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NOD1 cooperates with HAX-1 to promote cell migration in
a RIPK2- and NF-kB-independent manner
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The human Nod-like receptor protein NODI is a well-described pattern-
recognition receptor (PRR) with diverse functions. NOD1 associates with
F-actin and its protein levels are upregulated in metastatic cancer cells. A
hallmark of cancer cells is their ability to migrate, which involves actin
remodelling. Using chemotaxis and wound healing assays, we show that
NODI expression correlated with the migration rate and chemotactic index
in the cervical carcinoma cell line HeLa. The effect of NODI in cell migra-
tion was independent of the downstream kinase RIPK2 and NF-kB activ-
ity. Additionally, NODI1 negatively regulated the phosphorylation status of
cofilin, which inhibits actin turnover. Co-immunoprecipitation assays iden-
tified HCLS1-associated protein X-1 (HAX-1) as a previously unknown
interaction partner of NODI. Silencing of HAX-1 expression reduced the
migration behaviour to similar levels as NODI knockdown, and simulta-
neous knockdown of NODI and HAX-I showed no additive effect, sug-
gesting that both proteins act in the same pathway. In conclusion, our data
revealed an important role of the PRR NODI in regulating cell migration
as well as chemotaxis in human cervical cancer cells and identified HAX-1
as a protein that interacts with NOD1 and is involved in this signalling
pathway.

Introduction

The innate immune system provides the first line of
defence and reacts within minutes to hours to conserved
structures of microorganisms, collectively called PAMPs
(pathogen-associated molecular pattern), which are rec-
ognized by pattern-recognition receptors (PRRs) [1].
One important intracellular PRR is the nucleotide-
binding and oligomerization domain (NOD)-like recep-
tor (NLR) protein NODI. NODI is activated by

Abbreviations

bacterial peptidoglycan fragments containing p-gluta-
myl-meso-diaminopimelic acid (IE-DAP) originating
mainly from Gram-negative and certain Gram-positive
bacteria [2,3]. Ligand binding induces homooligomeriza-
tion of NOD1, which subsequently leads to the recruit-
ment and activation of the receptor-interacting serine/
threonine-protein kinase 2 (RIPK2) to induce nuclear
factor k-light-chain-enhancer of activated B cells

AGC, automatic gain control; Arp, actin-related protein; Co-IP, co-immunoprecipitation; Dox, doxycycline; ECM, extracellular matrix; HAX-1,
HCLS1-associated protein X-1; HPV, human papilloma viruses; |[E-DAP, p-glutamyl-meso-diaminopimelic acid; MAPK, mitogen-activated
protein kinase; MIT, maximum injection time; MS, mass spectrometry; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; NLR,
Nod-like receptor; NOD, nucleotide-binding and oligomerization domain; PAMP, pathogen-associated molecular pattern; PRR, pattern-
recognition receptor; RIPK2, receptor-interacting serine/threonine-protein kinase 2; siNT, non-targeting siRNA; SSH1, slingshot homologue 1;
TFA, trifluoroacetic acid; TNF, tumour necrosis factor; TriDAP, L-alanine-y-p-glutamyl-meso-diaminopimelic acid; WT, wild-type.
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NOD1 affects cell migration

(NF-kB) signalling [4] and activation of the mitogen-
activated protein kinase (MAPK) pathway [5].

Besides its role as a PRR, NODI was reported to be
associated with cancer progression. On the one hand, a
protective role of NOD1 in cancer has been proposed as
decreasing NODI levels were correlated with tumour
growth and progression of oestrogen sensitive breast
cancer [6] and oral squamous cell carcinoma cells [7]. In
Nodl knockout mice, inflammation-induced colon
tumourigenesis was enhanced, the epithelial layer was
more severely disrupted and more inflammatory cyto-
kines were released compared to wild-type (WT) mice
[8]. In cervical cancer, Liu et al. [9] hypothesized that the
oncoproteins of human papilloma viruses (HPV)
decrease NODI1 protein levels to inhibit NODI-
mediated apoptosis. On the contrary, more recent stud-
ies suggest a complex role of NODI in cancer progres-
sion. Zhang et al. reported that NODI is highly
expressed in HPV-induced malign cervix carcinoma,
with NOD] expression correlating with reduced survival
of the patients and increased proliferation, invasion and
migration of the tumour cells. Additionally, basal T1L-8
secretion was enhanced and the NF-xB and ERK signal-
ling pathways were activated [10]. In ovarian cancer tis-
sue, NODI and RIPK2 protein expression was shown
to be upregulated, which was associated with a higher
metastatic potential [11]. Mechanistically, NOD1 expres-
sion increased the proliferation, invasion, NF-xB-
mediated transcription and phosphorylation in a
RIPK2-dependent manner [11]. Also, in colorectal can-
cer, NODI1 protein expression was reported to be highly
elevated compared to control tissue [12], the protein
level increased with cancer progression and was associ-
ated with shorter survival of the patients [13]. Addition-
ally, NODI1 stimulation in colorectal cancer cells was
shown to increase cell adhesion, migration and metasta-
sis with involvement of the p38 MAPK pathway [13].
Interestingly, in myeloid cells, Maisonneuve et al.
described a NODIl-induced immunosuppressive,
tumour-tolerating micro-environment, thereby provid-
ing another mechanism for how NODI1 can promote
tumour progression. In their study, systemic activation
of NODI in mice resulted in reprogramming of macro-
phages towards an anti-inflammatory phenotype and
expansion of myeloid-derived suppressor cells [14].

To conclude, several independent lines of evidence
show that NODI expression is associated with cancer
progression and malignant transformation. The under-
lying mechanisms, however, are still poorly defined
and might be cell type specific, thus explaining the
partly contradictory findings.

