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Sam68 is a regulator of Toll-like receptor signaling

Jeffrey A Tomalka, Tristan J de Jesus and Parameswaran Ramakrishnan

Recognition of pathogens by Toll-like receptors (TLR) activate multiple signaling cascades and expression of genes
tailored to mount a primary immune response, inflammation, cell survival and apoptosis. Although TLR-induced
activation of pathways, such as nuclear factor kappaB (NF-kB) and mitogen-activated protein kinases (MAPK), has been
well studied, molecular entities controlling quantitative regulation of these pathways during an immune response remain
poorly defined. We identified Sam68 as a novel regulator of TLR-induced NF-xB and MAPK activation. We found that
TLR2 and TLR3 are totally dependent, whereas TLR4 is only partially dependent on Sam68 to induce the activation of
NF-kB c-Rel. Absence of Sam68 greatly decreased TLR2- and TLR3-induced NF-xB p65 activation, whereas TLR4-
induced p65 activation in a Sam68-independent manner. In contrast, Sam68 appeared to be a negative regulator of
MAPK pathways because absence of Sam68 enhanced TLR2-induced activation of extracellular signal-regulated kinases
(ERK) and c-Jun N-terminal kinases (JNK). Interestingly, TLR2- and TLR3-induced gene expression showed a
differential requirement of Sam68. Absence of Sam68 impaired TLR2-induced gene expression, suggesting that Sam68
has a critical role in myeloid differentiation primary response gene 88-dependent TLR2 signaling. TLR3-induced gene
expression that utilize Toll/Interleukin-1 receptor-domain-containing adapter-inducing beta interferon pathway, depend
only partially on Sam68. Our findings suggest that Sam68 may function as an immune rheostat that balances the
activation of NF-kB p65 and c-Rel, as well as MAPK, revealing a potential novel target to manipulate TLR signaling.
Cellular & Molecular Immunology (2017) 14, 107-117; doi:10.1038/cmi.2016.32; published online 4 July 2016
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INTRODUCTION

One of the key roles of the immune system is responding to,
and limiting infection by, microorganisms including bacteria,
viruses, fungi and protozoans. Immunological dogma separates
the immune system into two main components: innate and
adaptive immunity. Innate immune responses are characterized
by early, potent and ‘non-specific’ inflammatory responses in
infected tissues meant to limit microbial growth. Adaptive
immunity involves the activation of T- and B lymphocytes
expressing high-affinity receptors for individual pathogenic
antigens that function to drive the protective immune response
necessary to clear infection, as well as provide immunological
memory to prevent future infections with the same pathogen.
The purported ‘non-specific’ nature of the innate immune
response is attributed to the innate immune cells expressing
receptors termed pattern-recognition receptors (PRRs). PRRs
function to recognize conserved microbial structures and/or
endogenous host molecules indicative of cellular injury or
stress.! These PRRs can be expressed on the cell surface, in
endosomal compartments, or in the cytoplasm of the cell,

allowing immune cells to recognize pathogenic infection
whether the pathogen resides inside or outside of cells. There
are currently four major classes of PRRs: Toll-like receptors
(TLRs),? C-type lectin receptors,> Nucleotide oligomerization
domain-like receptors®> and Retinoic acid-inducible gene
1-like receptors.® These receptors are capable of recognizing a
wide range of molecules, including lipopeptides,” lipopolysac-
charide (LPS),8 ﬂagellin,9‘11 bacterial DNA,'? viral single-
stranded/double-stranded RNA,'>!'* fungal components!'>1®
and crystalline solids.!”!® Infectious studies in mice have
confirmed the critical role of these PRRs in response to
pathogens. TLRs were the first family of these receptors to be
discovered and are the most well studied to date.!® This study
will focus on regulation of intracellular signaling following TLR
engagement.

Upon engagement of TLRs by their cognate ligand(s),
multiple intracellular signaling cascades are activated, including
nuclear factor kappaB (NF-kB), mitogen-activated protein
kinases (MAPK) and interferon regulatory factors (IRFs).2%?!
These cascades result in an altered gene expression and typically
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lead to the induction of so-called pro-inflammatory cytokines/
chemokines, which serve to recruit and activate other immune
cells at the site of infection. TLRs are known to activate
signaling through the utilization of two adapter proteins,
myeloid differentiation primary response gene 88 (MyD88)
and Toll/Interleukin-1 receptor-domain-containing adapter-
inducing interferon-f (TRIF).2 Most TLRs utilize only one of
these adapters to signal, with TLR4 being the lone exception
that utilizes both. In general, cell surface TLRs utilize MyD88
and endosomal TLRs utilize TRIF. This was confirmed recently
by the discovery that TLR4 signals via MyD88 when at the cell
surface, but via TRIF when internalized into an endosome,
explaining the previous paradox of TLR4 utilizing both signal-
ing adapters.’> Thus, adapter proteins have a major role in
integrating the membrane proximal signaling events by acting
as a scaffolding backbone.

We recently discovered that a bona fide RNA-binding
protein called Src-associated substrate in mitosis of 68 kDa
(Sam68), acts as a critical adapter in the tumor necrosis factor
receptor (TNFR)-signaling complex.?’> Sam68 has several
structural features that facilitate its function as an adapter
protein. It contains a K-homology domain that allows binding
to nucleotides, proline-rich regions to bind SH3 domain
containing proteins, tyrosine phosphorylation sites that allows
binding to SH2 domain containing proteins, as well as arginine
methylation sites.>* While studying the role of Sam68 in a TNF
signaling pathway, we found that absence of Samé68 leads to
impaired activation of the kinases such as IkB kinase and
Transforming growth factor beta-activated kinase 1 recruited to
the TNFR after stimulation and greatly decreases TNF-induced
NF-xB activation.??

