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The Ras-mediated Raf–MEK–ERK activation 
pathway controls many fundamental cellular 
processes. Rap1 belongs to the Ras superfamily, 
and their role in regulating NK cell development 
and functions is not understood. Rap1a and 
Rap1b isoforms are able to regulate cell prolif-
eration, differentiation, adhesion, and polariza-
tion (Stork and Dillon, 2005). These two share 
>95% amino acid homology (Rousseau-Merck 
et al., 1990). Conversion of inactive Rap1-GDP 
to active Rap1-GTP is regulated by multiple 
guanine nucleotide exchange factors such as 
C3G, RasGRP/CalDAG-GEFs, and EPACs 
(Gotoh et al., 1995; de Rooij et al., 1998;  
Kawasaki et al., 1998). Rap1 signaling is termi-
nated by GTPase-activating proteins (GAPs) 
such as SPA-1 and RapGAPs (Rubinfeld et al., 
1991; Kurachi et al., 1997).

Rap1 regulates diverse downstream effec-
tors including B-Raf and C-Raf, whose phos-
phorylation depends on active Rap1-GTPase 
and play a critical role in the sequential activa-
tion of MEK1/2 and their substrates ERK1/2 
(Jin et al., 2006; Romano et al., 2006). Recent 
studies have shown that scaffolding proteins 
such as IQGAP (1, 2, and 3), KSR1, MP1, or 

Paxillin can function as signal processing cen-
ters by bringing together GTPases, kinases, and 
their substrates (Sacks, 2006). IQGAP1 can bind 
to both Rap1a and Rap1b (Jeong et al., 2007). 
IQGAP1 is widely expressed in multiple tissues 
including lymphocytes. The N-terminal calponin 
homology domain of IQGAP1 binds to actin and 
the IQ domain recruits calmodulin (Joyal et al., 
1997). The C-terminal end of IQGAP1 engages 
with Cdc42-GTP (Joyal et al., 1997), Rac1-
GTP (Hart et al., 1996), E-cadherin (Kuroda  
et al., 1998), -catenin (Li et al., 1999), and 
APC (Watanabe et al., 2004). IQGAP1 also has 
the ability to bind to B-Raf (Ren et al., 2007), 
MEK1/2 (Roy et al., 2005), and ERK1/2  
(Roy et al., 2004). Irrespective of these findings, 
IQGAP1-mediated signalosome formation and 
its relevance in regulating lymphocyte functions 
have not been investigated.

Recently, we generated Rap1a and Rap1b 
gene knockout mice (Chrzanowska-Wodnicka 
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Rap� GTPases control immune synapse formation and signaling in lymphocytes. However, 
the precise molecular mechanism by which Rap� regulates natural killer (NK) cell activa-
tion is not known. Using Rap�a or Rap�b knockout mice, we identify Rap�b as the major 
isoform in NK cells. Its absence significantly impaired LFA� polarization, spreading, and 
microtubule organizing center (MTOC) formation in NK cells. Neither Rap� isoform was 
essential for NK cytotoxicity. However, absence of Rap�b impaired NKG2D, Ly49D, and 
NCR�-mediated cytokine and chemokine production. Upon activation, Rap�b colocalized 
with the scaffolding protein IQGAP�. This interaction facilitated sequential phosphorylation 
of B-Raf, C-Raf, and ERK�/2 and helped IQGAP� to form a large signalosome in the peri-
nuclear region. These results reveal a previously unrecognized role for Rap�b in NK cell 
signaling and effector functions.
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T, B, and NK cells. The cellularity of spleen, BM thymus, 
mesenteric LN, lung, and liver from knockout mice were 
comparable to that of wild-type mice (unpublished data). Com-
parable percent and absolute numbers of T (CD3+NK1.1) 
and NK (CD3NK1.1+) cells were present in all the mice 
(Fig. S1 C). Expression of CD122, CD43, NK1.1, NKG2D, 
NCR1, KLRG1, CD11a, CD11b, CD49b, and CD51 were 
intact in Rap1a/ and Rap1b/ mice (Fig. S2 A). Acquisi-
tion of CD27 and Ly49 by immature NK cells that is critical 
to generate the NK ‘repertoire’ proceeded normally in the 
absence of Rap1 isoforms (Fig. S2, B and C). T cell develop-
ment appeared to be normal in thymus and spleen based on 
CD4+ and CD8+ or CD4+CD8+ staining patterns (Fig. S3,  
A and B). Percentages of CD19+ or B220+ B cells were com-
parable between different mice in the BM and spleen (Fig. S3, 
C and D). Lack of Rap1a or Rap1b did not affect the per-
centages of immature (IgM+IgDLow/) or mature (IgM+IgD+ 
or IgMIgD+) B cell populations in the BM and spleen.  
The percentages of splenic follicular B (CD21Low/CD23Hi) 
cells were comparable. However, the marginal zone (MZ) 
B (CD21HiCD23Low/) cells in Rap1b/ mice were significantly 
reduced, whereas the newly forming (CD21Low/CD23Low/) 
cells were relatively increased. MZ B cells can also be defined 
by their exclusive high level expression of IgM, CD21, and 
CD1d. Staining for these markers confirmed the reduction in 
IgMHighCD21High and IgMHighCD1dHigh B cell population in 
both Rap1a/ and Rap1b/ mice (Fig. S3 E). These results 
indicate Rap1-GTPases play critical roles in B (Chu et al., 
2008) but not in NK or T cell development.

Rap�b regulates LFA� polarization and NK spreading
Integrins are the critical components of lymphocyte traffick-
ing, homing and successful synapse formation between the 
effector and the target cells. To investigate the role of Rap1 in 
NK cell functions, we analyzed the LFA1 polarization. NK cells 
were stimulated with PMA and ionomycin and stained  
for LFA1 and F-actin. Our results show that the Rap1a+/+ or 
Rap1b+/+ NK cells were able to polarize LFA1 in a focal point 
on the cell surface. However, the absence of Rap1a or Rap1b 
significantly impaired mobilization and clustering of LFA1 
on the cell surface. NK cells from the Rap1a/ mice formed 
multiple incomplete LFA1 clusters, and a vast quantity of 
LFA1 failed to travel to the cell surface (Fig. 1, C and D). This 
defect was not observed in Rap1b/ NK cells, which could 
transport the LFA1 to the cell surface but failed to polarize. 
Both Rap1a and Rap1b isoforms have been implicated in cell 
spreading (Lin et al., 2008). To assess the exclusive contribu-
tion of Rap1a and Rap1b, we tested the ability of IL-2– 
cultured NK cells to spread on anti-LFA1 mAb or recombinant 
ICAM1-Fc–coated culture plates. Results presented in Fig. 1 
(E and F) indicate that Rap1b, but not Rap1a, is critical for 
LFA1-mediated NK cell spreading. Thus, although Rap1a/ 
NK cells formed an incomplete LFA1 cluster, the presence of 
Rap1b was sufficient for cells to spread onto the anti-LFA1–
coated plates. None of the NK cells efficiently spread on anti-
NKG2D or control isotype mAb-coated plates, demonstrating 

