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pLD-dependent phosphatidic 
acid microdomains are signaling 
platforms for podosome formation
Matteo Bolomini-Vittori1, svenja F. B. Mennens  1, Ben Joosten1,2, Jack Fransen1,2, 
Guangwei Du  3, Koen van den Dries1 & Alessandra Cambi  1

Local membrane phospholipid enrichment serves as docking platform for signaling proteins involved 
in many processes including cell adhesion and migration. tissue-resident dendritic cells (DCs) assemble 
actomyosin-based structures called podosomes, which mediate adhesion and degradation of 
extracellular matrix for migration and antigen sampling. Recent evidence suggested the involvement 
of phospholipase D (pLD) and its product phosphatidic acid (pA) in podosome formation, but the 
spatiotemporal control of this process is poorly characterized. Here we determined the role of PLD1 and 
PLD2 isoforms in regulating podosome formation and dynamics in human primary DCs by combining 
PLD pharmacological inhibition with a fluorescent PA sensor and fluorescence microscopy. We found 
that ongoing PLD2 activity is required for the maintenance of podosomes, whereas both PLD1 and 
PLD2 control the early stages of podosome assembly. Furthermore, we captured the formation 
of PA microdomains accumulating at the membrane cytoplasmic leaflet of living DCs, in dynamic 
coordination with nascent podosome actin cores. Finally, we show that both PLD1 and PLD2 activity 
are important for podosome-mediated matrix degradation. our results provide novel insight into the 
isoform-specific spatiotemporal regulation of PLD activity and further our understanding of the role of 
cell membrane phospholipids in controlling localized actin polymerization and cell protrusion.

Actomyosin-mediated reorganization of the cell cytoskeleton is essential for cell migration and invasion. 
Podosomes are the most prominent actomyosin structures in myeloid cells such as osteoclasts, immature den-
dritic cells (DCs) and macrophages1–3. In addition, they have been described in Src-transformed fibroblasts4,5, 
smooth muscle cells6 endothelial cells7 and megakaryocytes8,9. DCs, as orchestrators of both innate and adaptive 
immune responses, make podosomes to breach basal membranes and sample peripheral tissues for invading 
pathogens10. Upon encountering an antigen, immature DCs become activated to turn into mature DCs, which 
quickly disassemble podosomes and migrate to a regional lymph node, where they present the antigen to T cells, 
thereby initiating an immune response11. Structurally, podosomes present several analogies with invadopodia, 
which are actomyosin protrusions that facilitate cancer cell invasion12,13, emphasizing the pathophysiological 
relevance of these cytoskeletal structures.

Podosomes are multimolecular mechanosensory structures with a complex architecture consisting of a pro-
trusive actin-rich core that displays radial actomyosin connections to neighboring podosomes or to the mem-
brane14. Each podosome core is surrounded by regulatory proteins, adaptor molecules and integrins forming the 
so-called podosome ring, which connects these cytoskeletal structures to the extracellular matrix14,15. Podosomes 
are formed in response to a plethora of extracellular signals that converge to intracellular molecules such as pro-
tein kinase C (PKC), guanine nucleotide exchange factors, Src, Arf and Rho family members. These molecules 
induce recruitment of effector proteins including core components of podosomes, such as WASP and Arp2/3, or 
ring components of podosomes, such as talin, vinculin and myosin IIa16–18. How these input signals are integrated 
and regulated to control podosome formation and spatiotemporal organization remains poorly described.

Phospholipase D (PLD) is a phosphodiesterase that catalyzes the transphosphatidylation of phosphatidyl-
choline (PC) to phosphatidic acid (PA) and choline. The PLD family consists of six members of which PLD1 and 
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PLD2 are the most abundant and the only ones with established catalytic activity19,20. PLD1, PLD2, and their 
product PA, are involved in a variety of cellular processes including vesicular trafficking, actin rearrangement, 
cell proliferation, differentiation, and migration, in both physiological and pathological conditions21,22. As effector 
of RhoA, Rac1 and Cdc42, PLD1 has been shown to play a role in both leukocyte adhesion and migration23–25. 
Interestingly, PLD2 is involved in leukocyte migration with functions similar to PLD1, but its activity does not 
depend on RhoA26. Recently, PLD activity has been reported to control podosome formation in mouse megakar-
yocytes, in which PLD1 KO, PLD2 KO, and double knockdown resulted in reduced actin filaments and reduced 
number of podosomes27. To date, however, a role for PLD1 and PLD2 in controlling podosome formation in 
human DCs has not been demonstrated. Moreover, although a differential spatiotemporal control of cell adhesion 
by PLD isoforms has been proposed24,28, the specific involvement of PLD1 and PLD2 isoforms in the control of 
podosome formation and podosome-driven matrix degradation is still unknown.

Phospholipids are essential membrane components not only for their intrinsic structural role, but also for 
their important role as second messengers. In eukaryotic cells, PA is a lipid messenger that has been found to 
change membrane curvature and to modulate the activity of different molecules, including vinculin, Arp2/3 and 
phosphatidylinositol 4-phosphate-5 kinase (PI4P5K)29–32. Membrane phospholipids have been demonstrated to 
organize in microdomains and to work as signaling platforms for different processes such as vesicular trafficking 
or autophagy33–38. PA confinement in microdomains during vesicular fusion to the plasma membrane has been 
demonstrated during exocytosis process39,40. Still, although PA plays a role in many cellular processes, its direct 
visualization and involvement at the site of podosome formation as well as the existence of PA microdomains at 
the site of podosomes have never been demonstrated.

In this study we sought to determine the specific role of PLD1 and PLD2 and their product PA in regulating 
podosome formation and dynamics in human primary DCs by combining PLD biochemical inhibition with a 
fluorescent PA sensor with improved sensitivity41 and fluorescence microscopy. Our results demonstrate that of 
the two PLD isoforms only PLD2 controls podosome maintenance at steady state, whereas both PLD1 and PLD2 
are involved in controlling the early stages of podosome assembly induced by adhesion, microtubule reformation 
or chemoattractant. Furthermore, we captured the formation of PA microdomains accumulating at the mem-
brane cytoplasmic leaflet of living DCs, in dynamic coordination with nascent podosome actin cores. Finally, we 
show that both PLD1 and PLD2 activity is important for podosome-dependent matrix degradation. Our results 
provide novel relevant information to further our understanding of the role of cell membrane phospholipids in 
controlling localized podosome formation.

Results
pA production is essential for podosome maintenance in resting DCs. PLD activity has been 
shown to control actin remodeling and podosome formation in mouse megakaryocytes and macrophages27,28. 
Therefore, we first investigated whether PLD-dependent PA production is involved in podosome maintenance 
in primary human monocyte-derived DCs. To block PA production, we took advantage of the ability of the 
primary alcohol n-butanol to compete with water in the PLD-mediated conversion of PC to PA, generating 
inactive phosphatidyl alcohols instead of PA42,43. DCs were allowed to adhere overnight onto glass coverslips 
and incubated with increasing concentrations of n-butanol and fixed at different time points. To evaluate the 
presence of podosomes, DCs were labeled for actin and vinculin, imaged by fluorescence microscopy and the 
percentage of podosome containing cells was calculated (Fig. 1a,b). This quantification showed that the addition 
of n-butanol significantly reduced the number of cells with podosomes in a dose- and time-dependent manner 
(Fig. 1b). Importantly, addition of tert-butanol (t-butanol), a butanol isomer that is not a PLD substrate, shows 
little non-significant effect on podosome loss, even after prolonged incubation with high doses (Figs 1a,b and 
S1), strongly suggesting that the inhibitory effect of n-butanol on podosome formation is specifically mediated 
by PLD activity. To observe the dynamic effect of defective PA production on podosome formation, we per-
formed time-lapse imaging of DCs expressing LifeAct-GFP treated with either n-butanol or t-butanol (Fig. 1c 
and Supplementary Movies S1 and S2). We observed that addition of n-butanol rapidly resulted in complete 
podosome dissolution. After n-butanol washout, podosomes quickly reformed, indicating that n-butanol revers-
ibly affects the ability of DCs to assemble podosomes (Supplementary Movie S1). As expected, t-butanol had no 
effect on the percentage of podosome-forming cells, indicating that the effect on podosome dissolution is not 
due to lipophilic membrane properties altered by these primary alcohols (Fig. 1c and Supplementary Movie S2).

Podosome formation is mediated by a cascade of events triggered by signals from integrins, receptor tyrosine 
kinases or G protein-coupled receptors and followed by cell spreading44,45. Integrin expression, integrin activation 
and cell spreading are therefore important factors that have been shown to be controlled by PLD in different cell 
types46–48 and might affect ensuing actin-mediated events. We did not find significant differences in β2 integrin or 
Mac-1 (αMβ2) expression as well as total or active β1 integrin levels in cells treated or not with n-butanol (Fig. S2). 
Moreover, cell spreading was largely unaffected (Fig. S3), suggesting that integrin engagement and overall cell 
spreading were not altered by n-butanol-mediated PLD inhibition under the conditions tested (Figs S2 and S3). 
This is also supported by the observation that in the time-lapse movies, the cells did not shrink or detach after 
n-butanol addition (Fig. 1c and Supplementary Movie S1). Thus, our findings indicate that PLD-dependent PA 
production is required for DCs to assemble and maintain podosomes, under resting conditions.