HCLSI-associated protein X-1 (HAX-1) is a protein
with multiple biological functions, including the
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stabilization of the mitochondrial membrane potential
[15], the regulation of calcium storage in the sarcoplas-
mic reticulum [16], the stimulation of cell migration
[17] and the inhibition of apoptosis [18]. Polymor-
phisms in HAX-1 are associated with Kostmann’s dis-
ease, a genetic form of agranulocytosis [19]. However,
the exact biological function of HAX-1 in this disease
remains still unknown. HAX-1 is further overexpressed
in several different cancer entities and its protein levels
are positively associated with metastasis, cancer pro-
gression and cell growth and have a negative impact
on survival of the patients. This was shown for colo-
rectal cancer [20], oesophageal squamous cell carci-
noma [21,22], lung cancer [23], melanoma [23], breast
cancer [23], liver cancer [24,25] and ovarian cancer
[26]. HAX-1 knockdown reduced cell migration in
hepatocellular [25], ovarian [26] and glioma [27] cancer
cells. More specifically, in one study silencing of
HAX-1 did not attenuate single-cell migration, but
collective cell migration, which was due to reduced
cell—cell and cell-extracellular matrix (ECM) contacts
[28]. All these studies support that the expression of
HAX-1 promotes cancer progression.

Cell migration is a highly regulated physiological
process in multicellular organisms that is essential for
embryonal development, vascularization and tissue
repair. It is also used by malignant cancer cells for
metastasis [29]. Cells can either migrate as individual
cells (single-cell migration), which plays an important
role in immune cell trafficking, or unidirectional as a
group (collective cell migration), which takes place
during wound healing. For collective cell migration,
the connection of the cells through tight junctions is
important [30,31]. Tumour cells use both single and
collective cell migration for spreading and tissue inva-
sion [30]. The speed of the migrating cell is mainly
influenced by the turnover rate of F-actin polymeriza-
tion and adhesion/deadhesion to the ECM [30].
Thereby F-actin polymerization and depolymerization
are promoted by actin-related protein (Arp) 2/3 and
cofilin respectively. The activity of cofilin is regulated
by the protein phosphatase slingshot homologue 1
(SSH1) and LIM domain kinases 1 and 2 (LIMK1/2),
whereas Arp2/3 requires cortactin, Rac family small
GTPase 1 (Racl) and Gal3 for its activity [17,32]. For
NODI1 and HAX-1 diverse regulatory functions in the
actin cytoskeleton remodelling have been described.
NODI is known to enhance the activity of SSHI1 [33]
and interact with Racl [34], whereas HAX-1 was
shown to complex with Racl, cortactin and Gol3
[17,26] and to activate the Arp2/3 complex [35].
Besides, HAX-1 is required for junction complexes
between the cells, which are important for collective
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cell migration, and E-cadherin is delocalized in HAX-1
deficient MCF7 cells. Additionally, HAX-1 is involved
in the regulation of adhesion molecules to the ECM,
which are enhanced upon HAX-1 depletion [28]. Con-
sequently, knockdown of HAX-I can impair the
detachment and chemotactic migration of neutrophils
[36]. Reduced cell-ECM adhesion was observed upon
NODI knockdown, while NOD1 stimulation induced
ECM adhesion complexes, which directly influences
cell migration in the colon cancer cell line HT29 [13].

Here, we provide evidence that expression of NODI
correlates with the migration rate and chemotaxis in
HeLa cells. Co-immunoprecipitation (Co-IP) identified
HAX-1 as a novel NODI interaction partner in HeLa
cells and silencing of either HAX-1 or NODI reduced
cell migration. The effect in cell migration was inde-
pendent of NF-kB activation and RIPK2, the essential
signalling partner for NOD1. The phosphorylation of
cofilin, which inhibits actin turnover, was negatively
regulated by NODI. In conclusion, NODI and HAX-1
expression positively influenced cell migration and our
data suggest that both might act in a common
pathway.

Results

NOD1 expression enhances collective cell
migration

NODI interacts with and activates SSHI, an enzyme
promoting cell migration by enhancing the dephosphor-
ylation of cofilin [33]. To investigate whether NODI1
influences cell migration, wound closure of cervical car-
cinoma HeLa cells was observed by microscopy in
wound healing assays using automated gap recognition
(Movie S1). HeLa cells with doxycycline (Dox)-
inducible expression of NODI-eGFP (NODI1-eGFP)
showed an enhanced sheet migration behaviour com-
pared to HeLa cells with inducible eGFP expression
(Fig. 1A), whereas Dox treatment itself did not affect
the migration behaviour of eGFP expressing HeLa cells
(Fig. 1H). In order to corroborate the microscopy data,
as a second readout we used the xCELLigence system
that measures cell migration by assessing the imped-
ance. Additional induction of NODI expression by Dox
slightly increased cell migration (Fig. 1B). Successful
induction of NODI-eGFP by Dox treatment in NOD]1-
eGFP cells was verified by immunoblot (Fig. 1C) and
gPCR (Fig. 1D). Notably, a low leaky expression of
NODI-eGFP was detected also in untreated -cells
(Fig. 1C,D).

Next, we aimed to confirm the effect of NODI1 on
cell migration by reducing NODI expression. To this

NOD1 affects cell migration

end, we transfected a NODI-targeting siRNA in unin-
duced NODI-eGFP-expressing HeLa cells. Silencing of
the leaky NODI-eGFP expression led to significantly
reduced migration of NOD1-eGFP cells in the micros-
copy assay (Fig. 1E) and the xCELLigence system
(Fig. 1F) as compared to a non-targeting siRNA con-
trol (siNT). Knockdown efficiency was confirmed by
immunoblot (Fig. 1G). Importantly, targeting eGFP
expression in Dox-induced or uninduced eGFP control
cells did not change migration behaviour compared to
siNT control (Fig. 1H), excluding an effect of eGFP
expression on cell migration in our system. eGFP
knockdown efficiency was verified by immunoblot
(Fig. 1J). We also targeted NODI1-eGFP expression by
the same eGFP-specific siRNA in NODI1-eGFP cells
and measured migration by another well-established
method (Tscratch). This showed that targeting eGFP
reduced cell migration to similar extent as the
NOD I-specific siRNA (Fig. 11). Knockdown efficiency
in this assay was verified by measuring eGFP
fluorescence (Fig. 1K).

To further corroborate that the observed migration-
enhancing effect was not an artefact of the stable
HeLa Flp-In cell line used, the migration experiments
were repeated using HeLa WT cells. NODI knock-
down significantly reduced the migration of HeLa cells
in microscopy (Fig. 2A) and xCELLigence (Fig. 2B)
assays. To exclude off-target effects of the siRNA, this
effect was validated by another siRNA duplex target-
ing NODI in the microscopy assay (Fig. 2A). Knock-
down efficiency of both siRNAs was confirmed by
qPCR (Fig. 2C).