et al., 2005; Li et al., 2007). Here, we found that the lack of 
Rap1a or Rap1b did not alter the development or cytotoxic-
ity of NK cells. However, LFA1 polarization, cell spreading of 
NK cells, and their ability to home and traffic were significantly 
reduced in the absence of Rap1b. Lack of Rap1b, but not 
Rap1a, resulted in severe impairment of NKG2D, Ly49D, and 
NCR1-mediated cytokine and chemokine generation. Upon 
activation, Rap1b associated with B-Raf or C-Raf and colo-
calized with IQGAP1 complex. The absence of Rap1b re-
duced B-Raf, C-Raf, and ERK1/2 phosphorylation in NK 
cells. Rap1b helped IQGAP1 to form a large signalosome in 
the perinuclear region to coordinate the phosphorylation of 
ERK1/2. Rap1b also colocalized with the MTOC and regu-
lated its size and proper formation. These results reveal a pre-
viously unrecognized role of Rap1 in signalosome formation 
and regulation of effector functions in lymphocytes.

RESULTS
Rap�b is the major isoform in NK cells
Two highly homologous isoforms of Rap1 exists in lympho-
cytes. To determine the differential expression of these iso-
forms in NK cells, we used Rap1a/ and Rap1b/ mice. 
These mice were maintained by Het × Het breeding. The 
wild-type controls Rap1a+/+ and Rap1b+/+ that express both 
the isoforms were used throughout this study. First, we quan-
tified the expression of total Rap1 proteins using an antibody 
that recognizes both the isoforms. Abundant amounts of 
Rap1 protein were present in IL-2–cultured splenic NK cells 
(Fig. 1 A). However, only a residual level of Rap1 protein 
was present in NK cells from Rap1b/ mice. This was not 
caused by a differential affinity because anti-Rap1 antibody 
detected both recombinant Rap1a and Rap1b with similar 
affinities (Fig. 1 B). Based on these, we conclude that the re-
sidual protein band in Rap1b/ NK cells represents Rap1a. 
We also quantified the independent levels of Rap1a and 
Rap1b proteins using isoform-specific mAbs. No compensa-
tory expressions of Rap1a in NK cells from Rap1b/ mice 
were found. Rap family has additional members such as Rap2 
(a, b, and c; Rousseau-Merck et al., 1990). Analyses of  
Rap2 isoforms encoding mRNA indicated that none of the 
Rap2 isoforms were up-regulated in the absence of Rap1a or 
Rap1b in these mice (unpublished data). Confocal analyses 
indicated that Rap1 and Rap2 were present throughout the 
cytoplasm of NK cells (Fig. S1 A). Rap1 was present in  
membrane ruffles, cytoplasm and in the perinuclear regions.  
Although, Rap2 followed similar patterns, its localization was 
largely nonoverlapping to Rap1. Because Rap1 displayed a 
vesicular structure, we also co-stained NK cells with the ly-
sosomal dye lysotracker. Results presented in Fig. S1 B dem-
onstrate Rap1 is localized to a distinct compartment different 
from that of lysosomes. Collectively, these observations indi-
cate that the Rap1b is the major isoform in NK cells and 
none of the other Rap family members compensated for the 
lack of Rap1b.

To investigate the role of Rap1 isoforms in lymphocyte 
development, we performed phenotypic characterization of  

http://www.jem.org/cgi/content/full/jem.20100040/DC1
http://www.jem.org/cgi/content/full/jem.20100040/DC1
http://www.jem.org/cgi/content/full/jem.20100040/DC1
http://www.jem.org/cgi/content/full/jem.20100040/DC1
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red pulp areas (Fig. 2, A–D). However, the organization of 
metallophilic macrophages around the follicles were drasti-
cally altered and reduced in Rap1b/ mice (Fig. 2 D). After 
treatment with Con A, Rap1b+/+ NK cells progressively moved 
into and colonized the white pulp area (Fig. 2 E); however, 
Rap1b/ NK cells remained in the red pulp and failed to 
traffic inside the follicles (Fig. 2, F and G). To determine the 
role of Rap1b in regulating NK cell homing, we conducted 
transplant experiments. Splenocytes from Rap1b/ and 
Rap1b+/+ were individually labeled with TAMRA and CFSE, 
respectively, premixed, and intravenously injected into Rap1b+/+ 

their specificity. We conclude that among the two isoforms, 
Rap1b critically contributes toward the LFA1 polarization 
and LFA1-mediated NK cell spreading.

Rap�b regulates NK cell homing and trafficking
To address the possible defects in the trafficking of NK cells, 
we first analyzed the cellular organization of splenic follicular 
structures. The injection of the mitogen concanavalin A (Con A) 
has been shown to induce the redistribution of NK cells  
inside the spleen. In the nonchallenged mice, lack of Rap1a 
or Rap1b did not alter the distribution of NK cells inside the 

Figure �. Rap�b is the major isoform, and its absence affects LFA� polarization and NK cell spreading. (A) Expression levels of total Rap1, 
Rap1a, or Rap1b were analyzed in IL-2–cultured splenic NK cells from the indicated mice. (B) Western blot of recombinant GST-Rap1a (full-length Rap1a) 
and GST-Rap1b (85-184aa Rap1b) with anti-total Rap1, anti-Rap1a, anti-Rap1b, and anti-GST antibodies. (C and D) IL-2–cultured splenic NK cells were 
activated with PMA and ionomycin and stained for F-actin (green) and LFA1 (red). Images representative of individual or merged confocal images are 
shown (C). A total of 225 (Rap1a+/+), 219 (Rap1a/), 184 (Rap1b+/+), and 199 (Rap1b/) NK cells were analyzed. Localization of LFA1 in a focal point 
that is less than one fourth of the cell’s total diameter was taken as successful polarization. Arrowheads mark the polarized LFA1. Percentages of polar-
ized cells are shown in D. (E and F) ELISA plates were coated with isotype control (IgG), anti-LFA1 (M17/4), anti-NKG2D (A10; each 5 µg/ml), or recombi-
nant ICAM1-Fc (5 µg/ml) and used to stimulate NK cells. Phase-contrast images were obtained after 3 h of incubation, and the spread cells were defined 
as the ones that lacked clearly visible edges (E). Bar graphs represent the percentages of spread NK cells. The following numbers of NK cells were analyzed 
for isotype control, anti-NKG2D, ICAM1-Fc, and anti-LFA1, respectively for indicated genotypes: Rap1a+/+, 464, 356, 396, and 260; Rap1a/, 404, 299, 
372, and 286; Rap1b+/+, 417, 260, 319, and 265; and Rap1b/, 403, 487, 411, and 517. (F). Results presented in A-F were representatives of a minimum of 
three independent experiments.
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Figure 2. In vivo trafficking and homing of NK cells. (A–D) Spleen cryosections (7 µm thick) from Rap1a+/+ (A), Rap1a/ (B), Rap1b+/+ (C), and 
Rap1b/ (D) mice were stained with anti-MOMA (red) or anti-NCR1 (green) and analyzed in immunofluorescence microscope. Data shown are 12 indi-
vidual 20× images assembled into a single panel for each genotype. White boxes indicate a select area that is enlarged to show details. Top enlarged  
images for each genotype represents NK cells (green) in the red pulp area. Bottom enlarged images show organization of metallophilic macrophages (red) 
around each follicle. A minimum of 40 white pulp areas were analyzed for each genotype. Images represent data analyzed from seven mice for each  
genotype. Bars: (assembled) 110 µm; (enlarged) 11 µm. Data shown are one representative set out of. (E–G) Spleens from Rap1b+/+ (E) or Rap1b/ (F) 