PLD2, but not PLD1, controls podosome maintenance in resting DCs. Even though n-butanol is 
commonly used as a PA scavenger, it is not a specific tool to discriminate between the involvement of PLD1 and 
PLD2 isoforms. Our next aim was therefore to determine whether the PA-dependent podosome formation in 
resting DCs was mediated by PLD1 or PLD2, which are both expressed in these cells (Fig. S4). Next, we used the 
pharmacological inhibitors VU 0359595 (PLD1-inh) and VU 0364739 (PLD2-inh) to selectively inhibit PLD1 
and PLD2, respectively49–51. DCs were left to adhere overnight onto glass coverslips and treated for 10 minutes 
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with different doses of PLD1-inh or PLD2-inh. DCs were subsequently fixed, stained for actin and vinculin and 
imaged by fluorescence microscopy to evaluate podosome formation (Figs 2a,b and S1). As quantified in Fig. 2b, 
we found a significant reduction of the percentage of cells with podosomes after the addition of 5 μM PLD2-inh, 
whereas PLD1 inhibition did not change the percentage of podosome-forming cells. Analysis on cell spreading 

Figure 1. PA production is essential for podosome maintenance in resting DCs. (a) Representative widefield 
images of DCs treated for indicated times and at indicated doses with n-butanol or t-butanol. Vinculin is shown 
in green and F-actin in red. Scale bar represents 20 µm. (Bb) Percentage of cells with podosomes in DCs treated 
for indicated times and at indicated doses with n-butanol or t-butanol. Three samples of each experimental 
condition were prepared for each experiment. A minimum of 25 cells were imaged and analyzed for each 
sample. Three independent experiments were performed. Bars represent mean with SEM. Statistical significance 
was tested with one-way ANOVA with post-hoc Bonferroni’s multiple comparisons test. Asterisks indicate 
statistical significant differences compared to non-treated control (NT). Adjusted P-values: *0.0172, **0.0055, 
****0.0001. (c) Representative confocal images of live cell imaging of DCs transfected with LifeAct-GFP. After 
10 minutes of imaging, DCs were treated with 25 mM n-butanol (upper row) or 25 mM t-butanol (lower row). 
After 10 minutes of treatment, n- and t-butanol were washed out (WO). Cells were imaged for 24 minutes in 
total at 1 frame every 6.6 seconds. Scale bar represents 5 µm.

https://doi.org/10.1038/s41598-019-39358-0


4Scientific RepoRts |          (2019) 9:3556  | https://doi.org/10.1038/s41598-019-39358-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

and integrin expression showed no reduction of integrin surface levels (Fig. S2) and no reduction of cell area 
(Fig. S3) upon treatment with 5 μM of PLD2-inh. These data suggest that surface integrin levels and cell spreading 
capability are not affected by PLD1-inh and PLD2-inh and can therefore not be responsible for the reduced per-
centage of cells with podosomes. Time-lapse imaging of DCs expressing LifeAct-GFP and treated with PLD1-inh 
and PLD2-inh confirmed the results obtained with fixed cells (Fig. 2c and Supplementary Movies S3 and S4). 
Altogether these results suggest that PLD2, but not PLD1, controls podosome maintenance in resting DCs.

Both PLD1 and PLD2 activity contributes to adhesion-induced de novo podosome forma-
tion. Our data demonstrate a role for PLD2 in controlling podosome maintenance in resting DCs, which is 
in line with the notion that PLD2 is constitutively active as housekeeping enzyme24,52–54. Since PLD1 becomes 
activated by signaling events, such as integrin activation46,55,56, we hypothesized that PLD1 may play a role in 
adhesion-induced de novo podosome formation. To test this, we incubated DCs in suspension with or without 
PLD1-inh or PLD2-inh and subsequently allowed them to adhere to a coverslip (Fig. 3a). To note, we found 

Figure 2. PLD2, but not PLD1, controls podosome maintenance in resting DCs. (a) Representative widefield 
images of DCs treated for indicated times and at indicated doses with PLD1-inh or PLD2-inh. Vinculin is 
shown in green and F-actin in red. Scalebar represents 20 µm. (b) Percentage of cells with podosomes in 
DCs treated for indicated times and at indicated doses with PLD1-inh or PLD2-inh. Three samples of each 
experimental condition were prepared for each experiment. A minimum of 25 cells were imaged and analyzed 
for each sample. Ten independent experiments were performed. Bars represent mean with SEM. Statistical 
analysis was tested with one-way ANOVA with post-hoc Bonferroni’s multiple comparisons test. Adjusted 
P-values: ***0.0003. (c) Representative confocal images of live cell imaging of DCs transfected with LifeAct-
GFP. After 6 minutes of imaging, DCs were treated with 5 µM PLD1-inh (upper row) or PLD2-inh (lower row). 
Cells were imaged for 25 minutes in total at 1 frame every 4.6 seconds. Scale bar represents 5 µm.
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30 minutes to be optimal to detect sufficient events of adhesion-induced de novo podosome formation (Fig. S5). 
After 30 minutes, cells were fixed and labeled for vinculin and F-actin and imaged by fluorescence microscopy 
(Figs 3b,c and S1). We quantified the percentage of DCs forming podosomes in the presence and absence of the 
PLD inhibitors. Differently from what we observed in resting DCs, de novo podosome formation in DCs that 
were stimulated to adhere appeared to be strongly impaired not only upon PLD2 inhibition, but also upon PLD1 
inhibition (Fig. 3b,c). Quantification of cell area after 30 minutes of adhesion under the same conditions showed 
that PLD2 inhibition and PLD1 inhibition did not affect cell spreading ability (Fig. S3). These data indicate that 
both PLD1 and PLD2 contribute to adhesion-induced de novo podosome formation and strongly suggest that the 
signaling events that control podosome maintenance and de novo formation are different.

PLD1 and PLD2 both control synchronized podosome reformation. So far, our results indicate 
a general involvement of PLD2 in podosome maintenance and a specific role for PLD1 activity in mediating 
podosome de novo formation triggered by adhesion. To further confirm the involvement of PLD1 in de novo 
podosome formation, we treated adherent DCs with the microtubule disrupting compound nocodazole, which 
results in podosome disappearance. As already reported57,58, nocodazole treatment followed by thorough washout 
results in synchronized de novo podosome formation (Fig. 4a). Adding PLD inhibitors during nocodazole wash-
out allowed us to further study PLD involvement in de novo podosome formation. After the pharmacological 

Figure 3. Both PLD1 and PLD2 activity contributes to adhesion-induced de novo podosome formation. (a) 
Experimental design scheme. (b) Representative widefield images of DCs pretreated for 10 minutes at indicated 
doses with PLD1-inh or PLD2-inh and subsequently seeded for 30 minutes on glass coverslips. Vinculin 
is shown in green and F-actin in red. Scale bar represents 20 µm. (c) Percentage of cells with podosomes in 
DCs pretreated for 10 minutes at indicated doses with PLD1-inh or PLD2-inh and subsequently seeded for 
30 minutes on fibronectin-coated glass coverslips. Three samples of each experimental condition were prepared 
for each experiment. A minimum of 25 cells were imaged and analyzed for each sample. Eleven independent 
experiments were performed. Bars represent mean with SEM. Statistical significance was tested with one-way 
ANOVA with post-hoc Bonferroni’s multiple comparisons test from. Adjusted P-values: *0.0287, ***0.0003.
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Figure 4. PLD1 and PLD2 both control synchronized podosome reformation. (a) Experimental design scheme. 
DCs were treated with 5 µM nocodazole for 20 minutes. Then nocodazole was replaced (washed out; WO) by 
medium with or without PLD1-inh or PLD2-inh and cells were treated for additional 10 minutes cells with 
or without 5 µM PLD1-inh or PLD2-inh. (b) Representative widefield images of DCs treated as indicated in 
panel a. F-actin is shown in red and the nucleus in blue. Scale bar represents 20 µm. (c) Percentage of cells with 
podosomes in DCs treated as indicated in panel a. Three samples of each experimental condition were prepared 
for each experiment. A minimum of 25 cells were imaged and analyzed for each sample. Eight independent 
experiments were performed. Bars represent mean with SEM. Statistical significance was tested with one way 
ANOVA with post-hoc Bonferroni’s multiple comparisons test. Adjusted P-values: ***0.0004 and ****0.0001.
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treatments, DCs were fixed and labeled for F-actin and the nucleus and imaged by fluorescence microscopy 
(Fig. 4b). Quantification of the number of cells with podosomes under the different conditions was performed 
(Fig. 4c). As expected, nocodazole treatment reduced the number of cells with podosomes from 90% to 30%, and 
the subsequent washout of nocodazole significantly restored the percentage of cells forming podosomes to almost 
60% (Fig. 4c). Interestingly, addition of both PLD1-inh and PLD2-inh during nocodazole washout completely 
prevented synchronized reformation of podosomes, indicating that in this situation PLD1 and PLD2 have an 
independent and non-redundant function (Fig. 4c). This is further substantiated by the fact that simultaneous 
inhibition of PLD1 and PLD2 showed an even greater reduction of podosome reformation (Fig. 4c). These inhibi-
tory effects on podosome formation cannot be attributed to differences in cell spreading, as this was similar for all 
treatments (Fig. S3). These results further confirm the importance of PLD1 specifically during the initial phases 
of de novo podosome formation, during which PLD2 also plays an important role.