In conclusion, our results provide significant evi-
dence that NODI expression enhances cell migration
of HeLa cells.

NOD1 silencing impairs chemotaxis

To characterize the influence of NODI1 on single-cell
migration, we assayed the effect of NOD1 on CXCL12
(C-X-C motif ligand)-mediated chemotaxis in HeLa
cells [37-39]. To this end, a linear concentration gradi-
ent of the chemoattractant CXCL12 (aka SDF-1) was
established across the cells using the p-Slide chemo-
taxis chamber (Fig. 3A). The direction and speed of
single cells were observed with live-cell imaging and
compared between HelLa WT cells treated with
NOD1-specific siRNA or siNT respectively. The rela-
tive path of 67 single NODI silenced or control cells,
which were observed for 24 h in the microscope, is
presented in Fig. 3B. The total path length was com-
parable between control and NODI knockdown cells
[257 & 13 pm versus 240 £ 14 pum (mean + SEM)]
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Fig. 1. Sheet migration is increased by NOD17 expression. (A) Wound healing assay of Dox-induced HeLa NOD1-eGFP and eGFP cells. (B)
Cell Index via impedance of Dox-induced HelLa NOD1-eGFP cells was measured. (C) Immunoblot of protein lysates from HeLa NOD1-eGFP
cells induced with Dox, probed for eGFP and GAPDH. (D) NODT mRNA expression of Dox-induced HeLa NOD1-eGFP and HelLa WT cells
was analysed by qPCR and normalized to GAPDH. (E-G) siRNA-mediated silencing of NOD17 expression in HeLa NOD1-eGFP cells. Knock-
down with siNT was used as control. Cell migration was assessed by wound healing (E) or xCELLigence (F) assays. (G) Immunoblot of
NOD1-eGFP cell protein lysates 96 h after transfection with siRNA, probed for GFP and GAPDH. (H) siRNA-mediated silencing of eGFP in
Dox-induced HelLa eGFP cells. Cell migration was assessed by wound healing assays. (I) Wound healing assay of siNT, siNOD1_a and siGFP
transfected HelLa NOD1-eGFP cells. Wound closure was analysed with Tscratch. (J) Immunoblot of protein lysates from (H), probed for GFP
and B-tubulin. (K) Relative GFP intensity of HeLa NOD1-eGFP cells from (I). Differences between groups were assessed with Kruskal-\Wallis
test and if significant subsequently one-sided Mann-Whitney U test. ns, non-significant P-value > 0.05; *P < 0.05; ***P < 0.001. Data are
representative of two independent experiments. Data show mean + SEM.
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Fig. 2. Knockdown of NOD7 reduces migration in HeLa WT cells. Cell migration of HeLa WT cells treated with NOD7-targeting or non-
targeting (siNT) siRNAs was measured in wound healing (A) and xCELLigence assays (B). (C) NOD17 mRNA expression of NOD1 silenced
Hela WT cells was analysed by gPCR and normalized to GAPDH. Differences between groups were assessed with Kruskal-Wallis test and
if significant subsequently one-sided Mann—-Whitney U test. *P < 0.05; **P < 0.01. Data are representative of two independent experiments.
Data show mean + SEM.

(Fig. 3C), but the chemotactic index, which describes HAX-1 interacts with NOD1
the path towards the chemoattractant in relation to
the total migrated path, of the NODI silenced cells
was significantly lower compared to siNT-treated cells
[0.132 + 0.029 versus 0.342 + 0.028 (mean + SEM))]
(Fig. 3D). On average, siNODI_a treated cells
migrated 38.6 + 8.2 um towards CXCLI12 compared
to 87.5 + 9.3 um (mean + SEM) of cells treated with
siNT (Fig. 3B).

These data show that NODI knockdown not only
reduced sheet but also chemotactic migration of Hela
cells.

NODI1 was shown to interact with F-actin and to be
recruited to the entry site of the bacterium Shigella at
the plasma membrane in human cells [40]. Moreover,
disturbances in actin dynamics and Rho GTPase activ-
ity result in NODI-dependent NF-xB activation
[33,34,40]. To find proteins that link NODI to actin
and cell migration, we performed immunoprecipitation
of NODI1 in HeLa NODI1-eGFP cells at steady-state
condition and 0.5, 1 and 2 h postinfection with the
Gram-negative bacterium Shigella flexneri, a well-
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Fig. 3. Knockdown of NODT negatively regulates chemotactic migration. (A) Schematic image of p-Slide Chemotaxis (courtesy of ibidi
GmbH). Cells were seeded in the growth area and one reservoir was filled with medium supplemented with chemoattractant or vehicle. (B)
Relative migration plots of 67 HelLa WT cells 70 h after knockdown of NOD7 or control knockdown with siNT. Concentration gradient of
CXCL12 (50 nm) is indicated at the bottom of the graph. Cells were imaged every 30 min for 24 h and tracked manually. The mean of the
endpoint of all tracked cells is represented by the blue diamond. Mean + SEM. siNT: 87.5 + 9.3 um, siNOD1_a: 38.6 + 8.2 um. (C, D) Vio-
lin plot with mean of the cumulative distance (C) or chemotactic index (D) from single-tracked NODT or control knockdown Hela WT cell.
One-sided t-test was applied, ****P < 0.0001; ns, non-significant P > 0.05. Data are representative of two independent experiments.

described NODI1 activator [41]. Proteins copurifying
with NOD1-eGFP but not with eGFP used as a con-
trol were identified by mass spectrometry. Beside sev-
eral heat-shock proteins, we identified HAX-1, an
actin-associated protein, as one of the most abundant
proteins to bind to NODI. Interaction of HAX-1 and
NODI1 was verified by immunoblot and was indepen-
dent of Shigella infection (Fig. 4A). To map the
domain of NODI responsible for the interaction, myc-
HAX-1 was transiently overexpressed in HEK293T
cells together with Flag-NODI, Flag-NODIACARD
or Flag-NODIALRR (Fig. 4B) respectively. Ectopi-
cally expressed myc-HAX-1 co-purified with all NODI1
constructs, but was not detected in the control condi-
tion lacking NOD1 expression (Fig. 4C). Interestingly,
interaction of HAX-1 was increased upon deletion of
the CARD and, even more pronounced, the LRR
domain (Fig. 4C). For endogenous HAX-1, interaction

5300

with full-length NODI1 was very weak, however, as
seen for the ectopically expressed myc-HAX-1 interac-
tion was enhanced for Flag-NODIACARD and Flag-
NODIALRR (Fig. 4D). These data show that the
CARD and LRR domains in NODI1 are not necessary
for the interaction but in fact might even hinder
copurification of NOD1 and HAX-1.

