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 The kinesin KIF9 and reggie/fl otillin proteins 
regulate matrix degradation by macrophage 
podosomes 
    Susanne   Cornfi ne   a  ,      Mirko   Himmel   a,*    ,      Petra   Kopp   b,*  ,      Karim   el Azzouzi   a  ,      Christiane   Wiesner   a  , 
     Marcus   Krüger   c  ,      Thomas   Rudel   d  ,    and     Stefan   Linder   a,  b  
  a Institute for Medical Microbiology, Virology, and Hygiene, University Medical Center Eppendorf, 20246 Hamburg, 
Germany;    b Institute for Cardiovascular Diseases, 80336 München, Germany;    c Max-Planck-Institute for Heart and Lung 
Research, 61231 Bad Nauheim, Germany;    d Biocenter, University of Würzburg, 97074 Würzburg, Germany 
 

  ABSTRACT  Podosomes are actin-based matrix contacts in a variety of cell types, most nota-
bly monocytic cells, and are characterized by their ability to lyse extracellular matrix material. 
Besides their dependence on actin regulation, podosomes are also infl uenced by microtu-
bules and microtubule-dependent transport processes. Here we describe a novel role for 
KIF9, a previously little-characterized member of the kinesin motor family, in the regulation 
of podosomes in primary human macrophages. We fi nd that small interfering RNA (siRNA)/
short-hairpin RNA–induced knockdown of KIF9 signifi cantly affects both numbers and matrix 
degradation of podosomes. Overexpression and microinjection experiments reveal that the 
unique C-terminal region of KIF9 is crucial for these effects, presumably through binding of 
specifi c interactors. Indeed, we further identify reggie-1/fl otillin-2, a signaling mediator be-
tween intracellular vesicles and the cell periphery, as an interactor of the KIF9 C-terminus. 
Reggie-1 dynamically colocalizes with KIF9 in living cells, and, consistent with KIF9-mediated 
effects, siRNA-induced knockdown of reggies/fl otillins signifi cantly impairs matrix degrada-
tion by podosomes. In sum, we identify the kinesin KIF9 and reggie/fl otillin proteins as novel 
regulators of macrophage podosomes and show that their interaction is critical for the 
matrix-degrading ability of these structures. 

  INTRODUCTION 
 Cells use two strategies for invasion: amoeboid, nonlytic migration 
through gaps in the extracellular matrix meshwork and mesenchy-
mal, protease-dependent migration involving the cleavage of ma-
trix components (reviewed in Friedl and Wolf,  2003 ). Podosomes 
and invadopodia, collectively called “invadosomes,” are matrix con-

tacts with the ability to lyse matrix components and are thus consid-
ered as potential key structures of proteolytic cell invasion (reviewed 
in  Gimona  et al. , 2008 ;  Buccione  et al. , 2009 ; Linder,  2009 ). 

 Podosomes are constitutively formed in cells that have to cross 
tissue boundaries, most notably monocytic cells such as monocytes, 
macrophages, dendritic cells, and osteoclasts (reviewed in Linder 
and Aepfelbacher,  2003 ). Comparable to focal adhesions (reviewed 
in Zamir and Geiger,  2001 ), podosomes have emerged as highly 
complex organelles that comprise a large variety of components 
ranging from matrix contact proteins such as integrins (reviewed in 
 Gimona  et al. , 2008 ) or CD44 ( Chabadel  et al. , 2007 ), to adhesion 
plaque proteins such as talin (Zambonin-Zallone  et al. , 1989) and 
paxillin (Pfaff and Jurdic,  2001 ), to actin regulators such as Arp2/3 
complex ( Linder  et al. , 2000a ) or cortactin ( Webb  et al. , 2006 ).   Podo-
somes are highly dynamic structures with lifetimes of 2–12 min and 
show an even higher internal actin turnover ( Destaing  et al. , 2003 ). 

 Besides their dependence on actin regulation, podosomes are 
also infl uenced by microtubules and microtubule-dependent trans-
port processes ( Linder  et al. , 2000b ;  Cougoule  et al. , 2005 ). In this 
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a direct or indirect infl uence on the formation and/or functionality 
of podosomes.)   

 RESULTS  
  KIF9 regulates podosome numbers and matrix degradation 
in macrophages  
 To identify novel kinesin isoforms involved in podosome regulation, 
we used a small interfering RNA (siRNA)–based knockdown ap-
proach in primary human macrophages. These cells constitutively 
form numerous podosomes and are thus amenable to statistical 
evaluation of podosome formation. Among others, an siRNA spe-
cifi c for KIF9 was validated in HeLa cells and found to be highly 
effective (>85% knockdown; see  Materials and Methods ). Primary 
macrophages were transfected with the respective siRNA, and the 
number of cells containing podosomes (i.e., ≥10 podosomes/cell) 
was evaluated 24 and 48 h after transfection. Compared with con-
trol cells transfected with plasmid enhanced green fl uorescent 

context, microtubules function as regulators 
of podosome dynamics ( Kopp  et al. , 2006 ; 
reviewed in Linder,  2009 ) and their subcel-
lular positioning ( Destaing  et al. , 2005 ;  Ory 
 et al. , 2008 ;  McMichael  et al. , 2010 ). More-
over, microtubules also infl uence the matrix 
lytic ability of both podosomes and invado-
podia (reviewed in Linder, 2007;  Poincloux 
 et al. , 2009 ), which is probably based on the 
transport of signaling molecules and pro-
teases to sites of degradation ( Sakurai-
Yageta  et al. , 2008 ;  Steffen  et al. , 2008 ; 
 Wiesner  et al. , 2010 ).   

 As podosomes are contacted by the plus 
ends of microtubules ( Kopp  et al. , 2006 ), 
transport of material to podosomes is likely 
to involve plus end–directed motors of the 
kinesin family. Previously, we could show 
that kinesin-like family 1C (KIF1C), a kine-
sin-3 member, is involved in the regulation 
of podosome dynamics in primary human 
macrophages ( Kopp  et al. , 2006 ). We have 
now expanded our screen for kinesins in-
volved in podosome regulation and identi-
fi ed the little-characterized kinesin KIF9, a 
member of the kinesin-9 family ( Lawrence 
 et al. , 2004 ). 

 KIF9 was discovered through interac-
tion with the GTP-binding protein Gem 
( Piddini  et al. , 2001 ) and reported to asso-
ciate with microtubules in primary glial cells 
( Piddini  et al. , 2001 ). So far KIF9 has not 
been characterized further, and no cellular 
function has been described for this motor. 
Here we demonstrate a function for KIF9 as 
a regulator of podosomes and of podo-
somal matrix degradation in primary hu-
man macrophages. Furthermore, we show 
that its C-terminal region interacts with 
reggie-1/fl otillin-2. 

 Reggie/fl otillin proteins were discovered 
as neuronal proteins involved in axon regen-
eration ( Schulte  et al. , 1997 ; reviewed in 
Stuermer, 2010) and are now thought to act 
as ubiquitous signaling mediators between 
intracellular vesicles and the plasma membrane (reviewed in 
 Langhorst  et al. , 2008 ; Stuermer, 2010). To date, two isoforms have 
been described, reggie-1 and -2 (fl otillin-2 and -1), which can form 
hetero-oligomers through interaction of their C-terminal regions 
(reviewed in  Glebov  et al. , 2006 , Babuke and Tikkanen,  2007 ). 
Reggie proteins have been found both at the plasma membrane 
and at intracellular pools ranging from Golgi-derived vesicles and 
late endosomes/lysosomes to multivesicular bodies and lipid bodies 
(reviewed in Stuermer, 2010). 