PLD1 and PLD2 both control fMLP-stimulated podosome formation. The potent leukocyte che-
moattractant N-formyl-methionyl-leucyl-phenylalanine (fMLP) has been shown to induce podosome formation 
in macrophages59 and to control cell migration in DCs60. Since PLD1 has been shown to be regulated by fMLP in 
mouse and human neutrophils55,61,62, we investigated whether fMLP-induced PLD1 activation leads to podosome 
formation in human DCs (Fig. 5a). For this, podosomes of adherent DCs were first dissolved by a pretreatment 
with nocodazole and subsequently cells were stimulated with fMLP in the absence and presence of the PLD1-inh 
or PLD2-inh (Fig. 5b,c). Addition of fMLP to resting DCs did not increase the number of cells with podosomes 
as already over 90% of immature DCs make podosomes in the untreated control situation (Fig. 5b,c). In contrast, 
when fMLP was added to DCs treated with nocodazole, we observed almost complete restoration of the percent-
age of podosome forming cells, indicating that fMLP is able to induce podosome formation even in the presence 
of nocodazole. When fMLP was added after nocodazole treatment in the presence of PLD1-inh, podosome de 
novo formation was totally impaired, whereas treatment with PLD2-inh reduced, but did not completely prevent, 
fMLP-induced podosome formation (Fig. 5c). Finally, simultaneous inhibition of PLD1 and PLD2 showed an 
inhibitory effect on podosome reformation similar to treatment with PLD1-inh only. Quantification of the aver-
age number of podosomes per cell showed that untreated cells as well as fMLP treated cells made an average of 
100 podosomes/cell, indicating that unlike previous observations in macrophages, fMLP does not increase the 
number of podosomes in human DC (Fig. S6). Moreover, the few cells that made podosomes after PLD1-inh 
treatment display only a slightly lower number of podosomes per cell (Fig. S6). Quantification of cell size analysis 
under the same conditions showed once again that cell spreading was unaffected (Fig. S3). These data demon-
strate for the first time that fMLP induces de novo podosome formation in human DCs and that PLD1 plays a 
significant role in this process. Since PLD2 also contributes, these data suggests that PLD1 is necessary, but not 
sufficient, to mediate the regulation of fMLP-induced podosome formation.

pA microdomains colocalize with podosomes and show concerted dynamics with actin 
cores. To understand how PLD regulates podosome formation, we examined the production of PA at sites 
of podosome formation using a GFP-tagged PA biosensor with superior sensitivity (GFP-PASS)41. GFP-PASS 
was transfected into human primary DCs together with LifeAct-iRFP, to simultaneously capture the spatio-
temporal dynamics of PA and actin at the plasma membrane by Total Internal Reflection Fluorescence (TIRF) 
microscopy (Supplementary Movie S5). Visual inspection of these time-lapse movies revealed the presence of 
small and dynamic GFP-PASS microdomains within individual podosome actin cores that occupy, according 
to our measurements, a circular area of about 700 nm on average (Fig. 6a and Supplementary Movie S5), sug-
gesting the presence of PA at these locations. By contrast, the phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 
sensor GFP-Akt-PH was not enriched at LifeAct-iRFP-labeled podosomes in DCs (Fig. 6b and Supplementary 
Movie S6). To further strengthen this observation, we averaged and compared the radial fluorescent intensity pro-
files from a 360° region of interest (ROI) of both GFP-PASS and LifeAct-iRFP from hundreds of individual podo-
somes from multiple cells and confirmed that PA and actin colocalize at the site of podosomes (Figs 6c,d,f and 
S7). By contrast, although GFP-Akt-PH clearly localized to the plasma membrane, the fluorescence signal of this 
PIP3 sensor did not show the same enrichment observed for PASS-GFP at the podosome core (Figs 6e,g and S7).

Next we investigated whether inhibition of PLD1 or PLD2 interfered with PA microdomain formation at 
podosomes. Addition of PLD2-inh to resting DCs induced loss of the GFP-PASS signal and concomitant podo-
some dissolution (Fig. S8 and Supplementary Movie S7). In contrast, PLD1 inhibition did not affect podosome 
maintenance and PA microdomains (Fig. S8 and Supplementary Movie S8), in line with our previous obser-
vations that PLD2, but not PLD1, is involved in podosome turnover in resting DCs. In order to understand 
whether PA enrichment correlates with core actin polymerization, we analyzed podosome formation and dis-
solution dynamics in DCs co-transfected with GFP-PASS and LifeAct-iRFP and stimulated with fMLP. We first 
treated the cells with n-butanol to dissolve podosomes and then stimulated them with fMLP, while recording 
images every 2 seconds by TIRF microscopy (Fig. 7a and Supplementary Movie S9). We subsequently plotted the 
average fluorescence intensity of both GFP-PASS and LifeAct-iRFP over time during formation and dissolution 
of multiple individual podosomes and found a complete correlation between PA and actin levels (Fig. 7b). No 
specific correlation was observed in cell areas with no podosomes (Fig. 7b). Altogether our results demonstrate 
for the first time that PA accumulates at podosome sites in a PLD activity-dependent manner and that these PA 
microdomains dynamically correlate with actin during podosome formation and dissolution.

PLD1 and PLD2 activity is required for matrix degradation. PA has been shown to be involved in sev-
eral cellular phenomena including actin polymerization, vesicle transport and extracellular matrix degradation63,64. 
Since matrix degradation is an important function of podosomes65 and PLD activity has been associated with 
matrix degradation in migrating cancer cells64,66, we sought to investigate the effect of pharmacological inhibition 
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Figure 5. PLD1 and PLD2 both control fMLP-stimulated podosome formation. (a) Experimental design 
scheme. DCs were treated with 5 µM nocodazole for 20 minutes. Then nocodazole was replaced (washed out; 
WO) by medium with or without PLD1-inh or PLD2-inh and cells were treated for an additional 10 minutes 
with or without 5 µM PLD1-inh or PLD2-inh. Finally, fMLP was added. Cells were treated with 1 µM fMLP for 
5 minutes in the presence or absence of PLD1-inh or PLD2-inh. (b) Representative widefield images of DCs 
treated as indicated in panel a. F-actin is shown in red and the nucleus in blue. Scale bar represents 20 µm. (c) 
Percentage of cells with podosomes in DCs treated as indicated in panel a. Three samples of each experimental 
condition were prepared for each experiment. A minimum of 25 cells were imaged and analyzed for each 
sample. Six independent experiments were performed. Bars represent SEM. Statistical significance was tested 
with one-way ANOVA with post-hoc Bonferroni’s multiple comparisons test. Adjusted P-values: *0.0404, 
*0.0154 and ****0.0001.
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Figure 6. PA is detected at podosomes. (a,b) Representative TIRF images of live cell imaging of DCs 
transfected with GFP-PASS (a) or GFP-Akt-PH (b), in combination with LifeAct-iRFP. In the merged image 
LifeAct-iRFP is shown in magenta and GFP-PASS (a) or GFP-Akt-PH (b) is shown in green. Boxes depict 
enlargements of a podosome-rich area where arrowheads indicate single podosomes. Scalebar represents 5 µm. 
(c) Representative TIRF microscopy image of a 25 by 25 pixel area containing a single podosome. Fluorescence 
intensity profile analysis for a single podosome was performed by averaging the intensity profiles obtained 
along the indicated line ROI (20 pixels), centered in the core of the podosome, projected over 360 degrees. (d,e) 
360° average fluorescence profile of a single podosome in DCs transfected with GFP-PASS and LifeAct-iRFP 
(d) or GFP-Akt-PH and LifeAct-iRFP (e). >100 podosomes in total (from 10 cells) were analyzed for both 
transfections. (f,g) Average fluorescence intensity profile of a single podosome in DCs transfected with GFP-
PASS and LifeAct-iRFP (f) or GFP-Akt-PH and LifeAct-iRFP (g). >100 podosomes in total (from ten cells) 
were analyzed for both transfections. Data points/lines indicate mean with SD.
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of PLD1 and PLD2 on matrix degradation in DCs. After DCs were seeded on gelatin-Rhodamine-B-coated glass 
coverslips for three hours, cells were treated overnight with different doses of PLD1-inh or PLD2-inh before they 
were fixed and stained (Fig. 8a). Analysis of percentage of matrix degradation underneath the cells shows that, 
albeit to a different extent, both PLD1 and PLD2 are involved in matrix degradation (Fig. 8b). Treatment with 
PLD1-inh reduced the digested area to a level comparable to the negative control, treatment with general metal-
loprotease inhibitor GM6001 (20%), and treatment with PLD2-inh reduced the digested area under the cells even 
further (7%). Matrix degradation was not accompanied by podosome dissolution in DCs treated with PLD1-inh 
as it was in DCs treated with PLD2-inh, indicating alternate functions for the two isoforms. Altogether, our data 
demonstrate that PLD1 and PLD2 are not only essential signaling molecules for podosome formation and matura-
tion, but that they also play a key role in controlling matrix degradation in human DCs.

Figure 7. PA enrichment correlates with core actin polymerization. (a) Representative images of TIRF live cell 
imaging of DCs transfected with GFP-PASS and LifeAct-iRFP, before treatment (NT; top row), subsequently 
treated for 10 minutes with 25 mM n-butanol (n-But; middle row) and finally stimulated for 10 minutes with 
1 µM fMLP (fMLP; bottom row). In the merged image LifeAct-iRFP is shown in magenta and GFP-PASS is 
shown in green. In the magnified square arrows indicate podosomes or PA microdomains. Cells were imaged 
for 39 minutes in total at 1 frame every 2 seconds. Scalebar represents 5 µm. (b) Average fluorescence intensity 
profile of a single podosome in DCs pretreated with n-butanol and stimulated with fMLP as indicated in panel 
a. As a control, a podosome-free area in the cell was analyzed. Cells were imaged for 15 minutes in total at 1 
frame every 2 seconds. Fortyfive podosomes in total from 4 cells were analyzed for both conditions. Data points 
indicate mean with SEM.
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Discussion
The aim of this study was to investigate the role of PLD1, PLD2, and their catalytic product PA, in regulating 
podosome formation and maintenance in human DCs. We first demonstrated that PA production is essential for 
the maintenance of podosomes in resting DCs. Next, we revealed a differential role for PLD1 and PDL2 isoforms 
in podosome formation, with only PLD2 responsible for podosome formation and maintenance in resting cells 
and both PLD1 and PLD 2 contributing to de novo podosome formation induced by either adhesion, microtubule 
reformation or fMLP signaling. Importantly, we also found that small PA microdomains specifically accumulate 
at podosomes in a coordinated fashion with the actin core. Finally, we demonstrated that both PLD isoforms are 
important for matrix degradation.

