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Myristoylated, alanine-rich
C-kinase substrate (MARCKS)
regulates toll-like receptor 4
signaling in macrophages
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MARCKS (myristoylated alanine-rich C-kinase substrate) is a membrane-associated protein expressed
in many cell types, including macrophages. MARCKS is functionally implicated in cell adhesion,
phagocytosis, and inflammation. LPS (lipopolysaccharide) triggers inflammation via TLR4 (toll-like
receptor 4).The presence of MARCKS and the formation of phospho-MARCKS in various cell types have
been described, but the role(s) of MARCKS in regulating macrophage functions remain unclear. We
investigated the role of MARCKS in inflammation. Confocal microscopy revealed that MARCKS and
phospho-MARCKS increased localization to endosomes and the Golgi apparatus upon LPS stimulation.
CRISPR-CAS9 mediated knockout of MARCKS in macrophages downregulated the production of TNF
and IL6, suggesting a role for MARCKS in inflammatory responses. Our comprehensive proteomics
analysis together with real-time metabolic assays comparing LPS-stimulation of WT and MARCKS
knock-out macrophages provided insights into the involvement of MARCKS in specific biological
processes including innate immune response, inflammatory response, cytokine production, and
molecular functions such as extracellularly ATP-gated cation channel activity, electron transfer activity
and oxidoreductase activity, uncovering specific proteins involved in regulating MARCKS activity upon
LPS stimulation. MARCKS appears to be a key regulator of inflammation whose inhibition might be
beneficial for therapeutic intervention in inflammatory diseases.

The myristoylated alanine-rich C kinase substrate (MARCKS) is a ubiquitous and highly conserved membrane-
associated protein which is present in many cell types including macrophages'. MARCKS is attached to the inner
face of the plasma membrane via a myristic acid moiety at its N-terminus and a cationic AA rich effector domain
(ED)**. The lysine rich ED contains four serine residues which are potential phosphorylation sites. MARCKS
was first identified as a protein kinase C (PKC) substrate*. PKC phosphorylation or calmodulin-binding on the
ED leads to the migration of MARCKS from the cell membrane to the cytosol followed by activation of several
signal transduction pathways’. MARCKS subsequently returns to the cell membrane after dephosphorylation®.
MARCKS is involved in a wide variety of functions such as brain development’, phagocytosis®, cell migration®,
cell adhesion and inflammation'®!!.

Macrophages are innate immune cells that play key roles in inflammation. Pathogen associated molecular
patterns (PAMPs) are recognized by pattern recognition receptors (PRRs), which participate in the initiation of
specific immune responses’?. One of the well-known PAMPs is lipopolysaccharide (LPS), a major gram-negative
bacterial cell wall component, which is a potent activator of toll-like receptor 4 (TLR4) pathway in macrophages
leading to the activation of inflammatory response. The transcription level of MARCKS is increased in response
to LPS stimulation'®. LPS also induces MARCKS phosphorylation'. Moreover, LPS triggers secretion of proin-
flammatory cytokines such as TNF'® and IL6'® which contribute to the pathogenicity of many diseases including
asthma'”, rheumatoid arthritis and sepsis'®. Elevation of TNF and IL6 in the serum are commonly found in those
patients'®!®. The functions of MARCKS in response to the LPS are still controversial. MARCKS was reported
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to block the effect of LPS stimulation in a study that used MARCKS deficient embryonic fibroblast cells®. In
contrast, another group reported that MARCKS promotes proinflammatory cytokine expression in macrophages
and demonstrated that inhibition of MARCKS using the myristoylated N-terminal sequence (MANS) peptide
suppresses pro-inflammatory cytokines and attenuates sepsis in a mouse model*'. The discovery of the mecha-
nism by which MARCKS contributes to the inflammatory response may provide new strategies to manipulate
inflammation-related diseases.

Our laboratory has shown that MARCKS phosphorylation was upregulated during LPS stimulation using
phosphoproteome profiling of immortalized mouse macrophages (IMMs)?. In this work, we investigated the
effects of MARCKS in the context of macrophage functions in response to LPS stimulation. We have used CRISPR
CAS9 technique to create a MARCKS knockout in IMMs and characterized the knockout in comparison to
wild type IMMs. We used mass-spectrometry-based proteomics to compare proteome profiles of wildtype and
MARCKS deficient macrophages after LPS stimulation to provide a global view of MARCKS-dependent changes
in the macrophage proteome. We found that while MARCKS promoted IL6 and TNF production, MARCKS
deficient macrophages suppressed the OXPHOS (oxidative phosphorylation) pathway to reduce the cytokine
production and inhibit the pro-inflammatory functions.

Results
MARCKS is upregulated during LPS stimulation
The functions of MARCKS in the context of LPS signaling in macrophages are not fully understood. To examine
the relationship between MARCKS protein expression during LPS stimulation, we exposed wild type immortal-
ized mouse macrophages (WT IMMs) to LPS for 6 h. Then, MARCKS mRNA and protein levels were measured
using real-time PCR and western blots. We found that the mRNA of MARCKS increased fivefold after LPS
stimulation (Fig. 1A). The protein expression level of MARCKS also increased after LPS exposure (Fig. 1B).
Mass spectrometry was used to quantitatively compare the proteomes of unstimulated and LPS stimulated
WT IMMs. Comparison between LPS-treated and control cells revealed 270 differentially expressed proteins
after LPS treatment (101 downregulated and 169 upregulated proteins, Fig. 1D). As expected, MARCKS was
significantly (nearly three-fold) increased in macrophages exposed to LPS compared to unstimulated control
(Fig. 1C,D). This result is in agreement with the data obtained in Monomac 6 cells by Mancek-Keber et al*.
Next, we performed gene ontology enrichment analysis (GO terms) for the up- and downregulated proteins. The
top enriched biological processes highlight GO terms that reflect macrophage functions such as innate immune
response, inflammatory response, and cytokine production (Fig. 1E). We further analyzed cellular components,
pathways and molecular functions (Fig. 1IEG). KEGG pathway analysis indicated enrichment in pathways asso-
ciated with toll-like receptor signaling (Fig. 1H). Our data suggest that MARCKS might play a regulatory role
in the LPS signaling in macrophages since we found that both its mRNA and protein levels change following
LPS stimulation.

MARCKS increases its colocalization with the endosome post LPS stimulation

Intracellular translocation of TLR4 prevents the constitutive response of cells that are exposed to bacteria and
their products. Since both MARCKS and the TLR4 regulator TRAM, which associates with TLR4 and is essential
for TLR 4 signal transduction® contain a myristoyl tail, we wanted to investigate whether endogenous MARCKS
localizes to the same cellular compartments as TLR4 post LPS stimulation in macrophages, as it was reported in
HEK293 cells transfected with MARCKS and TLR4?°. We exposed WT IMM:s to LPS for 0, 15, 30 and 60 min.
Endogenous localization of MARCKS and EEA1, a marker of early endosomes, were determined by immuno-
fluorescence microscopy. With no stimulation, MARCKS is understood to be tethered at the membrane by its
myristoyl tail, and its effector domain is supposed to interact with the membrane. MARCKS was located at the cell
membrane prior to LPS stimulation. After LPS stimulation for 30 min, MARCKS colocalized with the early endo-
some, an early component of the trans-Golgi network (Fig. 2A-F) which is consistent with previous reports.
This colocalization increased post LPS stimulation and returned to basal level 60 min after stimulation (Fig. 2G).

MARCKS colocalizes with TLR4 at early time points after LPS stimulation

Since MARCKS colocalizes with the endosome following LPS stimulation and it has been established that TLR4 is
translocating from the membrane to the endosome under the same conditions, we wanted to investigate whether
MARCKS and TLR4 colocalized in IMMs and for what amount of time. To answer this question, WT IMMs
were stimulated with LPS for 15, 30, or 60 min or left unstimulated, and colocalization of endogenous TLR4
and MARCKS was determined with confocal imaging. Based on the Pearson’s coefficient, TLR4 and MARCKS
colocalized in the absence of LPS but the colocalization was disrupted upon stimulation (Supplementary Fig. 1A).
However, the amount of MARCKS that colocalized with TLR4 didn’t change significantly during our experi-
mental time, whereas the amount of TLR4 that colocalized with MARCKS decreased during the 60 min interval
of the experiment (Supplementary Fig. 1B). Since MARCKS colocalized with TLR4 post LPS stimulation, our
results suggest that MARCKS might be physiologically relevant during LPS-activation of TLR4 signaling pathway.