Together this identifies HAX-1 as a novel interac-
tion partner of NODI.

HAX-1 knockdown decreases migration to the
same extent as NOD1 knockdown

As HAX-1 was reported to play a role in cell migra-
tion [24] and is an interaction partner of NODI, we
next investigated the effect of HAX-1 on sheet migra-
tion. In wound healing assays with HeLa WT cells,
knockdown of HAX-1 by two different siRNAs
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Fig. 4. HAX-1 is an interaction partner of NOD1. (A) Anti-GFP immunoprecipitation from Shigella flexneri infected HeLa NOD1-eGFP and
eGFP cells. Immunoblot was probed for HAX-1 and GAPDH and ponceau staining is shown. (B) Schematic structure of NOD1 and NOD1
constructs used in (C, D). (C, D) HEK293T cells were transiently transfected with Flag-NOD1, Flag-NOD1ACARD or Flag-NOD1ALRR (C, D)
and myc-HAX1 (C) and anti-Flag IP was performed. Immunoblots were probed for HAX-1 and Flag. Data are representative of two indepen-
dent experiments.

confirmed a positive effect of HAX-1 on cell migration healing as well as in the xCELLigence assay (Fig. 5A,
(Fig. 5A). Separate knockdown of NODI and HAX-1 C) and double knockdown of both NODI and HAX-1
thereby showed a comparable effect in the wound did not further decrease the migration rate in
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Fig. 5. Knockdown of HAX-7 impairs migration, silencing of NOD7 and HAX-7 has no additive effect. (A) Wound healing assay of NOD17 or
HAX-1 silenced HelLa WT cells. Knockdown with siNT was used as control. (B) Immunoblot analysis of cells from (A) 96 h after knockdown.
Blot was probed for HAX-1 and GAPDH. (C) xCELLigence scratch assay of HAX-1, NOD1 or HAX-1 and NOD1 silenced HeLa NOD1-eGFP
cells. (D) Upper panel: Immunoblot of protein lysates of cells from (C) 68 h after siRNA transfection. Blot was probed for HAX-1, GFP and
GAPDH. Lower panel: NODT mRNA expression relative to GAPDH determined by gPCR 68 h after siRNA transfection. Differences between
groups were assessed with Kruskal-Wallis test and if significant subsequently one-sided Mann-Whitney U test; *P < 0.05; **P < 0.01;
**kP < (0.001. Data are representative of two independent experiments. Data show mean + SEM.

xCELLigence assays (Fig. 5C). Knockdown efficiency Thus, our data strongly suggest HAX-1 and NODI
was validated by immunoblot analysis and qPCR expression to influence cell migration, however, not
(Fig. 5B,D). synergistically.
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NOD1 and HAX-1 affect cell migration
independently of RIPK2 and NF-kB activation

NODI overexpression in our HeLa NOD1-eGFP cells
induces NF-xB activation [42] via RIPK2 and most
NODI-mediated effects require RIPK?2 signalling [43].
However, also RIPK2 independent signalling of
NODI has been described, such as for the induction
of autophagy in some cells [44]. To test if NF-kB acti-
vation contributes to changes in cell migration in our
model, HeLa eGFP cells were treated with increasing
concentrations of tumour necrosis factor (TNF). No
difference in cell migration was observed between the
unstimulated and stimulated cells (Fig. 6A), besides
TNF strongly induced IL-8 release indicative of
NF-kB activation (Fig. 6B). Also, reduced migration
was observed for NODI-silenced HeLa WT cells, this
was not affected by TNF treatment (Fig. 6C). NODI
knockdown was verified by qPCR (Fig. 6D) and by a
reduction of IL-8 secretion after TNF stimulation
(Fig. 6E). Thus, TNF stimulation does not affect the
migration enhancing effect of NODI1 in HeLa cells,
which strongly suggests this effect to be NF-«xB
independent.

As RIPK2 was reported to promote cell migration
in vascular smooth muscle cells [45], we tested the
influence of RIPK2 on cell migration. In HeLa WT
cells, targeting RIPK2 with two different siRNAs
showed no effect on cell migration. In contrast, as
shown above, siRNA-mediated knockdown of NODI
led to reduced cell migration (Fig. 6F). Both RIPK2
siRNAs led to a significant reduction of RIPK2 pro-
tein levels as shown by immunoblot (Fig. 6G). To fur-
ther exclude RIPK2 to play a role in NODI1-mediated
cell migration, we additionally performed chemotaxis
assays with RIPK2 silenced HeLa WT and control
cells and analysed the chemotactic migration towards
the chemoattractant CXCL12 again using the p-Slide
chemotaxis chamber (Fig. 3A). The relative path of 50
single RIPK2 silenced cells, which were observed for
24 h in the microscope, is presented in Fig. 6H. Suc-
cessful chemotaxis was verified by Rayleigh test. No
difference was observed in total path length [siNT:
117 £ 6 um; siRIPK2: 116 £ 8 pm (mean + SEM)]
(Fig. 61) or chemotactic index [siNT: 0.16 + 0.05 pum;
siRIPK2: 0.13 4+ 0.05 um (mean + SEM)] (Fig. 6J)
between RIPK?2 silenced and siNT control cells. Suc-
cessful RIPK2 knockdown was verified by immunoblot
(Fig. 6K). Thus, the effect of NODI on migration is
independent of RIPK2-mediated signalling.

Taken together, these experiments indicate that the
observed migration enhancing effect in HeLa cells is
independent of RIPK?2 signalling and NF-kB activation.

NOD1 affects cell migration

NOD?2 is a protein highly related to NOD1 both in
structure and function and also signals by the activa-
tion of RIPK2 and NF-kB signalling [46,47]. NOD2-
eGFP expressing HeLa cells, however, did not increase
sheet migration compared to the HeLa eGFP cell line,
even after induction of NOD2-eGFP expression by
Dox (Fig. 7A). Successful induction of NOD2-eGFP
was verified by immunoblot (Fig. 7B).

