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ABSTRACT

Macrophage activation by bacterial lipopolysaccharides (LPS) is induced through Toll-like receptor 4 (TLR4). The synthesis
and activity of TLR4 downstream signaling molecules modulates the expression of pro- and anti-inflammatory cytokines.
To address the impact of post-transcriptional regulation on that process, we performed RIP-Chip analysis. Differential
association of mRNAs with heterogeneous nuclear ribonucleoprotein K (hnRNP K), an mRNA-specific translational regulator in
differentiating hematopoietic cells, was studied in noninduced and LPS-activated macrophages. Analysis of interactions affected
by LPS revealed several mRNAs encoding TLR4 downstream kinases and their modulators. We focused on transforming growth
factor-g-activated kinase 1 (TAK1) a central player in TLR4 signaling. HnRNP K interacts specifically with a sequence in the
TAK1 mRNA 3’ UTR in vitro. Silencing of hnRNP K does not affect TAK1 mRNA synthesis or stability but enhances TAK1 mRNA
translation, resulting in elevated TNF-a, IL-1B, and IL-10 mRNA expression. Our data suggest that the hnRNP K-3' UTR complex
inhibits TAK1 mRNA translation in noninduced macrophages. LPS-dependent TLR4 activation abrogates translational repression

and newly synthesized TAK1 boosts macrophage inflammatory response.
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INTRODUCTION

Innate immunity is the first line of defense against pathogens
triggered by diverse microbial products. Lipopolysaccharides
(LPS) that act on Toll-like receptor 4 (TLR4) induce mitogen
activated kinase (MAPK) and NF«B activity through different
branches of the TLR4 pathway and subsequently enforce pro-
and anti-inflammatory cytokine expression.

LPS binding protein (LBP) and CD14 transfer LPS to the
macrophage TLR4-MD2 complex (Shimazu et al. 1999; Miy-
ake 2006). Thereby the formation of a receptor multimer com-
posed of two copies of the TLR4-MD2-LPS complex (Park
et al. 2009) is induced. The TLR4-dimer recruits two adapter
proteins, MyD88 and TRIF (Janssens and Beyaert 2002;
O’Neill 2006). The latter mediates activation of interferon
regulatory factor (IRF) 3 and IRF7, and enhanced interferon
expression affects signal transducer and activator of tran-
scription (STAT) activation (Honda and Taniguchi 2006)
and induces a late NFxB response (Yamamoto et al. 2003).
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The MyD88-dependent branch of the TLR4 pathway acti-
vates the IxB kinase (IKK)-NFxB pathway early response and
three MAPKs: extracellular signal-regulated kinase (ERK)
1/2, c-Jun N-terminal kinase (JNK), and p38 (Guha and
Mackman 2001). MyD88 recruits interleukin-1 receptor-as-
sociated kinase (IRAK) 1 and IRAK4 (Gan and Li 2006).
Phosphorylation of IRAK1 by IRAK4 is required for tumor
necrosis factor receptor-associated factor 6 (TRAF6) recruit-
ment to the TLR4-MD2 receptor (Inoue et al. 2007; Kim et al.
2007). IRAK1-TRAF6 dissociates from the complex and acti-
vates TAK1, a MAP3K member (Wang et al. 2001). TAK1, in
turn, phosphorylates MKK4, MKK3/6, and IKK, which acti-
vates JNK and p38 pathways and induces IkB degradation,
leading to NFkB activation (Wang et al. 2001). Transcription
factor activation by these pathways coordinates the induction
of pro- and anti-inflammatory cytokines genes, such as TNF-
a, IL-1, IL-6, IL-8, and IL-10 (Ulloa and Tracey 2005).

The analysis of LPS-induced changes in macrophage gene
expression profiles revealed genome-wide alterations in

© 2014 Liepelt et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see
http:/rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http:/creativecommons.org/licenses/
by-nc/4.0/.

RNA 20:899-911; Published by Cold Spring Harbor Laboratory Press for the RNA Society 899



Liepelt et al.

alveolar and RAW 264.7 macrophages (Rutledge et al. 2011;
Reynier et al. 2012), but information about the contribution
of post-transcriptional processes that affect expression down-
stream from differential gene regulation is still fragmentary.

Many cytokine mRNAs, which have very short half-lives,
bear AU-rich sequence elements (ARE) within their 3’
UTRs (Wilusz et al. 2001) that represent specific protein in-
teraction sites (Anderson 2008; Clark et al. 2009). It has been
shown that the LPS-dependent MKK3/6-p38-MK2 pathway
increases the TNF-a mRNA half-life through phosphoryla-
tion and stabilization of the ARE-binding protein tristetra-
prolin (TTP) (Hitti et al. 2006; Tiedje et al. 2010, 2012);
similarly KH-type splicing regulatory protein (KSRP) stabi-
lizes IL-8 mRNA (Winzen et al. 2007).

Importantly, the synthesis of TLR4 downstream kinases
and their modulators, which is essential for the tight con-
trol of inflammatory cytokine expression, is also regulated
post-transcriptionally. A role of RNA binding proteins and
miRNAs in innate immune response has begun to emerge,
but information about molecular mechanisms of their action
is scarce. Recently, an hnRNP D (AUFI1)-TAKI mRNA in-
teraction was shown to promote TAK1 mRNA translation
(Sarkar et al. 2011). Furthermore, miR-146a/b was implicat-
ed in IRAK1 and TRAF6 mRNA translation control (Taganov
et al. 2006) and miR-155 in modulation of IL-1 signaling in
LPS-activated monocyte-derived dendritic cells (Ceppi et al.
2009).