Phospho-MARCKS localizes to the Golgi following LPS treatment

Numerous studies have shown that upon LPS stimulation, the effector domain of MARCKS is phosphorylated***>,
and it is thought that phosphorylation elicits a switch from MARCKS interacting with the plasma membrane to
interacting with actin in the cytoplasm. MARCKS phosphorylation on sites Ser152, 156 and 163, or any combi-
nations of these phosphorylated residues?? could be contributing to this activity of MARCKS. To investigate the
localization of endogenous phospho-MARCKS Ser163 in IMMs, we labeled fixed IMMs with antibodies against
phospho-MARCKS Ser163 conjugated to fluorescent secondary antibodies and performed immunofluorescence
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Figure 1. MARCKS is upregulated upon LPS stimulation in macrophages. (A) IMMs were treated with

100 ng/mL of LPS for 6 h. MARCKS mRNA was measured by real-time PCR. Data are representative of 2
independent experiments (3-6 biological replicates per condition per experiment; 18 samples total) and
shown as mean = SEM. ***p <0.0001 (unpaired t test). (B) IMMs were stimulated with 100 ng/mL of LPS

for 0, 1, 6 or 24 h. MARCKS protein expression was detected by western blot, and beta-actin was used as a
loading control. The full-length blot image is included in the Supplementary Information file, Supplementary
Fig. 3. (C) Densitometric analysis of western blot results. MARCKS levels were normalized to beta-actin. Data
are representative of 2 independent experiments, shown as mean + SEM. *p <0.05 (one-way ANOVA). (D)
Volcano plot of the differential protein expression within WT IMMs after 6 h LPS stimulation vs unstimulated
WT IMMs. Green dots represent upregulated proteins, red dots represent downregulated proteins and black
dot represents MARCKS. (E-G) Go enrichment analysis performed using shinyGO v. 0.77 to characterize

the biological functions: (D) Biological Processes (E) Cellular Components (F) Molecular functions of these
differentially expressed proteins. (H) KEGG pathway analysis of LPS-treated IMMs vs unstimulated IMMs.
The x axis represents the fold enrichment value while y axis represents the enriched pathways. The bubble size
shows the number of differentially expressed proteins in the indicated pathway. The color intensity indicates
the —log10(lowest-p) value, the darker the red, the more significant pathway enrichment.
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Figure 2. MARCKS increases its localization to the endosome following LPS stimulation. (A, D)
Immunofluorescent staining of MARCKS (red) in macrophages before and after LPS stimulation. (B, E)
Immunofluorescence staining of EEA1, the early endosome marker (purple) in macrophages before and after
LPS stimulation. (C, F) Images merged to show the co-localization of MARCKS and endosome. (A-F) The
nuclei were stained with Hoechst (blue). (G) The percentages of colocalization of MARCKS and EEA1 were
calculated. Data are represented as mean + SEM and *p <0.05 (one-way ANOVA).

microscopy. The intensity of phospho-MARCKS in confocal images was very low in untreated cells but it
increased dramatically after LPS treatment. Furthermore, after LPS treatment, the colocalization of phospho-
MARCKS with Golgin-97, a trans-Golgi network marker, increased dramatically (Fig. 3).

Merge-only

0 min

LPS 20 min

Figure 3. Phospho-MARCKS colocalizes with Golgi following LPS stimulation. (A-F) WT IMM:s were treated
with LPS for 20 min, then Golgin-97, a trans-Golgi network marker (green), phospho-MARCKS (red) and the
nuclei (blue) were visualized using specific antibodies. (C, G) Images of the same samples merged for analysis of
colocalization of MARCKS and the trans-Golgi network. (D, H) The merge only panel is shown in yellow.
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MARCKS expression is TLR4-dependent

We inquired whether the upregulation of MARCKS post LPS stimulation in IMMs is dependent on TLR4 signal-
ing. To address this question, we used TLR4 knockout (ATLR4) IMMs and WT IMMs and stimulated them with
LPS for 0, 1, 6, and 24 h. ATLR4 IMMs failed to increase the TNF mRNA level whereas the WT IMMs showed
nearly 20-fold increase in TNF mRNA level after LPS stimulation (Fig. 4A). The level of MARCKS mRNA in
ATLR4 IMMs was slightly increased but not statistically significant whereas in WT IMM:s treated with LPS it was
significantly increased (~ sixfold) (Fig. 4B). Of note, MARCKS protein level did not change after LPS stimula-
tion in TLR4 knockout IMMs (Fig. 4C,D). This is in contrast to the LPS-induced increase in MARCKS protein
observed in WT IMMs after LPS stimulation (Fig. 1B), suggesting that MARCKS mRNA expression and protein
abundance are TLR4 dependent.

MARCKS promotes proinflammatory cytokine responses

Macrophages play a pivotal role in the inflammatory response, but the link between MARCKS and macrophage-
mediated inflammation remains to be elucidated. To examine whether MARCKS has an effect on the inflam-
matory responses in IMMs, we used CRISPR CAS9 mediated gene knockout to generate MARCKS knockout
in IMMs (AMARCKS IMMs). The schematic diagram for generating the knockout cells is shown in Fig. 5 A.
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Figure 4. LPS induces MARCKS expression through the TLR4 dependent pathway. (A, B) WT IMMs and
ATLR4 IMMs were treated with LPS for 6 h or left unstimulated (indicated as “unstim” in this and subsequent
panels). TNF and MARCKS mRNA levels were measured using real-time PCR. Each experiment was performed
in triplicate. Data are representative of two independent experiments (3 biological replicates per condition

per experiment; 24 samples total) and shown as mean + SEM: ***p <0.005, ***p < 0.0001 (one-way ANOVA).
(C) ATLR4 IMMs were treated with LPS for the indicated times. MARCKS protein expression was detected

by western blot and beta-actin was used as a loading control. The full-length blot image is included in the
Supplementary Information file, Supplementary Fig. 3. (D) Densitometric analysis of western blot results.
MARCKS was normalized to beta-actin. Data are representative of 2 independent experiments, shown as

mean +SEM.
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Figure 5. MARCKS deficient macrophages downregulate pro-inflammatory cytokine production. (A) The
schematic of the experimental strategy for CRISPR CAS9 mediated MARCKS knockout in macrophages. (B)
Cell lysates of WT and AMARCKS IMM:s were used analyzed by western blot to compare MARCKS protein
expression level and beta-actin was used as a loading control. The full-length blot image is included in the
Supplementary Information file, Supplementary Fig. 3. (C) Densitometric analysis of western blot results.
MARCKS was normalized to beta-actin. Data are representative of 2 independent experiments, shown as

mean + SEM. *p <0.05 (unpaired t test). (D, E) Comparison of the MARCKS protein abundance between WT
and AMARCKS IMM:s obtained from mass spectrometry (D). GAPDH was used as a housekeeping protein
control (E). The sum of the LC-MS peptide peak area was used as a measure of relative protein abundance.

(F, G) WT and AMARCKS IMM:s were treated with LPS (100 ng/mL) for 24 h, and IL6 (F) or TNF (G) was
measured by ELISA. Each experiment was performed in quadruplicate. Data are representative of 2 independent
experiments (4 biological replicates per condition per experiment; 32 samples total) and shown as mean + SEM:
p <0.0001 (two-way ANOVA). (H) WT, AMARCKS IMMs and AMARCKS knock-in IMMs were treated
with LPS (100 ng/mL) for 24 h, TNF was measured by ELISA. Data are representative of 2 independent
experiments (3 biological replicates per condition per experiment; 30 samples total) and shown as mean + SEM:
****p <0.0001 (one-way ANOVA).