 We now show that reggie-1 interacts with the C-terminal re-
gion of KIF9, that both proteins cross-precipitate from mac-
rophage lysates, and that they dynamically colocalize in living 
cells. Consistent with the observed effects of KIF9 knockdown, 
knockdown of reggie impairs matrix degradation by podosomes. 
These experiments reveal both KIF9 and reggie proteins as 
novel regulators of matrix degradation by podosomes. (Note: 
The term “regulation” is used here in the broad sense of having 

 FIGURE 1:    KIF9 infl uences podosome numbers. (A) Evaluation of podosome formation in 
macrophages transfected with EGFP-C1, luciferase-specifi c siRNA, and KIF9-specifi c siRNA. 
Infl uence of siRNA was analyzed 24 h (left) and 48 h (right) after transfection. For each value, 
3 × 30 cells were evaluated. Cells containing less than 10 podosomes at a given time point 
were scored as “containing no podosomes.” Values are given as mean percentage ± SD of 
total counts in  Table 1 . For differences between control values and values gained with KIF9 siRNA, 
a P value < 0.05 was considered signifi cant (indicated by asterisk). (B, C) Fluorescence micrographs 
of primary human macrophages expressing scrambled shRNA (B) or KIF9-specifi c shRNA (C) 72 h 
after transfection. F-actin stained with rhodamine-labeled phalloidin. Inserts show respective GFP 
signals. White bar indicates 10 μm. (D, E) Evaluation of podosome formation in primary human 
macrophages transfected with psiSTRIKE vector bicistronically end encoding EGFP and scrambled 
shRNA, (D) or KIF9-specifi c shRNA (E). Infl uence of each shRNA was evaluated 24, 48, and 72 h 
after transfection. For each value, 3 × 30 cells were evaluated. Values are given as mean 
percentage ± SD of total counts in  Table 1 . For differences between control values and values 
gained with kinesin shRNAs, a P value < 0.05 was considered signifi cant (indicated by asterisk).    
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Effect on podosome numbers

Expression of 24 h 48 h

GFP-N1
Luciferase
KIF9-specifi c siRNA

78.0% ± 7.0%
74.0% ± 4.0%
61.1% ± 18.4%

80.0% ± 7.0%
68.0% ± 17.0%
32.2% ± 1.9%

Effect of KIF9-specifi c shRNA on podosome numbers

Podosomes/cell 24 h 48 h 72 h

0–10 7.4% ± 4.9% 40.0% ± 3.3% 48.2% ± 18.3%
11–50 42.6% ± 6.7% 36.7% ± 11.5% 21.8% ± 6.9%

>50 50.0% ± 4.9% 22.2% ± 1.9% 30.0% ± 21.8%

Effect of scrambled shRNA on podosome numbers

Podosomes/cell 24 h 48 h 72 h

0–10 0.0% ± 0.0% 1.1% ± 1.9% 1.3% ± 2.2%
11–50 7.1% ± 3.5% 8.1% ± 5.3% 0.0% ± 0.0%

>50 92.9% ± 8.9% 90.8% ± 1.9% 98.8% ± 20.7%

Degradation of gelatin matrix after siRNA treatment

Target of siRNA 0–40% 41–100%

Luciferase 31.1% ± 10.7% 68.9% ± 17.1%
KIF9 88.9% ± 5.1% 11.1% ± 5.1%

Microinjection of GST-KIF9-CT81

Microinjection of 0 h 1 h

GST 6.7% ± 3.3% 72.2% ± 8.4%
GST-KIF9-CT81 7.8% ± 1.9% 32.2% ± 1.9%

Effect on podosome numbers

Target of siRNA Podosomes/cell 72 h

Luciferase 0–10 0.0% ± 0.0%
11–50 1.1% ± 1.9%

>50 95.6% ± 5.1%
Reggie-1 0–10 1.1% ± 1.9%

11–50 3.3% ± 3.3%
>50 95.6% ± 1.9%

Reggie-2 0–10 0.0% ± 0.0%
11–50 1.1% ± 1.9%

50 98.9% ± 1.9%
Reggie-1 + reggie-2 0–10 0.0% ± 0.0%

11–50 0.0% ± 0.0%
>50 100.0% ± 0.0%

Degradation of gelatin matrix after siRNA treatment

Target of siRNA 0–40% 41–100%

Luciferase 14.6% ± 7.6% 85.3% ± 7.6%
Reggie-1 37.3% ± 16.6% 62.7% ± 16.6%
Reggie-2 50.6% ± 26.6% 49.4% ± 26.6%
Reggie-1 + reggie-2 60.0% ± 15.0% 40.0% ± 15.0%

Degradation of gelatin matrix after overexpression

Construct 0–40% 41–100%

KIF9-CT402-GFP 24.3% ± 7.0% 75.7% ± 7.0%
KIF9-NT709-GFP 11.0% ± 5.0% 89.0% ± 5.0%

   TABLE 1.    Values for podosome formation or matrix degradation following various treatments.    Statistical evaluation of podosome numbers or 
matrix degradation in macrophages transfected with siRNA or shRNA or microinjected with proteins. For each value, each time at least 30 
randomly chosen cells from three independent experiments were evaluated. Values are given as mean percentage ± SD of total counts. 

protein (pEGFP)–N1 or an siRNA specifi c for fi refl y luciferase, the 
number of podosome-forming cells in KIF9 siRNA-transfected mac-
rophages was reduced to approximately 40% of controls ( Figure 1A ; 
see also  Table 1 ). To get detailed confi rmation of this effect, we next 

generated a KIF9-specifi c short-hairpin RNA (shRNA) construct, 
which allows bicistronic expression of EGFP. Primary macrophages 
transfected with this construct showed a clear reduction of podo-
some levels ( Figure 1, B and C ). A detailed evaluation of podosome 
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  KIF9-GFP vesicles associate with microtubules 
and contact podosomes  
 So that KIF9 localization and dynamics in macrophages could be 
visualized, both GFP- and mCherry-fusion constructs (KIF9-GFP and 
KIF9-mCherry) were generated and transfected into macrophages. 
KIF9-GFP was found to be present in vesicle-like accumulations, 
which were often closely associated with microtubules ( Figure 3A ). 
Live cell imaging of cells coexpressing KIF9-mCherry and GFP-α-
tubulin revealed that KIF9-GFP vesicles move along microtubules 
( Figure 3B  and Supplemental Video 1), comparable to other kine-
sins such as KIF1C ( Kopp  et al. , 2006 ).  

 To analyze potential interactions between KIF9-positive vesicles 
and podosomes, macrophages were cotransfected with KIF9-GFP 
and mRFP-β-actin constructs, the latter for labeling actin-rich po-
dosome cores, and analyzed by time-lapse confocal video micros-
copy. KIF9-GFP–positive vesicles were found to localize at the 
podosome-containing ventral cell side ( Figure 3C ), where they dy-
namically and repeatedly contacted podosomes ( Figure 3C  and 
Supplemental Video 2). Interestingly, KIF9-GFP vesicles contacted 
mostly podosomes at the inner region of the ventral cell side, and 
not the larger podosome precursors at the cell periphery, which 
are contacted preferentially by the KIF1C kinesin ( Kopp  et al. , 
2006 ).   

  KIF9 is expressed in primary macrophages 
and forms oligomers  
 To get direct proof that KIF9 is expressed in primary macrophages, 
reverse transcriptase PCR was performed using mRNA prepared 
from 7-d cultured primary human macrophages and primers spe-
cifi c for the KIF9 sequence comprising nucleotides 1125–1579. 
A band of the respective size (454 base pairs) was detected on 
agarose gels ( Figure 4A ), indicating the presence of the KIF9 tran-
script. To detect the KIF9 protein, a polyclonal antibody was raised 
against the unique C-terminal region of KIF9 comprising amino 
acid (aa) residues 710–790 (“CT81”; see  Materials and Methods ) 
as part of a GST fusion protein (GST-KIF9-CT81; see also  Figure 5A ) 
and subsequently affi nity purifi ed using the CT81 polypeptide of 
thrombin-cleaved GST-KIF9-CT81. On Western blots, this anti-
body recognized the respective KIF9 sequence both as part of the 
GST-KIF9-CT81 fusion protein ( Figure 4B , left lane) and as the 
thrombin-cleaved polypeptide of the appropriate size (9 kDa; 
 Figure 4B , right lane). Using this antibody on Western blots of 
macrophage lysates, we could not detect a band corresponding to 
endogenous KIF9 (∼87 kDa), possibly owing to the relatively low 
abundance of kinesins in whole cell lysates, comparable to KIF1C 
( Kopp  et al. , 2006 ).   