JEM 

Article

� of �6

cytotoxic potentials of NK cells (Fig. 3 C). Earlier studies have 
indicated that LFA1 may play a critical role in regulating this 
‘missing-self’ recognition (Barber et al., 2004). However, 
Rap1a/ or Rap1b/ NK cells showed similar levels of cyto-
toxicity against RMA/S cells (Fig. 3 C). As expected, there was 
only minimal lysis of EL4 or RMA by NK cells. Based on these 
results we conclude that the lack of Rap1 isoforms do not affect 
the NK-mediated cytotoxicity. Next, we evaluated the ability of 
Rap1b/ mice to clear in vivo tumor growth (Fig. 3 D).  
Toward this, mice were intraperitoneally challenged with la-
beled RMA (CFSE) and RMA/S (TAMRA) cells. Clearance of 
RMA/S versus RMA cells was calculated compared with the 
input ratio, which was normalized to 1. RMA cells, which are 
not cleared by Rap1b+/+ or Rap1b/ mice acted as an internal 
control. Our results show that both Rap1b+/+ and Rap1b/ 
mice effectively cleared RMA/S cells, further confirming the 
ability of Rap1b/ NK cells to mediate cytotoxicity.

Lack of Rap�b impairs cytokine/chemokine generation
Because NK cells regulate innate immune responses by generat-
ing multiple inflammatory cytokines and chemokines, we next 
investigated the role of Rap1 isoforms in their production. 
Rap1a+/+, Rap1b+/+, or Rap1a/ NK cells generated optimal 
amounts of IFN- when activated via NKG2D (Fig. 4, A and B), 
Ly49D (Fig. 4 C), and NK1.1 (Fig. 4 D). However, Rap1b/ 
NK cells were significantly impaired in generating IFN- (Fig. 4 
and Fig. S4, A and B). Further, generation of GM-CSF or che-
mokines MIP1-, MIP1-, and RANTES from Rap1b/ NK 
cells were also significantly reduced after NKG2D-mediated  
activation (Fig. 4 B). RasGRP2/CalDAG-GEF1 is an essen-
tial Rap1GEF in lymphocytes that depends on both Ca2+ and 
DAG for activation (Guo et al., 2001). PMA and ionomycin can 
activate RasGRP2/CalDAG-GEF1. To test whether cytokine 
generation is dependent on Rap1b, we activated the NK cells 
with PMA and ionomycin and analyzed the percent of intracel-
lular IFN-+ NK cells (Fig. S4 A). PMA plus ionomycin did 
result in the generation of IFN- from Rap1a+/+, Rap1b+ /+, and 
Rap1a/ NK cells. However, Rap1b/ NK cells failed to gen-
erate similar levels of IFN-. NKG2D-mediated activation of 
Rap1b/ NK cells also showed similar reductions in intracellu-
lar IFN-+ cells (Fig. 4 B and Fig. S4 B). In addition, ex vivo ac-
tivation of freshly isolated Rap1b/ NK cells also contained 
reduced percentages of IFN-+ cells compared with that of 
Rap1b+/+ (Fig. S5 A). We also found a significantly lower copy 
number of IFN-–encoding mRNA in spleen-derived Rap1b/ 
NK cells after NKG2D activation (Fig. 4 E), indicating a defect 

mice. After 3 h, cells from the recipient spleen were stained 
with anti-NK1.1 and -CD3 mAbs, and the ratio of Rap1b/ 
to Rap1b+/+ mouse-derived lymphocytes were quantified 
(Fig. 2, H and I). The ability of Rap1b/ NK cells to migrate 
and home into the spleen was not affected; however, the pro-
portion of Rap1b/ NK cells that remained in the recipient 
spleen after 3 h were significantly higher (40–50%) com-
pared with that of Rap1b+/+ NK cells. Together, we conclude 
that Rap1b plays a critical role in the in vivo homing and 
trafficking of NK cells.

Activation via NKG2D converts Rap�-GDP to Rap�-GTP
NKG2D is a major activation receptor of NK cells. To deter-
mine whether Rap1 isoforms are activated downstream of 
NKG2D, we stimulated IL-2–cultured splenic NK cells and 
quantified the active Rap1-GTP by a pull-down assay using 
GST-coupled RalGDS-RBD. NKG2D-mediated activation 
of Rap1a+/+ or Rap1b+/+ NK cells led to an increase in the 
quantity of active Rap1-GTP. In Rap1a/ NK cells, where 
Rap1b was the only isoform present, a considerable level of 
active Rap1-GTP or Rap1b-GTP could be seen after activa-
tion. In contrast, NKG2D-mediated activation of Rap1b/ 
NK cells resulted in reduced levels of Rap1-GTP or Rap1b-
GTP (Fig. 3 A). These results indicate that Rap1b can be  
activated downstream of NKG2D.