The level of MARCKS protein expression was confirmed using western blot, which showed nearly no MARCKS
protein in the AMARCKS IMMs when compared to WT IMMs (Fig. 5B,C). To further confirm the success-
ful knockout, we used mass spectrometry to compare the levels of MARCKS protein between WT IMMs and
AMARCKS IMMs. There was no protein detected in AMARCKS IMMs while WT IMMs showed 3.6 x 107
protein abundance (Fig. 5D). Of note, both WT and AMARCKS IMMs had comparable levels of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), a housekeeping protein we used as a control (Fig. 5E). Moreover, looking
at the tryptic peptides identified by mass spectrometry, we detected no MARCKS peptides in AMARCKS IMMs
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whereas in WT IMMs we identified 6 peptides from MARCKS. (Supplementary Table 1). These data confirmed
that we successfully created MARCKS deficient macrophages.

To confirm the role of MARCKS in the pro-inflammatory cytokine response, we exposed WT and AMARCKS
IMMs to LPS, and collected the conditioned media to measure cytokine levels. We found that AMARCKS IMMs
downregulated both TNF and IL6 levels. Our data suggest that MARCKS knockout suppressed LPS-induced
IL6 and TNF expression (Fig. 5EG). To further confirm the role of MARCKS in the cytokine production, we
cloned MARCKS sequence to pLenti-C-mGFP-P2A-Puro, a lentiviral vector with C-terminal mGFP tag and
P2A-Puromycin and then we transduced it into AMARCKS IMMs to generate stable cells (MARCKS knock-in
IMMs). In the stable cell line, we activated MARCKS knock-in IMMs with LPS and compared them to WT and
AMARCKS IMMs. MARCKS knock-in IMMs rescued the levels of TNF cytokine production (Fig. 5H). The
results further suggest that the presence of MARCKS correlates with TNF and IL6 production in macrophages
post LPS stimulation.

MARCKS deficient macrophages show distinct proteomics profile during LPS stimulation
Because MARCKS is also associated with a wide variety of functions in cells such as signal transduction, cell
migration, cell proliferation, cell differentiation and cytokine production, we hypothesized that phenotypic
changes in AMARCKS macrophages may be associated with other proteins that regulate macrophage func-
tions. To test this hypothesis, we stimulated WT and AMARCKS IMMs with the LPS for 6 h and conducted
a proteomic analysis using label free quantification. We found 94 upregulated proteins and 60 downregulated
proteins in AMARCKS after LPS treatment compared to WT IMM:s after LPS treatment (Fig. 6A). The identified
proteins were primarily associated with biological processes involved in the macrophage functions such as “Posi-
tive regulation of response to cytokine stimulus’, “Regulation of response to the cytokine stimulus” and “Innate
immune response”. The enriched cellular components represented “Polysomal ribosome” and “Mitochondrion”
The molecular functions included “ATP gate channel activity”, “Electron transfer activity” and “Cytochrome C
oxidase activity”. Taken together, these data suggested that mitochondria might be involved in the phenotypic
changes in IMMs upon LPS stimulation in the absence of MARCKS. Since we found several GO terms of the
top 15 cellular components and molecular functions were associated with mitochondrial proteins (Fig. 6B),
we performed KEGG pathway enrichment analysis of the significant proteins in AMARCKS IMMs with LPS
treatment compared to WT IMMs. Significantly enriched pathways included “Oxidative phosphorylation” and
other metabolic pathways including “Metabolism of xenobiotics by cytochrome P450” and “Cytokine-cytokine
receptor interaction” (Fig. 6C). We created a heatmap of the protein abundance in individual samples based on
ontology enrichment analysis of the significant proteins focusing on innate defense response- related proteins
and mitochondria related proteins. We found that the protein expression patterns in the individual samples of
WT and AMARCKS IMMs after LPS treatment were clearly distinct (Fig. 6D), with many proteins showing
an increase in KO cells. Our proteomics data suggest that the classic mitochondria function such as oxidative
phosphorylation (OXPHOS) might be altered during LPS signaling in AMARCKS IMMs.

MARCKS promotes oxidative phosphorylation

Mitochondrial OXPHOS is the electron transfer process through the main 5 protein complexes in the inner
mitochondrial membrane resulting in the production of adenosine triphosphate (ATP), the main source of
energy in eukaryotic cells*. The schematic diagram for the OXPHOS and the oxygen consumption rate over
time is shown in Fig. 7A,B. To directly test if MARCKS influences OXPHOS, we used extracellular flux analysis
to measure OXPHOS during LPS treatment of WT and AMARCKS IMMs compared to unstimulated control.
In the untreated control group, we found that AMARCKS IMMs had distinct OXPHOS profile when compared
to the WT IMMs. After 6 h LPS treatment, the mitochondrial respiration was downregulated in both WT
and AMARCKS IMMs. (Fig. 7C). Of note, LPS treated AMARCKS IMM:s had the lowest Extracellular Acidifica-
tion Rate (ECAR) compared to all other conditions whose levels of ECAR were similar (Supplementary Fig. 2).
We further analyzed the other parameters obtained from extracellular flux analysis. We did not observe any
significant difference in basal respiration between unstimulated WT and AMARCKS IMMs (Fig. 7D), but when
the cells were stimulated with LPS, basal respiration statistically decreased in AMARCKS cells compared to the
WT IMMs. Maximal respiration and spare respiration were significantly decreased in AMARCKS IMMs when
compared to WT IMMs. In the LPS treatment group, LPS reduced the maximal respiration in both cell types
but that of AMARCKS IMM:s was still lower compared to WT IMMs (Fig. 7E,F).

Mitochondria play a crucial role in ATP production, and mitochondrial dysfunction may result in insufficient
energy supply for the cells. Moreover, ATP is required during the immune response?”-*®. We aimed to determine
whether ATP production is defective in AMARCKS IMMs, resulting in lower proinflammatory cytokine produc-
tion. To address this, we examined the ATP production in OXPHOS during mitochondrial respiration. We found
that ATP production in AMARCKS IMM:s was only slightly reduced when compared to WT IMMs, but it was
significantly lower after LPS treatment (Fig. 7G). In addition, LPS-treated-AMARCKS IMMs showed statistically
significant lower ATP production than the WT IMMs. Our data suggest that MARCKS knockout correlates with
changes in mitochondrial respiration, possibly needed for sufficient energy production for macrophage inflam-
matory functions such as cytokine production.

Discussion

The macrophage response to the LPS resulting in the cytokine production involves many elements of regulation
such as downstream signaling transduction, transcriptional regulation, regulation by adaptor proteins®, and
subcellular localization. Our results showed that both MARCKS mRNA and protein levels (as detected by both
western blots and proteomics) were upregulated after LPS stimulation. In addition, LPS induced changes of
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Figure 6. MARCKS-deficient macrophages show distinct proteome profiles after LPS stimulation. (A) Volcano
plot for the differential protein expression after 6 h LPS stimulation between WT IMMs and AMARCKS IMMs.
Green dots are representative of upregulated proteins and red dots are representative of downregulated proteins.
(B) Go enrichment analysis was performed using shinyGO v 0.77 to characterize the biological functions
including Biological Processes, Cellular Components and Molecular Functions of these differentially expressed
proteins. (C) KEGG pathway enrichment analysis. The x axis represents the fold enrichment value while y

axis represents the enrich pathway the size of bubble shows the number of differentially expressed proteins in
the indicate pathway. The color indicates the —log10(lowest-p) value, the redder color, the more significantly
pathway is enriched. (D) Heatmap plot of differentially expressed proteins involved in defense response related
proteins and mitochondria related proteins comparing WT and AMARCKS IMMs.
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Figure 7. AMARCKS IMMs are deficient in mitochondrial respiration. (A) Illustration of oxidative
phosphorylation in the mitochondrial inner membrane. (B) The general pattern of a mitochondrial stress test.
(C) WT and AMARCKS IMMs were treated with LPS (100 ng/mL) for 6 h. Oxygen consumption rates (OCR)
were measured using Seahorse with indicated inhibitors. The data were normalized to total protein. (D-G) The
individual parameters for basal respiration (D), maximal respiration (E), spare respiratory capacity (F) and

the ATP production (G) were obtained from the Wave software program. WT and AMARCKS IMMs were
treated with LPS (100 ng/mL) for 6 h or left unstimulated (indicated as “unstim” in this and subsequent panels).
Data are representative of 2 independent experiments (3 biological replicates per condition per experiment; 24
samples total) and shown as mean £ SEM: ***p <0.005 **p <0.01 *p <0.05 (two-way ANOVA). The statistically
significant differences are indicated.

the macrophage proteome, and MARCKS was among the upregulated proteins. A previous report showed that
MARCKS transcription level is highly elevated after LPS stimulation'®, but the mechanisms of action remained
unclear. Our findings provide evidence that MARCKS plays a key role during LPS stimulation in macrophages
and significantly contributes to the inflammatory response.