 As kinesins are present mostly as dimers (reviewed in Woehlke 
and Schliwa,  2000 ), and the KIF9 sequence contains coiled-coil 
sequences predicted to be involved in dimerization ( Piddini 
 et al. , 2001 ), we next tried to concentrate endogenous KIF9 
protein by coprecipitation with overexpressed KIF9-GFP. Immu-
noprecipitations from lysates of macrophages expressing KIF9-
GFP or GFP alone were performed with anti-GFP specifi c anti-
body coupled to magnetic beads. Western blots of respective 
fractions probed with anti-GFP antibody showed successful pre-
cipitation of both KIF9-GFP and the GFP control ( Figure 4C , left 
blot). Comparable Western blots developed with anti-KIF9 anti-
body showed a band corresponding to the KIF9-GFP fusion con-
struct, and in addition two bands in the 85–90-kDa range. Both 
of these bands are likely to correspond to endogenous KIF9 and 
may represent either splice or phosphorylation variants. These 
results indicate that endogenous KIF9 can be coprecipitated 

numbers in KIF9-shRNA–expressing cells at 24, 48, and 72 h post-
transfection showed that the number of cells containing numerous 
(>50) podosomes was reduced, while the number of cells containing 
few (0–10) podosomes was increased, compared with cells express-
ing a scrambled control sequence ( Figure 1, D and E ;  Table 1 ). Com-
bined, these fi ndings indicate that knockdown of KIF9 leads to de-
creased podosome numbers in primary macrophages.   

 To further investigate potential additional roles of KIF9, 
7-d-old macrophages were transfected with siRNA specifi c for 
KIF9 or for fi refl y luciferase as a control. After 3 d, cells were re-
seeded on fl uorescently labeled gelatin matrix, and their matrix-
degrading ability was assessed after 5 h. Matrix degradation was 
evaluated only in cells containing numerous (>50) podosomes, 
to distinguish the potential effects of KIF9 in matrix degradation 
from its role in regulation of the podosome structure itself. Ma-
trix degradation was analyzed by measuring the rhodamine-
based fl uorescence of the podosome-covered area, and cells 
were scored into groups according to the degree of matrix deg-
radation (0–40% and 41–100%;  Figure 2, A–C ). Importantly, the 
number of cells showing low (0–40%) matrix degradation was 
signifi cantly enhanced in cells transfected with siRNA specifi c for 
KIF9, compared with the control ( Figure 2C ;  Table 1 ). Combined, 
these results indicate that KIF9 regulates not only the podosome 
structure itself but also the ability of podosomes to degrade 
matrix material.    

 FIGURE 2:    Knockdown of KIF9 infl uences matrix degradation. 
Confocal laser scanning micrographs of primary human macrophages 
transfected with siRNA-luciferase (A) or siRNA-KIF9 (B), seeded on 
rhodamine-labeled gelatin matrix (red). Matrix degradation is visible 
as dark areas; insets show relevant F-actin staining by Cy5-labeled 
phalloidin (white). White bar, 10 μm. (C) Evaluation of matrix 
degradation in cells treated with siRNAs. The degree of matrix 
degradation was analyzed by fl uorescence measurements of 3 × 30 
cells each time. Complete absence of labeled matrix beneath cells 
was set as 100% degradation. Cells were scored into groups 
according to matrix degradation (0–40% and 41–100%). For 
differences between control values and values gained with KIF9 
siRNA, a P value < 0.01 was considered highly signifi cant (indicated by 
asterisks).    
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   The KIF9 C-terminus induces 
podosome disruption and Golgi 
dispersal  
 We next set out to identify domains respon-
sible for the observed effects of KIF9 on po-
dosomes. KIF9 shows an N-terminal motor 
domain with a P-loop sequence, which is 
involved in ATP hydrolysis of kinesins ( Sack 
 et al. , 1999 ); a stalk domain containing pre-
dicted coiled-coil sequences; and a unique 
tail comprising the C-terminal 81 aa resi-
dues ( Figure 5A ;  Piddini  et al. , 2001 ). We 
thus generated deletion constructs com-
prising the stalk and tail regions (KIF9-
CT402-GFP; aa residues 389–790; see also 
Supplemental Figure 1) or the tail region 
(GFP-KIF9-CT81; aa residues 710–790; 
 Figure 5A ) and, vice versa, a construct lack-
ing the tail region (KIF9-NT709-GFP). Upon 
expression in macrophages, KIF9-CT402-
GFP localized to vesicular structures ( Figure 
5, E–G ), comparable to full-length (fl ) KIF9-
GFP ( Figure 5, B–D ). Time-lapse videos of 
cells expressing KIF9-CT402-GFP together 
with fl  KIF9-mCherry showed that this con-
struct localizes to the same vesicle popula-
tion as the full-length construct (unpub-
lished data).   Accordingly, extensive vesicle 
movement and contact of podosomes were 
observed in cells showing moderate over-
expression of KIF9-CT402-GFP (Supple-
mental Figure 1 and Supplemental Videos 3 
and 4). Upon higher overexpression, less 
KIF9-CT402-GFP–positive vesicles ap-
peared to be motile, which probably refl ects 
competitive binding of this motorless, non-
processive construct with the endogenous 
and processive fl  KIF9. Consistently, cells 
overexpressing KIF9-CT402-GFP showed 
reduced matrix-degrading ability, compared 
with controls (Supplemental Figure 2). 

 The construct lacking the C-terminal re-
gion (KIF9-NT709-GFP) also localized in a 
vesicular pattern ( Figure 5, H–J ). Coexpres-
sion with KIF9-mCherry confi rmed that this 
construct colocalizes at the same vesicle 
population with fl  KIF9 (Supplemental 
Figure 3, A–C). Live cell imaging further 
showed that these vesicles repeatedly con-
tact podosomes (Supplemental Figure 3, D 
and D′; Supplemental Video 5), comparable 
to fl  KIF9. In contrast to GFP-KIF9-CT402, 
however, overexpression of KIF9-NT709-
GFP, also at high levels, did not infl uence 
gelatin matrix degradation (Supplemental 
Figure 2). 

 The vesicular localization of both deletion 
constructs may be based on the ability for 
dimerization with endogenous KIF9 (dis-
cussed previously), which is probably con-

ferred by the stalk domain ( Figure 5A ;  Piddini  et al. , 2001 ). We also 
observed no detrimental effects on cell viability or podosome physiol-
ogy upon expression of these constructs, comparable to fl  KIF9-GFP 

together with overexpressed KIF9-GFP, which is probably based 
on the formation of heterodimers between overexpressed and 
endogenous forms.  