To analyze the impact of post-transcriptional regulation
on LPS-induced TLR4 signaling and cytokine expression in
RAW 264.7 macrophages, RNA immunoprecipitation and
microarray analysis (RIP-Chip) was performed with hnRNP
K as bait. HnRNP K had been characterized as a specific reg-
ulator of mRNA translation in hematopoietic cells. It con-
trols translation of reticulocyte 15-lipoxygenase (r15-LOX)
mRNA in erythroid cells (Ostareck et al. 2001) and stability
of cyclooxygenase (COX) 2 mRNA in monocytes (Shanmu-
gam et al. 2008).

To identify mRNAs that encode TLR4 downstream kinases
and their modulators, which are bound by hnRNP K in a LPS-
dependent manner, cytoplasmic extracts were prepared from
untreated macrophages, and after 6 h LPS stimulation, and
specifically coprecipitated mRNAs were applied to microar-
ray analysis. One thousand nine hundred and one mRNAs
were differentially enriched on hnRNP K in untreated com-
pared to LPS-induced macrophages. Interestingly, 163
mRNAs encode immune response proteins, from which 21
candidates related to TLR4 signaling were selected for quan-
titative real-time PCR (qPCR) expression analysis. Equal am-
plification from the RNA pool isolated from untreated and
LPS-induced macrophages qualified 14 mRNAs as potential
targets of translational regulation. An increased specific accu-
mulation on hnRNP K was determined for seven mRNAs in
untreated compared to LPS-induced macrophages, from
which we chose TAKI mRNA that encodes a central kinase
in TLR4 signaling for further analysis. Importantly, in pri-
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mary bone marrow-derived macrophages (BMDMs) from
C57BL/6 mice, the differential enrichment could be con-
firmed. Employing in vitro RNA-binding assays, we demon-
strated that hnRNP K homology domain (KH) 3 of hnRNP
K specifically interacts with a TAKI mRNA 3’ UTR motif. Si-
lencing of hnRNP K by RNAi does not affect TAK1 mRNA
synthesis but increases its translation in untreated macro-
phages. The reduced level of hnRNP K changes the LPS re-
sponse to an earlier and extended p38 phosphorylation,
which leads to elevated cytokine mRNA synthesis. This sug-
gests that through translational regulation of the central
kinase TAK1, hnRNP K modulates LPS-induced TLR4 signal-
ing and boosts cytokine mRNA expression as a critical inflam-
matory response of macrophages.

RESULTS

Identification of hnRNP K-associated mRNAs
affected in macrophage LPS response

To identify new regulatory mRNA protein complexes
(mRNP) that modulate the macrophage inflammatory re-
sponse to LPS, we generated extracts from murine RAW
264.7 macrophages and validated the impact of post-tran-
scriptional regulation on newly identified mRNAs in primary
BMDMs from C57BL/6 mice.

The inflammatory response of RAW 264.7 macrophages
and BMDMs was induced with 10 ng/mL and 80 ng/mL
LPS, respectively, which were determined as the minimal ef-
fective concentration (data not shown). When RAW 264.7
cells and BMDMs were LPS-treated for 6 h (Fig. 1A), a strong
and sustained activation of p38 could be detected after 10 min
in BMDMs (Fig. 1A, lanes 10-14), whereas RAW 264.7 cells
responded with a short activation after 20 min (Fig. 1A, lane
3). LPS-induced cytokine mRNA synthesis was monitored
for 24 h by RT-PCR (Fig. 1B). Pro-inflammatory (TNF-a,
IL-1p, and IL-6) cytokine mRNAs were expressed in a com-
parable single-phase pattern (Fig. 1B, lanes 1-12), whereas
for mRNAs encoding the anti-inflammatory cytokine IL-10
and COX-2, the pattern differed between RAW 264.7 cells
and BMDMs (Fig. 1B, cf. lanes 1-12 and lanes 13-24). The
expression of two control mRNAs did not change (Fig. 1B,
lanes 1-24). In both cell types, the proteins hnRNP K and
GAPDH were not affected by LPS-induction (Fig. 1C, lanes
1-24). The macrophage activation state was characterized
by FACS analysis at 0, 2, 6, and 10 h. Living RAW 264.7
cells (Fig. 1D, left panel) and BMDMs (Fig. 1D, right panel)
were identified by CD11b and F4/80 expression (data not
shown). Macrophage activation markers (CD14, CDA40,
CD80, and CD86) (Tacke and Randolph 2006; D’Anto et al.
2009) were increased in LPS-treated CD11b and F4/80 posi-
tive cells (Fig. 1D). The lack of CD11c expression confirmed
the absence of dendritic cells (data not shown).

