cells
differentiated with TGF-p + 1,25diOHvitD3 (Diff) for 96 h, with LPS or zy-
mosan present during the entire differentiation period (96 h). Mean + SEM,
n = 3. (B) Undifferentiated cells and cells differentiated with TGF-p +
1,25diOHvitD3 for 96 h, with LPS or zymosan present during the final 24 h of
the differentiation period (96 h). Mean + SEM, n = 3.

Western blot with the same antibody, both full-length Dicer and
the ~170-kDa Dicer fragment appeared (SI Appendix, Fig. S34).
The membrane was reprobed with a C-terminal epitope antibody;
then the ~170-kDa Dicer fragment could not be observed (SI
Appendix, Fig. S3B). The same pattern was also obtained when the
N-terminal epitope (region 600 to 650) antibody was used for im-
munoprecipitation and Western blot analysis. These results confirm
that the ~170-kDa fragment lacked the C-terminal region.

Dicer and the fragments were positively identified by mass
spectrometry (MS). A Dicer IP from zymosan-treated MM6 cells
was divided in two parts. These were resolved on SDS-PAGE
and subjected to Coomassie blue staining or Western blot.
Western blot again showed full-length Dicer and the ~170-kDa
Dicer fragment, as above. From the Coomassie-stained gel,
bands corresponding to full-length Dicer (upper band) and the
~170 kDa Dicer fragment (lower band) were excised (SI Ap-
pendix, Fig. S44). After trypsinization, peptides were analyzed by
MS. Material in the upper band showed peptides corresponding
to all parts of Dicer. Material in the lower band showed many
similar peptides but none corresponding to the Dicer sequence
after Lys-1465 (SI Appendix, Fig. S4B). Similar results were
obtained also with samples from MM6 cells differentiated with
TGF-p + 1,25diOHvitD3 in presence of LPS for 96 h. Further-
more, analysis of the ~50-kDa fragment (IP with C-terminal
epitope 1701 to 1912 antibody) showed peptides corresponding
only to the C-terminal part of Dicer (SI Appendix, Fig. SS5). These
results clearly confirmed proteolytic truncation in the C-terminal
part of Dicer.

PGE, Present During Differentiation of MM6 Cells Up-Regulates Full-
Length Dicer. Differentiation of MM6 cells in presence of PGE,
(no TLR stimuli) also up-regulated full-length Dicer, in a dose-
dependent fashion (Fig. 3). A dose-dependent up-regulation of
mPGES-1 expression was also observed, presumably by the posi-
tive feedback mechanism reported earlier (27). Since dexameth-
asone down-regulates mPGES-1 expression (28), we treated MM6
cells differentiated in presence of zymosan with dexamethasone.
This resulted in a slightly attenuated up-regulation of full-length
Dicer and a corresponding increase of Dicer fragments (Fig. 3,
rightmost lanes).

The expression level of Dicer in mPGES-1 knockdown MM6
cells further supported a role for PGE,. It was reported before
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(29) that MM6 cells differentiated in presence of zymosan up-
regulate mPGES-1 and release PGE,. The relative amount of
full-length Dicer was about half in zymosan-treated mPGES-1
knockdown cells compared to zymosan-treated control cells, in
parallel with increased levels of Dicer fragments (S Appendix, Fig.
S6 A and B). Addition of exogenous PGE, to mPGES-1 knock-
down MMG6 cells reduced truncation (SI Appendix, Fig. S7).

E-Prostanoid Receptors EP2/EP4 Mediate the PGE, Effect on Dicer via
cAMP. PGE; signals through four different EP receptors (EP1 to
EP4) (30). Using antagonists, we evaluated PGE, receptors in-
volved in up-regulation of Dicer. MM6 were differentiated (96 h)
in presence of PGE, (5 pM) and treated with inhibitors. AH6809
is known to strongly inhibit EP2, with less affinity for EP1 and
EP3. L798.106 is EP3 specific, and L161.982 is specific for EP4.
Antagonists to EP2 and EP4 receptors reduced the PGE,-
mediated up-regulation of Dicer, and there was a complete block
when AH6809 and L161.982 were added together (Fig. 44). The
EP3-specific antagonist had no effect. Also the positive feedback
up-regulation of mPGES-1 expression by PGE, was inhibited by
EP2 and EP4 receptor antagonists. PGE, signaling via EP2 and
EP4 receptor increases intracellular cAMP levels by activating
adenylate cyclase. Treatment of MMB6 cells during differentiation,
with cell-permeable 8-Br-cAMP or with adenylate cyclase activa-
tor forskolin, also up-regulated Dicer and mPGES-1 expression in
MMEG6 cells (Fig. 4B). Taken together, the results suggest that PGE,-
mediated activation of intracellular cAMP signaling may inhibit a
protease involved in Dicer cleavage.