Because pro-inflammatory signaling by TNF and TLR share
several cellular proteins to activate the NF-kB pathway, we
hypothesized that Samé68 is a component of the TLR-induced
NF-xB activation pathway. NF-kB is an evolutionarily con-
served family of transcription factors that controls both innate
and adaptive immune responses, cell survival and apoptosis.
NF-kB acts as dimers composed of the combination of the five
subunits of the family, RelA (p65), RelB, c-Rel, p50 (and its
precursor p105) and p52 (and its precursor p100).>> In the
basal state, NF-kB is bound to the inhibitor proteins of kappaB
family (IkB) and mostly resides in the cytoplasm. Activation
occurs by signal-induced degradation of the IkB proteins and
liberation of bound NF-kB, which translocates to the nucleus
and activates transcription.

TLR activation has also been shown to activate the MAPK
signaling pathways, including extracellular signal-regulated
kinases (ERK) and c-Jun N-terminal kinases (JNK) pathways.?®
ERK activation is marked by its phosphorylation and it mainly
controls cell survival, growth and differentiation.?” JNK activation
is associated with the transcription of several genes controlling
apoptosis, differentiation and stress response.”

We studied the role of Sam68 in TLR-induced NF-«xB
and MAPK signaling pathways, using wild-type (WT) and
Sam68-deficient macrophages and fibroblasts. Our results show
that Samé68 is critical for the nuclear translocation of NF-xB
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c-Rel following TLR and interleukin (IL)-1R stimulation. This
loss of nuclear NF-xB in Sam68-deficient cells results in ablated
pro-inflammatory gene induction following TLR2 stimulation,
whereas signaling was largely intact following TLR3 activation,
indicating a more prominent role for Sam68 in driving
gene expression following engagement of MyD88-dependent
pathways. We also examined MAPK activation and found that
Sam68 KO cells exhibited enhanced ERK and JNK activation,
both basally and following stimulation. Together, these
data identify Sam68 as a novel regulator of TLR signaling,
potentially functioning as a cellular rheostat to fine tune the
balance between NF-kB and MAPK signaling, which is critical
for the proper immune response during an infection.

MATERIALS AND METHODS

Cells

Mouse embryonic fibroblasts (MEF) and RAW264.7 cells
were grown in complete DMEM media (100 U/ml penicillin/
streptomycin, 4 mM L-glutamine and 10% fetal bovine serum).
For phosphorylation studies, cells were grown overnight in
serum-free DMEM. J558L cells were obtained from ATCC and
grown in D10 media (complete DMEM supplemented with
10mM HEPES, 1X non-essential amino acids (HyClone,
Logan, UT, USA), 1mM sodium pyruvate and 50 uM p-
mercaptoethanol) for generation of J558L cultured supernatants.

Generation of bone marrow-derived macrophages

Bone marrow progenitors were collected from femurs and tibias
of WT and Sam68 knockout (KO) mice using 25-Gauge syringe
and phosphate-buffered saline (PBS). Cells were pelleted and
subject to lysis in red blood cell lysis buffer (Biolegend, San
Diego, CA, USA) for 10min on ice. Cells were spun, resus-
pended in D10 media and were counted on a hemocytometer.
Progenitor cells were plated at a density of 2 x 10° cells per 10 cm
plate in D10 media containing 15% J558L culture supernatant as
a source of granulocyte—macrophage colony-stimulating factor.
After 3 days, suspension cells were pelleted and resuspended in
fresh D104J558L and placed back into original 10-cm plates.
After an additional 3 days, suspension cells were collected,
pelleted, resuspended in fresh C10 (fully supplemented RPMI
media)+J558L supernatant and placed into fresh 10-cm plates
for continued differentiation into dendritic cells. Fresh D10
+J558L media was placed onto adherent cells in original 10-cm
plates to continue macrophage differentiation. At day 9 of
culture, macrophages and dendritic cells were collected for
experimentation.

Reagents and antibodies

Lipofectamine 2000 was obtained from Life Technologies
(Carlsbad, CA, USA). Recombinant P3C, FSL-1, poly I:C,
LPS, and IL-1p were obtained from Invivogen (San Diego,
CA, USA). Antibodies against p65, c-Rel, p-actin, lamin A/C,
hNRPA1, Sam68, PLCy1, JNK1/2 and ERK1/2 were from Santa
Cruz Biotechnology (San Diego, CA, USA). Antibodies detecting
phosphorylated forms of ERK1/2 and JNK1/2 were from Cell
Signaling Technologies (Danvers, MA, USA).