In murine RAW264.7/LR5 macrophages, PLD1 has been shown to undergo a rapid and transient activa-
tion, whereas PLD2 exhibited a slower but sustained activity24. Our data support similar activation kinetics for 
PLD1 and PLD2 in human DCs. PLD2 activity is responsible for podosome maintenance for prolonged adhe-
sion times (Fig. 2, Movie S3), whereas PLD1 activity specifically contributes to de novo podosome formation 
occurring at the onset of induced cell adhesion (Fig. 3 and Movie S5), or after chemoattractant signaling or after 

Figure 8. PLD1 and PLD2 activity is required for matrix degradation. (a) Representative widefield images of 
DCs seeded on Rhodamine-B-conjugated gelatin, treated with 5 µM MMP-inhibitor GM6001, or with indicated 
doses of PLD1-inh or PLD2-inh overnight. F-actin is shown in green, nuclei are shown in blue and gelatin is 
shown in red. Scalebar represents 20 µm. (b) Relative percentage of degraded gelatin in DCs treated at indicated 
doses with PLD1-inh or PLD2-inh or with 5 µM GM6001. Three samples of each experimental condition 
were prepared for each experiment. A minimum of 50 cells were imaged and analyzed for each condition. 
Four independent experiments were performed. Bars represent mean with SEM. Statistical significance 
was tested with one-way ANOVA with post-hoc Bonferroni’s multiple comparisons test. Asterisks indicate 
statistical significant differences compared to non-treated control (NT). Adjusted P-values: 0.0213 < * > 0.0129, 
***0.0005.
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microtubule reformation (Figs 4 and 5). In primary mouse macrophages, PLD1 knockout resulted in fewer but 
larger podosomes, whereas PLD2 knockout led to reduced podosome size28. Moreover, non-redundant, partially 
redundant, and fully redundant roles for PLD1 and PLD2 have been reported28,67,68. Interestingly, in cells treated 
with nocodazole, PLD2 and PLD1 inhibition reduced the number of podosome forming/containing cells to a 
comparable extent, while their simultaneous inhibition clearly showed an additive effect. These results suggest a 
non-redundant, concurrent mechanism in which both enzymes contribute to podosome formation.

PLD activation following integrin engagement or agonist stimulation with a wide variety of ligands acting 
via G-protein-coupled receptors or receptor tyrosine kinases has been observed in various cell types69–71. The 
potent chemoattractant fMLP has been used as activator of signaling pathways mediated by Rho family members, 
including PLD172, and can mediate actin-based activities, such as cell adhesion, spreading, and the formation 
of podosomes59,73. So far, signaling by fMLP receptors has been shown to be mediated mainly by PLD155,61,62,72. 
Our data confirm the role of PLD1 in mediating fMLP-induced signaling, as PLD1-inh strongly prevented podo-
some reformation in presence of fMLP. Interestingly, we also found that fMLP-induced podosome formation is 
mediated by PLD2 (Fig. 5). Finally, our results indicate that fMLP is able to induce podosome formation in the 
absence of microtubules, which normally are essential for podosome formation74 (Fig. 5). This is in line with 
reports showing that fMLP can directly activate Cdc42 or Rac1 in the context of actin nucleation and branching 
in human neutrophils75.

Both PLD1 and PLD2 have been shown to enhance secretion of soluble matrix metalloproteinases (MMPs) to 
degrade surrounding extracellular matrix and facilitate cellular movement76–78. In addition, it has recently been 
found that PLD2-mediated PA production promotes the plasma membrane targeting of MT1-MMP through 
binding to the motor protein kinesin-164. Our data not only substantiate previous evidence on the role of PLD1 
and PLD2 in the release of MMPs, but also show for the first time that podosome presence and matrix deg-
radation can be unlinked from each other by targeting a specific PLD isoform (Fig. 8). In DCs under resting 
conditions, PLD1 may only control the release of MMPs, while PLD2 may control both the release of MMPs and 
podosome formation, as treatment with PLD2-inh resulted in lower matrix degradation in absence of podo-
somes, but DCs treated with PLD1-inh still were able to form podosomes, but also showed less matrix deg-
radation. Recently, MT1-MMP islets have been identified as memory devices to enable efficient and localized 
podosome reformation, which ultimately ensures coordination of matrix degradation and cell invasion65. Based 
on our results, we propose that inhibition of PLD2, but not PLD1, could prevent MT1-MMP islet formation and 
subsequent podosome reformation. Further investigation is necessary to directly prove the effect of specific PLD 
isoform inhibition on the location and activity of both soluble MMPs and membrane-bound MT1-MMP.

Previous work showed that PA is accumulated in microdomains at the plasma membrane/vesicle fusion site 
during exocytosis40. With TIRF microscopy, we demonstrated accumulation of PA sensor at the site of podosome 
formation (Fig. 6 and Movie S5). Since classical Spo20-derived PA sensors are under debate for selectivity79 we 
rather preferred to use the more selective PASS-GFP sensor. Although it is still derived from Spo20, it has been 
edited to increase the enrichment to the membrane and demonstrated increased selectivity to PA compared to 
PIP2 or PIP3

41. With this construct, we have been able to demonstrate the existence of small PA microdomains 
specifically accumulating at the protrusive podosome core. These findings strongly suggest that PA functions as 
a signaling lipid to induce actin polymerization required for podosome formation. Surprisingly, we found that 
GFP-Akt-PH, a fluorescent probe that binds PI(3,4)P2 and PI(3,4,5)P3, localizes diffusely at the cell membrane 
and in much smaller measure in the podosome around. These results are in contrast with a recent study where 
GFP-Akt-PH was used to image time-dependent PI(3,4,5)P3 production during podosome formation in fibro-
blasts seating on lipid bilayers functionalized with freely moving RGD peptides and imaged using spinning disk 
confocal microscopy80. This discrepancy reflects the different dependence on PI(3,4,5)P3 for podosomes in dif-
ferent cell types, and suggests that this lipid is not essential for podosome formation in DCs. By contrast, PA has 
been reported to be critical for podosomes in multiple cell types, such as megakaryocytes, macrophages and now 
in DCs, suggesting it is an essential signaling lipid for podosome formation.

Here we showed that actin polymerization and PA microdomain presence are strongly connected (Fig. 7 and 
Movie S9). The exact kinetics of these two dynamic processes remain to be established, since attempts to tempo-
rally dissect these two processes by TIRF microscopy using very short acquisition times ( < 2 seconds) led to pho-
tobleaching and phototoxicity. The use of the PA biosensor fused with a more photostable and bright fluorescent 
protein might allow us to address this question in the future. Since pharmacological inhibition of PLD activity 
reduces the number of podosomes, we propose that PA is critical to podosome formation. It is also likely that 
PA and actin polymerization form a feedforward loop to promote podosome formation. Here, we propose PA as 
pivotal phospholipid able to control cell protrusion and matrix degradation through its ability to accumulate in 
dense microdomains that act as signaling platforms for local actin polymerization. Moreover, PA accumulation 
might contribute to locally shape membrane curvature at sites of podosome formation, thus contributing to 
attract some of the membrane curvature binding proteins that are known to localize at podosomes81–83.

How do PLD1 and PLD2 together control podosome assembly? Considering the dynamic protrusive behavior 
of individual podosomes84 and mesoscale coordination of podosome clusters58, a tight spatiotemporal regulation 
of several Rho family members is expected to control local changes in podosome architecture and dynamics85. In 
this complex scenario, our data support different roles for PLD1 and PLD2 in controlling podosome formation 
under resting conditions or upon acute signaling (Figs 2 and 3). One possible explanation would be existence of a 
Rho, Arf, PLD1, PLD2 and PIP5K signaling module, which has been already postulated69,86,87. Indeed Rho family 
members have been demonstrated to control podosome formation1,88,89, podosome distribution90 and, in the case 
of RhoA, both assembly and dissolution1,91,92. In addition, PLD1- and PLD2-generated PA is reported to acti-
vate and directly regulate PIP5K activity38,93,94, and PLD2 can recruit PIP5K to the membrane95. Finally, PIP5K 
has been show to localize at podosome rings in osteoclasts96. Since our data show that both PLD1 and PLD2, 
albeit with some differences, promote podosome formation in a non-redundant concurrent manner (Fig. 4c), it is 
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plausible to speculate that a signaling module composed by all these proteins might exist to tightly regulate podo-
some spatiotemporal organization. Accordingly, PLD1 and PIP5K, which are both under the control of external 
stimuli, such as adhesion, chemokines and chemotactic factors mediated by Arf and Rho87, could drive de novo 
podosome formation following immediate adhesion. The requirement of PLD1 in the early events of podosome 
formation is possibly necessary because PLD2 activity only would not be sufficient to reach the local threshold of 
PA concentration necessary to induce de novo podosome formation. At steady state, when podosomes are mature, 
PLD1 gets inactive and only PLD2, probably with the help of other signaling partners such as PIP5K, induces 
PA-PI(4,5)P2 loop oscillations driving podosome dynamic behavior.

As discussed above, our data support similar activation kinetics, but a difference in short-lived vs. sustained 
activity, of PLD1 vs. PLD2. Comparing formation and dissolution of podosomes and PA microdomains in PLD1 
and PLD2-deficient cells transfected with PASS-GFP would be able to shed more light on kinetics of PLD1 and 
PLD2 activity in these processes. Moreover, another question that needs to be addressed is whether PLD1 and 
PLD2 are differentially localized in podosome-forming cells and would be able to generate different pools of PA. 
To perform such experiments, transfection of catalytically-inactive mutants of PLD1 and PLD2 isoforms and/or 
siRNA-based studies need to be performed. However, both are under debate for the interpretation of the effects 
they may cause. On the one hand, dominant-negative alleles could displace endogenous PLD proteins or could 
sequester other signaling factors. On the other hand, RNAi decreases, but does not eliminate, expression, has a 
limited window of activity, and can cause cellular stress or off-target effects20. A possible solution could be pro-
vided by making use of the novel CRISPR/Cas9 technology.

Overall, our study demonstrates the dynamic interplay between membrane lipid remodeling and local induc-
tion of actin polymerization that mediates the formation of protrusive podosomes. In this context, PLD1, PLD2 
and their metabolite PA are emerging as part of a signaling system for the control of adhesion and migration of 
human tissue-resident DCs.