Serine Protease-Specific Inhibitor AEBSF Prevents Proteolysis of Dicer
in MM6 Cells and in Primary Human Monocytes. To determine the
protease involved in the cleavage of Dicer in MMG6 cells, we used
inhibitors against various classes of proteases. Limited cleavage
of Dicer by activated caspases and calpain in different cell types
has been reported in previous studies (17). We tested cell-
permeable selective inhibitors for caspase-1 (Ac-YVAD-cmk),
caspase-3 (Ivachtin), caspase-6 (Ac-VEID-CHO), and calpain-1
(ALLN, PD151746, and PD150606). None of these prevented
Dicer cleavage in MMG6 cells, when tested at different concentra-
tions and time points during differentiation. Also the proteasome

TGFR + VD3 TGFR+VD3+Zymosan
PGE,: - 0 1M 2uM 5pM 10pM Ctrl Dexa \WRB: Ab 1701-1912
kDa
250 . e s el s | Ul length Dicer
150 | = -
100 | s

50 _-- e e e e o W ~50 kDa fragment
WB: Ab 600-650

e — «+ full length Dicer
250 | vy .« i — ‘ —~170 kDa fragment
150 | s L0 |
e e WB: Ab mPGES-1
-
— gy S S = - R-actin
Fig. 3. Effect of exogenous PGE, added to differentiating wild-type MM6

cells. MM6 cells were differentiated with TGF-g + 1,25diOHvitD3 (VD3) and
increasing concentrations of PGE, (1 to 10 puM) present during the 96-h
differentiation period. In addition, cells were differentiated with TGF-g,
1,25diOHvitD3, and zymosan, +dexamethasone (Dexa, 150 nM). Whole-cell
lysates were analyzed by Western blot (WB) using Dicer antibody (Ab) 1701
to 1912. The membrane was reblotted with Dicer Ab 600 to 650 and with
mPGES-1 Ab. Similar results were obtained in two additional experiments.
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inhibitor MG132 failed to prevent the Dicer cleavage in MMG6 cells.
However, the serine protease-specific inhibitor AEBSF (4-[2-
aminoethyl] benzene sulfonyl fluoride) was effective. Thus, when
MMB6 cells, undifferentiated or differentiating with or without LPS
or zymosan, were treated with AEBSF (150 to 250 pM for the final
18 h of the 96-h differentiation period), Dicer proteolysis was
blocked. Both ~170- and ~50-kDa fragments were practically ab-
sent, with a concomitant increase of full-length Dicer (Fig. 54).
When AEBSF was added just before cell lysis or in the lysis buffer,
there was no effect (SI Appendix, Fig. S8). Also, qPCR analysis
showed no effect of AEBSF on Dicer mRNA expression levels in
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MMBG cells. These results suggest a serine protease-specific cleavage
of Dicer in MMG6 cells.

We also evaluated the effect of AEBSF in human blood
monocytes. Monocytes, isolated from buffy coats of nine healthy
donors, were cultured overnight with or without AEBSF. In un-
treated control cells, full-length Dicer was absent, but a clear band
corresponding to the ~50-kDa fragment was observed also in these
primary cells. Treatment of monocytes with AEBSF (250 pM)
resulted in strong up-regulation of full-length Dicer, with reduction
of the ~50-kDa fragment (Fig. 5B). Together, these results indicate
a serine protease-specific cleavage of Dicer in monocytic cells.
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was reblotted with Dicer Ab 600 to 650. Similar results were obtained with

Up-Regulation of miRNAs in Differentiating MM6 Cells. Stimulation
of TLRs in monocytic cells leads to up-regulation of certain
miRNAs (4, 21). This was confirmed also for MM6 cells differ-
entiated in presence of LPS (TLR4) or zymosan (TLR2) for 96 h.
qPCR analysis was performed for seven miRNAs, selected from
Affymetrix screening. The results were quite similar for LPS and
zymosan; the strongest relative increase (about 400-fold) was
observed for miR-146a-5p. Also miR-146b-5p and miR-21-5p
were up-regulated, 20- to 40-fold (SI Appendix, Fig. S9). Three
clustered miRs (miR-99b-5p, let-7e-5p, and miR-125a-5p) were
up-regulated, 40- to 60-fold for miR-99b and miR-125a but less
for the third cluster member let-7e (about 15-fold). miR-155-5p
was abundant in undifferentiated MM6 cells and increased only
twofold. This may be related to the leukemic origin of this cell
line; high levels of miR-155 have been reported in B-cell lym-
phomas and other malignancies (31).