Lack of Rap� does not affect NK cell-mediated conjugate 
formation or cytotoxicity
NK cells recognize their target cells through the formation of 
supramolecular activation clusters (SMAC). LFA1 is a critical 
structural component of the peripheral SMAC, and the inability 
of LFA1 to polarize severely disrupted the SMAC formation 
(Mace et al., 2009). Our present study indicates that lack of 
Rap1a or Rap1b resulted in significantly reduced LFA1 polar-
ization. Therefore, we next tested the ability of these NK cells to 
form conjugates with YAC-1 cells. NK cells (CFSE) and YAC-1  
(TAMRA) were mixed at 1:1 ratio and incubated for different 
lengths of time. Our results indicate that lack of neither Rap1a 
nor Rap1b affected the ability of NK cells to recognize and form 
stable conjugates with YAC-1 cells (Fig. 3 B). Conjugate forma-
tion by NK cells lead to cytotoxicity. To determine the role of 
Rap1-GTPases in tumor killing, we next analyzed the NK- 
mediated cytotoxicity against EL4H60 and YAC-1 (H60+), 
CHO (hamster H2-Dd+), and BM-derived dendritic cells 
(BMDC; NCR1 ligand+). The cytotoxic potentials of NK cells 
were comparable and lack of Rap1a or Rap1b did not affect the 

mice treated intraperitoneally with Con A were stained with anti-MOMA (red), anti-B220 (blue), and anti-NCR1 (green) and analyzed through confocal 
microscope. White boxes represent enlarged views. Top enlarged images represent NCR1+ NK cells (green) within the red pulp area. Bottom enlarged  
images represent NCR1+ NK cells (green) that have trafficked into the follicular region. (G) Total numbers of NCR1+ NK cells that have trafficked inside 
individual follicles (-Rap1b+/+, -Rap1b/) and their averages (—) are shown. 20 individual follicles were analyzed for Rap1b+/+ and Rap1b/ mice.  
(H and I) RBC-depleted Rap1b+/+ and Rap1b/ splenocytes were labeled with CFSE and TAMRA, respectively and injected into Rap1b+/+ recipient mice.  
3 h later, cells from spleens of recipient mice were stained with anti-NK1.1-APC and anti-CD3-PE-Cy7. CD3NK1.1+ cells were gated and shown (H).  
(I) Bar graph represents the average ratio between the recovered Rap1b+/+ and Rap1b/ NK cells, after correction to the ratio of input cells. Data shown 
in H and I were obtained from four recipient mice. Data shown in A–I are one representative of three independent experiments.
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the Rap1b+/+ NK cells could produce ample levels of IFN-, 
Rap1b/ NK cells generated significantly lower levels of  
this cytokine. To further validate our observations, Rap1b+/+ 
and Rap1b/ mice were infected with 5,000 PFU of PR8  
and IFN-–producing NK cells were quantified in lung sec-
tions. Fig. S5 (B and C) shows that Rap1b/ NK cells have de-
creased ability to generate IFN-. These in vitro and in vivo 
defects were not caused by reductions in NCR1 expression, as 
its level was normal (Fig. S5 D). Taken together, these results 
demonstrate that Rap1b plays a crucial role in cytokine and  
chemokine generation.

Rap�b regulates the functions  
of IQGAP�-mediated signalosome
Both IQGAP1 and KSR1 have been shown to regulate the 
MAPK signaling cascades by functioning as scaffold proteins 

at the transcriptional level. To exclude a generalized hypo- 
responsiveness of Rap1b/ NK cells, we stimulated the NK 
cells with IL-12 and IL-18 that initiate the Tyk2/JAK2- 
mediated Stat4 pathway (Watford et al., 2004). NK cells from all 
the mice generated comparable levels of IFN- (Fig. 4 F), indi-
cating that the Rap1b/ NK cells are fully competent. Thus, 
only NKG2D, Ly49D, or NK1.1-mediated signaling pathways 
depend on Rap1b for cytokine and chemokine generations.

To establish the role of Rap1b in cytokine production under 
a pathological condition, we employed the mouse-adapted  
human influenza virus A/PR/8/34 (H1N1, PR8) and a murine 
lung-derived epithelial cell line, LA4. Recognition of viral hem-
agglutinin (HA) by NCR1 in NK cells results in the generation 
of IFN- (Guo et al., 2008). Therefore, we quantified IFN- in 
the supernatants of PR8-infected LA4/NK co-cultures as an  
indicator of NK cell activation. Fig. 4 G shows that although  

Figure �. Stimulation via NKG2D activates Rap� and lack of Rap� does not affect NK cytotoxicity. (A) IL-2–cultured NK cells were activated 
with anti-NKG2D (A10; 5 µg/ml). Rap1-GTP was detected with anti-Rap1 or anti-Rap1b after pull-down. Total Rap1 or Rap1b proteins were quantified by 
analyzing the unfractionated NK cell lysates. A nonhydrolysable analogue of GTP, GTPS, was also used to measure the total Rap1 and Rap1b. (B) NK cells 
(CFSE-labeled) and YAC-1 cells (TAMRA-labeled) were mixed at 1:1 ratio, and the double-positive conjugate percentages were quantified after fixing.  
(C) IL-2–activated splenic NK cells were incubated with [51Cr]-labeled target cells at the indicated E:T ratios for 4 h. Three to five mice were used for each 
genotype. (D) RMA cells (TAMRA-labeled) and RMA/S cells (CFSE-labeled) were injected into mice and recovered peritoneal exudate cells were analyzed by 
flow cytometry. Clearance of RMA/S versus RMA cells was calculated compared with the input ratio, which was normalized to 1. RMA cells, which are not 
cleared by Rap1b+/+ or Rap1b/ mice acted as an internal control. Results presented in A–D are representative of three independent experiments.
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signaling to Rafs by phosphorylating S445 in B-Raf and S338  
in C-Raf (Mason et al., 1999). Therefore, we next analyzed 
the levels of Vav-1 and Pak1/2/3 phosphorylation upon 
NKG2D-mediated activation (Fig. 5 B). Although there 
were no defects in Vav-1 phosphorylation, the level of  
Pak-1/2/3 phosphorylation were considerably reduced in 
Rap1b/ NK cells (Fig. 5 C). Next, we examined the ability 
of B-Raf or C-Raf to associate with Rap1 and their phos-
phorylation status. To determine the level of Rap1 association, 
B-Raf was immunoprecipitated from lysates of NKG2D- 
activated Rap1b+/+ NK cells and probed with anti-Rap1 or 
Rap1b antibodies. Because B-Raf exclusively associates with 
Rap1-GTP, the resulting protein band represents the acti-
vated form of Rap1. Fig. 5 D demonstrates the increase in the 
association of active Rap1-GTP, in particular Rap1b-GTP, to 
B-Raf with increasing time of activation. The ability of 
Rap1b-GTP to associate with C-Raf was analyzed in a pull 
down assay by the post-lysis mixing of recombinant GST–C-
Raf–GRD fusion protein. Fig. 5 D shows increasing levels of 
Rap1-GTP or Rap1b-GTP associated to GST–C-Raf–GRD 