As neither NF-kB activation nor RIPK2-mediated
signalling was involved in the NODI-mediated migra-
tion enhancing effect, we ultimately assessed the effect
of direct NODI1 stimulation on migration by wound
healing assays. To this end, we stimulated HeLa WT
cells with TriDAP (L-Ala-y-D-Glu-mDAP), the specific
agonist for NODI, after scratching. NOD1 stimulation
did not significantly alter cell migration compared to
unstimulated cells (Fig. 7C). However, a small ten-
dency towards enhanced cell migration was observed.
Successful NODI1 activation by TriDAP stimulation
was assessed by IL-8 release (Fig. 7D). These data sug-
gest that the effect of NODI on cell migration is
intrinsic rather than signalling mediated.

Phospho-cofilin (p-cofilin) promotes actin turnover
by depolymerizing F-actin [32] and we showed earlier
that NOD1 stimulation decreases p-cofilin levels [33].
In line with these findings, we observed that NODI
knockdown increased phosphorylation of cofilin at ser-
ine 3 in HeLa cells, whereas HAX-1 knockdown had
no measurable influence on the p-cofilin signal and
RIPK2 only slightly affected cofilin phosphorylation
(Fig. 7E). These data might point towards an involve-
ment of cofilin in the NODI-, but not the HAX-1-
mediated enhanced migration of HeLa cells, which in
turn would indicate NOD1 and HAX-1 to be impli-
cated in different branches of the same signalling
pathway.

Discussion

Here, we show that NODI expression correlates with
cell migration in human cervical carcinoma cells.
Using HeLa cells with inducible expression of NODI-
eGFP, we found that a very low (leaky) NODI-eGFP
expression already was sufficient to augment migra-
tion, whereas strong expression of NODI had only a
slight additional effect. The basal NODI mRNA
expression in HeLa WT cells is about 3% of the leaky
expression of NODI in HeLa NODI1-eGFP cells,
whereas Dox treatment upregulated NODI mRNA
about 32-fold. This suggests that mild upregulation of
NODI is sufficient to reach saturation for the effect on
cell migration, which is in line with the overall low
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Fig. 6. NOD1 and HAX-1 influence on cell migration is independent of NF-kB and RIPK2. (A) Wound healing assay of HelLa eGFP cells stimu-
lated with indicated concentrations of TNF after scratching. (B) IL-8 ELISA with supernatant of cells from (A) 24 h after stimulation. (C)
Wound healing assay of HelLa WT cells after siRNA-mediated silencing of NOD7 or control knockdown with siNT and treatment with the
indicated concentrations of TNF after scratching. (D) NOD7 mRNA expression relative to GAPDH of cells from (C) determined by gPCR 68 h
after siRNA transfection. (E) IL-8 ELISA of supernatants from cells from (C) 24 h after stimulation. (F) Wound healing assay of NODT or
RIPK2 silenced Hela WT cells. (G) Immunoblot of protein lysates of cells from (F) 96 h after siRNA transfection. Blot was probed for RIPK2
and GAPDH. (H) Relative migration plots of 50 HeLa WT cells 70 h after knockdown of RIPK2. Concentration gradient of CXCL12 (50 nwm) is
indicated at the bottom of the graph. Cells were imaged every 30 min for 24 h and tracked manually. The mean of the endpoint of all
tracked cells is represented by the blue diamond. Mean + SEM 13 + 5.2 um. (I, J) Violin plot with mean of the cumulative distance (I) or
chemotactic index (J) from single-tracked R/PKZ2 or control knockdown Hela WT cells. (K) Immunoblot of protein lysates of cells from (H).
Blot was probed for RIPK2 and B-tubulin. Differences between groups were assessed with Kruskal-Wallis test and if significant subse-
quently one-sided Mann-Whitney U test. ns, non-significant P-value > 0.05; **P < 0.01. Data are representative of 3 (C-E), 2 (A, B, F, G) or

1 (H-K) experiments. Data show mean + SEM (A, C, F) or mean + SD (B, E).

endogenous expression levels of NODI and our obser-
vations on the effect of NODI in innate immunity
where also low levels are sufficient to induce a robust
immune response [40,42]. A role for NODI in cell
migration has been reported also for cervical squa-
mous cell carcinoma cells [10] and ovarian cancer cell
lines [11] supporting our finding in the cervical carci-
noma cell line HeLa. Controversial roles for NOD2
have been reported in cancer progression [12,48] and
cell migration [10,49], whereas we could not confirm a
robust effect of NOD2 overexpression on cell migra-
tion in HeLa cells. These discrepancies might depend
on differences in expression level and the cellular
systems used.

Upon analysis of CXCLI12 chemotaxis of HelLa
cells, we found that the directed migration towards
CXCL12 was impaired in NODI-depleted cells. Inter-
estingly, only the chemotactic index was decreased in
NODI silenced HeLa cells, but the total distance did
not differ significantly between control and NODI
knockdown cells (Fig. 3). Fernandez-Garcia et al. and
Kasimetty et al. reported diminished chemotaxis of
neutrophils into the spleen of Nodl knockout mice in
high-fat diet-induced atherosclerosis, and into the kid-
neys in ischemic kidney disease respectively [50,51].
This effect of NODI1 on chemotaxis was cell type spe-
cific, as monocyte/macrophage recruitment to the
spleen was not affected [50]. Chan et al., however,
showed that the reason for reduced high-fat diet-
induced neutrophil infiltration in adipose tissue in
Nodl knockout mice likely is a diminished Cxcll pro-
duction, as they did not observe changes in neutrophil
chemotaxis towards Cxcll in Nodl-depleted neutro-
phils [52].

Our data support the conclusion that the effect of
NODI1 on cell migration was independent of RIPK2
expression which is in contrast to the results from
Zhang et al. [45]. Possible explanations for this dis-
crepancy might be the use of different cell lines or

assays used to determine migration. Zhang et al. [45]
utilized a Boyden chamber, which does not analyse
collective sheet migration, but cell motility and inva-
sion, whereas for this work, wound healing assays
were used. NODI stimulates NF-kB activation
through RIPK2 and the migration-enhancing effect of
NODI1 was suggested to be mediated partly by p65
phosphorylation and MAPK activation [10]. However,
TNF which activates both pathways did not influence
the migration rate of HeLa cells in our study. The
connection between NODI-mediated activation of
NF-xkB and MAPK and cell migration thus likely is
not causal. As also direct stimulation of NODI1 by its
specific agonist did not significantly affect migration of
HeLa cells, an intrinsic rather than a signalling-
dependent role of NODI in the migration of epithelial
carcinoma cells seems likely.