Materials and Methods
preparation of human DCs. DCs were generated from peripheral blood mono-nuclear cells (PBMCs) as 
described previously97. Shortly, buffy coats or leukapheresis products from healthy individuals were obtained 
from Sanquin Bloodbank, Nijmegen the Netherlands, and PBMCs were isolated by density gradient centrifu-
gation using Lymphoprep (Cat# AXI-1114547, Axis-Shield). To generate immature monocyte-derived DCs 
(moDCs), the plastic-adherent monocyte fraction was cultured for 5 to 6 days in RPMI 1640 medium (Cat# 
42401018, Thermo Fisher Scientific) supplemented with fetal calf serum (FCS, Cat# 10270106, Gibco, Thermo 
Fisher Scientific), 1 mM Ultra-glutamine (Cat# BE17-605E/U1, Lonza), antibiotics (Antibiotic-Antimycotic (AA) 
Cat# 15240062, from Gibco, Thermo Fisher Scientific, containing 100 U/ml penicillin, 100 mg/ml streptomycin 
and 0.25 mg/ml amphotericin B), IL-4 (300 U/ml, Cat# 1403-050, Cellgenix) and GM-CSF (450 U/ml, Cat# 1412-
050, Cellgenix) at 37 °C in a humidified, 5% CO2-containing atmosphere.

Antibodies and reagents. The following primary antibodies were used: mouse anti-human vincu-
lin (clone hVIN-1, Cat# V9131, Sigma-Aldrich), mouse-anti-human β2 integrins (clone L19; from hybri-
doma), mouse-anti-human β1 integrins (active fraction, clone 12G10; Cat# MAB2247, EMD Millipore), 
mouse-anti-human β1 integrins (total fraction, clone 4B4; from hybridoma) and mouse anti-human Mac-1 (αMβ2 
integrin) (clone Bear-1; Cat# MAB4125, Abnova). Secondary antibodies goat-anti-mouse IgG(H + L)-Alexa488 
or goat-anti-mouse IgG(H + L)-Alexa647 secondary antibodies were used (respectively Cat#A11029 and 
Cat#A21235, Thermo Fischer Scientific). Alexa Fluor633- and Alexa Fluor488–conjugated phalloidin (respec-
tively Cat# A22284 and Cat#12379, Thermo Fischer Scientific) was used to stain F-actin and DAPI (Cat# 32670, 
Sigma-Aldrich) was used to stain the nucleus. n-butanol was obtained from Merck (Cat# 1019901000) and 
t-butanol was obtained from Sigma-Aldrich (Cat# 360538), PLD1 inhibitor (Cat# VU0155069) (IC50 PLD1 3.7 nM/
IC50 PLD2 6.4 μM), referred to from here and in the text as PLD1-inh, was from Cayman Chemical Company; PLD2 
inhibitor (Cat# VU0364739) (IC50 PLD2 20 nM /IC50 PLD1 1.5 μM), referred to from here and in the text as PLD2-inh, 
was from TOCRIS Biosciences and microtubule disrupting agent Nocodazole was obtained from Sigma-Aldrich 
(Cat# M1404). Leukocyte chemoattractant N-formyl-methionyl-leucyl-phenylalanine (fMLP) was obtained 
from Sigma-Aldrich (Cat# F3506), Matrix Metalloproteinase (MMP) inhibitor GM6001 was obtained from 
Calbiochem (Cat# 364205).

Immunofluorescence. In general, immature moDCs (DCs) day 5 or 6 were seeded onto #1.5 12 mm 
glass coverslips (Electron Microscopy Sciences) coated with human fibronectin (from human plasma, Cat# 
11080938001, Sigma-Aldrich). Three coverslips per condition were prepared. For experiments involving eval-
uation of podosome steady state formation and maintenance, DCs were left to adhere overnight. The next day, 
DCs were treated with either n-butanol (5, 25 or 50 mM for 1, 5 or 20 minutes) or t-butanol (5, 25 or 50 mM 
for 20 minutes) or left untreated. For specific PLD1 and 2 inhibition, DCs were treated with 0.1, 1 or 5 µM 
PLD1-inh or PLD2-inh or DMSO (negative control) for 10 minutes. For evaluation of the role of PLD1 and 2 in 
de novo podosome formation, cells were pre-treated with 1 or 5 µM PLD1-inh or PLD2-inh for 10 minutes or left 
untreated, before they were seeded for 30 minutes on coverslips. For synchronized podosome re-formation, DCs 
were left to adhere overnight to form mature podosomes. Subsequently cells were treated with 5 µM nocodazole 
for 20 minutes. Finally, nocodazole was washed out by adding complete medium or complete medium with 5 µM 
of PLD1-inh or PLD2-inh. Podosome formation was induced in presence of nocodazole, by adding medium 
containing fMLP with or without PLD1-inh or PLD2-inh, reaching a final concentration of 1 µM fMLP and 5 µM 
PLD1-inh or PLD2-inh.
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In all experiments, after treatment, cells were fixed in 3.7% (w/v) formaldehyde in PBS for 10 minutes. Cells 
were permeabilized in 0.1% (v/v) Triton X-100 (Cat# 39795.02, SERVA Electrophoresis GmbH) in PBS for 5 min-
utes and blocked 30 minutes with 2% (w/v) BSA in PBS. The cells were incubated with primary mouse anti-human 
vinculin antibody in 2% BSA in PBS for 1 hour. Subsequently, the cells were washed with PBS and incubated with 
Alexa Fluor 488-labeled secondary anti goat anti-mouse (H + L) antibody for 45 minutes. Finally, cells were incu-
bated with Alexa633-conjugated phalloidin for 30 minutes. Finally samples were washed with phosphate buffer 
prior to embedding in Mowiol (Sigma-Aldrich). Fixed samples for butanol experiments were imaged with a Leica 
DMRA epi-fluorescence microscope equipped with a 63×/1.3 NA PL APO oil immersion objective. All other 
fixed cell experiments were imaged with a DMI6000 epi-fluorescence microscope equipped with a 63×/1.4 NA 
PL APO oil immersion objective.

Gelatin degradation assay. Gelatin (Cat# G1890, Sigma-Aldrich) was labeled with Rhodamine-B (Cat# 
R6626, Sigma-Aldrich) as previously described with the exception that free dye was removed by overnight dialy-
sis against PBS98. Coverslips were first incubated with 50 μg/ml poly-L-lysine at RT for 20 minutes. After washing 
3 times with PBS, dishes were incubated with 0.25% glutaraldehyde for 15 minutes at RT. Again, coverslips were 
washed 3 times with PBS and then incubated with 25 μg/ml Rhodamine-B conjugated gelatin for 10 minutes at 
RT. Coverslips were then washed 3 times, sterilized with 70% ethanol and finally washed three times with PBS. 
Before use, coverslips were blocked with RPMI-1640 medium at 37 °C for at least 30 minutes. DCs were seeded 
onto gelatin-coated coverslips with a density of ~300,000 cells per well in complete medium (RPMI-1640 con-
taining 10% FCS, 1% Ultraglutamine and 0.5% AA). Cells were incubated overnight at 37 °C and fixed with 1% 
PFA RPMI-1640 solution at 37 °C for 30 minutes. After washing with PBS, cells were permeabilized with 0.1% 
Triton X-100 for 5 minutes at RT. Cells were again washed with PBS and then blocked with 2% BSA for at least 
30 minutes. To visualize F-actin and vinculin, cells were stained with Alexa488-conjugated phalloidin and mouse 
anti-human vinculin antibody that was detected by a goat anti-mouse Alexa647-conjugated secondary antibody.

transfection and live-cell imaging. For live-cell imaging cells were transfected with LifeAct-RFP only, or 
LifeAct-iRFP (infrared fluorescent protein) in combination with PASS-GFP or Akt-PH-GFP. Transient transfec-
tions were carried out with the Neon Transfection System (Invitrogen). DCs day 5 or 6 were washed with PBS and 
resuspended in Resuspension Buffer at 5*106 cells per ml. Subsequently, cells were mixed with 5 µg of plasmid 
DNA per 1*106 cells per transfection and electroporated. Directly after, cells were transferred to WillCo-dishes 
(Cat# HBST-3522, WillCo Wells BV) with pre-warmed RPMI without antibiotics or serum. After 3 hours, the 
medium was replaced by RPMI supplemented with 10% (v/v) FCS and antibiotics (AA). Prior to live-cell imag-
ing, cells were washed with PBS and imaging was performed in RPMI without Phenol red to avoid autoflu-
orescence. Confocal imaging of transiently transfected cells was performed at 37 °C on an Olympus confocal 
microscope with a 63×/1.3 NA PL APO oil immersion objective (butanol experiments), or a Leica SP8 confocal 
microscope (PLD1-inh, PLD2-inh experiments), where the samples were excited with a 488-nm (GFP) argon 
and a 543-nm (RFP) NeHe laser. For TIRF microscopy cells were imaged at 37 °C on an Olympus IX-71 wide 
field fluorescence microscope equipped with a 3-line TIRF system (488/568/640) and a Hamamatsu ImagEM 
EM-CCD camera equipped with a PL APO 60×/1.4 NA oil immersion TIRF objective. During acquisition, cells 
were imaged untreated for a period of time varying from 10 to 20 minutes. Subsequently cells were treated with 
25 mM n- or t-butanol or 5 µM PLD1-inh/PLD2-inh until complete podosome dissolution was reached. Next, 
cells were washed with medium. For podosome reformation experiments, fMLP was added after complete podo-
some dissolution at final concentration of 1 µM and imaged until complete podosome cluster reformation. For 
dual color imaging, images were acquired sequentially to prevent bleed through. Images were acquired every 
4.6 seconds (PLD inhibitor experiments) or 6.6 seconds (butanol experiments) for confocal live cell imaging and 
every 1 or 2 seconds during TIRF live cell imaging.