(Razidlo et al., 2004; Royet al., 2005). To test the role of 
Rap1 in IQGAP1 or KSR1-mediated Raf/MEK1/2/ERK1/2 
signalosome formation, we first tested their colocalization 
patterns. IL-2–cultured NK cells from Rap1b+/+ and Rap1b/ 
mice were stimulated with anti-NKG2D mAb (A10) for  
15 min, fixed, and stained for Rap1, F-actin, and KSR1 or 
Rap1 and IQGAP1 proteins. Upon stimulation, KSR1 was 
predominantly localized to the luminal part of the peripheral 
membrane (Fig. S6, A and B). In contrast, Rap1b primarily 
localized throughout the cytoplasm and did not colocalize 
with KSR1. However, upon NKG2D-mediated activation, 
IQGAP1 and Rap1b colocalized closer to the perinuclear  
region of the cells (Fig. 5 A). In nonstimulated NK cells, 
IQGAP1 and Rap1b were distributed throughout the cyto-
plasm, indicating a redistribution of IQGAP1 after activation 
(Fig. S6 C). Co-localization of Rap1 and IQGAP1 was highly 
visible in the Rap1b+/+ but not in Rap1b/ NK cells.

Rap1b can regulate Rac1/Cdc42 activation via Vav-1 
(Schwamborn and Püschel 2004). Rac1/Cdc42 in turn acti-
vate p21-activated kinase (Pak) that connects the upstream 

Figure 4. Lack of Rap�b results in reduced generation of cytokines and chemokines. (A) IL-2–cultured splenic NK cells (105 cells/well) were acti-
vated with anti-NKG2D (A10) and the supernatants were tested for cytokines or chemokines by ELISA and multiplex assays. Data presented are the mean 
with standard deviations from a minimum of 10 mice for each genotype from >3 independent experiments. (B) IL-2–cultured splenic NK cells were stimu-
lated with anti-NKG2D (A10; 5 µg/ml). Activated CD3NK1.1+ NK cells stained for intracellular IFN- (blue), F-actin (red), and Rap1 (green) and analyzed 
through confocal microscopy. Arrowheads mark IFN-. Data presented are representative images of >30 individual cells from 3 independent experiments. 
(C and D) NK cells were stimulated with anti-Ly49D (4E5; D) or anti-NK1.1 (PK136; D) and IFN- production was measured. (E) IFN-–encoding tran-
scripts were quantified in splenic NK cells after anti-NKG2D stimulation. (F) IL-2–cultured NK cells were activated with IL-12, IL-18, or both (10 µg/ml) for 
24 h and the supernatants were tested for the quantity of IFN-. (G) Splenic NK cells were co-cultured with LA4 cells with or without PR8 influenza, and 
IFN- was measured by multiplex assays after 16 h. Data presented in C–G were averages with standard deviations of three independent experiments.

http://www.jem.org/cgi/content/full/jem.20100040/DC1
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(Yin et al., 2002). To identify the target MAP kinases, 
NKG2D-stimulated NK cells were analyzed for the phos-
phorylation levels of p38, JNK1/2, and ERK1/2. All three  
kinases were active in the Rap1b+/+ NK cells. p38 and JNK1/2 
phosphorylation were not affected in any of the NK cells 
tested (Fig. 5 F). However, the level of ERK1/2 phosphoryla-
tion was significantly reduced in Rap1b/ NK cells (Fig. 5 F). 
These results are further validated by quantifying the intensity 
of phosphorylated proteins and comparing them with respec-
tive total proteins (Fig. S8 A). Furthermore, this reduction in 
ERK1/2 phosphorylation is not caused by a decrease in 
IQGAP1 protein in Rap1b/ NK cells (Fig. S8 B). To visual-
ize the fate of ERK1/2 activation in Rap1b/ NK cells, we 

with increasing activation time. Next, we stimulated NK 
cells via NKG2D to investigate the phosphorylation status of 
B-Raf and C-Raf (Fig. 5 E). Comparable amounts of both 
total B-Raf and C-Raf were present in Rap1a+/+, Rap1a/, 
Rap1b+/+, and Rap1b/ NK cells. However, upon activa-
tion, the phospho B-Raf (Serine 445) and C-Raf (Serine 338)  
were detectable only in Rap1a+/+, Rap1a/, and Rap1b+/+ but 
not in Rap1b/ NK cells. These observations were confirmed 
through confocal microscopy. Phospho B-Raf or C-Raf was 
drastically reduced in Rap1b/ compared with Rap1b+/+ 
NK cells (Fig. S7, A and B).

Activated B-Raf or C-Raf catalyzes the phosphory-
lation of MEK1/2, which in turn phosphorylates ERK1/2  

Figure �. Rap�b regulates IQGAP�-mediated signaling cascade. (A) IL-2–cultured splenic NK cells were activated with anti-NKG2D for 30 min and 
stained for total Rap1 (green), IQGAP1 (red), and DAPI (blue) and analyzed by confocal microscopy. Inserts in the bottom panels are the enlarged views of 
the select NK cells. (B and C) NK cells from Rap1b+/+ or Rap1b/ mice were stimulated with anti-NKG2D for the indicated periods and the phosphoryla-
tion of Vav-1 (B) and Pak-1/2/3 (C) was analyzed. (D) IL-2–cultured splenic NK cells from Rap1b+/+ mice were stimulated with anti-NKG2D (A10; 5 µg/ml). 
Cell lysates were subjected to immunoprecipitation (IP) with anti–B-Raf or pull down (PD) using recombinant GST-C-Raf. Resulting IP or PD were probed 
for the presence of Rap1-GTP or Rap1b-GTP. One representative experiment out of three is shown. (E and F) IL-2–cultured NK cells were stimulated with 
anti-NKG2D, and the cell lysates were analyzed for phospho and total proteins of B-Raf and C-Raf (E) or p38, JNK1/2, and ERK1/2 (F). Data presented in 
A–F were one representative of three independent experiments.