 FIGURE 3:    KIF9-GFP contacts microtubules and podosomes. (A) Confocal laser scanning 
micrographs of primary human macrophage expressing KIF9-GFP (green), labeled for α-tubulin 
(red). White boxes in overview image are enlarged on the right. White bar, 10 μm. (B) Image 
from confocal time-lapse video of a primary human macrophage expressing KIF9-GFP (green) 
and α-tubulin-mCherry, labeling microtubules (see Supplemental Video 1). White frame indicates 
detail images on the right (left panel: overlay; middle panel: α-tubulin-mCherry signal, right 
panel: KIF9-GFP signal). White bar, 5 μm. Elapsed time since start of the experiment is given in 
seconds on the right. (C) Image from confocal time-lapse video of a primary human macrophage 
expressing KIF9-GFP (green) and mRFP-β-actin (red), labeling podosomes (see Supplemental 
Video 2). Cell circumference is depicted by the dashed white line. (C) White frame indicates area 
of detail images on the right, elapsed time since start of the experiment is given in seconds in 
lower left corners. Note dynamic contact (white arrows) of KIF9-GFP particles with podosomes 
in the central area but not in the cell periphery.      
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 To characterize the localization and effects of the KIF9 C-termi-
nus in more detail, we immunostained cells expressing GFP-KIF9-
CT81 for a variety of vesicular and cytoskeletal markers. We observed 
partial colocalization of GFP-KIF9-CT81 with Golgi proteins, such as 
the  trans -Golgi marker TGN46 ( Figure 7, A–F ). Strikingly, cells 

(unpublished data). By contrast, overexpressed GFP-KIF9-CT81 did 
not localize to vesicles and was found mostly in a perinuclear accumu-
lation ( Figure 5, K–M ). Moreover, cells expressing this construct de-
tached from coverslips 6–8 h after transfection, indicating a profound 
effect of GFP-KIF9-CT81 on macrophage viability. 

 Cells overexpressing GFP-KIF9-CT81 often showed a loss of po-
dosomes; however, this phenomenon was inconsistent and could 
also have been due to a general detachment of cells. To assess po-
tentially specifi c effects of the KIF9 C-terminus on podosomes, we 
thus generated a GST-fused version of KIF9-CT81 (GST-KIF9-CT81; 
 Figure 5A ) and used it in a microinjection-based podosome refor-
mation assay ( Linder  et al. , 1999 ;  Hufner  et al. , 2001 ). This proce-
dure takes advantage of a microinjection artifact, as injection of 
macrophages leads to initial loss of podosomes, with subsequent 
reformation within 1 h ( Linder  et al. , 2000b ). Assessing podosome 
reformation after microinjection, we found that control cells injected 
with GST initially lost most of their podosomes, but mostly reformed 
them within 1 h, whereas cells injected with GST-KIF9-CT81 showed 
a clear reduction in podosome reformation ( Figure 6, A and B ; 
 Table 1 ). Within the observed time period, microinjected cells 
showed normal spreading and no obvious loss of viability, arguing 
for a specifi c effect of GST-KIF9-CT81 on podosomes. We conclude 
from these experiments that the C-terminal region of KIF9 is impor-
tant for the de novo formation of macrophage podosomes. 

 FIGURE 4:    KIF9-GFP is expressed in primary human macrophages 
and exists as a dimer. (A) KIF9 is expressed in primary human 
macrophages. Reverse transcriptase-PCR using KIF9-specifi c primers. 
A band of the expected size (435 base pairs) is detected. Agarose gel 
stained with ethidium bromide; size in base pairs on left. (B) Western 
blot developed with polyclonal rabbit antibody against C-terminal tail 
of KIF9. GST-KIF9-CT81 fusion construct before (lane 1) and after 
proteolytic cleavage (lane 2). Note reactivity of anti-KIF9 antibody 
with the fusion construct (indicated by chevron) and the cleaved CT81 
peptide (10 kDa; arrowhead), but not with the GST tag (26 kDa). (C) 
GFP immunoprecipitation of macrophage lysates expressing GFP (left 
lane) or GFP-fused KIF9 (right lane); Western blot probed with 
anti-GFP antibody (left blot) or anti–KIF9-CT81 (right blot). Note 
coprecipitated bands that react with the anti-KIF9 antibody (indicated 
by arrows). Molecular mass in kilodaltons is indicated on the left.    
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mers with GFP-fused forms of KIF9 con-
taining the coiled-coil region (discussed 
previously). 

 To confi rm the biochemical data, we next 
investigated whether reggie-1 and KIF9 also 
colocalize in fi xed and living cells. Overex-
pression of GFP-KIF9-CT81 showed that en-
dogenous reggie-1 partially colocalized with 
this construct ( Figure 9, A–C ) in a perinuclear 
accumulation, comparable to our previous 
observations ( Figures 5  and  7 ). As the anti-
body generated against KIF9 is not suitable 
for immunofl uorescence, KIF9-mCherry was 
expressed together with reggie-1-GFP in 
macrophages. Both proteins showed exten-
sive colocalization in vesicle-like structures 
( Figure 9, D–F ). However, confocal time-
lapse video microscopy revealed that colo-
calization of reggie-1 and KIF9 is not perma-
nent, but is a dynamic process, with two 
vesicle populations constantly interacting, 
either in a “kiss-and-run” scenario or in a 
more prolonged contact involving com-
bined movement in the same direction ( Fig-
ure 9, G and H ; Supplemental Videos 5–7).  

 We conclude from these experiments that reggie-1 interacts 
with the KIF9 C-terminus in macrophage lysates and colocalizes 
with it in cells and that fl  reggie-1 and KIF9 dynamically colocalize 
in living cells. Collectively, these data argue for a close interaction 
of both proteins in living cells, mainly through the KIF9 C-terminal 
region.   

  Reggie knockdown leads to reduced matrix degradation  
 We next investigated whether reggies/fl otillins are involved in 
the KIF9-mediated regulation of podosomes. To assess a poten-
tial effect of reggie proteins on podosome numbers, mac-
rophages were transfected with siRNAs specifi c for reggie-1 or 
-2 ( Solis  et al. , 2007 ), or a combination of both, as well as for 
fi refl y luciferase as a control, and assessed for their ability to 
form podosomes. However, neither knockdown of single iso-
forms nor a combined knockdown of reggie-1 and -2 showed 
effects on podosome morphology, subcellular distribution, or 
numbers (Supplemental Figure 5 and unpublished data), com-
pared with controls. 

 To assess the potential involvement of reggie proteins in po-
dosomal matrix degradation, siRNA-transfected cells were re-
seeded on fl uorescently labeled gelatin matrix after 3 d and in-
cubated for an additional 5 h. Matrix degradation was evaluated 
only in cells that contained numerous (>50) podosomes, by mea-
suring the rhodamine-based fl uorescence of the podosome-
covered area. Each time, 3 × 30 cells were evaluated and scored 
into groups according to the degree of matrix degradation 
(0–40% or 41–100%;  Figure 10 ). Importantly, the percentage of 
cells showing low matrix degradation was signifi cantly enhanced 
in cells treated with siRNA specifi c for either reggie-1 or reg-
gie-2 ( Figure 10E ;  Table 1 ). Combined knockdown of both reg-
gie isoforms showed a more pronounced effect, although this 
was not statistically signifi cant compared with knockdown of 
single isoforms ( Figure 10E ;  Table 1 ). We conclude from these 
experiments that, comparable to KIF9, reggie proteins are 
also important for the matrix-degrading ability of macrophage 
podosomes.     

expressing GFP-KIF9-CT81 also showed a dispersed localization of 
the Golgi ( Figure 7, A–F ), compared with control cells (93.3% ± 2.6% 
for cells expressing GFP-KIF9-CT81; 13.3% ± 8.8% for cells express-
ing GFP;  Figure 7G ). These results indicate that the KIF9 C-terminus 
partially colocalizes with Golgi proteins and that overexpression of 
GFP-KIF9-CT81 leads to Golgi dispersal, which may contribute to 
the observed loss of cell viability. Interestingly, siRNA-induced 
knockdown of KIF9 did not lead to signifi cant alterations in Golgi 
architecture (Supplemental Figure 4), indicating that KIF9 per se is 
not involved in regulating Golgi integrity.     

  KIF9 interacts and colocalizes with reggie-1/fl otillin-2  
 We next investigated potential interaction partners of the KIF9 C-
terminus by overexpressing GFP-KIF9-CT81 in macrophages with 
subsequent anti-GFP immunoprecipitation. Silver staining of re-
spective polyacrylamide (PAA) gels showed that additional bands 
coprecipitated with GFP-KIF9-CT81, compared with the GFP con-
trol ( Figure 8A ). Subsequent mass spectrometry (MS) and Western 
blot analyses revealed that a prominent band at ∼45 kDa ( Figure 8A ) 
corresponded to reggie-1 and -2 (also named fl otillin-2 and -1; re-
viewed in Stuermer, 2010).  