TLR4 translocates to the endosome after LPS stimulation®® and many pieces of indirect evidence suggest
that MARCKS is physically connected to the TLR4 signaling pathway'®?’. Considering the well-characterized
function of the TIR-domain containing adaptor protein TRAM, which is a transmembrane protein containing
the myristoylated site and PKC phosphorylation site’!, which are both important for innate immune sign-
aling, and the colocalization of TRAM with TLR4 in the plasma membrane and Golgi apparatus where the
TLR4 signal transduction takes place***?, we sought to find out whether translocation of MARCKS protein
from the cell membrane to cytoplasm may have a similar effect. We observed that MARCKS co-localized with
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TLR4 and endosome at the early time points following LPS stimulation. In addition, phosphoS163-MARCKS
also co-localized with the Golgi apparatus which is the same cellular compartment where TLR4 translocates
eventually after LPS stimulation. Colocalization of MARCKS and endosome agrees with the previous report
by Mancek-Keber et al.?*® However, in that study, the cytokine production after LPS stimulation was attenuated
by MARCKS and MARCKS effector peptide in cultured cell lines and mouse embryonic fibroblasts®. Perhaps
because of the different cells used in that study, this result was surprising and is in contrast to the more recent
studies which showed that MARCKS enhanced proinflammatory cytokine expression by regulation of p38/JNK
and NF-kappaB, an effect which was further inhibited by MARCKS inhibitory peptide (MANS) in neutrophils®
and macrophages and a mouse model'’. Furthermore, inhaled inhibitor of MARCKS (BIO-11006) attenuated
the proinflammatory cytokines in bronchoalveolar lavage fluid in the endotoxin mouse model, demonstrating
in vivo that MARCKS is involved in cytokine production and NF-kB activation in the lung in response to LPS
stimulation and supporting the in vitro findings**.

We sought to address this controversy, and our results using IMMs demonstrated that the increased expres-
sion of MARCKS protein is functionally associated with elevated pro-inflammatory cytokine production and
that MARCKS deficient macrophages had significantly reduced levels of secreted IL6 and TNF. Therefore, our
results strongly favor the hypothesis that MARCKS is indeed a positive regulator of inflammatory function in
macrophages.

MARCKS knockout mice are not well-characterized because MARCKS deficiency in mice resulted in abnor-
mal brain development and the pups die within several hours after birth’. Instead, we used, for the first time,
the CRISPR CAS9 technique® to generate MARCKS knockout macrophages and confirm that cytokine produc-
tion is altered during LPS stimulation. These results further confirmed that MARCKS promotes IL6 and TNF
expression during LPS stimulation in macrophages. Because inflammatory cytokine secretion by macrophages
is a major cause of pathogenesis and progression of the inflammatory related diseases, a better understanding
of the regulatory mechanisms of cytokine production would be beneficial for the identification of therapeutic
targets. Because MARCKS is expressed in many innate immune cells including macrophages'®, neutrophils®**”
and monocytes®®, which are the key player cells for the inflammatory responses, inhibition of MARCKS should
lead to a reduction of the proinflammatory cytokines produced by many innate immune cell types.

In addition, we uncovered the proteome aberrations caused by MARCKS deficiency. Interferon-induced
protein with tetratrico-peptide repeats-1(IFIT1) and interferon-induced protein with tetratrico-peptide repeats-3
(IFIT3), both of which play an important role during viral infection, are upregulated in AMARCKS IMMs. IFITs
play an important role during viral infection®. IFIT1 and IFIT3 have been identified as negative regulators of
LPS-induced TNF in human macrophages*’. Upregulation of IFIT1 and IFIT3 in our proteomic data may be
the cause of the lower cytokine production phenotype in AMARCKS IMMs. Gene ontology analysis and KEGG
pathway enrichment analyses of the up- and downregulated proteins pointed to the oxidative phosphorylation.
Oxidative phosphorylation occurs mainly in the mitochondrial inner membrane. Glycolysis and mitochon-
dria are the main sources of energy production during inflammatory response*"*2. Cellular energy production
changes, and ATP dependent cytokine production involved in inflammation have been described*#%. Our data
indicate that AMARCKS IMMs have decreased mitochondrial respiration compared to the WT IMMs. A previous
study showed that more mitochondria or an increase in glycolytic respiration resulted in higher ATP produc-
tion which supported macrophage cytokine production*’. Moreover, mitochondrial respiration is lower in the
LPS-tolerant macrophages*. Our results point to the correlation between MARCKS, mitochondrial respiration
and cytokine production.

In conclusion, MARCKS knockout in macrophages was associated with reduction in cytokine production
and suppression of ATP production. The hypothesis we propose is shown in Fig. 8. Direct interactions between
MARCKS and other inflammatory pathway proteins remain unknown, and the precise mechanisms of action
need further investigation. MARCKS appears to be an emerging therapeutic target in inflammatory diseases.

Materials and methods

Cell line and LPS stimulation conditions

Immortalized mouse macrophages (IMM), including the IMMs from TLR4 -/- mouse (generated by Bruce
Beutler’s laboratory*’) and available from Jackson Laboratory) were a generous gift from Dr. Eicke Latz*®*°. The
cells were cultured in complete DMEM (Gibco, Grand Island, NY, USA) complemented with 10% FBS (Gibco),
in a 5% CO, incubator at 37 °C, maintained at low densities and passaged until reaching the confluent state,
usually every 3-4 days on sterile tissue culture plates. The cells were stimulated with 100 ng/mL of LPS (LPS
from Salmonella minnesota R595, Enzo Life Sciences), as previously described by us and others?**°->2, for the
indicated times in the media containing FBS, which is a source of the functional LPS-binding protein (LBP)
shown to promote cell activation with LPS through human and murine TLRs>.

Real-time PCR

The RNeasy kit (QIAGEN, Hilden, Germany) was used for isolation of total RNA from cell culture. Total RNA
(1ug) was converted to cDNA using MultiScribe reverse transcriptase (Thermo Scientific, Rockford, IL, USA),
and real-time PCR was performed using Power SYBR Green PCR Master Mix with specific primer to determine
gene expression level. The primers are listed in supplementary Table 2. The A“ method was used for determining
relative gene expression and beta-actin was used as a housekeeping gene.

MARCKS cloning
Mouse MARCKS was amplified by PCR using primer containing 15 bp overlap complementary to the vector
ends at the 5’ end of the forward and reverse primers (5-AGATCTGCCGCCGCGATCGCATGGGTGCCC
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Figure 8. Hypothetical mechanism explaining the effect of LPS signaling in MARCKS deficient macrophages.
In response to the LPS signaling in macrophages, LPS binds to TLR4 and the signaling cascade is initiated. In
WT macrophages after LPS stimulation, PKC is activated and MARCKS is phosphorylated. Then, MARCKS
migrates from the plasma membrane to the cytoplasm and can colocalize with TLR4 at an early endosome.
Phospho-MARCKS co-localizes with the trans-Golgi network where the TLR4 signal transduction is taking
place resulting in the pro-inflammatory cytokine production. In contrast, MARCKS deficient macrophages
display global proteome changes resulting in decreased OXPHOS and the ATP production. The reduction of
OXPHOS and the ATP production results in low energy status of the macrophages which may cause the lower
cytokine secretion.

AGTTCTCC-3’) and (5- GCGGCCGCGTACGCGTTTACTCGGCCGTTGGCGC-3’). The PCR products were
cloned into third-generation lentiviral vector, pLenti-C-mGFP (OriGene, Rockville, MD, USA) using infusion
enzyme (TAKARA, Kusatsu, Japan). Plasmid sequences were verified by Sanger sequencing at Psomagen Inc
(Rockville, MD, USA).