Generation of Cas9-CRISPR knockout RAW macrophages
Sam68-targeted guide RNAs were designed using Zhang lab
CRISPR Design and analysis web tool at crispr.mit.edu.
All guides were chosen to: minimize off-target effects,
target exon 1 to prevent generation of partially truncated
proteins, and allow for wobble base-pair mutation in
reconstitution plasmids that do not alter amino-acid
sequence, but render reconstitution plasmids resistant to
Cas9 cleavage. DNA oligos corresponding to guide RNAs
were ordered from Integrated DNA Technologies
(Coralville, TA, USA) and were cloned into lenti-CRISPR
v2 plasmid (Addgene, Cambridge, MA, USA).?” Lentivirus
containing Sam68-targeted guides were generated in
HEK293T cells as described.?*® We used three separate
guide constructs to increase likelihood of knockdown and
limit off-target effects. RAW macrophages were infected
with virus from undiluted culture supernatant overnight
and left to recover for an additional day. Cells were then
placed on puromycin selection (2 pg/ml) for 48 h followed
by 48 h of recovery in fresh media. Puromycin resistant
cells were plated at 1000 cells per 15-cm plate and
individual colonies grown were picked after 7 days of
culture by light trypsinization followed by transfer to
24-well plates. Selected clones were expanded and knock-
down of protein was confirmed by western blotting. Five
clones lacking Samé68 expression were pooled to minimize
clonal variation and used in this study.

Reconstitution of Sam68 in Sam68 KO RAW macrophages
Sam68 KO RAW macrophages were transfected with
a pcDNA3-Human Influenza Hemagglutinin (HA)-Sam68
plasmid using lipofectamine reagent following manufacturer’s
protocol. Two rounds of transfection were performed to
increase the efficiency and expression. Following clonal selec-
tion, reconstituted cells were tested for the Sam68 level. Five
clones matching the level of endogenous Sam68 expression
were pooled and experiments performed.

Ultraviolet radiation treatment of the cells

RAW cells were plated (2.5% 10° cells per well in 6-cm plates)
and treated with 100 mJ/cm? of 254 nM Ultraviolet C (UVC)
radiation using a UV Stratalinker 1800 (Stratagene, La Jolla,
CA, USA). Cells were recovered for up to 8h after the
ultraviolet (UV) treatment and then lysed in Triton lysis buffer
(10 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA and 1%
Triton-X 100). Protein lysate concentrations were determined
by bicinchoninic acid (BCA) assay and normalized samples run
on 9% SDS—polyacrylamide gel electrophoresis (PAGE) gels for
western blot analysis.

Cellular fractionations for western blotting

MEFs and RAW macrophages were collected from plates using
PBS+10 mM EDTA and were pelleted at 1000g in a refrigerated
centrifuge. Cells were then resuspended in cytoplasmic lysis
buffer plus 1 X protease inhibitor cocktail (10 mM HEPES pH
7.6, 10mM KCI, 0.1 mM EDTA, 0.1 mM EGTA and 1 mM
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DTT) for 15 min on ice. A final concentration of 0.625% NP40
was added to the lysate and vortexed immediately for 10s to
disrupt remaining cellular membrane. Lysates were spun at
10000¢ for 30s at 4°C and supernatants were used as
cytoplasmic lysate. Pellets were washed once in 3 X original
volume of cytoplasmic buffer without NP40 and spun at
10000¢ for 5s at 4°C to remove any remaining cytoplasmic
proteins. Following aspiration of supernatant, pellets were lysed
for 30 min on ice in nuclear lysis buffer plus 1Xx protease
inhibitor cocktail (20 mM HEPES pH 7.6, 400 mM NaCl,
ImM EDTA, 1mM EGTA and 1 mM DTT). Pellets were
vortexed for 55, three times during lysis to ensure complete
disruption. Lysates were spun at 10 000g for 10 min at 4 °C and
supernatants were used as nuclear lysates. Protein levels were
normalized using BCA assay (Thermo Scientific, Rockford, IL,
USA). For phosphorylation studies, MEFs and RAWs were
collected as before and pelleted. Pellets were resuspended in
phospho-lysis buffer plus 1x protease inhibitor cocktail
(50mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM EDTA,
1 mM EGTA, 1% Triton-X 100, 25 pM sodium pyrophosphate,
1 mM B-glycerophosphate, 5 mM iodoacetamide and 5 mM N-
ethyl maleimide). Lysates were centrifuged at 10000g for
10 min at 4°C. Protein concentrations of supernatants were
determined by BCA assay. After normalization of protein levels,
appropriate volumes of 4 X Laemmli sample buffer were added
to dilute to 1x and samples boiled for 5min at 95°C. For
western blot analysis, cytoplasmic/nuclear lysates were resolved
through 9% SDS-PAGE gels and lysates to examine phospho-
proteins were resolved through 10% SDS-PAGE gels. Proteins
from the gel were transferred onto nitrocellulose membranes,
probed using relevant antibodies and visualized by enhanced
chemiluminescence assay.

Quantitative real-time PCR

To directly quantify gene expression, quantitative real-time PCR
analysis was performed. Total RNA was isolated from stimulated
RAW cells using the DNAaway RNA miniprep kit (BioBasic,
Markham, ON, CANADA). RNA yields were quantified by
NanoDrop spectrophotometer (Thermo, Wilmington, DE,
USA) and 1pg of total RNA converted to complementary
DNA (cDNA) using the qScript ¢cDNA Supermix (Quanta
BioSciences, Gaithersburg, MD, USA). A measure of 40 ng of
¢DNA was then run in duplicate for genes of interest
(Supplementary Table S1). Triplicate samples were run for all
stimulation conditions. Gene expression is quantified as fold
induction over mock treatment, using the AACt method. All
values are normalized to the housekeeping gene L32.