In this work, we identified HAX-1 as a novel inter-
action partner of NODI. The interaction between
NODI1 and HAX-1 was independent of Shigella infec-
tion and did not depend on the LRR or CARD
domain of NODI, suggesting an interaction of HAX-1
with the NACHT domain of NODI. Interestingly,
the interaction with HAX-1 seems to be stronger for
NODI mutants lacking these domains (Fig. 4), sug-
gesting a different conformation with better accessibil-
ity of HAX-1 binding sites for the CARD- and LRR-
deficient constructs.

In line with the literature, silencing of HAX-1 atten-
uated cell migration in our HeLa cell model [25-28].
Additional knockdown of NODI did not further
decrease cell migration. This provides first indirect evi-
dence that NOD1 and HAX-1 might act in the same
pathway, albeit further work is needed to prove this
formally.

NODI knockdown increased p-cofilin levels in HeLa
cells and simultaneously led to a reduction of total
cofilin. This result is in line with the p-cofilin-reducing
effect of NODI1 stimulation, which was reported by us
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Fig. 7. Direct NOD1 stimulation does not affect cell migration. (A) Wound healing assay of Dox treated HeLa NOD2-eGFP and eGFP cells.
(B) Immunoblot of protein lysates of cells from (A) 24 h after scratching. Blot was probed for eGFP and GAPDH. (C) Wound healing assay
of HeLa WT cells stimulated with 20 um L-Ala-y-p-Glu-mDAP (TriDAP) after scratching. (D) IL-8 ELISA with supernatants of cells from (C)
24 h after stimulation. (E) Immunoblot of protein lysates of HeLa WT cells after 96 h knockdown of the indicated target or control knock-
down with siNT. Blot was probed for p-cofilin, cofilin, HAX-1, RIPK2 and GAPDH. Differences between groups were assessed with Kruskal—
Wallis test. ns, non-significant P-value > 0.05. Data are representative of at least two independent experiments. Data show mean + SEM

(A, C) or mean £ SD (D).

recently [33]. HAX-I knockdown did not affect p-
cofilin and knockdown of RIPK2 resulted only in a
slight increase of p-cofilin, at best (Fig. 7E). As RIPK2
silenced cells presented with increased p-cofilin
levels but sheet and chemotactic migration was not
impaired, it seems possible that NODI influences
another, RIPK2-independent pathway to promote cell
migration.

In the wound healing assays, the migration rate of
cells with silenced NODI expression was significantly
reduced, but the total path of single-cell migration in
chemotactic assay was only slightly diminished in
NODI knockdown cells. One possibility explaining the
difference in the NODI dependency of migration
might be that NODI regulates the junction proteins
between cells like E-cadherin. The chemotaxis assay
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analyses junction protein independent single-cell
migration, whereas during the wound healing experi-
ments, the cells are connected to the neighbour cells
and migrate as one sheet. Disturbances in the localiza-
tion of the junction proteins have been shown to slow
down sheet migration [30]. For HAX-1, a similar phe-
nomenon was reported. Balcerak et al. could show
that HAX-1 expression increased the junction proteins
between the cells and simultaneously decreased the
adhesion to the ECM. Therefore, HAX-1 knockdown
reduced collective but not single-cell migration [28].
NODI1 might regulate cell junction proteins important
for cell migration. This would explain, why we did not
see an effect of classical pro-inflammatory, RIPK2 and
NF-kB-mediated NODI1 signalling on cell migration.
Absence of NODI1 might lead to dysregulated cell
junction protein expression and cytoskeletal dynamics,
thus hampering coordinated cell-cell detachment and
reattachment needed for efficient sheet migration. As
overexpression and direct stimulation of NODI
slightly, but not significantly enhanced cell migration,
very small amounts of NODI1 might be sufficient to
influence cell-cell adhesion molecules. Supporting this
idea, we found NODI silenced HeLa cells to adhere
much stronger to the surface of cell culture vessels and
to present with altered morphology compared to siNT
control cells. In contrast, no altered detachment
behaviour for the stable NODI1-eGFP cell line was
observed (data not shown). Further speaking for
NODI regulating cell junction proteins is our observa-
tion of increased phosphorylation of cofilin (Fig. 7E)
and paxillin (data not shown), proteins involved in
actin cytoskeletal remodelling and focal adhesion,
respectively, in NODI silenced HeLa cells. To clarify a
potential role of NODI in regulating cell adhesion
molecules should be subject to future studies.

Taken together, we show that NODI promotes cell
migration in human cervical cancer cells. Thus, target-
ing NODI in epithelial cancer might be promising to
reduce migration and cancer metastasis formation.

Materials and methods

Cells and cell culture

HEK293T (RRID:CVCL_0063) and HeLa cells (RRID:
CVCL_0030) were obtained from ATCC and validated by
multiplex human cell authentication test (Multiplexion, Frie-
drichshafen, Germany). Stable Dox-inducible HeLa cells
expressing eGFP, NODI-eGFP and NOD2-eGFP were
described earlier [42,53]. All cell lines were cultivated in
DMEM (Gibco, Life Technologies GmbH, Darmstadt, Ger-
many) with 10% FBS (Biochrom AG, Berlin, Germany) and
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1% Penicillin-Streptomycin (Gibco) at 37 °C and 5% CO,
in a humid environment. 1 pg-mL ™' Dox was used to induce
the overexpression of eGFP and eGFP fusion proteins for
20-24 h before the experiment. Cells were routinely checked
for absence of mycoplasma contamination by PCR.

siRNA-mediated gene silencing

For gene silencing, 20 nm siRNA was transfected in HeLa
cells using HiPerFect transfection reagent (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions for
48 h before cells were seeded for further experiments. All
siRNAs were purchased from Qiagen: siNODI a
(Hs_CARD4 4), siNOD1 b (Hs_CARD4 5), siHAX-1_a
(Hs_HAXI1_6), siHAX-1.b (Hs HAX1 6), siRIPK2 a
(Hs_RIPK2_6), siRIPK2_b (Hs_RIPK2_B), siGFP (#1022064;
Qiagen) and siNT (AllStars Negative Control).