http://www.jem.org/cgi/content/full/jem.20100040/DC1
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the cytoplasm with slight accumulation around the perinu-
clear region (Fig. 6 A). After 15 min of activation, ERK1/2 
phosphorylation was evident Rap1b+/+ NK cells. However, 
the level of ERK1/2 phosphorylation was less in Rap1b/ 
NK cells. After 30 min of activation, the distribution pattern 
of IQGAP1 was drastically altered with a strong accumulation 
around the nucleus in Rap1b+/+ NK cells. Although, IQGAP1 
could accumulate around the nucleus in Rap1b/ NK cells, 
signalosome was less pronounced. Arguably, a significant 
quantity of phospho-ERK1/2 colocalized with IQGAP1 in 
Rap1b+/+ NK cells. In contrast, Rap1b/ NK cells consis-
tently showed reduced levels of phosphorylated ERK1/2 
with no detectable IQGAP1 colocalization. These reduced 
ERK1/2 phosphorylation levels were not caused by a reduc-
tion in the total ERK1/2 level, because both Rap1b+/+ and 
Rap1b/ NK cells contained comparable levels of these pro-
teins (Fig. 6 B). Thus, Rap1b is important for the spatiotem-
poral regulation of IQGAP1–ERK complexes. We conclude 
that Rap1b helps IQGAP1 to form a large signalosome in the 
perinuclear region of the NK cell, where transient but abun-
dant phosphorylation of ERK1/2 occurred. Lack of Rap1b 
affected the structure of the IQGAP1-based signalosome and 
failed to support the phosphorylation of ERK1/2 (Fig. 7,  
A and B). Because LFA1 polarization and ICAM1-mediated 
spreading were defective in Rap1b/ NK cells, we also tested 
the ability of anti-LFA1–mediated IQGAP1 protein redistri-
bution. NK cells were activated with plate-bound anti-LFA1 

tracked their levels of phosphorylation through confocal  
microscopy (Fig. S8, C and D). Comparable levels of total 
ERK1/2 were present throughout Rap1b+/+ and Rap1b/ 
NK cells. Upon activation, significantly higher levels of  
phospho-ERK1/2 were seen in Rap1b+/+ compared with 
Rap1b/ NK cells. Thus, Rap1b was required for a sustained 
ERK1/2 phosphorylation. We further corroborated the role 
ERK1/2 activation in cytokine and chemokine generation 
using pharmacological inhibitors in wild-type Rap1b+/+ NK 
cells. Inhibition of p38 or JNK1/2 caused minimal reduction 
in cytokine and chemokine generation. However, inhibition 
of MEK1/2 upstream of ERK1/2 completely ablated the gen-
eration of all the cytokines and chemokines in a dose-dependent 
manner (Fig. S8 E). We conclude that a sequential recruit-
ment and phosphorylation of Raf→MEK1/2→ERK1/2 is 
regulated by Rap1b.

Rap�b facilitates the formation  
of IQGAP�-dependent signalosome
We next investigated the spatiotemporal organization of 
IQGAP1–Raf–ERK complexes during signal transductions. 
IL-2–cultured NK cells were stimulated via NKG2D and 
stained for IQGAP1 and ERK1/2. NKG2D-mediated acti-
vation resulted in IQGAP1-based large signalosome forma-
tion in the perinuclear region to coordinate the phosphorylation 
of ERK1/2. In nonstimulated NK cells, phospho-ERK was 
not detectable and the IQGAP1 was distributed throughout 

Figure 6. Rap�b regulates IQGAP�-mediated signalosome formation and ERK�/2 phosphorylation. (A) anti-NKG2D or (B) unstimulated splenic 
NK cells were stained for phospho ERK1/2 (green), IQGAP1 (red), and DAPI (blue), and analyzed by confocal microscopy. Data presented were one repre-
sentative set from of >3 independent experiments.
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However, the size and the length of MTOCs were proportion-
ately much larger in Rap1b/ NK cells compared with others. 
Analyses of the MTOCs at different Z-planes also revealed that 
the overall height and size of the MTOCs were considerably 
larger in Rap1b/ NK cells (Fig. S9, A and B). Statistical signifi-
cance was calculated by comparing the longitudinal length of the 
MTOCs to the maximal diameter of NK cells (Fig. 8 B). These 
results additionally emphasize that the lack of Rap1a or Rap1b 
did not alter the maximal NK cell lengths (Fig. S10). However, 
the lengths of MTOCs in Rap1b/ NK cells are significantly 
larger compared with Rap1b+/+ NK cells. Rap1b/ NK cells 
also displayed multiple, noncomplete MTOCs (Fig. S9 A,  
arrows). Our results also show that a significant quantity of 
Rap1b colocalized to the center core of the MTOC in Rap1b+/+ 
NK cells. Although, Rap1a was detectable in Rap1b/ NK cells, 
it did not colocalize with the MTOC (Fig. 8 C).

DISCUSSION
Our results show that Rap1b is the major isoform in NK cells 
and its absence did not alter the development and terminal 

mAb for the indicated times, fixed, and stained with anti-
IQGAP1 mAb and DAPI (Fig. S8 F). We did not observe any 
redistribution of IQGAP1 even after 60 min of anti-LFA1 
mAb-mediated activation in Rap1b+/+ or Rap1b/ NK cells. 
Thus, we conclude the signalosome formation and organiza-
tion of MAPK signaling cascade are unique phenomena of 
activating receptors.

Rap�b regulates the proper formation MTOC
Earlier studies have shown that phospho-ERK2 localizes to 
the microtubules and regulates the polarization and direc-
tional translocation of MTOC to the NK immunological 
synapse (NKIS; Chen et al., 2006). Because ERK1/2 phos-
phorylations were reduced in Rap1b/ NK cells, we next ana-
lyzed the formation of the MTOC. NK cells were activated 
via NKG2D and stained for -tubulin and F-actin. Using confo-
cal images, the lengths of the MTOCs were measured. Fig. 8 A 
shows representative NK cells and their measured MTOC 
lengths in multiple Z-stacks. These results indicate that lack of 
Rap1a or Rap1b did not affect the formation of the MTOC. 

Figure �. IQGAP� mediates the formation of a large signalosome in the perinuclear region of the activated NK cells. IL-2–cultured splenic 
Rap1b+/+ (A) and Rap1b/ (B) NK cells were activated with anti-NKG2D (A10) for 30 min and stained for IQGAP1 (red), phospho-ERK1/2 (green), and 
DAPI (blue). Three dimensional reconstruction of images was done using 40 individual Z-stacks that were 0.4 µm thick, using FV1-ASW2.0 software. Data 
shown are one representative panel of 20 images analyzed from three independent experiments.

http://www.jem.org/cgi/content/full/jem.20100040/DC1
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LFA1 into a conformationally active high-affinity adhesion 
molecule is critical for lymphocyte adhesion and trafficking 
(Dustin et al., 2004). Our study shows that absence of either 
Rap1a or Rap1b had significantly affected the polarization of 
LFA1 in NK cells. This reduced polarization also affected the 
ability of NK cells to bind and spread on anti-LFA1 mAb or 
recombinant ICAM1-Fc–coated plates. Thus, a defective af-
finity maturation of LFA1 could be the mechanistic explana-
tion for the reduced adhesion of Rap1b/ NK cells. This 
reduced LFA1 adhesion could be the basis for the defects in 
the emigration of Rap1b/ NK cells from the spleen. Adap-
tive transfer experiments indicated that the Rap1b/ NK 
cells can immigrate inside the recipient spleen; however, a 
higher percentage of Rap1b/ NK cells failed to emigrate. 
Retention of a higher percentage of Rap1b/ NK cells in 
Rap1b+/+ spleen could also be caused by defects in other cell 

maturation of NK cells. Here, we present genetic evidence 
that Rap1b is a critical regulator of the IQGAP1-mediated 
signalosome formation. This signaling complex organized the 
sequential recruitment and phosphorylation of B-Raf or C-Raf 
and ERK1/2 in NK cells and was responsible for the cyto-
kine and chemokine generation. Rap1b also played a crucial 
role in LFA1 polarization, cell spreading, and trafficking of 
NK cells. Lack of Rap1b, but not Rap1a, affected proper 
MTOC formation in NK cells.