Stable expression by lentiviral transduction

HEK293FT cells (Thermo Scientific) were seeded on 6 wells cell culture plates (250,000 cells/well) overnight prior
to transfection. pLenti-C-mGFP with MARCKS sequence were transfected to HEK293FT cells via TranIT-TKO
(MirusBio, Madison, WI, USA). Conditioned media containing lentiviral particles were harvested 24 h and 48 h
post-transfection and filtered using 0.45 pM filters (Millipore, Carrigtwohill, Ireland) before being used to infect
IMMs cells. Cells were monitored under fluorescence microscopy. Stable cell transfectants were selected using
puromycin (5 ug/mL) (Gibco) containing media. Single cells were isolated and cultured for 10-14 days to obtain
homogenous clonal populations. MARCKS expression levels were confirmed using western blots.

CRISPR CAS 9-mediated MARCKS gene knockout

CRISPR Cas9-mediated MARCKS knockout was generated by Cas9 ribonucleoprotein using the Neon Transfec-
tion System Starter Pack (Invitrogen) according to the manufacturer’s instruction. Briefly, three single guide RNA
(sgRNAs) that contain MARCKS targeting sequences and a Cas9 nuclease-recruiting enzyme were designed using
CRISPR-Cas9 guide RNA design checker (www.idtdna.com/CRISPR-Cas9). IMMs were collected and washed
once with PBS. Then, 4 x 10° cells were electroporate with Cas9 protein v.3 (Integrated DNA technologies, San
Diego, CA, USA), complexed with 3 sgRNAs (seed sequences: 5’-CACGTCGTCGCCCAAGGCGG-3, 5°-TGG
CCACGTAAAAGTGAACG-3, 5-AGCAAGAAGGAGTCGGGCGA-3’) in the nucleofector buffer (Invitrogen,
Waltham, MA, USA) and cultured for 3-4 days. The knockout candidates were screened using western blot and
mass spectrometry.

Western blot analysis

IMMs were lysed in Pierce RIPA buffer (Thermo Fisher Scientific) supplemented with Halt protease inhibitor
(Thermo Fisher Scientific) and phosphatase inhibitor cocktails (Thermo Fisher Scientific). Total protein con-
centration was determined by BCA protein assay (Thermo Fisher Scientific). Samples (20 pg total protein) were
loaded into NuPAGE 4 to 12% Bis-Tris polyacrylamide gels (Invitrogen, Carlsbad, CA, USA) and run at 200 V
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for 1 h. The proteins were transferred to the PVDF membrane (Thermo Fisher Scientific). The membranes were
blocked in 5% BSA overnight and then incubated with specific primary antibodies for 1 h followed by incubation
with secondary antibodies for 1 h. The antibodies are listed in supplementary Table 3. The blots were developed
using ECL substrate (Thermo Fisher Scientific) The results were visualized using a ChemiDoc imaging system
(Bio-Rad, Hercules, CA, USA). The densitometric analysis of western blot results was performed using Image J.

ELISA

TNF and IL6 were quantified using ELISA kits (Invitrogen, Vienna, Austria) kit according to the manufacturer’s
instructions. Briefly, IMMs were treated with 100 ng/mL LPS for 6 h in quadruplicate and the supernatants were
collected at the indicated time points. Capture antibody was applied to 96 well plates overnight followed by
blocking with 1 x diluent buffer for 1 h at room temperature, then supernatants with appropriate dilution factor
were put in each well for 2 h at room temperature. Detection antibody and streptavidin-HRP were sequentially
added to the assay plate and incubated 1 h and 30 min respectively. ELISA washing steps were performed 4 times
with 0.05% tween 20 (Thermo Fisher Scientific) in PBS (PBS-T). ELISAs were developed with TMB substrate for
10 min followed by a stop solution. Absorbances were determined using a microplate reader. The results were
interpreted in comparison to the standard curve.

Seahorse assay

IMMs in different experimental groups (control vs LPS 6 h) were dispersed into monolayers for the measurement.
Mitochondrial stress tests were performed at 37 °C using the Seahorse XFe96 bioanalyzer (Seahorse Bioscience).
IMMs were seeded at 2 x 10° cells per well on the Seahorse analysis plates. Oxygen consumption rates (OCR) and
extracellular acidification rates (ECAR) for the mitochondria were measured in XF media (containing 25 mM
glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate) under basal conditions and in response to 1.5 pM
oligomycin, 1 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP), and 0.5 uM rotenone and antimycin A.
All of the values were normalized with total protein using Wave software (Agilent).

Mass spectrometry

Sample preparation. WT and MARCKS knockout IMMs were seeded on a 10 cm dish and cultured overnight, the
cells were unstimulated or stimulated with 100 ng/mL LPS for 6 h. The indicated samples were lysed using RIPA
buffer (Thermo Fisher Scientific). For each sample, 500 ug of total protein mass was run on Bis-Tris NuPAGE
gel (Invitrogen) as described above. The gels were fixed using fixing solution (47.5% methanol and 5% glacial
acetic acid) for 30 min at room temperature. The fixed gels were stained using PageBlue® protein staining solu-
tion (Thermo Fisher Scientific) for 1 h at room temperature, and then destained overnight with ddH,O at 4 °C.
Each lane was cut into 1 mm? pieces using razor blades and the gel pieces were put in 1.5 mL Eppendorf tubes
and processed using in-gel digestion according to the published protocol and summarized below*.

In-gel protein digestion: Briefly, 500 uL of acetonitrile (ACN) were added to the gel pieces and incubated for
10 min at room temperature before removing all the supernatant from the tube. For reduction of disulfide bond,
50 uL of DTT in 100 mM ammonium bicarbonate (ABC) was added to the tube and incubated at 56 °C for
30 min. Then, 50 pL of 55 mM of 2-chloroacetamide (CA) in 100 mM ABC solution were added and incubated
for 20 min at room temperature in the dark. Then, trypsin solution (Promega, Madison, WI, USA) (1:25 w:w
ratio) was added and the samples were incubated at 37 °C for 17 h. Following incubation, peptides were cleaned
and desalted using C18 ZipTip tips (Millipore) according to the manufacturer’s instruction.

Mass spectrometry. An Orbitrap Fusion Eclipse with an EASY-Spray ion source (Thermo Fisher Scientific, San
Jose, USA) coupled to a Thermo UltiMate 3000 (Thermo Fisher Scientific) was used for LC-MS/MS experiments.
1 ug of total peptides were injected for LC-MS/MS analysis. Peptides were trapped on an Acclaim C18 PepMap
100 trap column (5 um particles, 100 A pores, 300 um i.d. x 5 mm, Thermo Fisher Scientific) and separated on a
PepMap RSLC C18 column (2 um particles, 100 A pores, 75 um i.d. x 50 cm, Thermo Fisher Scientific) at 40 °C.
The LC steps were: 98% mobile phase A (0.1% v/v formic acid in H,0) and 2% mobile phase B (0.1% v/v formic
acid in ACN) from 0 to 5 min, 2% to 35% linear gradient of mobile phase B from 5 to 155 min, 35% to 85% linear
gradient of mobile phase B from 155 to 157 min, 85% mobile phase B from 157 to 170 min, 85% to 2% linear
gradient of mobile phase B from 170 to at 172 min, 2% of mobile phase B from 172 to 190 min. Eluted peptides
were ionized in positive ion polarity at a 2.1 kV of spraying voltage. MS! full scans were recorded in the range of
m/z 375 to 1,500 with a resolution of 120,000 at 200 m/z using the Orbitrap mass analyzer. Automatic gain con-
trol and maximum injection time were set to standard and auto, respectively. Top 3s data dependent acquisition
mode was used to maximize the number of MS? spectra from each duty cycle. Higher-energy collision-induced
dissociation (HCD) was used to fragment selected precursor ions with normalized collision energy of 27. MS?
scans were recorded using an automatic scan range with a resolution of 15,000 at 200 m/z using the Orbitrap
mass analyzer. Data analysis, label free quantification and statistical analysis were performed using Proteome
Discoverer 2.5 (Thermo Fisher Scientific). Briefly, the raw files were searched against the mouse uniport database
with the list of common protein contaminants. The groups and conditions were specified to obtain the quantifi-
cation ratios and adjusted p-values were calculated using Benjamini-Hochberg method. The data visualization
was performed using R packages. The differentially expressed proteins were identified using log2 fold change
less than -0.5 (0.7-fold change) for downregulated proteins and log2 fold change more than 0.5 (1.4-fold change)
for upregulated proteins combined with the adjusted p-value less than 0.05. Volcano plots were generated by
ggplot2. All the significant proteins were used as input to identify the significant enriched Go and pathway
analysis. KEGG™® pathway analyses were performed against mouse KEGG genome database and the bubble
chart was generated by pathfindR. The adjusted p-value were calculated using Bonferroni method. The heatmap
was generated by pheatmap. Go enrichment analysis was performed using shiny v. 0.77 by searching against the
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mouse string database with the FDR cutoff 0.05. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium® via the PRIDE® partner repository with the dataset identifier PXD042097.