RESULTS

Samé68 differentially regulates P3C and IL-1-induced NF-xB
and MAPK pathways in fibroblasts

Our prior work has demonstrated that Sam68 is a critical
component of pro-inflammatory signaling by TNF, where it
acts as an adapter that links multiple proteins recruited to the
TNF receptor complex leading to NF-kB activation.?? Because
pro-inflammatory signaling by TLR is also capable of inducing
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Figure 1 Sam68 is critical for TLR-induced signaling in fibroblasts. (@) WT and Sam68 KO MEFs (1x 105) were stimulated with FSL-1
(300 ng/ml) or Pam3CSK4 (200 ng/ml) for 1 and 3 h. (b) WT and Sam68 KO MEFs (1 x 10%) were stimulated with IL-1p (100 ng/ml) for
15-120 min. (c) WT and Sam68 KO MEFs (2x 10°) were stimulated with Pam3CSK4 (200 ng/ml) for the indicated time points. Cells
were collected, and cytoplasmic and nuclear fractions were prepared. Western blots were probed to identify nuclear NF-kB translocation of
NF-kB p65 and c-Rel. Actin and lamin were used as loading controls for cytoplasm and nucleus, respectively, and PLCyl was used as
fractionation purity control to show the lack of cytoplasmic contamination in the nucleus. (d, e) WT and Sam68 KO MEFs (2x 105) were
serum starved (0% FBS) overnight and stimulated with Pam3CSK4 or IL-1p for the indicated time points. Cells were collected and lysed in
buffer containing phosphatase inhibitors. Protein samples were probed for p-ERK1, p-ERK2, p-JNKp54, p-JNKp46 and total ERK/JNK.
b represents one of 2 independent experiments and a, ¢, d and e are representative of >3 independent experiments. ERK, extracellular
signal-regulated kinases; IL, interleukin; JNK, c-Jun N-terminal kinases; KO, knockout; MEF, Mouse embryonic fibroblasts; NF-xB, nuclear

factor kappaB; TLR, Toll-like receptor; WT, wild type.

NF-kB activation, we investigated the role of Sam68 in
TLR signaling. We stimulated WT and Sam68 KO MEF
with the diacylated lipopeptide FSL-1 or the triacylated
lipopeptide Pam3CSK4 (P3C) to stimulate TLR2/6 and
TLR2/1, respectively.3 132 ESL-1 and P3C stimulation resulted
in nuclear translocation of both NF-xB p65 and NF-xB c-Rel in
WT MEF cells (Figure la). We found that Samé68 deficiency
differentially affects the nuclear translocation of the two NF-xB
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subunits, p65 and c-Rel, which control the activation of innate
immune response genes. Although Sam68 deficiency resulted
in only a minor decrease in nuclear translocation of p65, TLR2-
mediated nuclear translocation of c-Rel was greatly diminished
following FSL-1 stimulation for 1 h and P3C stimulation for 1
and 3 h. Notably, Sam68 KO cells showed a weaker accumula-
tion of nuclear c-Rel at 3 h following FSL-1 stimulation. This
suggests either Sam68 is essential only for the early activation of



c-Rel by FSL-1 or the existence of a Samé68-independent
mechanism for the delayed FSL-1-induced c-Rel nuclear
translocation (Figure la). Because we observed that Samé68
KO MEF cells expressed lower levels of c-Rel, we confirmed
that Samé68 deficiency indeed decreases nuclear c-Rel levels by
calculating the nuclear/cytoplasmic ratio of c-Rel using densi-
tometric analysis (Uppsala, SWE). This further demonstrated
that nuclear c-Rel was substantially diminished following FSL-1
treatment at 1 h and P3C treatment at 1 and 3 h (Supplementary
Figure 1a). These findings were reproduced in response to IL-1R
activation as well, with Sam68 deficiency resulting in slightly
diminished IL-1-induced p65 nuclear translocation and almost
complete inhibition of c-Rel nuclear translocation (Figure 1b).
Given that P3C is present in a range of bacterial species and that
it induced stronger NF-kB activation than FSL-1, we chose to
use P3C as our TLR2 agonist for this study.

To delineate whether the altered TLR2-induced NF-xB
nuclear translocation in Sam68 KO cells was a temporal defect,
we performed a kinetic analysis of P3C stimulation of WT and
Sam68 KO MEFs. Cells were stimulated with P3C from 15 min
through 6 h. Nuclear NF-kB p65 levels were decreased at 15
and 30 min, but it resolved to comparable levels in WT and
Sam68 KO cells after 6 h of treatment, indicating that Sam68
deficiency affects only transient p65 activation (Figure I1c).
By contrast, nuclear translocation of NF-kB c-Rel was
greatly decreased in the Sam68 KO MEFs. Interestingly, at
1 h, following P3C stimulation we observed a modest increase
in nuclear NF-kB c-Rel (Figures la and c and higher exposure
of Figure 1c in Supplementary Figure 1b), which indicates the
presence of a Samé68-independent transient c-Rel activation
mechanism. P3C stimulation-induced elevation of p65 levels
both in WT and Sam68 KO cells, and significant enhancement
of c-Rel levels in the cytoplasm of WT cells. Interestingly, the
early increase in P3C-induced cytoplasmic c-Rel was markedly
reduced in the absence of Samé68, although long treatment
for 6 h resulted in accumulation of cytoplasmic c-Rel in Sam68
KO cells. However, this enhanced cytoplasmic c-Rel was found
not sufficient to cause its nuclear translocation, suggesting
that Sam68 affects both P3C-induced synthesis and nuclear
translocation of c-Rel (Figure 1c).