In subsequent experiments, LPS was added to differentiating
cells at time point 72 h (present during the final 24 h of the 96-h
differentiation period). This late addition of LPS had a less
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cells from eight additional donors.

prominent effect on the miRs; again the strongest relative in-
crease (about 60-fold) was observed for miR-146a-5p (Fig. 64).
The corresponding pri-miR increased about 1,000-fold. The cluster
miR-99b-5p/let-7e-5p/miR-125a-5p was modestly up-regulated
(1.5- to 3-fold), while the corresponding pri-miR increased 20-
fold. In these experiments we also treated MM6 cells with
AEBSF. qPCR analysis showed quite constant levels for five
miRs in the AEBSF-treated samples (Fig. 64), and also Affymetrix
screening did not suggest a generally increased expression of
miRNAs.

When MM6 cells were differentiated in presence of PGE,,
the strongest relative up-regulation (17-fold; Fig. 6B) was ob-
served for miR-99a-5p, recently described to target TNFa (32).
The corresponding pri-miR increased about sixfold. Also miR-
99b and miR-125a were clearly up-regulated (sevenfold to
eightfold) but again less for the third cluster member let-7e
(twofold). The pri-miR for this cluster was up-regulated about
27-fold. Interestingly, PGE, had no effect on miR-146a-5p,
although the pri-miR was increased (Fig. 6B). Conversely,
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LPS had no effect on miR-99a-5p, although the pri-miR was
increased (Fig. 64).

Differentiation of Monocytes in Presence of M-CSF and GM-CSF Up-
Regulates Full-Length Dicer, with Relatively More Proteolysis in GM-
CSF-Treated Cells. We next evaluated up-regulation and cleavage
pattern of Dicer in human macrophages polarized to different
phenotypes. Human monocytes were cultured for 7 d in presence
of M-CSF and activated with IL4 (final 24 h) to obtain M2
macrophages. Alternatively, monocytes were cultured for 7 d in
presence of GM-CSF and activated (final 24 h) with IFNy and
LPS to obtain an M1 phenotype. Dicer proteins were evaluated
in cells from 12 different donors. Our results show profound up-
regulation of full-length Dicer in both differentiation regimens,
with slightly higher up-regulation in M-CSF-treated macro-
phages (Fig. 7 A and B). The lower level of full-length Dicer in
GM-CSF-treated macrophages was concomitant with increased
levels of the fragments. Interestingly, treatment with the CSFs

alone gave practically the same results as when also the acti-
vating factors (IL-4 or IFNy + LPS) were added.

Discussion

Dicer plays a critical role in generation of miRNAs. In macro-
phages, specific miRNAs regulate M1/M2 polarization and fine-
tune expression of many proteins which are important for both
proinflammatory and antiinflammatory macrophage responses
(4, 20, 22, 23). The expression levels of enzymes in the miRNA
processing machinery should be relevant for miRNA production.
Here we describe a mode of Dicer regulation, based on in-
hibition of proteolysis. In monocytes from peripheral blood, as
well as in undifferentiated Mono Mac 6 cells, full-length Dicer
was absent. In these cells, only truncated forms were found; a C-
terminal ~50-kDa fragment predominated, and an ~170-kDa
fragment was less abundant. However, during differentiation to
macrophages, full-length Dicer became the clearly dominating
form. An inverse relationship was observed between full-length
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Fig. 7. Dicer up-regulation during differentiation of monocytes to M1/M2 macrophages. (A) Human monocytes were isolated from buffy coats of healthy
donors. M2- and M1-primed macrophages were prepared by 7-d differentiation culture with M-CSF or GM-CSF, respectively. Treatment with IL-4 (M2) or IFNy
plus LPS (M1) during the final 24 h leads to M2/M1 phenotypes. For comparison, monocytes were also cultured with or without AEBSF (250 uM) for 18 h.
Whole-cell lysates (~50 pg protein) were analyzed by Western blot (WB) using Dicer antibody (Ab) 1701 to 1912. The membrane was reblotted with Dicer Ab
600 to 650. (B) Relative expression levels of full-length Dicer in human macrophages polarized and activated to different M1/M2 phenotypes. Full-length Dicer
in macrophage cell lysates was determined by Western blot. Band intensities were normalized to p-actin, before comparisons between phenotypes. Data from
Fig. 7A and 11 additional donors. Mean + SE, n = 12, two-tailed unpaired t test, **P < 0.01; *P < 0.05.