To identify new mRNAs that are controlled post-transcrip-
tionally in macrophage activation by RIP-Chip analysis, we
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FIGURE 1. LPS-induced activation of RAW 264.7 cells and BMDMs. (A) RAW 264.7 cells (left
panel) and BMDM:s from healthy C57BL/6 mice (right panel) were treated for 6 h with 10 ng/mL
or 80 ng/mL LPS, respectively, and analyzed at the indicated time points with antibodies against
P38, phospho-p38 (p-p38), and GAPDH in Western blot assays. (B) RAW 264.7 cells (left panel)
and BMDMs from healthy C57BL/6 mice (right panel) were treated for 24 h with 10 ng/mL or
80 ng/mL LPS, respectively, and induction of mRNAs that encode pro-inflammatory (TNF-a,
IL-1B, TL-6) and anti-inflammatory (IL-10) cytokines and COX-2 was monitored by RT-PCR;
NDUFV1 mRNA (RAW 264.7 cells) and mRNA encoding ribosomal protein S7 (rpS7)
(BMDMs) served as controls. (C) Expression of hnRNP K and GAPDH was monitored in
Western blot assays. (D) CD14, CD40, CD80, and CD86 were used as markers for macrophage
activation of RAW 264.7 cells (left panel) after LPS stimulation for 2, 6, and 10 h and BMDMs

(right panel) after LPS stimulation for 2, 4, 6, and 10 h.

focused on hnRNP K, which regulates mRNA translation in
hematopoietic cells (Ostareck-Lederer and Ostareck 2012).
HnRNP K was specifically immunoprecipitated with an

Oh == 2h == 4h == gh === 10h

mRNAs are equally expressed in untreat-
ed RAW 264.7 cells and after LPS-in-
duction to dissect transcriptional from
translational control. In the RNA pool
isolated from untreated and LPS-induced
RAW 264.7 cells, equal amplification
could be detected for 14 mRNAs, where-
as seven were excluded by that crite-
rion (data not shown). Analysis of the
hnRNP K immunoprecipitation revealed
that seven of the 14 mRNAs were en-
riched on hnRNP K in untreated RAW
264.7 cells (Fig. 2D, left panel). For these
mRNAs that encode IRAK4, TAK1, IRAK1BP1, ERCI,
CARM1/PRMT4, PIK3CA, and AKT3, the results were con-
firmed by hnRNP K immunoprecipitation from cytoplasmic
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FIGURE 2. Identification and validation of hnRNP K-interacting mRNAs in RAW 264.7 cells
and BMDMs. (A) Immunoprecipitated hnRNP K from cytoplasmic extracts of noninduced
RAW 264.7 cells and after 6 h LPS stimulation was detected by Western blotting. For the control
immunoprecipitation a nonrelated antibody (ctrl.) was used. (B) Coprecipitated mRNAs were de-
tected by RT-PCR as indicated. (C) MRNAs identified by microarrays were classified according to
their Gene Ontology—annotated biological processes with PANTHER. (D) RAW 264.7 cells (left
panel) or BMDMs from healthy C57BL/6 mice (right panel) were treated for 6 h with 10 ng/mL or
80 ng/mL LPS, respectively. Equal amounts of cytoplasmic extracts were used for immunoprecip-
itation with an anti-hnRNP K or a control antibody. Copurified mRNAs were analyzed by qPCR.
MRNAs specifically enriched on hnRNP K were normalized to five controls (RAW 264.7) or two
controls (BMDMs) that did not interact with hnRNP K.
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extracts of untreated and LPS-induced
BMDMs from C57BL/6 mice (Fig. 2D,
right panel).

HnRNP K binds the 3’ UTR of TAK1
mRNA that encodes a central TLR4
signaling kinase

In order to examine whether hnRNP K is
involved in LPS-dependent regulation of
TLR4 downstream protein synthesis and
thereby contributes to modulation of
pro- and anti-inflammatory cytokine ex-
pression, we focused on TAKI, a central
TLR4 downstream kinase. TAK1 mRNA
association with hnRNP K was found
to decline upon macrophage activation
by LPS. To identify potential hnRNP K
binding sites, the untranslated regions of
TAKI mRNA were screened for the pres-
ence of hnRNP K binding motifs. Repeat-
ed 5'UC;.43 motifs represent optimal
interaction sites for the hnRNP K homol-
ogy domain 3 of hnRNP K (Thisted et al.
2001; Messias et al. 2006). The TAK1
mRNA 3" UTR (3782 nt) bears two se-
quence elements with such motifs (31,
nucleotides 2381-2596 and 3’2, nucleo-
tides 2837-3288) spaced by a sequence
with two class I AU-rich elements (Gru-
ber et al. 2010) (3’ARE, nucleotides
2587-2837) (Fig. 3A, upper panel).

To characterize the direct hnRNP K-
TAK1 mRNA 3’ UTR interaction sites,
the sequence elements 3’1, 3’2, and
3’ARE were employed in in vitro UV-
crosslinking assays. The reticulocyte 15-
lipoxygenase (r15-LOX) mRNA 3’ UTR
differentiation control element (DICE,
190 nt) that bears 5'UCs_43’ repeats and
confers hnRNP K KH3 domain binding
served as a specificity control (Ostareck
et al. 1997; Messias et al. 2006; Naar-
mann-de Vries et al. 2013). Interaction
of [**P]-labeled 3’1, 3’2, DICE, and
3’ ARE with recombinant His-hnRNP K,
His-hnRNP K lacking KH3 (His-hnRNP
Kiakns)), or His-KH3 was analyzed at
equimolar amounts (Fig. 3A-C). His-
hnRNP K (Fig. 3A, lanes 1-3) and His-
KH3 (Fig. 3C, lanes 1-3), but not
His-hnRNP  Kaxns) (Fig. 3B, lanes
1-3), were bound to [**P]-labeled 31,
3’2, and DICE. The lack of 3’ARE tran-
script interaction (Fig. 3A, lane 4)
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TABLE 1. Identified target mRNAs that were specifically enriched in hnRNP K immunopre-

cipitation

mechanism, we first examined the TAK1
mRNA level in hnRNP K-depleted cells.