Our previous work has revealed that TNF-induced MAPK
activation was enhanced in Sam68 KO cells.”> We next sought to
determine whether TLR-induced MAPK activation was depen-
dent on Sam68. We found that absence of Sam68 greatly
enhanced ERK activation, as indicated by phosphorylation of
ERK1 (top band) and ERK2 (bottom band) following P3C
stimulation (Figure 1d). We also examined JNK activation and
found that Sam68 KO MEFs had enhanced basal phosphoryla-
tion of JNKp54 (top) and JNKp46 (bottom band) compared
with WT cells, with moderate increases in P3C-induced JNKp46
phosphorylation (Figure 1d). IL-1p stimulation also resulted in
enhanced ERK1 and ERK2 activation, and pronounced JNKp46
activation in Sam68 KO cells (Figure 1e). The relatively low levels
of MAPK activation, which we observed are likely due to the use
of low doses of ligands (200 ng/ml compared with 1 pg/ml as
previously reported®®) that we determined as the threshold
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required for NF-kB activation. These data suggests that
Sam68 deficiency results in enhanced MAPK activation and
provide the first experimental evidence that Sam68 func-
tions as a dual regulator of NF-kB and MAPK signaling in
response to TLR signaling.

Samé68 is a selective regulator of TLR-induced NF-kB
activation in macrophages

To determine the role of Sam68 in TLR-induced NEF-xB
activation in an immune cell, we generated RAW264.7 macro-
phages that lack Sam68 by CRISPR-Cas9-mediated gene editing
(Supplementary Figure 2). To study TLR signaling, we pooled
five Sam68 knockdown clones to minimize effects of variant viral
integration. We studied three TLR ligands, P3C, poly (I:C) and
LPS, which utilize MyD88, TRIF or both MyD88 and TRIF,
respectively, in signaling. First, we studied stimulation of RAW
macrophages using P3C that utilizes TLR2/MyD88 for signaling.
We found that Sam68 deficiency completely blocks P3C-induced
nuclear translocation of NF-kB c-Rel. However, lack of Samé68
did not completely block nuclear translocation of p65, suggesting
that P3C may activate NF-kB p65 in a Sam68-independent
manner (Figure 2a). In order to determine the optimal dose of
poly (I:C) to be used, we stimulated WT and Sam68 KO RAWs
with 5 and 10 pg/ml, and found that 10 pg/ml was necessary
to induce potent NF-xB nuclear translocation (Supplementary
Figure 3). We found that the role of Sam68 in TLR signaling
is not limited to MyD88-dependent pathways as poly (I:C)
treatment also resulted in complete absence of nuclear NF-kB
c-Rel and substantially decreased p65 nuclear translocation
in Sam68 KO RAWs (Figure 2b). Interestingly, LPS treatment
did not show any significant changes in p65 nuclear transloca-
tion, although it only partially decreased c-Rel levels compared
with WT cells (Figure 2b). This indicates the existence of
a Sam68-independent LPS-induced c-Rel activation pathway.
Taken together, comparative study of three TLR pathways suggest
a differential requirement of Sam68 in MyD88-dependent, TRIF-
dependent and MyD88/TRIF-dependent signaling pathways.

To demonstrate that Samé68 is indeed required for P3C-
induced NF-xB c-Rel activation and the observed defective
c-Rel nuclear translocation in Sam68 KO cells does not
occur as an artifact in Sam68 KO cells, we reconstituted
Sam68 KO macrophages with HA-tagged Sam68 cDNA.
We stimulated WT, Sam68 KO and HA-Sam68 (Sam68")
macrophages with P3C and poly I:C for 30 min and 1 h. This
gain-of-function experiment using HA-Sam68 reconstituted
Sam68 KO cells rescued the defective NF-kB c-Rel nuclear
translocation (Figure 2¢), confirming that loss of P3C and
poly (I:C)-induced nuclear translocation of NF-kB c-Rel in
Sam68 KO cells is directly related to the absence of Sam68.

To further confirm the role of Samé68 in regulation of NF-«xB
using a primary cellular system, we generated bone marrow-
derived macrophages (BMDMs) from WT and Sam68 KO mice.
Both WT and Sam68 KO cells were similar in terms of cellular
morphology and cellular yields during the differentiation process.
Similar to RAW cells, Sam68 KO BMDMs also showed almost
complete ablation of NF-kB c-Rel nuclear translocation following
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Figure 2 TLR-induced activation of NF-kB in macrophages requires Samé68. (a—b) WT and Sam68 KO RAW264.7 macrophages (1 x 10°)
were stimulated with (a) Pam3CSK4 (200 ng/ml), (b) poly I:C (10 pg/ml) and LPS (1 pg/ml) for up to 2 h. Cytoplasmic and nuclear
fractions were analyzed as indicated to identify nuclear NF-xB translocation. (c) WT, Sam68 KO and Sam68" RAW264.7 macrophages
(1x108) were stimulated with Pam3CSK4 (200 ng/ml) and poly I:C (10 pg/ml) for 30 min and 1 h. Cytoplasmic and nuclear fractions were
probed as indicated. (d) WT and Sam68 KO primary BMDMs (1 x 108) were stimulated with Pam3CSK4 (200 ng/ml) and FSL-1 (300 ng/ml)
for the indicated time points. Cytoplasmic and nuclear fractions were probed for NF-kB p65 and c-Rel to determine their nuclear
translocation. Actin, lamin and hnRNPA1 were used as loading controls and PLCyl was used as nuclear fractionation purity control.
BMDMs, bone marrow-derived macrophages; KO, knockout; LPS, lipopolysaccharide; NF-kB, nuclear factor kappaB; WT, wild type.

stimulation with two TLR2 ligands, P3C that uses TLR2/1 and
FSL-1 that uses TLR2/6 receptors (Figure 2d). Interestingly,
FSL-1-induced p65 activation was compromised in Sam68 KO
cells, although it retained residual p65 activation following P3C
treatment as observed in RAW cells and macrophages. Similar
results were observed in bone marrow-derived dendritic cells
following P3C stimulation (Supplementary Figure 4). Taken
together, these data indicate that Sam68 has a critical role in
specifically mediating NF-kB nuclear translocation, following
TLR signaling in innate immune cells.