Image analysis. All images were analyzed using FIJI-ImageJ software version 1.52b99. For the percentage 
of podosome-forming cells, cells containing less than 10 podosomes were considered podosome negative. The 
percentage of podosome-forming cells was determined by manually counting the number of positive cells and 
the total number of cells. For each condition, five fields of view per coverslip were analyzed, leading to a total of 
15 fields per condition over all three coverslips. Per condition, the number of positive counted cells and the total 
number of cells was averaged for all fields of view; the positive cell average was divided by the total cell number 
average and multiplied by 100 to obtain the percentage of cells with podosomes. For the radial intensity profile 
analysis of actin and PASS/Akt-PH in single podosomes (Fig. 6f,g), we first used the maxima finder of FIJI to 
determine the center of single podosome cores in the actin channel. Next, a line was drawn through the center 
and rotated 360° to calculate the radial intensity profile for each podosome in both the actin and the PASS/
Akt-PH channel. This radial intensity profile was normalized for each podosome and all intensity profiles of all 
podosomes from a single cell were averaged. The resulting average radial intensity profiles were further averaged 
over multiple cells and these results were plotted with the SD. For visual representation of the actin and PASS/
Akt-PH fluorescence at single podosomes (Fig. 6d,e), a 20-pixel square ROI around the center of single cores 
was extracted for each measured podosome. Next, the fluorescence intensity for each podosome was normal-
ized and multiple podosomes from the same cell were averaged. Finally, a radial averaging was performed and 
the final image was again normalized. For the average intensity profile of reformation and dissolution of single 
podosomes, DCs treated for 10 minutes with 25 mM n-butanol and subsequently stimulated for 10 minutes with 
1 µM fMLP were used for analysis. Analysis was performed during reformation of podosomes (200 second time 
frame before maximum actin signal) and during dissolution of podosomes (200 second timeframe after maxi-
mum actin signal). The highest actin intensity signal was chosen as reference for a fully assembled podosome. 
The lowest actin signal was chosen as a point of reference for a fully dissolved podosome. From that time point, 
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we recorded the fluorescent signals of the preceding 110 frames (in total 3 minutes and 40 seconds). Arbitrarily, 
only podosomes that were completely formed or dissolved within 110 frames were included in the analysis. As a 
control, a podosome-free area in the cell was analyzed. For measuring the percentage of gelatin degradation, the 
fluorescence intensity underneath the cells relative to the fluorescence intensity around the cells was quantified 
with a semi-automated Fiji analysis macro.

Flow cytometry. To evaluate the effect of n-butanol/t-butanol treatment or PLD1/PLD2 inhibition on 
integrin expression, cell surface expression of Mac-1 (αMβ2 integrin), active and total β1 integrins, and total β2 
integrins was assessed using flow cytometry. In short, DCs day 5 or 6 were treated in suspension with 25 mM 
n-butanol, 25 mM t-butanol or 5 µM PLD1-inh or PLD2-inh for 10 minutes. Subsequently, cells were spun down, 
washed in PBA (PBS/0.5% BSA/0.01% NaN3) and blocked in PBA with 2% human serum for 10 minutes at 4 °C. 
Subsequently cells were stained with primary antibodies in PBA for 30 minutes, washed with PBS and finally 
stained with secondary Goat anti-Mouse (H + L)-Alexa488 antibody for 30 minutes. Finally, cells were fixed with 
4% PFA in PBS for 10 minutes and resuspended in stealth fluid. Samples were measured on a BD FACSCalibur 
flow cytometer (BD Biosciences). Analysis was performed with Flowjo Software (Treestar Inc) version 9.2. Cell 
surface marker expression is represented as MFI (mean Fluorescence Intensity) percentage over isotype control.

RNA isolation and RT-qPCR. Total RNA from HEK293 cells and from immature DCs day 6 of 3 independent 
donors was isolated using Aurum Total RNA Mini Kit (Bio-Rad), according to manufacturer’s instructions. Next, 
cDNA synthesis was performed with 1 µg of RNA using the iScriptTM cDNA synthesis kit (Bio-Rad). For RT-qPCR, 
3 µl of the 10-fold diluted cDNA sample was mixed in a final volume of 10 µl containing 4 µl of iQ SYBR Green 
Supermix (Bio-Rad) and 4 pmol of each primer. Samples were analyzed with a CFX96 Real-time System (Bio-Rad). 
A melting curve was obtained for each sample to ensure single product amplification. As negative controls, non-RT 
controls (RT-) and non-template controls (NTCs) were included. Endogenous PLD1 and PLD2 levels were nor-
malized to GAPDH levels. Primers used: PLD1: 5′-GAGGTGTGGGTTTCAACAGCA-3′ and 5′-TCATTG 
GGAAGGCACCGGAAA-3′; PLD2: 5′-GAGGACACAGAGACGGAACCA-3′ and 5′-GGCCGGGTATTTGC 
TCCAAG-3′; GAPDH: 5′-CCCGCTTCGCTCTCTGCTCC-3′ and 5′-CCTTCCCCATGGTGTCTGAGCG-3′.

statistical analysis. Statistical analysis was performed using Prism 7 (version 7.0a). Statistical significance 
was tested using 2-tailed paired t-test for comparison of 2 conditions; Oneway ANOVA was performed for com-
parison of 3 or more conditions, using Bonferroni’s test for post-hoc analysis. For flow cytometry experiments, at 
least 10,000 gated cells were analyzed per sample. Differences were considered statistically significant at p < 0.05.

References
 1. Burns, S., Thrasher, A. J., Blundell, M. P., Machesky, L. M. & Jones, G. E. Configuration of human dendritic cell cytoskeleton by Rho 

GTPases, the WAS protein, and differentiation. Blood 98, 1142–1149 (2001).
 2. Marchisio, P. C. et al. Vinculin, talin, and integrins are localized at specific adhesion sites of malignant B lymphocytes. Blood 72, 

830–3 (1988).
 3. Destaing, O., Saltel, F., Geminard, J.-C., Jurdic, P. & Bard, F. Podosomes display actin turnover and dynamic self-organization in 

osteoclasts expressing actin-green fluorescent protein. Mol. Biol. … 14, 407–416 (2003).
 4. Tarone, G., Cirillo, D., Giancotti, F. G., Comoglio, P. M. & Marchisio, P. C. Rous sarcoma virus-transformed fibroblasts adhere 

primarily at discrete protrusions of the ventral membrane called podosomes. Exp. Cell Res. 159, 141–57 (1985).
 5. Marchisio, P. C., Cirillo, D., Teti, A., Zambonin-Zallone, A. & Tarone, G. Rous sarcoma virus-transformed fibroblasts and cells of 

monocytic origin display a peculiar dot-like organization of cytoskeletal proteins involved in microfilament-membrane interactions. 
Exp. Cell Res. 169, 202–214 (1987).

 6. Gimona, M., Kaverina, I., Resch, G. P., Vignal, E. & Burgstaller, G. Calponin Repeats Regulate Actin Filament Stability and 
Formation of Podosomes in Smooth Muscle Cells. Mol. Biol. Cell 14, 2482–2491 (2003).

 7. Moreau, V., Tatin, F., Varon, C. & Ge, E. Actin Can Reorganize into Podosomes in Aortic Endothelial Cells, a Process Controlled by 
Cdc42 and RhoA Actin Can Reorganize into Podosomes in Aortic Endothelial Cells, a Process Controlled by Cdc42 and RhoA. Mol. 
Cell. Biol. 23, 6809–6822 (2003).

 8. Sabri, S. et al. Deficiency in the Wiskott-Aldrich protein induces premature proplatelet formation and platelet production in the 
bone marrow compartment. Blood 108, 134–140 (2006).

 9. Schachtner, H. et al. Megakaryocytes assemble podosomes that degrade matrix and protrude through basement membrane. Blood 
121, 2542–52 (2013).

 10. Baranov, M. V. et al. Podosomes of dendritic cells facilitate antigen sampling. J. Cell Sci. 127, 1052–1064 (2014).
 11. Banchereau, J. & Steinman, R. M. Dendritic cells and the control of immunity. Nature 392, 245–252 (1998).
 12. Eddy, R. J., Weidmann, M. D., Sharma, V. P. & Condeelis, J. S. Tumor Cell Invadopodia: Invasive Protrusions that Orchestrate 

Metastasis. Trends Cell Biol. 27, 595–607 (2017).
 13. Paterson, E. K. & Courtneidge, S. A. Invadosomes are coming: New insights into function and disease relevance. FEBS J. 1–20, 

https://doi.org/10.1111/febs.14123 (2017).
 14. van den Dries, K. et al. Dual-color superresolution microscopy reveals nanoscale organization of mechanosensory podosomes. Mol. 

Biol. Cell 24, 2112–23 (2013).
 15. van den Dries, K. et al. Geometry sensing by dendritic cells dictates spatial organization and PGE(2)-induced dissolution of 

podosomes. Cell. Mol. Life Sci. 69, 1889–901 (2012).
 16. Schachtner, H., Calaminus, S. D. J., Thomas, S. G. & Machesky, L. M. Podosomes in adhesion, migration, mechanosensing and 

matrix remodeling. Cytoskeleton (Hoboken). 00, 1–18 (2013).
 17. Rafiq, N. B. M. et al. Podosome assembly is controlled by the GTPase ARF1 and its nucleotide exchange factor ARNO. J. Cell Biol. 

216 (2017).
 18. Svensson, H. G. et al. A role for ARF6 in dendritic cell podosome formation and migration. Eur. J. Immunol. 38, 818–828 (2008).
 19. Selvy, P. E., Lavieri, R. R., Lindsley, C. W. & Brown, H. A. Phospholipase D: Enzymology, functionality, and chemical modulation. 

Chem. Rev. 111, 6064–6119 (2011).
 20. Frohman, M. A. The phospholipase D superfamily as therapeutic targets. Trends Pharmacol. Sci. 36, 137–144 (2015).
 21. Nelson, R. K. & Frohman, M. A. Physiological and pathophysiological roles for phospholipase D. J. Lipid Res. 56, 2229–2237 (2015).
 22. Henkels, K. M., Boivin, G. P., Dudley, E. S., Berberich, S. J. & Gomez-Cambronero, J. Phospholipase D (PLD) drives cell invasion, 

tumor growth and metastasis in a human breast cancer xenograph model. Oncogene 32, 5551–62 (2013).

https://doi.org/10.1038/s41598-019-39358-0
https://doi.org/10.1111/febs.14123


1 6Scientific RepoRts |          (2019) 9:3556  | https://doi.org/10.1038/s41598-019-39358-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 23. Bolomini-Vittori, M. et al. Regulation of conformer-specific activation of the integrin LFA-1 by a chemokine-triggered Rho 
signaling module. Nat. Immunol. 10, 185–94 (2009).