Confocal microscopy

IMMs were seeded in 24 well dishes with an inserted glass coverslip at 2 x 10* cells per well and incubated over-
night to recover. The cells were then treated with 1 mg/mL LPS for 5, 10, 15, 20, 30, 45, 60 min or left untreated
for the phospho-MARCKS colocalization study, 15, 30, 60 min and untreated for the endosome colocalization
study and 1, 5 min and untreated for Golgi colocalization study. After LPS treatment, the cells were washed with
ice cold PBS three times and fixed with 2% paraformaldehyde for 20 min at room temperature. The coverslips
were washed three times with PBS-T, the primary antibody was added in PBS-T with 0.1% BSA and incubated
overnight at 4 °C. After extensive washing with PBS-T, the secondary antibody was added and incubated in the
dark on the coverslips for 1 h at room temperature. The coverslips were washed once with PBST, Hoechst dye was
added (1:15,000) and incubated in the dark for 15 min after which the coverslips were again extensively washed
with PBST. The coverslips were mounted on slides using ProLong Gold (Life Technologies, Grand Island, NY) and
kept in the dark at 4 °C until visualization. Imaging was performed using a Leica SP8 confocal microscope and
data quantification including colocalization analysis was performed using Imaris software. Pearson’s coefficient
(shown in Supplemental Fig. 4) was performed routinely during image analysis using the Imaris software for
image analysis (specifically ImarisColoc, for colocalization analysis), and reflects the correlation level between
images of cells stained for MARCKS and TLR4. The detailed methodology used by the software to determine
Pearson’s coefficient between Channel A and Channel B in the images can be found here: http://www.bitplane.
com/download/dnld_arcv/release/r2003-3/ImarisColoc_1_0.pdf

Statistical analyses

Statistical analyses were performed using Prism 9.0 (GraphPad software, Inc., La Jolla, CA, USA). All the statisti-
cal analysis details including the statistical tests used in all experiments are listed in figure legends. Briefly, the
comparisons between two groups were performed using t-tests. For ELISA and Seahorse analysis, relative values
were compared using either one-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparisons
test. Data are representative of three or more biological replicates for each experiment and each experiment was
performed at least two times. Unless otherwise stated in the figure legend, the data are shown as mean + SEM
*p<0.05, **p<0.01, **p<0.001, ***p < 0.0001.

Data availability
The mass spectrometry proteomics data are available in the ProteomeXchange Consortium® via the PRIDE®
partner repository with the dataset identifier PXD042097.

Received: 21 June 2023; Accepted: 30 October 2023
Published online: 10 November 2023

References

1. Chen, Z. et al. The myristoylated alanine-rich C-kinase substrates (MARCKS): A membrane-anchored mediator of the cell func-
tion. Autoimmun. Rev. 20, 102942. https://doi.org/10.1016/j.autrev.2021.102942 (2021).

2. Thelen, M., Rosen, A., Nairn, A. C. & Aderem, A. Regulation by phosphorylation of reversible association of a myristoylated protein
kinase C substrate with the plasma membrane. Nature 351, 320-322. https://doi.org/10.1038/351320a0 (1991).

3. Seykora, J. T., Myat, M. M., Allen, L. A., Ravetch, J. V. & Aderem, A. Molecular determinants of the myristoyl-electrostatic switch
of MARCKS. J. Biol. Chem. 271, 18797-18802. https://doi.org/10.1074/jbc.271.31.18797 (1996).

4. Wu, W. C,, Walaas, S. I, Nairn, A. C. & Greengard, P. Calcium/phospholipid regulates phosphorylation of a Mr “87k” substrate
protein in brain synaptosomes. Proc. Natl. Acad. Sci. U. S. A. 79, 5249-5253. https://doi.org/10.1073/pnas.79.17.5249 (1982).

5. McLaughlin, S. & Aderem, A. The myristoyl-electrostatic switch: A modulator of reversible protein-membrane interactions. Trends
Biochem. Sci. 20, 272-276. https://doi.org/10.1016/s0968-0004(00)89042-8 (1995).

6. Myat, M. M., Anderson, S., Allen, L. A. & Aderem, A. MARCKS regulates membrane ruffling and cell spreading. Curr. Biol. 7,
611-614. https://doi.org/10.1016/s0960-9822(06)00262-4 (1997).

7. Stumpo, D. ], Bock, C. B., Tuttle, J. S. & Blackshear, P. . MARCKS deficiency in mice leads to abnormal brain development and
perinatal death. Proc. Natl. Acad. Sci. U. S. A. 92, 944-948. https://doi.org/10.1073/pnas.92.4.944 (1995).

8. Carballo, E,, Pitterle, D. M., Stumpo, D. J,, Sperling, R. T. & Blackshear, P. J. Phagocytic and macropinocytic activity in MARCKS-
deficient macrophages and fibroblasts. Am. J. Physiol. 277, C163-173. https://doi.org/10.1152/ajpcell.1999.277.1.C163 (1999).

9. Green, T. D. et al. Directed migration of mouse macrophages in vitro involves myristoylated alanine-rich C-kinase substrate
(MARCKS) protein. J. Leukoc Biol. 92, 633-639. https://doi.org/10.1189/j1b.1211604 (2012).

10. Lee, S. M., Suk, K. & Lee, W. H. Myristoylated alanine-rich C kinase substrate (MARCKS) regulates the expression of proinflam-
matory cytokines in macrophages through activation of p38/JNK MAPK and NF-kappaB. Cell Immunol. 296, 115-121. https://
doi.org/10.1016/j.cellimm.2015.04.004 (2015).

11. Hamilton, T. A. & Adams, D. O. Molecular mechanisms of signal transduction in macrophages. Immunol. Today 8, 151-158.
https://doi.org/10.1016/0167-5699(87)90145-9 (1987).

12. Akira, S. & Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 4, 499-511. https://doi.org/10.1038/nri1391 (2004).

13. Seykora, J. T., Ravetch, J. V. & Aderem, A. Cloning and molecular characterization of the murine macrophage “68-kDa” protein
kinase C substrate and its regulation by bacterial lipopolysaccharide. Proc. Natl. Acad. Sci. U. S. A. 88, 2505-2509. https://doi.org/
10.1073/pnas.88.6.2505 (1991).

14. Zhao, Y. & Davis, H. W. Endotoxin causes phosphorylation of MARCKS in pulmonary vascular endothelial cells. J. Cell Biochem.
79, 496-505. https://doi.org/10.1002/1097-4644(20001201)79:3%3c496::aid-jcb140%3e3.0.c0;2-5 (2000).

15. Tracey, K. J. & Cerami, A. Tumor necrosis factor: A pleiotropic cytokine and therapeutic target. Annu. Rev. Med. 45, 491-503.
https://doi.org/10.1146/annurev.med.45.1.491 (1994).

16. Akira, S., Taga, T. & Kishimoto, T. Interleukin-6 in biology and medicine. Adv. Immunol. 54, 1-78. https://doi.org/10.1016/s0065-
2776(08)60532-5 (1993).