 Reggies/fl otillins are known for their strong tendency toward 
hetero-oligomerization ( Langhorst  et al. , 2008 ; reviewed in Stu-
ermer, 2010). We thus focused initially on reggie-1/fl otillin-2 to 
verify a potential interaction of KIF9 with reggie proteins. As avail-
able antibodies against reggie-1 and KIF9 are not suitable for im-
munoprecipitation, we expressed GFP-tagged versions of these 
proteins and performed anti-GFP immunoprecipitations from 
macrophage lysates. Indeed, endogenous reggie-1 coprecipi-
tated with KIF9-GFP ( Figure 8B ), and, vice versa, endogenous 
KIF9 coprecipitated with reggie-1-GFP ( Figure 8C ), indicating a 
close interaction between both proteins. Still, the construct lack-
ing the C-terminal domain of KIF9 (KIF9-NT709-GFP) showed re-
sidual binding of reggie-1, indicating that the C-terminal 81 aa 
residues constitute not the only or not the complete binding site 
for reggie-1 in KIF9 ( Figure 8C ). Alternatively, this may refl ect 
binding of reggie-1 by endogenous KIF9, which can form homodi-

 FIGURE 6:    Microinjection of the KIF9 C-terminal region inhibits podosome reformation. (A) 
Evaluation of podosome numbers in macrophages microinjected with GST-KIF9-CT81 (0 h) and 
podosome reformation (1 h). For each bar, 3 × 30 cells were evaluated. Cells containing less than 
10 podosomes at a given time point were scored as “containing no podosomes.” Values for 
podosome formation are given as mean percentage ± SD of total counts in  Table 1 . (B) Primary 
human macrophage 1 h after injection of 2 µg/µl GST-KIF9-CT81, labeled for F-actin (red), 
confocal laser scanning micrograph of substrate-attached part of cell. Injected cells were 
identifi ed by labeling coinjected rat IgG (5 mg/ml) with FITC-labeled goat anti–rat IgG antibody 
(green). Note absence of podosomes in cell injected with GST-KIF9-CT81. White bar, 10 μm.    
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now expanded our screen for podosome-
associated kinesins and report a critical role 
for KIF9 in the regulation of podosomal ma-
trix degradation in macrophages. 

 KIF9 is a little-characterized member of 
the kinesin-9 family. So far, expression of 
KIF9 mRNA has been reported only for 
brain and kidney ( Piddini  et al. , 2001 ). We 
now add to these fi ndings and show, on 
both mRNA and protein levels, that KIF9 is 
also expressed in primary human mac-
rophages. Importantly, anti-GFP immuno-
precipitation of GFP-fused KIF9 resulted in 
coprecipitation of endogenous KIF9. This 
indicates an ability of KIF9 for oligomeriza-
tion, presumably as a dimer, as is typical for 
kinesins (reviewed in Woehlke and Schliwa, 
 2000 ). Dimer formation is likely to involve 
the coiled-coil regions of KIF9 ( Piddini  et al. , 
2001 ), comparable to the general mode of 
kinesin dimerization (Wade and Kozielski, 
 2000 ). This is also supported by the obser-
vations that a construct lacking the motor 
domain (KIF9-CT402) or a construct lacking 
the tail region (KIF9-NT709), but in both 
cases containing the coiled-coil regions, lo-
calizes to vesicles, presumably through in-
teraction with the endogenous motor. By 
contrast, a shorter construct lacking the 
coiled-coil regions (KIF9-CT81) localizes 
more diffusely. 

 Interestingly, GFP-KIF9 coprecipitates 
two proteins that react with the newly devel-
oped anti-KIF9 antibody and that migrate 
within the expected size range for KIF9 (85–
90 kDa) on PAA gels. Apart from potential 
unspecifi c cross-reaction of the antibody, 
this 1) may be based on degradation of KIF9 
in the cell lysate or 2) could indicate that 
KIF9 is present in two forms in macrophages, 
which may represent either splice or phos-
phorylation variants. 

 Knockdown of KIF9, using two indepen-
dent siRNA/shRNAs, resulted in a pro-
nounced loss of podosome numbers, indi-
cating a role for KIF9 in the formation and/

or turnover of these structures, comparable to the effect previously 
described for KIF1C (Kopp et al.,  2006 ). Moreover, in KIF9 siRNA-
treated cells that still form numerous podosomes, gelatin matrix 
degradation was almost completely blocked, pointing to an addi-
tional role of KIF9 in the regulation of podosomal matrix degrada-
tion. These effects may be independent but could also be linked 
through previously reported feedback loops connecting podosome 
formation and podosomal matrix degradation (reviewed in Linder, 
2007). 

 Comparable to other kinesin motors, KIF9 contains an N-termi-
nal motor domain ( Piddini  et al. , 2001 ), which is expected to bind to 
the microtubule lattice. Indeed, KIF9 has been reported to associate 
with the microtubule cytoskeleton in primary glial cells and to 
cosediment with taxol-stabilized microtubules ( Piddini  et al. , 2001 ). 
Here we show that KIF9-GFP–positive vesicles associate with micro-
tubules and repeatedly contact podosomes, revealing a direct 

 DISCUSSION 
 In this report, we focus on the microtubule-dependent regulation of 
podosomes in primary human macrophages. In addition to their 
actin-based architecture, podosomes also depend on an intact mi-
crotubule cytoskeleton and on microtubule-based transport pro-
cesses ( Linder  et al. , 2000b ;  Cougoule  et al. , 2005 ). This is most 
probably based on the repeated and dynamic contact between mi-
crotubule plus ends and podosomes ( Kopp  et al. , 2006 ) and involves 
the regulation of both podosome positioning ( Destaing  et al. , 2005 ; 
 Ory  et al. , 2008 ;  McMichael  et al. , 2010 ) and turnover ( Kopp  et al. , 
2006 ). 

 Microtubule-based regulation, in consequence, indicates the ne-
cessity for transport processes involving plus end–directed motor 
proteins of the kinesin family. Indeed, KIF1C, a kinesin-3 family 
member, has previously been identifi ed as an important player in 
the regulation of podosome dynamics ( Kopp  et al. , 2006 ). We have 

 FIGURE 7:    Golgi integrity is infl uenced by GFP-KIF9-CT81. (A–F) Confocal laser scanning 
micrographs of primary human macrophages expressing GPF-fused KIF9-CT81 (green, A and D), 
stained with specifi c primary antibody for TGN 46 (red, B and E) 7 h after transfection, with 
overlay shown in (C and F). Note compact Golgi appearance in untransfected cells, as opposed 
to dispersed Golgi morphology in cells expressing GFP-KIF9-CT81. White boxes in (D–F) 
indicate areas shown in enlarged insets. Cell circumferences are depicted by dashed white lines. 
White bars, 10 μm. (G) Evaluation of Golgi integrity 7 h after transfection of GFP-KIF9-CT81 
or GFP as control. For each value, 3 × 30 cells were evaluated. Values are given as mean 
percentage ± SD of total counts in  Table 1 .    
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These fi ndings indicate that specifi c kinesins 
exert differential effects on podosomes. The 
molecular/structural basis of this fi ne-tuned 
regulation will be an important point to ad-
dress in future studies. It may be mediated 
by traffi cking of specifi c kinesins on differen-
tially modifi ed microtubule subsets, as 
shown previously for movement of kinesin-1 
along acetylated ( Reed  et al. , 2006 ), or of 
KIF5c along detyrosinated, microtubules 
( Dunn  et al. , 2008 ; reviewed in Verhey and 
Hammond, 2009).   Furthermore, it is likely to 
involve differential transport of specifi c 
cargo molecules of various kinesin isoforms 
to podosomes. 