The amount of TAKI mRNA remained

# G bol G titl G ID . TR .
ene symbo ene e ene unchanged (Fig. 4C), indicating that in-
1 PCGF1 polycomb group ring finger 1 69837 duction of transcription or changes in
2 PCGF2 polycomb group ring finger 2 o _ 22658 mRNA stability did not account for the
3 MED9 mediator of RNA Polymerase Il transcription, subunit9 192191 elevated TAKI protein. Taken together,
homolog (yeast) h Its indi hat the i
4 IRAKI interleukin-1 receptor-associated kinase 1 16179 t ese results indicate that .t € increase
5  CARMT, PRMT4 coactivator-associated arginine methyltransferase 1 59035 in endogenous TAK1 protein at reduced
6  LITAF LPS-induced TN factor 56722 hnRNP K level results from TAKI
7 ICAM2 intercellular adhesion molecule 2 15896 mRNA translation activation.
8 FCER1G Fc receptor, IgE, high affinity I, y polypeptide 14127
9  ALOX5 arachidonate 5-lipoxygenase 11689
10 CSFIR C(r)llon);]stigﬂullating flactokr 1 receptolr | . 12978 Reduction of hnRNP K enhances
11 PIK3CA phosphatidylinositol 3-kinase, catalytic, o polypeptide 18706 .
endogenous TAKT mRNA translation
12 IRAK1BP1 interleukin-1 receptor-associated kinase 1 binding 65099 8
_ protein 1 ; ) To prove that endogenous TAK1 mRNA
13 IRAK4 |nFer|eukm—1 receptor—a§soc.1ated k!nase 4. 266632 translation is up-regulated in RAW 264.7
14 TAK1, MAP3K7  mitogen-activated protein kinase kinase kinase 7 26409 lls when h ..
15 NKRF NF-kB repressing factor 77286 cells when nI_{NP K expresslon IS re-
16 ERCI ELKS/RAB6-interacting/CAST family member 1 111173 duced by RNAi, we characterized TAK1
17 JUN Jun oncogene 16476 mRNA cosedimentation with polysomes
18 AKTI thymoma viral proto-oncogene 1 11651 by sucrose gradient fractionation of cyto-
19 AKT2 thymoma v!ral proto-oncogene 2 11652 plasmic extracts prepared from cyclohex-
20 AKT3 thymoma viral proto-oncogene 3 23797 mid d cells (Fi
21 IRF7 interferon regulatory factor 7 54123 imide-treated cells (Fig. 5).

Knock-down of hnRNP K was verified

suggests that the TAK1 mRNA 3’ UTR 5'UC;_,3" motifs me-
diate the hnRNP K KH3 interaction.

To ascertain the impact of 5’UC;_43" motifs on hnRNP K
binding to transcripts 3’1 and 3’2, we tested whether the
DICE outcompetes the interaction; the 3’ARE transcript
served as nonspecific control (Fig. 3D). UV-crosslinking of
His-hnRNP K to 3’1 and 3’2 was outcompeted by the
DICE (Fig. 3D, lanes 1-3 and 6-8) but not by the 3’ARE
(Fig. 3D, lanes 1,4,5, and 6,9,10). These results further sup-
port a direct hnRNP K - TAK1 mRNA 3" UTR interaction.

TAK1 expression increases when hnRNP K is
reduced in RAW 264.7 cells and BMDMs

Having shown that recombinant hnRNP K directly interacts
with the TAK1 mRNA 3’ UTR, we next investigated whether
endogenous hnRNP K functions as a cellular regulator of
TAK1 mRNA translation in macrophages. For this purpose,
we reduced hnRNP K expression by RNAi with two individ-
ual siRNAs (#1, #2). A nonrelated siRNA was used as a con-
trol (ctrl.) (Fig. 4). HnRNP K siRNA transfection of RAW
264.7 cells and BMDMs from untreated mice enhanced
TAK]1 protein expression as shown by immunofluorescence
microscopy with a specific antibody (Fig. 4A). A strong in-
crease of TAKI protein could also be detected in cytoplasmic
extracts of RAW 264.7 cells (Fig. 4B, left panel, lanes 3,4) and
primary BMDMs (Fig. 4B, right panel, lanes 6,7) when
hnRNP K was depleted by RNAI. To address the underlying