Scientific Reports |

(2023) 13:19562 | https://doi.org/10.1038/s41598-023-46266-x nature portfolio


http://www.bitplane.com/download/dnld_arcv/release/r2003-3/ImarisColoc_1_0.pdf
http://www.bitplane.com/download/dnld_arcv/release/r2003-3/ImarisColoc_1_0.pdf
https://doi.org/10.1016/j.autrev.2021.102942
https://doi.org/10.1038/351320a0
https://doi.org/10.1074/jbc.271.31.18797
https://doi.org/10.1073/pnas.79.17.5249
https://doi.org/10.1016/s0968-0004(00)89042-8
https://doi.org/10.1016/s0960-9822(06)00262-4
https://doi.org/10.1073/pnas.92.4.944
https://doi.org/10.1152/ajpcell.1999.277.1.C163
https://doi.org/10.1189/jlb.1211604
https://doi.org/10.1016/j.cellimm.2015.04.004
https://doi.org/10.1016/j.cellimm.2015.04.004
https://doi.org/10.1016/0167-5699(87)90145-9
https://doi.org/10.1038/nri1391
https://doi.org/10.1073/pnas.88.6.2505
https://doi.org/10.1073/pnas.88.6.2505
https://doi.org/10.1002/1097-4644(20001201)79:3%3c496::aid-jcb140%3e3.0.co;2-5
https://doi.org/10.1146/annurev.med.45.1.491
https://doi.org/10.1016/s0065-2776(08)60532-5
https://doi.org/10.1016/s0065-2776(08)60532-5

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Agrawal, A. et al. Inhibition of mucin secretion with MARCKS-related peptide improves airway obstruction in a mouse model of
asthma. J. Appl. Physiol. 1985(102), 399-405. https://doi.org/10.1152/japplphysiol.00630.2006 (2007).

Wei, S. T., Sun, Y. H., Zong, S. H. & Xiang, Y. B. Serum levels of IL-6 and TNF-alpha may correlate with activity and severity of
rheumatoid arthritis. Med. Sci. Monit. 21, 4030-4038. https://doi.org/10.12659/msm.895116 (2015).

Mera, S. et al. Multiplex cytokine profiling in patients with sepsis. APMIS 119, 155-163. https://doi.org/10.1111/j.1600-0463.2010.
02705.x (2011).

Mancek-Keber, M. et al. MARCKS as a negative regulator of lipopolysaccharide signaling. J. Immunol. 188, 3893-3902. https://
doi.org/10.4049/jimmunol.1003605 (2012).

Brudvig, J. J. & Weimer, J. M. X MARCKS the spot: Myristoylated alanine-rich C kinase substrate in neuronal function and disease.
Front. Cell Neurosci. 9, 407. https://doi.org/10.3389/fncel.2015.00407 (2015).

Sjoelund, V., Smelkinson, M. & Nita-Lazar, A. Phosphoproteome profiling of the macrophage response to different toll-like receptor
ligands identifies differences in global phosphorylation dynamics. J. Proteome Res. 13, 5185-5197. https://doi.org/10.1021/pr500
2466 (2014).

Rowe, D. C. et al. The myristoylation of TRIF-related adaptor molecule is essential for toll-like receptor 4 signal transduction. Proc.
Natl. Acad. Sci. U. S. A. 103, 6299-6304. https://doi.org/10.1073/pnas.0510041103 (2006).

Glaser, M. et al. Myristoylated alanine-rich C kinase substrate (MARCKS) produces reversible inhibition of phospholipase C by
sequestering phosphatidylinositol 4,5-bisphosphate in lateral domains. J. Biol. Chem. 271, 26187-26193. https://doi.org/10.1074/
jbe.271.42.26187 (1996).

Wang, J., Arbuzova, A., Hangyas-Mihalyne, G. & McLaughlin, S. The effector domain of myristoylated alanine-rich C kinase sub-
strate binds strongly to phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem. 276, 5012-5019. https://doi.org/10.1074/jbc.M0083
55200 (2001).

Weinberg, S. E., Sena, L. A. & Chandel, N. S. Mitochondria in the regulation of innate and adaptive immunity. Immunity 42,
406-417. https://doi.org/10.1016/j.immuni.2015.02.002 (2015).

Faas, M. M. & de Vos, P. Mitochondrial function in immune cells in health and disease. Biochim. Biophys. Acta Mol. Basis Dis.
1866, 165845. https://doi.org/10.1016/j.bbadis.2020.165845 (2020).

Merz, T. M. et al. Mitochondrial function of immune cells in septic shock: A prospective observational cohort study. PLoS One
12, e0178946. https://doi.org/10.1371/journal.pone.0178946 (2017).

Ulevitch, R. J. & Tobias, P. S. Receptor-dependent mechanisms of cell stimulation by bacterial endotoxin. Annu. Rev. Immunol. 13,
437-457. https://doi.org/10.1146/annurev.iy.13.040195.002253 (1995).

Husebye, H. et al. Endocytic pathways regulate toll-like receptor 4 signaling and link innate and adaptive immunity. EMBO J. 25,
683-692. https://doi.org/10.1038/sj.emboj.7600991 (2006).

Udenwobele, D. I. et al. Myristoylation: An important protein modification in the immune response. Front. Immunol. 8, 751.
https://doi.org/10.3389/fimmu.2017.00751 (2017).

Ciesielska, A., Matyjek, M. & Kwiatkowska, K. TLR4 and CD14 trafficking and its influence on LPS-induced pro-inflammatory
signaling. Cell Mol. Life Sci. 78, 1233-1261. https://doi.org/10.1007/s00018-020-03656-y (2021).

Li, J. et al. A myristoylated alanine-rich C kinase substrate-related peptide suppresses cytokine mRNA and protein expression in
LPS-activated canine neutrophils. Am. J. Respir. Cell Mol. Biol. 48, 314-321. https://doi.org/10.1165/rcmb.2012-02780C (2013).

Yin, Q. et al. An inhaled inhibitor of myristoylated alanine-rich C kinase substrate reverses LPS-induced acute lung injury in mice.
Am. ]. Respir. Cell Mol. Biol. 55, 617-622. https://doi.org/10.1165/rcmb.2016-0236RC (2016).

Doudna, J. A. & Charpentier, E. Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science 346, 1258096.
https://doi.org/10.1126/science.1258096 (2014).

Eckert, R. E., Neuder, L. E., Park, J., Adler, K. B. & Jones, S. L. Myristoylated alanine-rich C-kinase substrate (MARCKS) protein
regulation of human neutrophil migration. Am. J. Respir. Cell Mol. Biol. 42, 586-594. https://doi.org/10.1165/rcmb.2008-03940C
(2010).

Sheats, M. K., Sung, E. J., Adler, K. B. & Jones, S. L. In vitro neutrophil migration requires protein kinase C-delta (delta-PKC)-
mediated myristoylated alanine-rich C-kinase substrate (MARCKS) phosphorylation. Inflammation 38, 1126-1141. https://doi.
0rg/10.1007/s10753-014-0078-9 (2015).

Takashi, S. et al. A peptide against the N-terminus of myristoylated alanine-rich C kinase substrate inhibits degranulation of human
leukocytes in vitro. Am. J. Respir. Cell Mol. Biol. 34, 647-652. https://doi.org/10.1165/rcmb.2006-0030RC (2006).

Fensterl, V. & Sen, G. C. Interferon-induced Ifit proteins: Their role in viral pathogenesis. J. Virol. 89, 2462-2468. https://doi.org/
10.1128/JV1.02744-14 (2015).

John, S. P. et al. IFIT1 exerts opposing regulatory effects on the inflammatory and interferon gene programs in LPS-activated
human macrophages. Cell Rep. 25, 95-106. https://doi.org/10.1016/j.celrep.2018.09.002 (2018).

Odegaard, J. I. & Chawla, A. Alternative macrophage activation and metabolism. Annu. Rev. Pathol. 6, 275-297. https://doi.org/
10.1146/annurev-pathol-011110-130138 (2011).

Odegaard, J. I et al. Alternative M2 activation of Kupffer cells by PPARdelta ameliorates obesity-induced insulin resistance. Cell
Metab. 7, 496-507. https://doi.org/10.1016/j.cmet.2008.04.003 (2008).