Plasmid transfection

Transient overexpression of myc-HAX-1 [54], Flag-NODI,
Flag-NODI1ACARD, Flag-NODIALRR [40] or pcDNA
(Invitrogen, Thermo Fisher Scientific, Darmstadt, Germany)
as control was achieved by lipofection using Lipofectamine
2000 (Thermo Fisher Scientific) according to manufacturer’s
protocol. For this aim, cells were seeded in 24-well plates or
6-cm dishes and transfected with 250 or 500 ng plasmid,
respectively, and used 20-24 h posttransfection.

PAMP and cytokine treatment

To induce NF-kB or NODI activation, medium supple-
mented with indicated concentration of TNF (Invivogen)
or 20 um TriDAP (Invivogen) was added to the cells
directly after the scratch and before microscopy. To control
for activation, supernatant of unscratched cells was taken
24 h after stimulation.

Immunoblotting

Cells were lysed in Laemmli SDS buffer followed by denatur-
ation of the proteins for 5 min at 95 °C. Proteins were sepa-
rated by Tris-Glycine SDS/PAGE and then transferred onto
a 0.2-um nitrocellulose membrane. Blocking was performed
with 0.5% Roche Blocking reagent in PBS, followed by incu-
bation with the appropriate primary antibody: anti-cofilin
(5175P; Cell Signaling Technology, Leiden, The Netherlands;
1 : 1000), anti-Flag (F7425; Sigma-Aldrich, Merck, Darm-
stadt, Germany; 1 : 2000), anti-GFP (11814460001; Sigma-
Aldrich; 1 : 2000), anti-HAX-1 (PA5-27592; Thermo Fisher,
Darmstadt, Germany; 1 : 1000), anti-myc (M4439-100UL;
Sigma-Aldrich; 1 : 400), anti-RIPK2 (75257; Abcam, Cam-
bridge, UK; 1 : 1000), anti-p-Cofilin (3313S; Cell Signalling,
Leiden, The Netherlands; 1 :1000) and anti-GAPDH
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(sc-25778; Santa Cruz, Heidelberg, Germany; 1 : 1000) or
anti-beta-tubulin  (ab15568; Abcam, Cambridge, UK;
1:1000) as loading control. For detection of primary
antibodies, HRP-conjugated anti-rabbit IgG (170-6515;
Bio-Rad, Feldkirchen, Germany), light-chain specific HRP-
conjugated anti-mouse IgG (115-035-174; Jackson Immuno
Research, Cambridgeshire, UK) and HRP-conjugated
anti-mouse IgG (170-6516; Bio-Rad) were used. For signal
detection, home-made ECL, Clarity Western ECL Substrate
(Bio-Rad) or SuperSignal West Femto maximum sensitivity
substrate (Thermo Fisher Scientific) were used and signals
were recorded on an automated high-sensitivity CCD camera
system (Fusion FX; Vilber Lourmat, Marne-La-Valée,
France). Protein size was determined by running a standard
indicating size in kDa.

Determination of fluorescence intensity

Knockdown efficiency of eGFP was partly determined by
the measurement of the GFP fluorescence intensity at
wavelength 488 nm using a multiplate reader (Envision,
Perkin Elmer, Rodgau-Jiigesheim, Germany).

Quantitative RT-PCR

For qPCR, cells were lysed 72 h after knockdown and the
RNA was isolated using the RNeasy Plus Mini Kit (Qia-
gen) according to the manufacturer’s instructions. The
RNA was transcribed to ¢cDNA with the iScript cDNA
synthesis kit (Bio-Rad). qPCR was conducted using the
GreenMasterMix kit (Genaxxon Bioscience, Ulm, Ger-
many). The following primers were used: GAPDH
(GGTATCGTGGAAGGACTCATGAC, ATGCCAGTGA
GCTTCCCGTTCAG), NOD1 (TCCAAAGCCAAACAG
AAACTC, CAGCATCCAGATGAACGTG).
expression to GAPDH was calculated using the Acq
method and for the knockdown experiments, relative
expression was normalized to the siNT control.

Relative

Wound healing assay

To measure the migration behaviour, 7.5 x 10* Hela cells
per well were seeded in a 48-well plate. For knockdown
experiments, cells were harvested after 48 h. When indi-
cated, 1 pg-mL ™! Dox was added to the medium. After the
adhesion time of 24 h when the cell layer reached a con-
fluency of 90%, the cell layer was scratched with a 10-pL
pipette tip. Then, the cells were washed twice with sterile
PBS, before 500 pL of culture medium was added for
microscopy. The gap in the cell layer was monitored using
live-cell imaging with a DMi8 inverted microscope (Leica,
Wetzlar, Germany), equipped with an automated stage and
an incubation system set to 37 °C and 5% CO,. Using a
20x objective (HC Fluotar L 20x/0.40 DRY, Leica), 2—-12
positions along the gap were defined for each condition,
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from which every 15 min for 18 h phase-contrast images
were taken. After microscopy, cells were lysed for immuno-
blot analysis. The exported time series were analysed in
IMAGEJ using the macro MRI_WHT_KuferLabHohenheim
(https://github.com/KuferLabHohenheim/Woundhealing-
Tool.git) which is a usability improved version from MRI
Wound healing tool [55] (Settings: method: variance; vari-
ance filter radius: 10; radius open: 10; minimum size:
10 000). The observed open area at each time point was
normalized to the initial open area and subtracted from
one to display the relative migration. Alternatively, images
were analysed using Tscratch (CSE-lab) [56].

xCELLigence measurement

After 48 h of knockdown, 1.5 x 10* or 2 x 10* Hela WT
or HeLa NODI1-eGFP cells were seeded into each well of
an E-Plate WOUND 96 (Agilent Technologies, Inc., Wald-
bronn, Germany) and treated with 1 ug-mL~' Dox when
indicated. After an adhesion time of 19 h, the cell layer
was scratched with the AccuWound 96 Scratch Tool (Agi-
lent Technologies, Inc.). Before the E-Plate was placed in
the xCELLigence RTCA device (Agilent Technologies,
Inc.), the cells were washed once with PBS and 200-pL cul-
ture medium was added. The impedance depicted as unit-
less Cell Index in the scratch area was then measured every
15 min for 53 h in three wells per condition. Every fourth
data point was then plotted. Mean and SEM of technical
triplicates are shown in the figures.