 In this context, the C-terminal regions of 
kinesins are of particular interest, as they are 
thought to function as cargo binding sites of 
adaptors or regulators (reviewed in Woehlke 
and Schliwa,  2000 ). Indeed, the C-terminal 
81 aa residues of KIF9 comprise a unique 
sequence ( Piddini  et al. , 2001 ) that could 
potentially act as a hub for specifi c interac-
tion partners. In a fi rst step to investigate 
this, we generated a respective GFP-fused 
construct (GFP-KIF9-CT81). However, over-
expression of GFP-KIF9-CT81 for more than 
6 h resulted in cell detachment. To circum-
vent this problem, we microinjected a GST-
fused version into macrophages, which al-
lows for manifestation of potential effects 
within 1 h. This resulted in a pronounced 
defect of cells to reform podosomes, indi-
cating that the C-terminal region of KIF9 
is involved in podosome regulation, pre-
sumably by binding to specifi c interaction 
partners. 

 Immunoprecipitation of GFP-KIF9-CT81 
from macrophage lysates and subsequent 
MS analysis revealed the presence of reg-
gie-1 and -2 in the precipitates, indicating a 
potential interaction of reggie proteins with 
the KIF9 C-terminus. Indeed, GFP-fused 
full-length constructs of either KIF9 or reg-
gie-1 were able to cross-precipitate the re-
spective endogenous proteins, arguing for 
a close interaction of both proteins within 
cells. Interestingly, only one band of endog-
enous KIF9 was coprecipitated by GFP–
reggie-1, indicating that reggie may interact 
with only one (splice or phospho) variant of 
the motor. Moreover, a construct lacking the 
unique C-terminal region of KIF9 (KIF9-

NT709-GFP) still showed binding to endogenous reggie-1, although 
at a diminished degree. 1) This could indicate that both proteins 
interact through the KIF9 C-terminal region, but this region may 
constitute only a part or not the single reggie-1 binding site in 
KIF9, or 2) it may refl ect recruitment of reggie-1 by endogenous 
KIF9, which can form dimers with KIF9-NT709-GFP. Both scenarios 
would be consistent with the observation that overexpression of 
KIF9-NT709-GFP did not reduce gelatin degradation in the matrix-
degradation assay. 

connection between KIF9-mediated, microtubule-based transport 
and actin-rich podosomes, which are regulated by KIF9. 

 Interestingly, KIF1C regulates the dynamics of podosome precur-
sors in the cell periphery ( Kopp  et al. , 2006 ) and is not involved in 
the regulation of matrix degradation by podosomes ( Wiesner  et al. , 
2010 ). By contrast, KIF9 contacts podosomes mostly in the inner 
region of the ventral cell surface, which are more effi cient in matrix 
degradation (Wiesner  et al. , unpublished observations), and has a 
profound effect on the matrix-degrading ability of these structures. 

 FIGURE 8:    KIF9 interacts with reggie-1/fl otillin-2. (A) Lysates of primary human macrophages 
immunoprecipitated with anti-GFP antibody coupled to magnetic beads. Silver-stained PAA gel, 
left lane: cells transfected with pEGFP-N1 as control; right lane: cells transfected with GFP-KIF9-
CT81 construct. Arrow indicates band subsequently identifi ed by mass spectrometry as 
reggie-1/2. Arrowheads indicate bands corresponding to GFP (left lane) and GFP-KIF9-CT81 
(right lane), as judged by their mobility on PAA gels. Molecular mass in kilodaltons is indicated 
on the left. (For a comparison of immunoprecipitations performed with GFP-KIF9-CT81 and fl  
KIF9-GFP, see Supplemental Figure 7.) (B) GFP immunoprecipitation of KIF9-GFP–transfected 
macrophages, using GFP-N1 as control. Western blot developed with anti–reggie-1 antibody 
(left side) or with anti-GFP antibody (right side). (C) GFP immunoprecipitation of reggie-1-GFP–
transfected macrophages, using GFP-N1 as control. Western blot developed with anti-KIF9 
antibody (left side) or with anti-GFP antibody (right side). (D) GFP immunoprecipitation of 
KIF9-NT709-GFP–transfected macrophages, using GFP-N1 as control. Western blot developed 
with anti–reggie-1 antibody (left side) or with anti-GFP antibody (right side). Dashed lines 
indicate that lanes were not directly adjacent on original blots.    
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cells. Both localizations are in line with earlier observations showing 
the presence of reggie proteins at the Golgi or at cytoplasmic vesi-
cles ( Langhorst  et al. , 2008 ; Stuermer, 2010). Interestingly, live cell 
imaging of macrophages coexpressing reggie-1-GFP and KIF9-
mCherry revealed that, although a clear overlap between reggie-1– 
or KIF9-positive vesicles was observed, contact between both pop-
ulations is mostly transient and more reminiscent of a kiss-and-run 
scenario. The extensive colocalization observed in fi xed specimens 
thus probably represents a fi xation artifact. 

 The dispersed Golgi morphology upon overexpression of GFP-
KIF9-CT81 may be due to the KIF9 polypeptide interacting with 

 Consistent with the biochemical analysis, we observed partial 
colocalization of GFP-KIF9-CT81 with reggie-1 at the above-men-
tioned dispersed Golgi localization and colocalization of fl  KIF9-
mCherry with GFP-fused reggie-1 at vesicular structures in fi xed 

 FIGURE 9:    KIF9 and reggie-1 colocalize in fi xed and living cells. (A–F) 
Confocal laser scanning micrographs of primary human macrophages 
expressing GFP-KIF9-CT81 (green, A), stained for reggie-1 (red, B) 
with specifi c primary antibody, with overlay shown in (C). Cell 
circumference is depicted by the dashed white line. White boxes 
indicate areas shown in detail images. (D–F) Confocal laser scanning 
micrographs of primary human macrophages coexpressing KIF9-
mCherry (red, D) and reggie-1-GFP (green, E) with overlay shown in 
(F). (G, H) Images from confocal time-lapse videos of primary human 
macrophages expressing reggie-1-GFP (green) and KIF9-mCherry 
(red). White frames indicate areas of detail images. White bar, 10 μm. 
(G′, H′, H″) Time-lapse sequences from Supplemental Videos 6–8, 
taken from respective detail regions indicated in (G, H). Note close 
and repeated nonrandom contact between reggie-1-GFP 
(arrowheads) and KIF9-mCherry vesicles (arrows). Time since start of 
the experiments is indicated in seconds in upper right corners.    
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 FIGURE 10:    Knockdown of reggie proteins infl uences matrix 
degradation. Confocal laser scanning micrographs of primary human 
macrophages transfected with siRNA-luciferase (A), siRNA-reggie-1 
(B), siRNA-reggie-2 (C), or a combination of both reggie siRNAs (D), 
seeded on rhodamine-labeled gelatin matrix (red). Matrix degradation 
is visible as dark areas; insets show relevant F-actin staining by 
Cy5-labeled phalloidin (white). White bar, 10 μm. (E) Evaluation of 
matrix degradation in cells treated with siRNAs. The degree of matrix 
degradation was analyzed by fl uorescence measurements of 3 × 30 
cells each time. Complete absence of labeled matrix beneath cells 
was set as 100% degradation. Cells were scored into groups 
according to matrix degradation (0–40% and 41–100%). For 
differences between control values and values gained with reggie 
siRNAs, a P value < 0.05 was considered signifi cant, and a P value 
< 0.01 was considered highly signifi cant (indicated by asterisks). 
Values are given as mean percentage ± SD of total counts in  Table 1 .    
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in turn, podosome regulation is the fi rst reported cellular function 
for this motor. We further show a specifi c interaction of the KIF9 C-
terminus with reggie-1/fl otillin-2. Consistently, reggie proteins also 
have a signifi cant role in the regulation of podosomal matrix degra-
dation. KIF9 thus appears to mediate several activities through in-
teraction with distinct cargo molecules. A future challenge is thus to 
identify further interactors of KIF9 and to elucidate their effects on 
specifi c aspects of podosome regulation.   