by Western blotting (Fig. 5A, inset). The

Ay nm profiles of cytoplasmic extracts of

control or hnRNP K knockdown cells
showed no differences (Fig. 5A). To exclude that ribosome
distribution to polysomes was affected at a level below re-
cording resolution, we analyzed 18S and 28S rRNA distribu-
tion by qPCR. For both 18S and 28S rRNA, only minor
differences were observed (Fig. 5B, top and middle panel).
To monitor the position of ribosomal complexes and
mRNPs, the distribution of the 40S subunit protein rpS3
and translation initiation factor eIF6 that is bound to the
60S subunit prior to 80S ribosome formation (Ceci et al.
2003) was detected in addition to 18S and 28S rRNA (Fig.
5B, bottom panel). 18S and 28S rRNA accumulated mainly
in polysomal and 80S fractions, and 18S rRNA also in 40S
subunit-containing fractions. RpS3 was enriched in 40S,
80S, and in polysomal fractions, while eIF6 specifically comi-
grated with 60S subunits (Fig. 5B). The endogenous TAK1
mRNA distribution analyzed by qPCR illustrates that
hnRNP K knock-down resulted in a strong accumulation
of TAK1 mRNA in heavy polysomal fractions (Fig. 5C), indi-
cating that TAK1 mRNA translation is enhanced in vivo.
Quantification of TAK1 mRNA in pooled fractions of heavy
(1-6) and light polysomes (7-11) and monosomes (12-17),
as well as mRNPs (18-19) highlights the shift of TAK1
mRNA from monosomes and light polysomes to heavy poly-
somes in hnRNP K-depleted cells (Fig. 5D). This is consistent
with enhanced TAK1 protein upon hnRNP K knock-down
(Fig. 4A,B). In contrast, translation of two control mRNAs,
NDUFV1 and COG7, was only affected to a minor extent
(Fig. 5E,F). These mRNAs did not interact with hnRNP K
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FIGURE 3. KH domain 3 of hnRNP K directly binds to the TAK1
mRNA 3" UTR. (A) Upper panel: Schematic representation of a part
of the TAKI mRNA 3’ UTR; the repeated 5UC;_43" motifs and AREs
are indicated by arrows. Lower panel: 14.5 fmol [**P]-labeled TAK1
mRNA 3" UTR fragments 3’1 (lane 1), 3'2 (lane 2), the r15-LOX
mRNA 3’ UTR DICE (lane 3), and 3’ARE (lane 4) were incubated
with 7.2 pmol recombinant His-hnRNP K as indicated and subjected
to UV-crosslinking. (B) 40 fmol [**P]-labeled TAKI mRNA 3’ UTR
fragments 3’1 (lane 1) and 3’2 (lane 2), or the r15-LOX mRNA 3’
UTR DICE (lane 3) were incubated with 7.2 pmol recombinant His-
hnRNP Ka gu3) (lanes 1-3), as indicated. (C) 40 fmol [**P]-labeled
TAKI mRNA 3’ UTR fragments 3’1 (lane 1), 3'2 (lane 2), or the r15-
LOX mRNA 3’ UTR DICE (lane 3) were incubated with 530 pmol re-
combinant His-KH3. (D) 40 fmol [**P]-labeled TAK1 mRNA 3’ UTR
fragments 3’1 (lanes 1-5) and 32 (lanes 6-10) were incubated with
7.2 pmol His-hnRNP K (lanes 1-10) in the presence of a 50- or 200-
fold molar excess of unlabeled competitor RNA DICE (lanes 2,3,7,8)
or 3’ARE (lanes 4,5,9,10).
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in the microarray analysis and were equally expressed in un-
treated and LPS-induced RAW 264.7 cells. These results
clearly show that down-regulation of hnRNP K leads to en-
hanced translation of endogenous TAK1 mRNA, resulting
in an elevated TAK1 protein level.

HnRNP K-depleted macrophages respond to LPS
with prolonged p38 phosphorylation and enhanced
cytokine mRNA synthesis

To address the cellular function of the hnRNP K-TAKI1
mRNA complex, we investigated whether TAK1 up-regula-
tion at reduced hnRNP K levels affects the activation and
phosphorylation of downstream MAPKs ERK 1/2 and p38
and influences cytokine mRNA synthesis. For this purpose,
we performed RNAi with control (Fig. 6A, lanes 1-8) or
hnRNP K siRNA (Fig. 6A, lanes 9-16), followed by LPS in-
duction for the times indicated (Fig. 6A, lanes 2—8 and 10-16).

A time-dependent induction of ERK and p38 phosphoryla-
tion was detected following control siRNA treatment (Fig. 6A,
lanes 1-8). Interestingly, siRNA-mediated knock-down of
hnRNP Kled to an earlier and prolonged p38 phosphorylation
but did not affect ERK 1/2 (Fig. 6A, cf. lanes 1-8 and 9-16).
Importantly, synthesis of TNF-a, IL-1p, and IL-10 mRNAs
increased after reduction of hnRNP K by RNAi (Fig. 6B).

LPS induction of hnRNP K-depleted cells leads to an ear-
lier and extended phosphorylation of the TAK1 downstream
kinase p38, compared to cells with a basal hnRNP K and
TAK1 level. The resulting increase in cytokine mRNA expres-
sion suggests that hnRNP K is an important modulator of
TAK1 mRNA translation that affects LPS-induced TLR4
downstream signaling and induction of cytokine mRNA
expression.

HnRNP K tyrosine phosphorylation increases
in activated macrophages

The level of hnRNP K does not decline in RAW 264.7 cells
activated by LPS up to 6 h (Fig. 1C, left panel); therefore,
we hypothesized that a change in RNA-binding activity abro-
gates hnRNP K-mediated repression of TAKI mRNA trans-
lation. To address this question, we analyzed whether a
LPS-induced post-translational modification contributes to
this process. Previously, we have shown that hnRNP K phos-
phorylation by c-Src abolishes mRNA binding and its func-
tion in translation inhibition (Ostareck-Lederer et al. 2002;
Messias et al. 2006). The analysis of c-Src expression in
RAW 264.7 cells revealed that the level of c-Src mRNA in-
creased following LPS induction (Fig. 7A). c-Src protein
that could be detected after 30 min was strongly elevated after
4-h stimulation (Fig. 7B).