 24. Speranza, F., Mahankali, M., Henkels, K. M. & Gomez-Cambronero, J. The molecular basis of leukocyte adhesion involving 
phosphatidic acid and phospholipase D. J. Biol. Chem. 289, 28885–28897 (2014).

 25. Walker, S. J., Wu, W. J., Cerione, R. A. & Brown, H. A. Activation of phospholipase D1 by Cdc42 requires the Rho insert region. J. 
Biol. Chem. 275, 15665–15668 (2000).

 26. Gomez-Cambronero, J. The exquisite regulation of PLD2 by a wealth of interacting proteins: S6K, Grb2, Sos, WASp and Rac2 (and 
a surprise discovery: PLD2 is a GEF). Cell. Signal. 23, 1885–95 (2011).

 27. Stritt, S. et al. Phospholipase D is a central regulator of collagen I-induced cytoskeletal rearrangement and podosome formation in 
megakaryocytes. J. Thromb. Haemost. 12, 1–8 (2014).

 28. Ali, W. H. et al. Deficiencies of the lipid-signaling enzymes phospholipase D1 and D2 alter cytoskeletal organization, macrophage 
phagocytosis, and cytokine-stimulated neutrophil recruitment. PLoS One 8, e55325 (2013).

 29. Capelluto, D. G. S. Lipid-mediated Protein Signaling, https://doi.org/10.1007/978-94-007-6331-9 (2013).
 30. Wang, X., Devaiah, S. P., Zhang, W. & Welti, R. Signaling functions of phosphatidic acid. Prog. Lipid Res. 45, 250–78 (2006).
 31. Stace, C. L. & Ktistakis, N. T. Phosphatidic acid- and phosphatidylserine-binding proteins. Biochim. Biophys. Acta - Mol. Cell Biol. 

Lipids 1761, 913–926 (2006).
 32. Ito, S., Werth, D., Richert, N. & Pastan, I. Vinculin phosphorylation by the src kinase. Interaction of vinculin with phospholipid 

vesicles. J. Biol. Chem. at, http://www.jbc.org/content/258/23/14626.short (1983).
 33. Bhatia, T., Cornelius, F. & Ipsen, J. H. Exploring the raft-hypothesis by probing planar bilayer patches of free-standing giant vesicles 

at nanoscale resolution, with and without Na,K-ATPase. Biochim. Biophys. Acta - Biomembr. 1858, 3041–3049 (2016).
 34. Simons, K. & Ikonen, E. Functional rafts in cell membranes. Nature 387, 569–572 (1997).
 35. Chakrabarti, P. et al. A dPIP5K Dependent Pool of Phosphatidylinositol 4,5 Bisphosphate (PIP2) Is Required for G-Protein Coupled 

Signal Transduction in Drosophila Photoreceptors. PLoS Genet. 11, 1–24 (2015).
 36. van den Bogaart, G. et al. Membrane protein sequestering by ionic protein–lipid interactions. Nature 479, 552–555 (2011).
 37. Gillooly, D. J., Raiborg, C. & Stenmark, H. Phosphatidylinositol 3-phosphate is found in microdomains of early endosomes. 

Histochem. Cell Biol. 120, 445–453 (2003).
 38. Roach, A. N. et al. Phosphatidic acid regulation of PIPKI is critical for actin cytoskeletal reorganization. J. Lipid Res. 53, 2598–2609 

(2012).
 39. Zeniou-Meyer, M. et al. Phospholipase D1 production of phosphatidic acid at the plasma membrane promotes exocytosis of large 

dense-core granules at a late stage. J. Biol. Chem. 282, 21746–21757 (2007).
 40. Ammar, M. R., Kassas, N., Chasserot-Golaz, S., Bader, M. F. & Vitale, N. Lipids in regulated exocytosis: What are they doing? Front. 

Endocrinol. (Lausanne). 4, 1–6 (2013).
 41. Zhang, F. et al. Temporal production of the signaling lipid phosphatidic acid by phospholipase D2 determines the output of 

extracellular signal-regulated kinase signaling in cancer cells. Mol. Cell. Biol. 34, 84–95 (2014).
 42. Chalifa-Caspi, V., Eli, Y. & Liscovitch, M. Kinetic analysis in mixed micelles of partially purified rat brain phospholipase D activity 

and its activation by phosphatidylinositol 4, 5-bisphosphate. Neurochem. Res. 23, 589–599 (1998).
 43. Brown, H. A., Henage, L. G., Preininger, A. M., Xiang, Y. & Exton, J. H. Biochemical analysis of phospholipase D. Methods Enzymol. 

434, 49–87 (2007).
 44. Griera, M. et al. Integrin linked kinase (ILK) regulates podosome maturation and stability in dendritic cells. Int. J. Biochem. Cell Biol. 

50, 47–54 (2014).
 45. Monypenny, J. et al. Role of WASP in cell polarity and podosome dynamics of myeloid cells. Eur. J. Cell Biol. 90, 198–204 (2010).
 46. Chae, Y. C. et al. Protein kinase Cδ-mediated phosphorylation of phospholipase D controls integrin-mediated cell spreading. Mol 

Cell Biol 30, 5086–5098 (2010).
 47. Chae, Y. C. et al. Phospholipase D activity regulates integrin-mediated cell spreading and migration by inducing GTP-Rac 

translocation to the plasma membrane. Mol. Biol. Cell 19, 3111–3123 (2008).
 48. Du, G. & Frohman, M. A. A Lipid-signaled Myosin Phosphatase Surge Disperses Cortical Contractile Force Early in Cell Spreading. 

Mol. Biol. Cell2 20, 200–208 (2009).
 49. Lavieri, R. R. et al. Design, synthesis, and biological evaluation of halogenated N-(2-(4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-

8-yl)ethyl)benzamides: discovery of an isoform-selective small molecule phospholipase D2 inhibitor. J. Med. Chem. 53, 6706–19 
(2010).

 50. Lewis, J. A. et al. Design and synthesis of isoform-selective phospholipase D (PLD) inhibitors. Part I: Impact of alternative 
halogenated privileged structures for PLD1 specificity. Bioorg. Med. Chem. Lett. 19, 1916–20 (2009).

 51. Scott, S. A. et al. Design of isoform-selective phospholipase D inhibitors that modulate cancer cell invasiveness. Nat Chem Biol 5, 
108–117 (2009).

 52. Colley, W. C. et al. Phospholipase D2, a distinct phospholipase D isoform with novel regulatory properties that provokes cytoskeletal 
reorganization. Curr. Biol. 7, 191–201 (1997).

 53. Hammond, S., Jenco, J. & Nakashima, S. & K. Characterization of two alternately spliced forms of phospholipase D1. J. Biol. Chem. 
272, 3860–3868 (1997).

 54. Du, G. W. et al. Dual requirement for rho and protein kinase C in direct activation of phospholipase D1 through G protein-coupled 
receptor signaling. Mol. Biol. Cell 11, 4359–68 (2000).

 55. Su, W. et al. 5-Fluoro-2-indolyl des-chlorohalopemide (FIPI), a phospholipase D pharmacological inhibitor that alters cell spreading 
and inhibits chemotaxis. Mol. Pharmacol. 75, 437–446 (2009).

 56. Shen, B., Delaney, M. K. & Du, X. Inside-out, outside-in, and inside-outside-in: G protein signaling in integrin-mediated cell 
adhesion, spreading, and retraction. Curr. Opin. Cell Biol. 24, 600–606 (2012).

 57. Linder, S., Hüfner, K., Wintergerst, U. & Aepfelbacher, M. Microtubule-dependent formation of podosomal adhesion structures in 
primary human macrophages. J. Cell Sci. 113(Pt 23), 4165–76 (2000).

 58. Meddens, M. B. M. et al. Actomyosin-dependent dynamic spatial patterns of cytoskeletal components drive mesoscale podosome 
organization. Nat. Commun. 7, 13127 (2016).

 59. Linder, S. et al. Macrophages of patients with X-linked thrombocytopenia display an attenuated Wiskott-Aldrich syndrome 
phenotype. Immunol. Cell Biol. 81, 130–6 (2003).

 60. Sozzani, S. et al. Migration of dendritic cells in response to formyl peptides, C5a, and a distinct set of chemokines. J. Immunol. 
(Baltimore, Md 1950) 155, 3292–3295 (1995).

 61. Powner, D. J., Pettitt, T. R., Anderson, R., Nash, G. B. & Wakelam, M. J. O. Stable adhesion and migration of human neutrophils 
requires phospholipase D-mediated activation of the integrin CD11b/CD18. Mol. Immunol. 44, 3211–3221 (2007).

 62. Carrigan, S. O., Pink, D. B. S. & Stadnyk, A. W. Neutrophil transepithelial migration in response to the chemoattractant fMLP but 
not C5a is phospholipase D-dependent and related to the use of CD11b/CD18. J. Leukoc. Biol. 82, 1575–1584 (2007).

 63. Brito de Souza, L., Pinto da Silva, L. L., Jamur, M. C. & Oliver, C. Phospholipase D is involved in the formation of Golgi associated 
clathrin coated vesicles in human parotid duct cells. PLoS One 9, e91868 (2014).

 64. Wang, Z. et al. Binding of PLD2-Generated Phosphatidic Acid to KIF5B Promotes MT1-MMP Surface Trafficking and Lung 
Metastasis of Mouse Breast Cancer Cells. Dev. Cell 43, 186–197.e7 (2017).

https://doi.org/10.1038/s41598-019-39358-0
https://doi.org/10.1007/978-94-007-6331-9


17Scientific RepoRts |          (2019) 9:3556  | https://doi.org/10.1038/s41598-019-39358-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 65. El Azzouzi, K., Wiesner, C. & Linder, S. Metalloproteinase MT1-MMP islets act as memory devices for podosome reemergence. J. 
Cell Biol. 213, 109–125 (2016).