We next tested whether diminished nuclear NF-kB transloca-
tion in the absence of Samé68 is a global occurrence or is limited
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to immune receptor-induced signaling. To this end, we studied
NF-xB activation induced by a completely unrelated mechan-
ism, that is, UV radiation.>* We exposed WT and Sam68 KO
RAW cells to UVC radiation (254 nm at 100 mJ/cm?) and
monitored NF-kB activation at 1, 2, 4 and 8h post UVC
exposure. We found no significant differences in nuclear NF-xB
translocation of either p65 or c-Rel between the WT and Sam68
KO cells following UV treatment, suggesting that the NF-xB
activation pathway is intact in Sam68 KO cells (Supplementary
Figure 5). This result suggests that the role of Sam68 in
mediating NF-xB activation is, at least in part, limited to
traditional immune receptor signaling.



Loss of Sam68 enhances ERK and JNK activation following
TLR engagement

Cellular responses to TLR stimulation activate MAP kinase
pathways, including ERK and JNK that control cell survival,
proliferation, differentiation and apoptosis.””?® We examined
the role of Samé68 in P3C, poly (I:C) and LPS-induced MAPK
activation, using WT and Sam68 KO RAW cells. We found
that P3C treatment resulted in enhanced phosphorylation of
JNKp46 (bottom band), as well as ERK1 (top band) and
ERK2 (bottom band) in Sam68 KO RAW cells compared
with WT cells (Figure 3a). Of note, the concentrations of
TLR ligands in our experiments were carefully chosen as the
minimal dose at which we saw robust NF-kB activation and
all fall below 150 nM. Interestingly, this low-grade activation of
TLR2 using P3C showed only modest phosphorylation of JNK
in WT RAW cells. However, it has been previously shown
that P3C induces appreciable phosphorylation of JNK when
used at 1 pg/ml, which is over 5 the level used in our study.>
To confirm our cellular system is capable of robust phosphor-
ylation of JNKp54 (top) and JNKp46 (bottom), we stimulated
our WT RAW cells using 1 pg/ml P3C and observed substantial
phosphorylation of JNK (Supplementary Figure 6). We observed
similar enhancements in basal and stimulation-induced phos-
phorylation of JNKp46 and ERK1/2 in Sam68 KO RAWs treated
with poly (I:C) (Figure 3b) and LPS (Figure 3c). Given a recent
report, showing that low-dose LPS activates, whereas super-low-
dose LPS antagonizes ERK activation,’® we studied whether
there is a dose-dependent modulation of ERK signaling in
Sam68 KO cells. We stimulated WT and Sam68 KO RAWs with
titrating doses of LPS from 1000 to 0.01 ng/ml. We observed
that for high doses of LPS, 500-1000 ng/ml, there was enhanced
ERK phosphorylation in Sam68 KO cells compared with
WT cells. Interestingly, enhanced ERK1/2 phosphorylation was
also observed in Sam68 KO cells following 100 and 1 ng/ml of
LPS treatment. These results indicate that both high and low
doses of LPS activate ERK signaling in Sam68 KO cells and the
role of Sam68 in LPS-induced ERK activation is not highly
dependent on the dose of LPS (Supplementary Figure 7). In
combination with our MEF data from Figure 1, these results
demonstrate that Sam68 deficiency results in enhanced MAPK
activation and decreased NF-kB activation.

Samé68 is required for P3C-induced gene expression

Our studies on the role of Sam68 in TLR-induced NF-kB
activation identify a marked defect in nuclear translocation
of NF-kB in the absence of Sam68. In order to confirm this
defect results in altered NF-xB-dependent gene expression, we
performed quantitative real-time PCR on WT and Sam68 KO
RAWs stimulated with P3C and poly (I:C). We have shown
previously that NF-xB target genes such as TNF, CXCLI0
(IP10), VCAMI and CCL5 are dependent on Sam68 in TNF
signaling.?® Stimulation of WT RAWs with P3C resulted in
rapid induction of transcripts for TNF, VCAMI, IL-10,
CXCL10 (IP10) and CCL5 (Figures 4a—c). Absence of Sam68
substantially decreased P3C-induced expression of TNF,
VCAMI and IL10 (Figure 4a). Expression of CXCLI0 was also
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Figure 3 Loss of Sam68 enhances basal and TLR-induced MAPK
activation. WT and Sam68 KO RAWs (2.5x10° were plated
overnight and switched to serum-free DMEM media for an additional
day. Cells were then stimulated with (@) Pam3CSK4 (200 ng/ml), (b)
poly (I:C) (10 pg/ml) and (c) LPS (1 pg/ml) for up to 30 min. Cells
were collected and lysed in Triton lysis buffer containing protease and
phosphatase inhibitors. Total lysates were probed for MAPK activation
using phospho-JNK and phospho-ERK antibodies. Samples were
probed for loading controls using total ERK and actin. a—c are
representative of 3 independent experiments. ERK, extracellular
signal-regulated kinases; JNK, c-Jun N-terminal kinaseskKO, knockout;
LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinases;
TLR, Toll-like receptor; WT, wild type.