To examine whether hnRNP K interacts with c-Src and is
phosphorylated in LPS-induced cells, hnRNP K was immu-
noprecipitated from cytoplasmic extracts, and precipitated
proteins were analyzed with c¢-Src- and phosphotyrosine-
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FIGURE 4. In noninduced RAW 264.7 cells, hnRNP K reduction results in enhanced TAK1 ex-
pression without affecting TAK1 mRNA levels. (A) RAW 264.7 cells (left panel), which were
transfected with no siRNA (mock), a control siRNA (ctrl.), or two siRNAs directed against
); and BMDMs (right panel), which were transfected with a control siRNA
(ctrl.) or hnRNP K siRNA (#1) were analyzed by immunofluorescence microscopy with antibod-
ies against hnRNP K (FITC-green) and TAK1 (Cy3-red). Cytoplasm was visualized by a-Tubulin-
Cy5 and nuclei by DAPI staining. (B) Left panel: Western blot analysis of RAW 264.7 cells, which
were transfected with no siRNA (mock), a control siRNA (ctrl.), or two siRNAs directed against
hnRNP K (#1, #2). Right panel: Western blot analysis of BMDMs, which were transfected with a
control siRNA (ctrl.) or two siRNAs directed against hnRNP K (#1, #2). Antibodies detecting
hnRNP K, TAK1, and Vinculin were applied. (C) qPCR analysis of the RNA isolated from two
independent transfection experiments designed as in B, left panel with specific primers against
TAK1 mRNA. TAK1 mRNA was normalized to NDUFV1 mRNA and expressed as fold change

hnRNP K (#1, #2

compared to mock transfected cells.

specific antibodies. Robust c¢-Src co-immunoprecipitation
with hnRNP K could be confirmed after 4 h, and hnRNP K
tyrosine phosphorylation was enhanced up to 6 h in LPS-in-
duced cells (Fig. 7C, lanes 3,6,9). This result gives a first hint
that c-Src-dependent phosphorylation might be involved in
hnRNP K release from TAKI mRNA.

Earlier, we have shown that hnRNP K
binds to the r15-LOX mRNA 3’ UTR
DICE and silences r15-LOX mRNA
translation in premature reticulocytes
(Ostareck et al. 2001; Naarmann et al.
2008, 2010). Newly synthesized rl5-
LOX initiates mitochondria degradation
in mature reticulocytes (Rapoport and
Schewe 1986; van Leyen et al. 1998;
Grullich et al. 2001; Naarmann et al.
2008). Abolishment of mRNA silencing
requires coordinated post-translational
modifications of hnRNP K in erythroid
differentiation. HnRNP K activates c-
Src (Ostareck-Lederer et al. 2002; Adolph
et al. 2007), and c-Src-dependent tyro-
sine phosphorylation diminishes DICE
binding activity of hnRNP K and con-
sequently its function as inhibitor of
mRNA translation (Messias et al. 2006).
For several mRNAs, which are equally
expressed in untreated and activated
macrophages, a stronger enrichment on
hnRNP K was determined in noninduced RAW 264.7 cells
and BMDMs compared to cells induced with LPS for 6 h
(Fig. 2D). These mRNAs encode proteins related to TLR4 sig-
naling: IRAK4, TAK1, IRAK1BP1, ERC1, CARM1/PRMT4,
PIK3CA, and AKT3. The kinases IRAK4 and TAKI1 play
an essential role in the MyD88-dependent TLR4 signaling
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pathway. For IRAK1BP1, an inhibitory function in inflam-
mation was described (Conner et al. 2010). IkB kinase regu-
latory subunit ERCI is required for NFxB activation (Ducut
Sigala et al. 2004), and CARM1/PRMT4 has been shown
to function as a promoter-specific NFkB regulator (Covic
etal. 2005). In monocytes and macrophages, LPS is implicat-
ed in PIK3 and AKT pathway activation (Guha and Mackman
2002; Lee et al. 2007). In monocytes, a dependence of LPS-in-

16 TAKI mRNA that encodes a central ki-
nase in the TLR4 signaling pathway.
Recently, it has been shown that AUF-1,
which represents a family of four poly-
peptides (p37, p40, p42, and p45)
(Wagner et al. 1998) interacts with the
TAK1 mRNA. Specifically, p40 promotes
TAK1 mRNA translation in monocytes
(Sarkar et al. 2011). RNA-binding studies
showed that AUF-1 interacts with AREs
(DeMaria and Brewer 1996; DeMaria
& et al. 1997); consistently, hnRNP K did
not interact with the 3’ARE element in
the TAK1I mRNA 3’ UTR that contains
two class I AREs in in vitro RNA binding
assays (Fig. 3A). Instead, hnRNP K specif-
ically interacts with extended 5UC;_,3’
motifs in 3'1 and 3’2 (Fig. 3A), in agree-
ment with r15-LOX mRNA interaction
studies (Ostareck-Lederer et al. 1994;
Ostareck et al. 1997; Messias et al. 2006).
hnRNP K interaction with TAK1 mRNA
3’ UTR elements 3’1 and 3’2 could be out-
competed by the r15-LOX mRNA DICE
but not by the TAK1 mRNA 3’ARE (Fig.
3D), further indicating specific binding
of hnRNP K to these sequence elements.
Binding of hnRNP K to TAK1 mRNA 3’
UTR elements 3’1 and 3’2 occurs via
KH3 (Fig. 3C), consistent with DICE in-
teraction studies (Naarmann-de Vries
etal. 2013), and deletion of KH3 abrogat-
ed the interaction (Fig. 3B).