Rap1 regulates LFA1-mediated cell adhesion (Stork and 
Dillon, 2005). LFA1 is a critical component of the SMAC in 
lymphocytes (Lin et al., 2005). Initial contact between NK 
and the target cells are mediated through the interactions be-
tween LFA1 and ICAMs followed by the recognition and bind-
ing of major receptors such as NKG2D to their respective 
ligands. A Rap1-dependent avidity modulation of low-affinity 

Figure �. Rap�b colocalizes with MTOC and regulates its proper formation in NK cells. (A) NK cells from indicated mice were stimulated with 
anti-NKG2D (A10; 5 µg/ml) for 2 h and stained for -tubulin (red) and F-actin (green). Data presented are one representative confocal image of 50 cells 
analyzed for each genotype. Precise sizes of MTOCs were measured by drawing a reference line across the longitudinal length of each NK cell. (B) Lengths 
of the MTOCs of NK cells from Rap1a+/+ (n = 22), Rap1a/ (n = 60), Rap1b+/+ (n = 39), and Rap1b/ (n = 67) were compared with their respective total 
cell length and presented as the percent of total cell length. (C) NK cells were stained for -tubulin (red) and total Rap1 (green). Confocal images of NK 
cells at different z-planes with 0.4-µm intervals are shown. Arrowheads mark the colocalized Rap1 and MTOC. Data presented are representative images 
of >50 microscopic fields analyzed for each genotype from >3 independent experiments.
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First, Rap1b is known to bind and regulate Vav-1 that func-
tions as a GEF for Rac1 and Cdc42 (Arthur et al., 2004). 
Our data indicates that the lack of Rap1b did not affect the 
phosphorylation of Vav-1. However, Vav isoforms are re-
dundant in their ability to activate Rac1 and Cdc42 (Pearce 
et al., 2002) and the status of Vav-2 or Vav-3 in Rap1b/ 
NK cells is yet to be determined. Downstream of Vav, Rac1, 
and Cdc42 are critical for the phosphorylation and recruit-
ment of p21-activated kinase-1/2/3 (Pak-1/2/3) into the 
IQGAP1 scaffold. Our results show a reduction in the over-
all Pak activation. Therefore, lack of Rap1b could have af-
fected the activation of one or more of Vav isoforms resulting 
in reduced Rac1 and Cdc42 activation and recruitment to 
the C-terminal GRD domain of IQGAP1. A reduction in 
Rac1/Cdc42 binding to IQGAP1 will affect the recruitment 
of Pak-1/2/3 to IQGAP1 complex. Because Pak-1/2/3 is 
responsible for the phosphorylation of B-Raf and C-Raf, 
any modulation of Pak-1/2/3 function would disrupt the se-
quential activation of B-Raf/C-Raf→MEK1/2→ERK1/2. 
ERK1/2 play a critical role in the activation and function 
of AP1, which could regulate the transcription of cytokine 
and chemokine genes (Chuang et al., 2001). Second, Rap1 
could regulate IQGAP1 through its direct binding. Earlier 
studies have shown that both Rap1a-GTP and Rap1b-GTP 
bind equally to the IQ domain of IQGAP1 (Jeong et al., 
2007). Interestingly, the IQ domain is also the site where 
B-Raf has been shown to be recruited (Ren et al., 2007). 
Thus, a lack of Rap1b could have affected the interaction 
between B-Raf and IQGAP1. Additional studies are required  
to delineate the functional relevance of this direct inter-
action between Rap1b to IQGAP1. Third, Rap1b can bind 
to B-Raf or C-Raf directly and regulate their functions. Pre-
vious studies (Guo et al., 2001) and our results demonstrate a 
direct interaction of Rap1b to B-Raf and C-Raf. This direct 
interaction could play a critical role in the autophosphoryla-
tion and stabilization similar to Ras-GTPases (Tran et al., 
2005). Reduction in the phosphorylation of both B-Raf and 
C-Raf in Rap1b/ NK cells demonstrates that Rap1-GTP 
plays a critical role in regulating their levels of phosphory-
lation, recruitment to IQGAP1, or both. Irrespective of its 
detectable levels, Rap1a did not rescue B-Raf and C-Raf 
phosphorylations in Rap1b/ NK cells, indicating the ex-
clusive role played by Rap1b. Additionally, it is possible that 
only Rap1b is capable of regulating the MAPK signaling cas-
cade, as it is the major isoform in NK cells. Further, lack of 
Rap1a did not affect the normal levels of B-Raf or C-Raf 
phosphorylations after NKG2D-mediated activation. Thus, 
our data show a distinct functional dichotomy between the 
two Rap1 isoforms. Binding of Rap1a to IQGAP1 could 
regulate a distinct set of functions such as actin polymeriza-
tion and maintenance of cell integrity. A defect in one or 
more of these three steps can negatively affect the sequential 
phosphorylations of Pak-1→Raf→MEK1/2→ERK1/2 in 
IQGAP1-mediated signalosome.

Although scaffolding proteins have been shown to regulate 
sequential phosphorylations, the spatiotemporal organization 

types that line the marginal sinuses. NK cells traffic in and out 
of the spleen through the MZ sinuses (Grégoire et al., 2008). 
The MZ is a continuous network of reticular fibroblasts in 
the red pulp area and MAdCAM-1+ sinus lining cells. Metal-
lophilic macrophages form a cell barrier immediately beneath 
the MAdCAM-1+ sinus lining cells. Lack of Rap1a or Rap1b 
did not affect the total number of MOMA+ MZ metallo-
philic macrophages; however, their distributions were exten-
sively altered in the spleens of Rap1b/ mice. Discontinuous 
linings and loss of a compact structure of metallophilic mac-
rophages were evident in the Rap1b/ mice. In addition, 
the total numbers of MZ B cells were significantly reduced in 
both Rap1a/ and Rap1b/ mice. Thus, loss of critical cell 
types that regulate the emigration of NK cells could be one 
of the major reasons for a higher number of NK cells retained 
in the spleen.