Sanz, J. M. & Di Virgilio, E Kinetics and mechanism of ATP-dependent IL-1 beta release from microglial cells. J. Immunol. 164,
4893-4898. https://doi.org/10.4049/jimmunol.164.9.4893 (2000).

Tian, Y. et al. Cytokine secretion requires phosphatidylcholine synthesis. J. Cell Biol. 181, 945-957. https://doi.org/10.1083/jcb.
200706152 (2008).

Issara-Amphorn, J., Dang, C. P, Saisorn, W., Limbutara, K. & Leelahavanichkul, A. Candida administration in bilateral nephrec-
tomy mice elevates serum (1->3)-beta-D-glucan that enhances systemic inflammation through energy augmentation in mac-
rophages. Int. J. Mol. Sci. https://doi.org/10.3390/ijms22095031 (2021).

Gillen, J. et al. LPS tolerance inhibits cellular respiration and induces global changes in the macrophage secretome. Biomolecules
https://doi.org/10.3390/biom11020164 (2021).

Poltorak, A. et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: Mutations in Tlr4 gene. Science 282, 2085-2088.
https://doi.org/10.1126/science.282.5396.2085 (1998).

Bauernfeind, E. G. et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3 inflamma-
some activation by regulating NLRP3 expression. J. Immmunol. 183, 787-791. https://doi.org/10.4049/jimmunol.0901363 (2009).

Roberson, S. M. & Walker, W. S. Immortalization of cloned mouse splenic macrophages with a retrovirus containing the v-raf/mil
and v-myc oncogenes. Cell. Immunol. 116, 341-351 (1988).

Mertins, P. et al. An integrative framework reveals signaling-to-transcription events in toll-like receptor signaling. Cell Rep. 19,
2853-2866. https://doi.org/10.1016/j.celrep.2017.06.016 (2017).

Koppenol-Raab, M. et al. Proteome and secretome analysis reveals differential post-transcriptional regulation of toll-like receptor
responses. Mol. Cell Proteom. 16, S172-S186. https://doi.org/10.1074/mcp.M116.064261 (2017).

Ernst, O. et al. Species-specific endotoxin stimulus determines toll-like receptor 4- and caspase 11-mediated pathway activation
characteristics. mSystems 6, €0030621. https://doi.org/10.1128/mSystems.00306-21 (2021).

Meszaros, K., Aberle, S., White, M. & Parent, J. B. Inmunoreactivity and bioactivity of lipopolysaccharide-binding protein in
normal and heat-inactivated sera. Infect. Immun. 63, 363-365. https://doi.org/10.1128/iai.63.1.363-365.1995 (1995).

Scientific Reports |

(2023) 13:19562 | https://doi.org/10.1038/s41598-023-46266-x nature portfolio


https://doi.org/10.1152/japplphysiol.00630.2006
https://doi.org/10.12659/msm.895116
https://doi.org/10.1111/j.1600-0463.2010.02705.x
https://doi.org/10.1111/j.1600-0463.2010.02705.x
https://doi.org/10.4049/jimmunol.1003605
https://doi.org/10.4049/jimmunol.1003605
https://doi.org/10.3389/fncel.2015.00407
https://doi.org/10.1021/pr5002466
https://doi.org/10.1021/pr5002466
https://doi.org/10.1073/pnas.0510041103
https://doi.org/10.1074/jbc.271.42.26187
https://doi.org/10.1074/jbc.271.42.26187
https://doi.org/10.1074/jbc.M008355200
https://doi.org/10.1074/jbc.M008355200
https://doi.org/10.1016/j.immuni.2015.02.002
https://doi.org/10.1016/j.bbadis.2020.165845
https://doi.org/10.1371/journal.pone.0178946
https://doi.org/10.1146/annurev.iy.13.040195.002253
https://doi.org/10.1038/sj.emboj.7600991
https://doi.org/10.3389/fimmu.2017.00751
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.1165/rcmb.2012-0278OC
https://doi.org/10.1165/rcmb.2016-0236RC
https://doi.org/10.1126/science.1258096
https://doi.org/10.1165/rcmb.2008-0394OC
https://doi.org/10.1007/s10753-014-0078-9
https://doi.org/10.1007/s10753-014-0078-9
https://doi.org/10.1165/rcmb.2006-0030RC
https://doi.org/10.1128/JVI.02744-14
https://doi.org/10.1128/JVI.02744-14
https://doi.org/10.1016/j.celrep.2018.09.002
https://doi.org/10.1146/annurev-pathol-011110-130138
https://doi.org/10.1146/annurev-pathol-011110-130138
https://doi.org/10.1016/j.cmet.2008.04.003
https://doi.org/10.4049/jimmunol.164.9.4893
https://doi.org/10.1083/jcb.200706152
https://doi.org/10.1083/jcb.200706152
https://doi.org/10.3390/ijms22095031
https://doi.org/10.3390/biom11020164
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1016/j.celrep.2017.06.016
https://doi.org/10.1074/mcp.M116.064261
https://doi.org/10.1128/mSystems.00306-21
https://doi.org/10.1128/iai.63.1.363-365.1995

www.nature.com/scientificreports/

54. Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V. & Mann, M. In-gel digestion for mass spectrometric characterization of proteins
and proteomes. Nat. Protoc. 1, 2856-2860. https://doi.org/10.1038/nprot.2006.468 (2006).

55. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).

56. Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference resource for gene and protein annota-
tion. Nucleic Acids Res. 44, D457-462. https://doi.org/10.1093/nar/gkv1070 (2016).

57. Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947-1951. https://doi.org/
10.1002/pro.3715 (2019).

58. Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51, D587-D592. https://doi.org/10.1093/nar/gkac963 (2023).

59. Deutsch, E. W. et al. The ProteomeXchange consortium in 2020: Enabling ‘big data’ approaches in proteomics. Nucleic Acids Res.
48, D1145-D1152. https://doi.org/10.1093/nar/gkz984 (2020).

60. Perez-Riverol, Y. et al. The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics evidences. Nucleic
Acids Res. 50, D543-D552. https://doi.org/10.1093/nar/gkab1038 (2022).

Acknowledgements
This research was supported by the Intramural Research Program of NIAID, NIH

Author contributions

Conceptualization, J.I-A. and A.N-L.; methodology, J.I-A., V.H.S., M.S., S. M. and S.H.Y,; formal analysis, J.I-A.
and N.P.M.; investigation, A.N-L.; resources, A.N-L.; data curation, J.I-A and N.P.M.; writing—original draft
preparation, J.I-A. and A.N-L.; writing—review and editing, all authors; supervision, A.N-L.; funding acquisi-
tion, A.N-L.

Funding
Open Access funding provided by the National Institutes of Health (NIH). This research was supported by the
Intramural Research Program of NIAID, NIH, USA.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46266-x.

Correspondence and requests for materials should be addressed to A.N.-L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2023

Scientific Reports |

(2023) 13:19562 | https://doi.org/10.1038/s41598-023-46266-x nature portfolio


https://doi.org/10.1038/nprot.2006.468
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1002/pro.3715
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/gkac963
https://doi.org/10.1093/nar/gkz984
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1038/s41598-023-46266-x
https://doi.org/10.1038/s41598-023-46266-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Myristoylated, alanine-rich C-kinase substrate (MARCKS) regulates toll-like receptor 4 signaling in macrophages
	Results
	MARCKS is upregulated during LPS stimulation
	MARCKS increases its colocalization with the endosome post LPS stimulation
	MARCKS colocalizes with TLR4 at early time points after LPS stimulation
	Phospho-MARCKS localizes to the Golgi following LPS treatment
	MARCKS expression is TLR4-dependent
	MARCKS promotes proinflammatory cytokine responses
	MARCKS deficient macrophages show distinct proteomics profile during LPS stimulation
	MARCKS promotes oxidative phosphorylation

	Discussion
	Materials and methods
	Cell line and LPS stimulation conditions
	Real-time PCR
	MARCKS cloning
	Stable expression by lentiviral transduction
	CRISPR CAS 9-mediated MARCKS gene knockout
	Western blot analysis
	ELISA
	Seahorse assay
	Mass spectrometry
	Confocal microscopy
	Statistical analyses

	References
	Acknowledgements