8580 | www.pnas.org/cgi/doi/10.1073/pnas.1916249117

Basavarajappa et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1916249117

Dicer and the Dicer fragments. For example, nearly double
amount of full-length Dicer appeared in MM6 cells differenti-
ated in presence of zymosan compared to LPS. This correlated
with increased amounts of cleaved fragments in the LPS-treated
cells. Previous studies reported the absence of Dicer in human
monocytic cell lines (THP1, U937, and Ul) and in fresh
monocytes from human blood (33). However, the mechanism
for up-regulation of full-length Dicer in these cells has not been
described.

The cleavage of Dicer, both in MMG6 cells and in human blood
monocytes, was completely inhibited by the Ser-protease in-
hibitor AEBSF. Inhibitors of other proteolytic enzymes pre-
viously shown to degrade Dicer (Introduction and Results) had no
effect. These observations suggest the presence of a Ser-protease
in monocytic cells which cleaves Dicer at one specific site, ap-
parently within residues 1465 to 1480. The quite constant ex-
pression of Dicer mRNA in undifferentiated and differentiated
MM6 cells suggest a constitutive expression and cleavage of
Dicer protein in the undifferentiated monocytic cells and that
full-length Dicer is up-regulated by inhibition or down-regulation
of the Ser-protease during differentiation to macrophages. This
mode of Dicer regulation may be specific to monocytic cells. A
recent report suggested that degradation of Dicer in C57BL/6
mouse microglia involved JNK-mediated phosphorylation of a
particular Ser residue (34). Interestingly, the corresponding
residue in human Dicer is Ser-1470, within the apparent cleavage
site observed here (1465 to 1480). The calculated molecular mass
of Dicer sequence 1470 to 1922 is 51.4 kDa. Splice variants of
Dicer have been described in cancer cells, encoding proteins of
93 and 113 kDa (35) different from the Dicer fragments found
here in monocytic cells.

Intracellular serine protease activities in monocytes and
macrophages have been described previously. A Ser-protease
activity in human monocyte microsomes was responsible for
cleavage of HIV reverse transcriptase, and this protease activity
was down-regulated upon cell activation or differentiation (36).
The p65 subunit of NFkB in myelo-monocytic cells was cleaved
by a Ser-protease, and inhibition of this activity was implicated in
HIV replication (37). In another study, Ser-protease activity in
the crude membrane fractions from monocytic cells processed
TNF-a precursor (26 kDa) to its active form (17 kDa) (38). A
Ser-protease on the cytoplasmic surface of an organelle or

Full length Dicer
I

cAMP
LPS/zymosan \/ .
Serine
Signaling Protease
inhibiting the
protease

AEBSF

~170 kDa ~50 kDa
— s—

Functions?

Fig. 8. Schematic representation of Dicer proteolysis in monocytic cells. Dicer
is cleaved by a constitutively activate serine protease (inhibited by AEBSF) in
monocytes or undifferentiated MM6 cells. Dicer up-regulation occurs during
differentiation to macrophages, by down-regulation of the serine protease
activity. In MMB6 cells when zymosan, LPS, or PGE, were added together with
TGF-B + 1,25diOHvitD3. In monocytes differentiated with M-CSF or GM-CSF.
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vesicle from undifferentiated monocytes was responsible for
cleavage of IFN regulatory factor 1 (IRF-1); inhibition of this
activity is implicated in Mycobacterium tuberculosis infection
(39). The Ser-protease activities which were down-regulated
when monocytes were differentiated (36, 39) could be related
to the Ser-protease cleaving Dicer. However, to our knowledge
these Ser-proteases have not been cloned or otherwise identified.

Recombinant Dicer constructs containing both RNaselll do-
mains have been found to cleave pre-let-7a more rapidly com-
pared to a dsRNA substrate. When the N-terminal helicase
domain was deleted, the conversion of a dsSRNA substrate be-
came more efficient, while the effect with pre-let-7a as substrate
was more subtle (40). We and others found that shorter C-
terminal Dicer fragments containing only the RNaselllb do-
main digested let-7a pre-miRNA but to a variety of fragments
rather than to mature let-7a (8, 9, 41). During this study we
attempted to determine the enzymatic activity for a larger
expressed 1465 to 1912 fragment containing the RNasellIIb do-
main (corresponding to the ~50-kDa fragment). However, no
reproducible formation of 21- to 23-nt miRNA species was found
for this fragment. In MM6 cells, the increased formation of
miRNAs was connected with increased full-length Dicer and
concomitant decreased amounts of the ~50- and ~170-kDa
fragments. Thus, it appears that intact Dicer, rather than the
fragments, was the active species in the increased cellular for-
mation of miRNAs. However, it has been published that when
N- and C-terminal parts of Dicer were expressed separately and
mixed, the resulting complex could form 22-nt products (6). It
may be speculated that Dicer fragments could combine also in
cells, leading to activity producing miRNAs. Possibly, such
combination of fragments could explain formation of miRNAs in
monocytic cells lacking intact Dicer (33).