 MATERIALS AND METHODS  
  Cell isolation and cell culture  
 Human peripheral blood monocytes were isolated from buffy coats 
(kindly provided by Frank Bentzien, University Medical Center 
Hamburg-Eppendorf, Germany) and differentiated into mac-
rophages as described previously ( Linder  et al. , 1999 ).   

  Microinjection of proteins  
 Cells for microinjection experiments were cultured for 5–8 d. Pro-
teins were expressed in  Escherichia coli  as described in Linder  et al.  
(2000). For microinjection, proteins were dialyzed against microin-
jection buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 ), 
concentrated in Vivaspin fi lters (Sartorius, Göttingen, Germany), 
shock frozen, and stored at −80°C. Microinjection was performed 
using the Eppendorf Transjector 5246 and a Compic Inject micro-
manipulator (Cell Biology Trading, Hamburg, Germany). GST-KIF9-
CT81 was injected into the cytoplasm at 2 µm/µl. Control experi-
ments were performed with comparable concentrations of GST. 
Injected cells were identifi ed by labeling coinjected rat immuno-
globulin G (IgG) (5 mg/ml; Dianova, Hamburg, Germany) with fl uo-
rescein isothiocyanate transferrin (FITC)–labeled goat anti–rat IgG 
antibody (Dianova). Cells containing less than 10 podosomes at a 
given time point were scored as “containing no podosomes.”   

  Transfection of cells  
 Cells were transiently transfected using the Microporator (Peqlab, 
Erlangen, Germany). For transfection of primary human mac-
rophages, the following parameters were used: 1000 V, 40 ms, 
2 pulses, and 0.5 μg DNA per 1 × 10 5  cells.   

  Expression vectors  
 For cloning of GST-KIF9-CT81, part of the coding sequence of 
KIF9 was amplifi ed using the following primers: (CT81 forward) 5′-
CTGGTACAATAGATCTTTTGTCATCCCTG-3′ and (CT81 reverse) 
3′-ATCTGGTACGGATCCTCCTTTGTC-5′, generating 5′  Bam HI 
and 3′  Bgl II restriction sites, and cloned into pGEX-4T2, resulting 
in a construct coding for aa residues 712–793. For cloning and 
expression of KIF9-CT81-GFP, the same coding sequence of KIF9 
was amplifi ed using primer (CT81 forward) and primer 3′-
GGCACATAGAGGATCCAACCTCATCG-5′, generating 5′  Bam HI 
and 3′  Bgl II restriction sites, and cloned into pEGFP-C1 (Clontech, 
Saint-Germain-en-Laye, France). For cloning and expression of 
wild-type GFP-KIF9, the KIF9 coding sequence was amplifi ed from 
pBluescript-KIF9 using the primers (KIF9-GFP forward) 5′-TCGCT-
GCCTGGTAAGCTTAGAATGGGACTAG-3′ and (KIF9-GFP reverse) 
3′-GTACTGGCGATGACCGGTTTTTTTCTATGTGC-5′, generating 
5′  Hind III and 3′  Age I restriction sites. The PCR product was cleaved 
by using the internal  Kpn I restriction site, and the resulting two 
regions were cloned successively into vector pEGFP-N1 (Clontech, 
Palo Alto, CA). For cloning and expression of KIF9-CT402-GFP, the 
fl  KIF9-GFP construct was digested by  Age I and  Kpn I, and the 
region coding for aa 388–790 was cloned into pEGFP-N1. For 
cloning of the KIF9-NT709 tailless construct, part of the coding 

reggie and other Golgi-localized proteins. As siRNA-induced knock-
down of reggie-1 did not result in Golgi dispersal, it is unlikely that 
KIF9 per se is involved in the regulation of Golgi architecture. In a 
physiological scenario, fl  KIF9, containing the motor domain, would 
be able to transport this cargo along microtubules. The isolated C-
terminus, however, is unable to bind to and move processively along 
microtubules, and its overexpression may thus lead to sequestering 
of Golgi-derived proteins. This may result in the aberrant Golgi mor-
phology and, ultimately, in cell detachment. 

 A central issue concerns the question of how the KIF9/reggie 
interaction affects podosomes and their function. Interestingly, 
siRNA-induced knockdown of reggie proteins did not infl uence po-
dosome numbers but signifi cantly impaired podosomal matrix deg-
radation. This is in partial contrast to the results gained with knock-
down of KIF9, which resulted in both reduction of podosome 
numbers and matrix degradation, and indicates that the KIF9 C-termi-
nus probably binds to other regulatory factors, apart from reggie-1. 

 Furthermore, as reggie-1 and -2 have a pronounced tendency to 
form hetero-oligomers ( Langhorst  et al. , 2008 ), both reggie-1 and -2 
are likely to form a complex together with KIF9. Consistently, knock-
down of either reggie-1 or -2 had comparable effects on matrix deg-
radation, while a combined knockdown did not show a signifi cant 
enhancement over single isoform down-regulation. This indicates 
that 1) reggie-1 and -2 cannot compensate for each other and 2) 
only the reggie hetero-oligomer is functional in this regard. Interest-
ingly, reggie proteins are not found in purifi ed podosome fractions 
(our own unpublished observations), which may indicate that reggie 
proteins are only in transient contact with podosomes and that they 
are not actual components of these structures. 

 Reggie proteins function in the targeted delivery of membrane 
and membrane proteins from internal vesicle pools to privileged 
sites at the plasma membrane, including cell–cell contacts or growth 
cones (Stuermer, 2010). In this context, it is tempting to speculate 
that reggie proteins may be involved in the delivery of membrane 
material to podosomes. Involvement of membrane delivery to the 
related invadopodia has been demonstrated (reviewed in Caldieri 
and Buccione,  2010 ), and this mechanism may be involved in the 
protrusive growth of these structures. However, it is currently unclear 
whether podosomes are also protrusive ( Gimona  et al. , 2008 ; 
 McMichael  et al. , 2010 ). Alternatively, a potential reggie-dependent 
membrane infl ux at podosomes may be involved in the delivery or 
recycling of lytic enzymes, for example, through vesicles containing 
matrix metalloproteinases (MMPs), which are important for the lytic 
ability of podosomes (Linder, 2007). However, colocalization studies 
performed by staining several important MMP isoforms such as 
MMP-2, MMP-7, MMP-8, MMP-9, MMP-12, MT1-MMP, and MT4-
MMP in reggie-1-GFP–expressing macrophages revealed no signifi -
cant degree of colocalization (Supplemental Figure 6), which makes 
this scenario unlikely. 

 Reggie proteins cluster in complexes that also comprise Src fam-
ily kinases and Rho GTPases ( Kawase  et al. , 2006 ). Interestingly, Src 
family members such as Src ( Sounni  et al. , 2004 ), Fyn (Redondo-
Muñoz  et al. , 2010), or Lyn ( Zhao  et al. , 2006 ) and Rho GTPase sig-
naling (Deroanne  et al. , 2005;  Guegan  et al. , 2008 ) have been shown 
to be involved in MMP-dependent signaling in various cell systems. 
The potential involvement of reggie proteins in the indirect regula-
tion of MMPs is thus an important direction for future studies. 