 66. Park, M. H., Ahn, B.-H., Hong, Y.-K. & Min, D. S. Overexpression of phospholipase D enhances matrix metalloproteinase-2 
expression and glioma cell invasion via protein kinase C and protein kinase A/NF-kappaB/Sp1-mediated signaling pathways. 
Carcinogenesis 30, 356–65 (2009).

 67. Elvers, M. et al. Impaired IIb 3 Integrin Activation and Shear-Dependent Thrombus Formation in Mice Lacking Phospholipase D1. 
Sci. Signal. 3, ra1-ra1 (2010).

 68. Thielmann, I. et al. Redundant functions of phospholipases D1 and D2 in platelet alpha-granule release. J. Thromb. Haemost. 10, 
2361–2372 (2012).

 69. Oude Weernink, P. A., Han, L., Jakobs, K. H. & Schmidt, M. Dynamic phospholipid signaling by G protein-coupled receptors. 
Biochim. Biophys. Acta - Biomembr. 1768, 888–900 (2007).

 70. Litosch, I., Pujari, R. & Lee, S. J. Phosphatidic acid regulates signal output by G protein coupled receptors through direct interaction 
with phospholipase C-beta(1). Cell. Signal. 21, 1379–84 (2009).

 71. Brown, H. A., Thomas, P. G. & Lindsley, C. W. Targeting phospholipase D in cancer, infection and neurodegenerative disorders. Nat. 
Rev. Drug Discov., https://doi.org/10.1038/nrd.2016.252 (2017).

 72. Chang, L. C. et al. Signaling mechanisms of inhibition of phospholipase D activation by CHS-111 in formyl peptide-stimulated 
neutrophils. Biochem. Pharmacol. 81, 269–278 (2011).

 73. Linder, S., Nelson, D., Weiss, M. & Aepfelbacher, M. Wiskott-Aldrich syndrome protein regulates podosomes in primary human 
macrophages. Proc. Natl. Acad. Sci. 96, 9648–9653 (1999).

 74. Ory, S., Destaing, O. & Jurdic, P. Microtubule dynamics differentially regulates Rho and Rac activity and triggers Rho-independent 
stress fiber formation in macrophage polykaryons. Eur. J. Cell Biol. 81, 351–362 (2002).

 75. Cox, D. et al. Requirements for both Rac1 and Cdc42 in membrane ruffling and phagocytosis in leukocytes. J. Exp. Med. 186, 
1487–94 (1997).

 76. Maeda, T. et al. RhoA mediates the expression of acidic extracellular pH-induced matrix metalloproteinase-9 mRNA through 
phospholipase D1 in mouse metastatic B16-BL6 melanoma cells. Int. J. Oncol. 48, 1251–1257 (2016).

 77. Williger, B. T., Ho, W. T. & Exton, J. H. Phospholipase D mediates matrix metalloproteinase-9 secretion in phorbol ester-stimulated 
human fibrosarcoma cells. J. Biol. Chem. 274, 735–738 (1999).

 78. Kang, D. W. & Min, D. S. Platelet derived growth factor increases phospholipase D1 but not phospholipase D2 expression via NFκB 
signaling pathway and enhances invasion of breast cancer cells. Cancer Lett. 294, 125–133 (2010).

 79. Horchani, H., De Saint-Jean, M., Barelli, H. L. & Antonny, B. Interaction of the Spo20 membrane-sensor motif with phosphatidic 
acid and other anionic lipids, and influence of the membrane environment. PLoS One 9, 1–22 (2014).

 80. Yu, C.-H. et al. Integrin-Matrix Clusters Form Podosome-like Adhesions in the Absence of Traction Forces. Cell Rep. 5, 1456–1468 
(2013).

 81. Sánchez-Barrena, M. J. et al. Bin2 is a membrane sculpting N-BAR protein that influences leucocyte podosomes, motility and 
phagocytosis. PLoS One 7, e52401 (2012).

 82. Oikawa, T. et al. IRSp53 Mediates Podosome Formation via VASP in NIH-Src Cells. PLoS One 8, 1–9 (2013).
 83. Sztacho, M. et al. BAR proteins PSTPIP1/2 regulate podosome dynamics and the resorption activity of osteoclasts. PLoS One 11, 

1–25 (2016).
 84. van den Dries, K. et al. Interplay between myosin IIA-mediated contractility and actin network integrity orchestrates podosome 

composition and oscillations. Nat. Commun. 4, 1412 (2013).
 85. Spuul, P. et al. Importance of RhoGTPases in formation, characteristics, and functions of invadosomes. Small GTPases 5 (2014).
 86. Brandenburg, L.-O., Pufe, T. & Koch, T. Role of Phospholipase D in G-Protein Coupled Receptor Function. Membranes (Basel). 4, 

302–318 (2014).
 87. Oude Weernink, P. A., López de Jesús, M. & Schmidt, M. Phospholipase D signaling: orchestration by PIP2 and small GTPases. 

Naunyn. Schmiedebergs. Arch. Pharmacol. 374, 399–411 (2007).
 88. van Helden, S. F. G. & Hordijk, P. L. Podosome regulation by Rho GTPases in myeloid cells. Eur. J. Cell Biol. 90, 189–97 (2011).
 89. Hanna, S., Miskolci, V., Cox, D. & Hodgson, L. A new genetically encoded single-chain biosensor for Cdc42 based on FRET, useful 

for live-cell imaging. PLoS One 9 (2014).
 90. Spurrell, D. R. et al. Vav1 Regulates the Migration and Adhesion of Dendritic Cells. J. Immunol. 183, 310–318 (2009).
 91. van Helden, S. F. G. et al. PGE2-mediated podosome loss in dendritic cells is dependent on actomyosin contraction downstream of 

the RhoA-Rho-kinase axis. J. Cell Sci. 121, 1096–106 (2008).
 92. Chellaiah, M. A. et al. Rho-A is critical for osteoclast podosome organization, motility, and bone resorption. J. Biol. Chem. 275, 

11993–2002 (2000).
 93. Ishihara, H. et al. Type I phosphatidylinositol-4-phosphate 5-kinases. Cloning of the third isoform and deletion/substitution analysis 

of members of this novel lipid kinase family. J. Biol. Chem. 273, 8741–8748 (1998).
 94. Shulga, Y. V., Anderson, R. A., Topham, M. K. & Epand, R. M. Phosphatidylinositol-4-phosphate 5-kinase isoforms exhibit acyl 

chain selectivity for both substrate and lipid activator. J. Biol. Chem. 287, 35953–35963 (2012).
 95. Divecha, N. et al. Interaction of the Type Iα PIPkinase with phospholipase D a role for the local generation of phosphatidylinositol 

4,5‐bisphosphate in the regulation of PLD2 activity. 19 (2000).
 96. Zhu, T. et al. Type i phosphotidylinosotol 4-phosphate 5-kinase regulates osteoclasts in a bifunctional manner. J. Biol. Chem. 288, 

5268–5277 (2013).
 97. de Vries, I. J. M. et al. Phenotypical and Functional Characterization of Clinical Grade Dendritic Cells. J. Immunother. 25, 429–438 

(2002).
 98. Bowden, E. T., Coopman, P. J. & Mueller, S. C. Invadopodia: unique methods for measurement of extracellular matrix degradation 

in vitro. Methods Cell Biol. 63, 613–627 (2001).
 99. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682 (2012).

Acknowledgements
We thank the Microscopic Imaging Centre of the Radboud Institute for Molecular Life Sciences for use of 
their microscopy facilities. This work was financially supported by a Human Frontiers Science Program Grant 
(RGP0027/2012) to A.C. and a Marie Curie Actions International Outgoing Fellowship (624125) to M.B.V. 
and National Institutes of Health R01 grants (HL119478) to G.D. S.F.B.M. is supported by an intramural PhD 
fellowship from the Radboud University Medical Center.

Author Contributions
M.B.V., S.F.B.M. and B.J. performed the experiments. J.F. and K.D. provided image analysis methods, G.D., 
provided the GFP-PASS construct. M.B.V., K.D. and A.C. designed the experiments and interpreted the data. 
M.B.V., K.D. and A.C. wrote the manuscript with input from all authors. A.C. supervised the study.

https://doi.org/10.1038/s41598-019-39358-0
https://doi.org/10.1038/nrd.2016.252


1 8Scientific RepoRts |          (2019) 9:3556  | https://doi.org/10.1038/s41598-019-39358-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39358-0.
Competing Interests: The authors declare no competing interests.
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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-39358-0
https://doi.org/10.1038/s41598-019-39358-0
http://creativecommons.org/licenses/by/4.0/

	PLD-dependent phosphatidic acid microdomains are signaling platforms for podosome formation
	Results
	PA production is essential for podosome maintenance in resting DCs. 
	PLD2, but not PLD1, controls podosome maintenance in resting DCs. 
	Both PLD1 and PLD2 activity contributes to adhesion-induced de novo podosome formation. 
	PLD1 and PLD2 both control synchronized podosome reformation. 
	PLD1 and PLD2 both control fMLP-stimulated podosome formation. 
	PA microdomains colocalize with podosomes and show concerted dynamics with actin cores. 
	PLD1 and PLD2 activity is required for matrix degradation. 

	Discussion
	Materials and Methods
	Preparation of human DCs. 
	Antibodies and reagents. 
	Immunofluorescence. 
	Gelatin degradation assay. 
	Transfection and live-cell imaging. 
	Image analysis. 
	Flow cytometry. 
	RNA isolation and RT-qPCR. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 PA production is essential for podosome maintenance in resting DCs.
	Figure 2 PLD2, but not PLD1, controls podosome maintenance in resting DCs.
	Figure 3 Both PLD1 and PLD2 activity contributes to adhesion-induced de novo podosome formation.
	Figure 4 PLD1 and PLD2 both control synchronized podosome reformation.
	Figure 5 PLD1 and PLD2 both control fMLP-stimulated podosome formation.
	Figure 6 PA is detected at podosomes.
	Figure 7 PA enrichment correlates with core actin polymerization.
	Figure 8 PLD1 and PLD2 activity is required for matrix degradation.