Chemotaxis assay

Forty-eight hours after siRNA treatment, 6 pL of a
2 x 10° per mL HeLa cell suspension in DMEM with 10%
FBS and 20 mm HEPES was transferred into the middle
chamber of a p-Slide Chemotaxis (Ibidi, Grafelfing, Ger-
many) according to manufacturer’s instructions. For cell
attachment, the slide was placed in a humidity chamber for
16 h at 37 °C, 5% CO,, before the medium in the slide was
changed to chemotaxis medium (DMEM with 1% FBS
and 20 mm HEPES). After 6 h, the reservoirs were filled
with chemotaxis medium and two times 16.25 uL of
100 nm CXCLI12 (PeproTech, Thermo Fisher Scientific,
Hamburg, Germany) was applied to the right side to reach
a final concentration of 50 nm CXCL12 in the slide. Move-
ment of the cells was recorded at 37 °C and 5% CO, by
phase-contrast imaging. Eight overlapping positions along
the observation area were defined and image acquisition
was performed every 10 min for 24 h. Overlapping posi-
tions were afterwards stitched to one position using the
IMAGEJ pairwise stitching plugin [57]. Sixty-seven single cells
were tracked with the Manual tracking plugin in IMAGE.
Chemotactic migration was confirmed by Rayleigh test.
The chemotactic index, which represents the path towards
the chemoattractant divided by the total path, was
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calculated. Normal distribution of the data was verified,
and groups were compared by one-sided z-test.

Co-immunoprecipitation

For co-IP, 1.14 x 10 HEK293T cells were seeded in 6-cm
dishes and transfected the day after with 500 ng or, for the
co-transfection, 1000 ng of the indicated plasmids. Twenty
hours posttransfection, cells were harvested and lysed in 1
mL ice-cold lysis buffer (50 mm Tris/HCI pH 7.4, 150 mm
NaCl, 1% NP40, 100 nm p-glycerophosphate, 100 nm
sodium orthovanadate, 1 mm NaF and cOmplete Mini Pro-
tease inhibitor Cocktail (Roche, Mannheim, Germany) and
incubated on ice for 10 min. Next, the lysate was centri-
fuged at 14 000 g for 20 min at 4 °C. Forty microlitres of
the supernatant was saved as input sample for immunoblot
before 10 uL of a 50% anti-flag M2 affinity gel slurry
(Sigma-Aldrich) in PBS was added and gently mixed for
4 h at 4 °C. Afterwards, the beads were washed five times
with ice-cold lysis buffer, before 20 uL of a two-fold
Laemmli buffer was added. The input samples were lysed
with 10 pL of a 5x Laemmli buffer, all samples were
boiled at 95 °C for 10 min and analysed by SDS/PAGE
and immunoblot.

Mass spectrometry

Mass spectrometry (MS) was performed as recently
described [58]. Briefly, proteins were digested on beads
using trypsin (Roche) in 6 M urea, 50 mm Tris-HCI pH
8.5. Cysteines were reduced using 1,4-dithiothreitol (DTT)
and then alkylated by chloroacetamide. Samples were then
diluted to a final concentration of 2 M urea. Seven hun-
dred and fifty nanograms trypsin were added, and samples
were digested overnight at 25°C. The digests were
stopped by adding trifluoroacetic acid (TFA). Next, pep-
tide mixtures were concentrated and desalted on C18 stage
tips and dried under vacuum. Samples were dissolved in
0.1% TFA and were subjected to nano LC-MS/MS anal-
ysis on an EASY-nLC 1000 system (Thermo Fisher Scien-
tific) coupled to a Q-Exactive Plus mass spectrometer
(Thermo Fisher Scientific) using an EASY-Spray nanoelec-
trospray ion source (Thermo Fisher Scientific). The was
controlled by xcariBur 3.0.63 software (Thermo Fisher
Scientific). Tryptic peptides were directly injected into a
25 cm x 75 yum EASY-Spray analytical column (2 um,
100 A, PepMap C18) operated at 35 °C. Peptides were
separated at a flow rate of 250 nL-min "' using a 120-min
gradient with the following profile: 3-10% solvent B in
50 min, 10-22% solvent B in 40 min, 22-45% solvent B
in 30 min, 45-90% solvent B in 10 min, 15-min isocratic
at 90% solvent B, followed by 90-3% solvent B in
10 min and re-equilibration at 3% solvent B for 15 min
[solvent A: 0.5% acetic acid; solvent B: acetonitrile/H,O
(80/20, v/v), 0.5% acetic acid].
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MS spectra (m/z = 300-1600) were detected at a resolution
of 70 000 (m/z = 200) using a maximum injection time (MIT)
of 100 ms and an automatic gain control (AGC) value of
1 x 10°. MS/MS spectra were generated for the 10 most
abundant peptide precursors using high energy collision dis-
sociation fragmentation at a resolution of 17 500, normalized
collision energy of 27 and an intensity threshold of
1.3 x 10°. Only ions with charge states from +2 to +5 were
selected for fragmentation using an isolation width of
1.6 Da. For each MS/MS scan, the AGC was set at 5 x 10°
and the MIT was 100 ms. mascot 2.6 (Matrix Science, Lon-
don, UK) was used as search engine for protein identifica-
tion. Spectra were searched against the human UniProt
database (UniProt, 2021). scarroLD 4.8.6. (Proteome Soft-
ware, Portland, OR, USA) was used to evaluate peptide iden-
tifications. These were accepted with a peptide probability
> 80% as specified by the PEPTIDE PROPHET algorithm [59].
Proteins had to be identified by at least one unique peptide
and a protein probability of at least 99% to be accepted.

Cytokine quantification

IL-8 (CXCLS) release was measured in cell supernatants by
ELISA (DY208; R&D System/Biotechne, Wiesbaden, Ger-
many) according to the manufacturer’s instructions.

Data presentation and analysis

Data were analysed and figures plotted with PyTHON 3
(Python Software Foundation, Wilmington, DE, USA).
For statistical tests, the adequate function of the pingouin
package was used as specified in the figure legends. Figures
were assembled using INKSCAPE (BrookLy, NY, USA).
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Movie S1. Representative movie of a wound healing
assay showing the automated analysis with our macro.
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