 In sum, we show here a novel role for the kinesin KIF9 in the 
regulation of both numbers and matrix-degradation ability of hu-
man macrophage podosomes and demonstrate that the unique C-
terminal region of KIF9 is central for these effects. KIF9 is only the 
second kinesin to be identifi ed as a regulator of podosomes, while, 
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sequence of KIF9 was amplifi ed using the following primers: (KIF9-
GFP NT1 forward) 5′-ATATAGTATTTAACTCGAGATGGGTAC-
TAGGA-3′ and (KIF9-GFP NT709 reverse) 3′-CTGGTACAAT-
GAGTCCCGGGCCCATAAAATT-5′, generating 5′  Xho I and 3′  Apa I 
restriction sites, and cloned into pEGFP-N1, resulting in a construct 
coding for aa residues 1–709. For cloning of KIF9-mCherry, GFP 
and mCherry sequences of KIF9-GFP and mCherry-N1 (Clontech, 
Mountain View, CA) were exchanged by digestion with  Age I and 
 Not I, with subsequent ligation of the mCherry sequence into the 
KIF9 vector backbone. For cloning of KIF9-pTagRFP, GFP and 
pTagRFP sequences of KIF9-GFP and pTagRFP-N (Evrogen, 
Moscow, Russia) were exchanged by digestion with  Age I and  Not I, 
with subsequent ligation of the pTagRFP sequence into the KIF9 
vector backbone. Generation of mRFP-β-actin has been described 
in  Osiak  et al.  (2005 ). Vector-based shRNAs for KIF9 and scrambled 
control sequences were generated using siSTRIKE U6 Hairpin 
Cloning System (Human)-hMGFP (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. The sequence for KIF9-
shRNA was 5′-GAGAGGAGTTGTCAATAA-3′, targeting nucle-
otides 126 to 143. The sequence for scrambled control was 
5′-GTACCTAAATCCAAAGAA-3′. pEGFP-N1 was purchased from 
Clontech, and reggie-1-GFP was a kind gift of R. Tikkanen 
(Universitätsklinik Frankfurt, Institute for Biochemistry, Germany).   

  Immunofl uorescence and microscopy  
 Cells were fi xed for 10 min in 3.7% formaldehyde solution and per-
meabilized for 5 min in ice-cold acetone. Actin was stained with Al-
exa 568–labeled phalloidin (Molecular Probes, Leiden, Netherlands), 
TGN 46 was stained with specifi c primary polyclonal antibody (AbD 
Serotec, Oxford, UK), and α-tubulin was stained with specifi c pri-
mary monoclonal antibody (Sigma, St. Louis, MO). MMPs were 
stained with specifi c primary monoclonal antibodies: MMP-2 
(Calbiochem, Darmstadt, Germany), MMP-7 (Acris, Herford, 
Germany), MMP-8 (Millipore, Billerica, MA), MMP-9 (Calbiochem), 
MMP-12 (Sigma), MT1-MMP (Millipore), or MT4-MMP (Epitomics, 
Burlingame, CA). 

 Secondary antibodies were Alexa 568–labeled goat anti-mouse 
or goat anti-sheep (Molecular Probes). Coverslips were mounted in 
Mowiol (Calbiochem) containing  p -phenylenediamine (Sigma-
Aldrich, St. Louis, MO) as an antifading reagent and sealed with nail 
polish. 

 Microscopy was performed as described previously ( Kopp  et al. , 
2006 ). Images of fi xed samples were acquired with a confocal laser-
scanning microscope (Leica DM IRE2 with a Leica TCS SP2 AOBS 
confocal point scanner) equipped with an oil-immersion plan Apo 
63× NA 1.4 objective. Acquisition and processing of images was 
performed with Leica Confocal Software (Leica, Wetzlar, Germany).   

  Live cell imaging  
 Images were acquired with a spinning disk confocal system (Spin-
ning disk CSU22, Yokogawa, Japan) fi tted on a Zeiss Axiovert 200M 
microscope with a temperature- and CO 2 - controllable environmen-
tal chamber (Solent Scientifi c, Regensworth, UK), an oil immersion 
HCX PL Apo 63× NA 1.4–0.6 lambda blue objective, and a CCD 
camera (EM-CCD C-9100-2, Hamamatsu, Japan). Acquisition and 
processing of images were performed with Volocity Software (Im-
provision, Coventry, UK). Cells were seeded on 35-mm μ-dishes 
(ibidi, Martinsried, Germany) at a density of 2 × 10 5  and incubated 
5 or 72 h, as indicated, before the start of the experiment. 

 Podosomes were counted by taking confocal images of the sub-
strate-attached plane of macrophages and by counting separate F-
actin–containing dots with a diameter of 0.5–1.5 μm. In the vast 

majority of cases, this allows a clear scoring of cells into the groups 
described (e.g.,  Figure 1D : containing 0–10, 11–50, and >50 podo-
somes). To be scored as a contact between podosomes (labeled 
with mRFP-actin) and KIF9-GFP vesicles, the respective mRFP and 
GFP signals had to be directly adjacent or overlapping for at least 
two pixels, without intermediate black pixels.   

  Immunoblotting  
 Immunolabeling was performed by standard procedure, using the 
following primary antibodies: mouse monoclonal reggie-1 was from 
BD Biosciences (Franklin Lakes, NJ), mouse monoclonal HA was 
from Cell Signaling (Danvers, MA), and mouse polyclonal GFP was 
a kind gift of J. Faix (Medical University Hannover, Hannover, 
Germany). For generating the KIF9 antibody, GST-KIF9-CT81 was 
thrombin cleaved, and the KIF9-CT81 peptide was separated by 
PAA gel electrophoresis, purifi ed from gels, and injected into New 
Zealand White rabbits. Rabbit serum was affi nity purifi ed with GST-
KIF9-CT81 spotted on nitrocellulose membrane. Secondary anti-
bodies were horseradish peroxidase–coupled anti–mouse or anti–
rabbit IgG (Dianova). Protein bands were visualized by using a 
SuperSignal kit (Pierce, Rockford, IL) and X-Omat AR fi lm (Kodak, 
Stuttgart, Germany).   

  Quantitative real-time PCR  
 SiRNAs were validated by quantitative real-time PCR (qPCR) using 
lysates of transfected HeLa cells, as previously described (Machuy 
 et al. , 2005).   Briefl y, 0.1–0.25 μg siRNA (fi nal concentration 80–
200 nM) directed against KIF9 or luciferase as control and 2 μl Trans-
Messenger reagent (Qiagen, Hilden, Germany) were added to 10 × 
10 4  cells seeded in 96-well plates.   RNA was isolated 48 h later using 
the RNeasy 96 BioRobot 8000 system (Qiagen). The relative amount 
of target mRNA was determined by qPCR using QuantiTect SYBR 
Green RT-PCR Kit following the manufacturer’s instructions (Qiagen). 
The sequence of the KIF9-specifi c siRNA was 5′-CAGGACTTGGTT-
TATGAGACA-3′, targeting nucleotides 196 to 216. SiRNA for fi refl y 
luciferase, used as a control, was generated as described in  Kopp 
 et al.  (2006 ). siRNAs for reggie-1 and reggie-2 were generated 
(MWG, Ebersberg, Germany) according to  Solis  et al.  (2007 ). Primary 
human macrophages were transfected with siRNA (650 ng) twice at 0 
and 72 h and evaluated after a further incubation period of 5 h.   

  Reverse transcriptase reaction  
 A total of 6 × 10 6  cells were cultured for 7 d, and mRNA was isolated 
using 1 ml Trizol Reagent (Invitrogen, Carlsbad, CA). DNA was re-
moved by DNAse digestion (Novagen, Madison, WI). For cDNA-
synthesis, 1 μg random primer (Promega) was annealed to 2 μg RNA 
for 5 min at 70°C, and fi rst-strand synthesis was performed using 
Moloney murine leukemia virus reverse transcriptase (Promega). 
Second-strand synthesis was performed using an oligonucleotide 
primer pair corresponding to nucleotides 1125–1150 and 1531–
1579 of the  KIF9  coding sequence (accession number BC030657), 
respectively. As a control for quantitative removal of residual DNA, 
oligonucleotide primers specifi c for an exon in the human ß -actin  
gene were used, corresponding to nucleotides 1161–1142 and 
716–735, respectively.   

  Immunoprecipitation  
 Immunoprecipitations of GFP-fused proteins were performed using 
the μMACS GFP Tagged Protein Isolation Kit (Miltenyi Biotec, 
Bergisch-Gladbach, Germany) according to the manufacturer’s in-
structions. For lysis, preparation of columns, and washing, the fol-
lowing buffers were used: lysis buffer (150 mM NaCl, 1% Igepal 
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