Efficient siRNA-mediated reduction of
hnRNP K expression in untreated macrophages did not affect
the TAK1 mRNA level but resulted in an increase of TAKI
protein (Fig. 4). This is consistent with the finding that en-
dogenous TAK1 mRNA accumulated in polysomal fractions,
when hnRNP K was depleted from untreated macrophages
by RNAI (Fig. 5A-D). Importantly, LPS-induction of macro-
phages with enhanced TAKI protein expression resulted in
an earlier and prolonged phosphorylation of p38 (Fig. 6A)
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FIGURE 7. HnRNP K interacts with c-Src and is tyrosine phosphorylated in LPS-induced RAW
264.7 cells. (A) RAW 264.7 cells were treated for 6 h with 10 ng/mL LPS, and synthesis of c-Src
mRNA was monitored by RT-PCR. GAPDH mRNA served as a control. (B) Expression of c-Src
and Vinculin was analyzed in Western blot assays. (C) Immunoprecipitation of hnRNP K with a

control the inflammatory response, a
global analysis of macrophage mRNPs
by an interactome capture approach will
be performed.

specific antibody from cytoplasmic extracts of noninduced RAW 264.7 cells (lanes 1-3), after 4 h
(lanes 4-6), or after 6 h (lanes 7—9) LPS treatment followed by Western blot assays. The level of

immunoprecipitated protein was detected with an hnRNP K antibody (hnRNP K), the phosphor-
ylated protein with an anti-phosphotyrosine antibody (p-Y-hnRNP K), and co-immunoprecip-

itated c-Src with the c-Src antibody. GAPDH served as a control.

and an increase of cytokine mRNA synthesis (Fig. 6B). An in-
crease in TNF-a protein secretion supports the physiological
relevance of this regulation (data not shown). This suggests
that hnRNP K inhibits TAK1 mRNA translation in untreated
macrophages, which contributes to the tight control of in-
flammatory cytokine expression.

How is TAK1 mRNA translation activated in LPS-induced
macrophages? Since it has been shown for hnRNP K that
c-Src-dependent tyrosine phosphorylation abrogates RNA-
binding (Messias et al. 2006), we first tested whether c-Src
is expressed in macrophages. We found that c-Src mRNA
synthesis was detectable already in untreated RAW 264.7 cells
(Fig. 7A) and c-Src protein after 30 min LPS induction (Fig.
7B). HnRNP K interacts with c-Src, and tyrosine phosphor-
ylation strongly increases after LPS-induction (Fig. 7C).
These data suggest that tyrosine phosphorylation of hnRNP
K may lead to hnRNP K release from TAK1 mRNA, thereby
allowing enhanced TAK1 mRNA translation in LPS-induced
macrophages. Future studies will elucidate the timing and
the mechanism by which hnRNP K regulates TAKI mRNA
translation. Our data indicate that translation control of
TAK1 mRNA facilitates an enhanced synthesis of TAK1 pro-
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MATERIALS AND METHODS

Plasmid construction

Primers used for cloning are summarized in
the Supplemental Material. For pBSITKS-Luc-pA-NB, first the firefly
luciferase ORF was PCR-amplified from pT3-Luc (lizuka et al.
1994) and cloned blunt-end into Smal-digested pBluescript II KS
(+) (Stratagene). The resulting pBSIIKS-Luc was digested with
Apal and ligated with poly(A)eg resulting from BamHI/EcoRI-di-
gested pT3-Luc-pA (lizuka et al. 1994) after blunt ends were gen-
erated to yield pBSIIKS-Luc-pA. Additional restriction sites for
linearization were added downstream from the poly(A) into the
Kpnl site. TAK1 3° UTR fragments were PCR-amplified from
RAW 264.7 total RNA and cloned blunt/Xhol into pBSIIKS-Luc-
PA-NB. TAK1 3" UTR fragments of resulting constructs were then
subcloned by Xmal/Xhol digestion into pBluescript IT KS (+)
(Stratagene).

Cell culture and LPS treatment

RAW 264.7 cells (ATCC, TIB-71) were grown in DMEM supple-
mented with 10% heat-inactivated FBS, penicillin, and streptomy-
cin. For conditioned medium, 1929 cells (S. Burgdorf) were
seeded (1.5 x 10°) on a 148-cm? plate in RPMI-1640 supplemented
with 10% heat-inactivated FBS, penicillin, and streptomycin. After 4
d incubation, supernatant was collected, filtered through a 0.22-um
filter, and stored at —20°C (Weischenfeldt and Porse 2008). For
BMDMSs, bones from C57BL/6 mice were extracted, and bone



hnRNP K regulates TAK1 expression in inflammation

marrow cells were collected by flushing with RPMI 1640 supple-
mented with 10% heat-inactivated FBS, penicillin, streptomycin,
and 30% conditioned 1929 medium. For LPS treatment, 10 ng/
mL (RAW 264.7) or 80 ng/mL (BMDMs) Escherichia coli LPS (sero-
type 0111:B4, Sigma-Aldrich) was added to the medium.

Lysate preparation

Total cell lysate preparation was performed according to Ostareck-
Lederer et al. (2002).

Cytoplasmic extract preparation

RAW 264.7 cell extract was prepared as in Barton and Flanegan
(1993). Cells were harvested by scraping, washed with ice-cold iso-
tonic buffer (35 mM Hepes/KOH pH 7.6, 146 mM NaCl, 11 mM
glucose), and collected by centrifugation (4°C, 5 min, 300g). The
pellet was resuspended in an equal volume of hypotonic buffer
(10 mM Hepes/KOH pH 7.6, 10 mM KCH;CO,, 0.5 mM Mg
[CH;3CO,]5, 5 mM DTT) with protease inhibitors (Roche), and in-
cubated for 15 min on ice. Cells were broken by using a glass Dounce
homogenizer or expelling through a 26-gauge needle, and nuclei
were removed by centrifugation (20,000g, 10 min, 4°C).