Full-length Dicer protein was strongly up-regulated when
monocytic cells were subjected to differentiating factors, MM6
cells with TGF-p and 1,25diOHvitD3 plus LPS/zymosan or
PGE,, and blood monocytes with M-CSF or GM-CSF. Thus, in
addition to cAMP signal transduction pathways (downstream
EP2/4), MAP kinases and NFkB (downstream TLR2/4, GM-CSF
receptor) and Tyr phosphorylation (downstream M-CSF re-
ceptor) also are implicated. Dicer expression in GM-CSF-
treated macrophages (M1 primed) was about 70% compared
to M-CSF-treated cells (M2 primed). This may be related to the
recent observation that deletion of Dicer in mouse macrophages
impeded alternative activation (M2) and accelerated athero-
sclerosis. This effect, connected with promoted mitochondrial
oxidative metabolism, was due to impaired formation of certain
miRNAs and indicated an antiinflammatory role for Dicer (42).
Also, a disease-promoting phenotype of alveolar macrophages
from smokers was linked to down-regulation of several miRNAs
due to impaired Dicer activity linked with SUMOylation (43). In
a mouse model of Parkinson’s disease, activation of the in-
flammatory process conferred down-regulation of Dicer in
microglia by a JNK-mediated pathway (34). Thus, decreased
expression of Dicer in macrophages may be connected with a
more proinflammatory phenotype.

Tumor-associated macrophages (TAM) are M2-like, and
PGE; acts as an immunosuppressive factor suggested to promote
M2 phenotype of TAMs in cancer tissues (44). We found that
differentiation of MMG6 cells in presence of exogenous PGE, up-
regulated full-length Dicer, indicating a role for PGE, in pre-
venting proteolysis. Signaling via EP2/EP4 receptors and in-
tracellular cAMP mediated this PGE, effect, apparently leading
to down-regulation of the unknown Ser-protease. This is remi-
niscent to the immunosuppressive and antiinflammatory effects
of PGE,, also mediated through EP2/EP4 receptors, activating
the cAMP/PKA/CREB pathway (45, 46). The effect of PGE, to
up-regulate full-length Dicer could have relevance for the tumor
microenvironment. We speculate that up-regulation of full-length
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Dicer may contribute to promote the TAM phenotype. This is in
line with the finding that conditional deletion of Dicer in mouse
TAMs could reprogram the macrophages into an antitumor mode
(M1-like phenotype), allowing an enhanced immunotherapy re-
sponse and inhibition of tumor progression (47).

When differentiating MM6 cells were treated with zymosan/
LPS or with PGE,, different miRNAs were produced. TLR
stimulation of monocytic cells is well known to induce miR146a
which down-regulates mRNAs for IRAK1 and TRAF®6; this is an
established regulation of the LPS response (48). This was found
also for MM6 cells; differentiation in presence of zymosan or
LPS strongly up-regulated miR-146a-5p. PGE, induced miR-
99a-5p and miR-125a-5p in MMG6 cells. Effects of PGE, in
monocytic cell functions are mostly inhibitory (49); 25 y ago it
was published that PGE, inhibits LPS-induced formation of
TNFa in murine peritoneal macrophages, by a mechanism in-
volving IL-10 (50). Proinflammatory effects also have been ob-
served; in mouse BMDMs and in human monocytes, PGE,
boosted LPS-induced IL-1f while production of TNFa was
inhibited (51). It was recently published that miR-99a-5p targets
TNFa in mouse BMDMs (32), and we found that PGE, induced
miR-99a-5p. This suggests a mechanism for the effect of PGE,
on TNFa in monocytic cells, in addition to the previously de-
scribed involvement of protein kinase A anchoring protein 8
(52). Furthermore, it was recently published that miR-125a-5p
and let-7e down-regulate TNFa (and other cytokines) in THP-1
cells (21), and we found here that PGE, up-regulated the cluster
miR-99b-5p/let-7e-Sp/miR-125a-5p. This cluster was suggested
to be part of the late-induced IL-10 effects functioning as neg-
ative regulator of the LPS response (21). Bacterial components
such as LPS induce formation of PGE, in monocytic cells (53);
thus, it appears reasonable that this, in turn, could induce formation
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