impaired in Sam68 KO cells (Figure 4b). Interestingly, unlike
TNF signaling, we observed comparable expression of CCL5 in
both WT and Sam68 KO cells following P3C stimulation
(Figure 4c). Consistent to this, it has been previously shown
that CCL5 expression could be under the regulation of JNK
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Figure 4 TLR2- but not TLR3-induced gene expression is ablated in Sam68-deficient macrophages. Gene expression of key NF-xB target
genes was determined by quantitative real-time PCR. WT and Sam68 KO RAW macrophages (2x 105) were stimulated with Pam3CSK4
(200 ng/ml) or poly (I:C; 10 pug/ml) for 1 and 3 h. Total cellular RNA was isolated and 1 pg was converted to cDNA. Expression of the genes
(@, d) TNF, VCAM1, IL10, (b, €) CXCL10 and (c, f) CCL5 was determined. Values are expressed as fold induction over the mock treatment
using the AACt method. All values are normalized to the housekeeping gene L32. All samples were run in duplicate and ligand stimulation
conditions represent n>2 independent samples. Statistical analysis was performed in GraphPad (La Jolla, CA, USA) for Student's ttest
*P<0.05. cDNA, complementary DNA; KO, knockout; NF-kB, nuclear factor kappaB; TLR, Toll-like receptor; WT, wild type.

pathway activation, which is not compromised in Sam68 KO
cells.>” We next examined the impact of Sam68 deficiency on
poly (I:C)-induced gene expression. We found that loss of
Sam68 did not block the expression of TNF and IL10, and only
had a modest effect in decreasing the expression of VCAMI
(Figure 4d), suggesting that the residual NF-kB p65 activation
observed in these cells (Figure 2b) likely sufficed to cause
induction of these genes. Early induction of CXCLI0 by poly
(I:C) was dependent on Samé68. However, unlike P3C
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stimulation, prolonged poly (I:C) treatment for 3h
showed elevation in the expression of CXCLI0 in Sam68 KO
cells (Figure 4e). Expression of CCL5 was found enhanced at
both short and long poly (I:C) stimulations in Sam68
KO cells (Figure 4f), suggesting a suppressive role of
Sam68 in poly (I:C)-induced CCL5 expression. This enhance-
ment in CCL5 expression might also be attributed to
the enhanced MAPK activation we observed in these cells
(Figure 3b).
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Figure 5 Schematic model of the role of Sam68 in TLR2 and TLR3 signaling pathways. In normal cells, Sam68 is required for TLR2 and
TLR3-induced NF-«B activation and inflammatory gene expression. In the absence of Sam68, NF-kB nuclear translocation and subsequent
inflammatory gene induction are substantially reduced in response to TLR2 activation that signals through MyD88. Although NF-kB nuclear
translocation is substantially reduced following TLR3 stimulation, TLR3-induced gene expression is largely unaffected in Sam68-deficient
cells. Both TLR2 and TLR3-induced MAPK activation is enhanced in Sam68-deficient cells. NF-kB independent pathways, including
MAPK and IRFs, may have a role in gene expression in Sam68-deficient cells in response to TLR3 activation. Black arrow—normal
signaling, bold black arrowm—enhanced signaling and gray arrow—diminished signaling. IRFs, interferon regulatory factors; MAPK, mitogen-
activated protein kinases; MyD88, myeloid differentiation primary response gene 88; NF-xB, nuclear factor kappaB; TLR, Toll-like receptor.

On the basis of our data, we propose a model whereby
cytoplasmic Sam68 serves as a cellular rheostat, which
functions to balance NF-kB and MAPK activation following
TLR stimulation (Figure 5).

DISCUSSION

One of the key roles of the immune system is to drive infla-
mmation and cytotoxic responses following microbial infection.
The immune system recognizes pathogens via PRRs in cells,
which bind to conserved microbial structures and endogenous
danger signals indicative of cellular insult.! Despite the growing
literature on PRR structure and function over “the past 20 years,
our knowledge on how these variant receptors activate differ-
ential signaling cascades within a cell to coordinate an appro-
priate immune response remains poorly understood. In this
study, we identified that Sam68 (a) keeps TLR-induced MAPK
activation in check, and (b) is a key regulator of TLR-induced
NF-kB activation. We demonstrate that the absence of Sam68
decreases TLR-induced NF-kB nuclear translocation in both
MEFs and RAW macrophages, as well as in primary

macrophages and dendritic cells. It appears that Sam68 is an
essential component of signaling by the members of TLR family.
We saw NF-kB activation defects in Samé68-deficient cells
following activation by multiple TLR ligands, including
MyD88-dependent (P3C and FSL-1) and TRIF-dependent poly
(I:C) ligands, as well as LPS that utilizes both MyD88 and TRIF
pathways. Nuclear level of NF-kB p65 is reduced, whereas
nuclear levels of c-Rel are ablated in Sam68 KO cells. This loss of
TLR-induced NF-kB activation in Sam68 KO cells is not simply
a temporal or cell-type-specific phenomenon. First, we observed
only minimal nuclear translocation of NF-kB c-Rel even after
prolonged TLR2 activation of 6 h. Second, this phenomenon is
not limited to immortalized MEF and RAW cells, as the same
defect is observed in primary BMDMs and dendritic cells
isolated from Sam68 KO mice. In order to eliminate the
possibility that this was a global defect in NF-kB response, we
tested nuclear NF-kB translocation following UV stimulation, to
mimic stress induced NF-kB activation. We found that both WT
and Sam68 KO RAW macrophages responded to UV treatment
in a similar manner and had comparable nuclear NF-kB p65
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and c-Rel levels. This data indicates that the role of Sam68 is
specific to immune receptor-induced NF-kB signaling and not
the result of a global defect in NF-xB activity. This is consistent
with Sam68 KO mice being viable,® whereas we would expect a
global NF-kB defect to result in embryonic or early life lethality.