In vitro transcription

RNA for the competition experiment and for extraction control
was transcribed with the T3 and T7 MEGAscript Kit (Applied
Biosystems).

Polysome analysis

Sucrose gradient centrifugation was carried out as described in de
Vries et al. (2013).

RNA preparation and quantitative real-time PCR

Total RNA was prepared using Trizol. Fifty picograms luciferase
RNA per reaction was added prior to extraction. For reverse tran-
scription, random primers and M-MLV RT (Promega) were used
(Naarmann et al. 2008). qPCR was performed with SYBRGreen
(Sigma-Aldrich) and PCR Master Mix (Promega) on a 7300 Real
Time PCR System or Power SYBRGreen PCR Master Mix on a
StepOnePlus (all Applied Biosystems). Primers are summarized in
the Supplemental Material. For mRNA analysis in sucrose gradients,
RNA was prepared from 300 pL of individual fractions, and equal
volumes were used in qPCR. For analysis of endogenous 18S and
28S rRNAs and mRNA, equal RNA amounts were analyzed by
qPCR. Amounts of rRNA and mRNA were determined by the
AAC, method (Livak and Schmittgen 2001), normalized for lucifer-
ase RNA (Fig. 5B-F), or endogenous NDUFV1 mRNA (Figs. 4C,
6B), NDUFV1, DOCK10, COG7, TRP53BP2, and MYO10 mRNAs
(Fig. 2D, left panel), or TRP53BP2 and MYO10 mRNAs (Fig. 2D,
right panel). For detection of mRNAs in Figures 1B, 2B, and 7A, to-
tal RNA was first treated with RQ1 DNase (Promega) according to
the manufacturer’s protocol. For reverse transcription, random
primers and M-MLV RT (Promega) were used (Naarmann et al.
2008). RT-PCR was then performed with GoTaq Flexi DNA Poly-
merase (Promega) according to the manufacturer’s protocol, and

PCR products were analyzed on GelRed-stained (Biotium) 2% aga-
rose gels.

Antibodies

Antibodies were purchased from Abcam (c-Src, GAPDH), AbD
Serotec (F4/80), BD Biosciences (elF6, CD14, CD40, CDS80,
CD86), Cell Signaling (ERK 1/2, p-ERK 1/2, p-p38), eBioscience
(CD11b), Imgenex (TAK1), Santa Cruz (hnRNP K, p38, rpS3, firefly
luciferase, phosphotyrosine), Sigma-Aldrich (a-tubulin, Vinculin),
and GE Healthcare Life Sciences (HRP-conjugated antibodies).
Monoclonal hnRNP K antibody (Figs. 4A, 7C) is described in Naar-
mann et al. (2008).

Immunocytochemistry

Immunofluorescence staining was essentially performed as de-
scribed by Naarmann et al. (2008). Microscopy was performed
with an Apotome 2; images were acquired with AxioVision (both
Zeiss).

FACS

Cells were harvested by scraping and resuspended in FACS staining
buffer (0.9% normal mouse serum, 0.9% normal rabbit serum,
0.9% normal human serum [all Sigma-Aldrich], 3% BSA, 2 mM
EDTA in PBS). After antibody staining and washing, cells were re-
suspended in PBS with Hoechst (BD Biosciences). Counting was
performed using a FACSCanto-II (BD Biosciences), and data were
analyzed with Flow]Jo software (TreeStar) by gating on F4/80 and
CDL11b positive cells.

Immunoblot analysis

Western blot assays were performed as described previously (Naar-
mann et al. 2010) and analyzed on a LAS-4000 system (GE Health-
care Life Sciences).

Immunoprecipitation

Immunoprecipitation was performed as described (Naarmann et al.
2010), except that for control precipitation, an anti-firefly luciferase
antibody was used.

Microarrays

After immunoprecipitation, coprecipitating RNA was isolated with
Trizol and processed for analysis on GeneChipMouse Genome
430 2.0 arrays (Affymetrix) according to the manufacturer’s proto-
col. Data were analyzed using ArrayStar (DNAStar). All array data
are MIAME compliant.

RNAI

For RNAi, RAW 264.7 cells (1 x 10° cells in DMEM without FBS
and antibiotics) were transfected by electroporation at 0.36 kV
and 500 pF (GenePulser II, BioRad) with 500 pmol siRNA
(MWG) against hnRNP K or a nonspecific control (Naarmann

www.rnajournal.org 909



Liepelt et al.

etal. 2008), and cells were harvested 24 h post-transfection. BMDMs
(in RPMI-1640 without FBS and antibiotics) were transfected at
0.36 kV and 100 pF and harvested 48 h post-transfection.

Expression of recombinant hnRNP K

His-hnRNP K, His-hnRNP K, x13), and His-KH3 were expressed
and purified as described in Naarmann-de Vries et al. (2013).

UV-crosslinking

UV-crosslinking assays were performed as described previously
(Ostareck-Lederer et al. 1994).

DATA DEPOSITION

The microarray raw data have been deposited in Gene Expression
Omnibus (GEO) under accession no. GSE48463.

SUPPLEMENTAL MATERIAL

Supplemental Material is available for this article and provides tables
listing oligonucleotide sequences and the corresponding references.
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