Activation of TLRs not only result in potent NF-kB
activation, but can also lead to the activation of MAPK
pathways, including ERK and JNK.?® The balance between
these signaling pathways directs the functioning of innate
immune cells and their capacity to activate other immune cells
during an infection. Our results show a bimodal regulatory role
of Samé68 in controlling the activation of NF-kB and MAPK
pathways. Although the deficiency of Sam68 decreases TLR-
induced NF-xB activation, it increased the activation of ERK
and JNK pathways. It appears that Sam68 acts as a factor that
keeps MAPK activation in check during TLR activation,
although allowing NF-kB activation. A thorough study of gene
expression patterns in WT and Sam68 KO macrophages,
following TLR activation will decipher the biological signifi-
cance of this differential regulatory role of Sam68. Interestingly,
we also found that loss of Sam68 also elevates the basal MAPK
activation, suggesting a role for Sam68 in cellular homeostasis.

The MAPK activation we observed in this study is at
a diminished level compared with several other previous
studies.?>3% This is likely due to the lower doses of TLR
ligands we are using in our experiments. We found that the
commonly used concentrations of TLR ligands are extre-
mely high and may not accurately correspond to the
stimulation conditions of live infection. For instance, we
and others commonly use LPS at a concentration of
1 pg/ml; however, a study of ~250 septic patients found
median levels in the blood of nonsurvivors was 515 pg/ml,
almost 2000 X lower than used in vitro.*® Therefore, first
we determined the minimal concentration of TLR ligands
required to activate NF-kB in our cellular system and used
these concentrations in an attempt to stay as close to the
in vivo pathological conditions as possible. During a
natural course of infection, innate immune cells will
initially come into contact with limited amounts of
pathogenic stimuli during the first few days as the patho-
gen begins to reproduce. By using the minimal dose
required for activation, we are able to more accurately
model how these pathogenic molecules activate innate
immunity early during infection, providing better insight
into the role of Sam68 in live infections. Our data on
decreased NF-kB and enhanced MAPK activation
represents the first evidence that Sam68 differentially
regulates NF-kB and MAPK signaling downstream of TLR
activation. Intriguingly, our results also highlight a critical
role of Samé68 in differentially activating two subunits of
NF-kB, p65 and c-Rel, which suggest a highly selective role
of Sam68 within NF-kB pathway activation.

Given our prior findings that Samé68 is rapidly and robustly
recruited to the TNFR complex following activation,?® it is
possible that pro-inflammatory TNF receptor signaling may also
alter the cellular response to TLR ligands. Further understanding
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how immune cells balance NF-kB and MAPK signaling
cascades will not only enhance our basal knowledge on how
TLR signaling is regulated during an immune response, but also
provide potential therapeutic targets for altering the balance of
these signaling cascades in patients.

Our gene expression studies yielded some interesting
insights into the role of Sam68 in regulating the expression
of pro-inflammatory genes. The most profound effect of
Sam68 deficiency was observed in P3C-induced TLR2/
1-dependent pathway where the expression of TNF, VCAMI,
IL-10 and CXCLI10 were compromised. But the expression of
CCL5, a gene with NF-xB signatures in its promoter,*! was
comparable between WT and Sam68 KO cells. Although this
shows Sam68 KO cells are responsive to P3C stimulation and
validates our gene expression data, it also raises some interest-
ing questions. Does TLR2/1 pathway induce CCL5 independent
of NF-kB or dependent on NF-kB, but independent of Sam68?
Alternatively, it has also been shown that CCL5 is a target of
MAPK signaling and the active MAPK pathways in Sam68 KO
cells may induce CCL5.%

Alluding to the complex inter-pathway variations of signaling
from receptors belonging to the same family, unlike
P3C treatment, we found that Samé68 deficiency had only
minor effects on the expression of NF-kB-targeted genes TNF,
VCAMI and IL10 following poly (I:C) treatment. Expression of
CCL5 was substantially enhanced in Sam68 KO cells,
and CXCLI0 showed only a transient defect in expression.
One possibility is that these genes are partially controlled by
other signaling pathways such as the IRFs, which are induced
by TLR3 but not TLR2 signaling.*? This also shows a role of
Sam68 in temporal regulation of IP10 expression and a negative
regulatory role in TLR3-induced CCL5 expression.

These gene expression data are in agreement with the already
established critical role of the TLR-induced inflammation and
role of adapter proteins, MyD88 and TRIF, in determining the
pathway specificity. Here we show Sam68 as a new player in
TLR signaling with apparently more crucial role in inducing
gene expression downstream of MyD88-dependent receptors.
It will be interesting to explore further and dissect the discrete
regulatory role of Sam68 in evolutionarily similar, but
functionally different signaling cascades initiated by the mem-
bers of TLR family.
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