The loss of splenic architecture and a reduction in the 
MZ B cells in the spleens could also explain the failure of 
Rap1b/ NK cells to enter into the T cell area after mito-
genic stimulations. Under normal conditions, NK cells home 
inside the red pulp area at a steady-state and are excluded 
from the T and B cell–rich white pulp. However, during in-
flammation, NK cells traffic into the T cell area via MZ. The 
loss of MOMA+ macrophage lining and a MZ B cell reduc-
tion could have resulted in a failure in the LFA1-mediated 
NK cell adhesion or a severe reduction in the generation and 
maintenance of a chemokine gradient (such as CXCR3 and 
CCL5). Irrespective of the LFA1 defects in Rap1b/ NK 
cells, they were able to form successful conjugates with  
tumor cells and mediate anti-tumor responses against target 
cells both in vitro and in vivo. In addition, Rap1b/ NK 
cells were also able to mediate moderate but comparable  
levels of cytotoxicity against syngeneic BMDCs. This indi-
cates that the perforin/granzyme-containing cytotoxic gran-
ules do not depend on Rap1 for their movement to SMAC. 
However, it is also highly likely that a compensatory, shared 
functional ability of Rap1 isoforms could be the reason that 
neither Rap1a/ nor Rap1b/ NK cells demonstrated any 
cytotoxic defects. Generation of double knockout mice could 
definitively answer the role of Rap1 isoforms in NK- 
mediated cytotoxicity.

NK cells generate inflammatory cytokines and chemokines 
as part of innate immunity. A significant reduction in NKG2D, 
Ly49D, NK1.1, and NCR1-mediated cytokine and chemo-
kine generation was observed in Rap1b/ NK cells. This re-
duction was not caused by a generalized anergy because 
stimulation with optimal amounts of IL-12 and IL-18 resulted 
in comparable levels of IFN- between WT and Rap1b/ 
NK cells. Thus, the ITAM-independent, Stat-dependent path-
ways are fully operational in Rap1b/ NK cells. The explana-
tion for this observation comes from the comparable levels of 
p38 phosphorylation between WT and Rap1b/ NK cells, 
which is crucial for the generation of cytokines downstream of 
IL-12/IL-18 receptors (Berenson et al., 2006).

Defects in the cytokine/chemokine generation can be 
explained by three distinct functions of Rap1b (Fig. S11). 
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rather than a blockade in the secretory pathway. Defects in 
MTOC formation could have resulted for multiple reasons. 
Lack of Rap1b resulted in reduced ERK1/2 phosphorylation 
that could have affected the proper formation of the MTOC. 
This is in line with earlier studies that have shown that phospho-
ERK2 localizes to the microtubules and inhibitors to MEK1/2 
severely affected the remodelling of microtubules (Chen  
et al., 2007). Other studies have shown that the function of 
Cdc42 required the sequential activation of Rap1b in axonal 
elongation (Schwamborn and Püschel, 2004). In this context, 
an indirect regulation of Cdc42 or Rac1 by Rap1b via Vav1 
(Maillet et al., 2003) could be responsible for improper for-
mation of tubulin oligomerization and MTOC formation.

In summary, our study demonstrates that signal process-
ing by IQGAP1 scaffold requires Rap1b-GTPase. Lack of 
Rap1b affected the sequential phosphorylation and activation 
of PAK1→Raf→MEK1/2→ERK1/2 cascade in IQGAP1-
mediated signalosome. IQGAP1 also recruits signaling pro-
teins such as -catenin, E-cadherin, CLIP, and APC. Future 
studies will provide insights into the role of Rap1-GTPases 
in regulating these additional signaling cascades.

MATERIALS AND METHODS
Mice and cells. Generation of Rap1a/ (Li et al., 2007) and Rap1b/ 
(Chrzanowska-Wodnicka et al., 2005) mice was previously described. 
Rap1a/ and Rap1b/ mice were backcrossed with C57BL/6 strain for 
>n11 generations. These strains were maintained by heterozygote × hetero-
zygote breeding to obtain knockouts (Rap1a/ and Rap1b/) and wild-
type littermate controls (Rap1a+/+ and Rap1b+/+). All the animal protocols 
were approved by the Institutional Animal Care and Use Committee, Bio-
logical Resource Center, and Medical College of Wisconsin. EL4, EL4H60, 
RMA/S, LA4, and MDCK cell lines were previously described (Guo et al., 
2009). BMDCs were generated from 129J mice following established proto-
cols (Lutz et al., 2000).

NK cell preparation. NK cells were prepared as previously described  
(Awasthi et al., 2008). Briefly, single-cell suspensions from spleen and BM 
were passed through nylon wool columns to deplete adherent populations 
consisting of B cells and macrophages. Nylon wool-nonadherent cells were 
cultured with 1,000 U/ml of IL-2 (NCI-BRB-Preclinical Repository). IL-2–
cultured NK cells were used on day 6. Purity of the NK cultures was checked, 
and preparations with >90% of NK1.1+ cells were used.

Flow cytometry. Single cell preparations from spleen, BM, thymus, or IL-2– 
cultured NK cells (sixth day) were stained and analyzed as previously de-
scribed (Regunathan et al., 2006). Flow cytometry analysis was performed  
in LSR-II and analyzed with FACSDiva software (BD). Antibodies for the 
following were used: B220 (RA3-6B2), IgM (R6-60.2), IgD (11-26c.2a), 
CD19 (1D3), CD1d (1B1), CD21/CD35 (4E3), CD23 (B3B4), CD3 
(145-2C11), CD16/CD32(93), NK1.1 (PK136), NKG2D (A10), NKG2A 
(16a11), CD43 (1B11), CD49b (DX5), CD51 (RMV-7), CD122 (5H4), 
CD11b (M1/70), CD27 (LG.7F9), and Ly49I (YLI-90; all from eBiosci-
ence); CD4 (H129.19), CD8 (53–6.2), Ly49A (A1), Ly49D (4E5), and 
Ly49C/I (5E6; all from BD); MOMA-1-FITC (Serotec); IgM F(ab)2  
(Jackson ImmunoResearch Laboratories). CFSE (C-1157) and TAMRA  
(C-300; both from Sigma-Aldrich) were used to label NK cells.

Immunofluorescence microscopy. Spleens were embedded in OCT using 
Tissue-Tek trays (Sakura Finetek), frozen with a dry-ice/Isopropanol mixture, 
and kept at 80°C until sectioning. 7-µm cryostat sections were generated, 
air-dried for 1 h at room temperature, and fixed in acetone for 10 min. The 
sections were blocked with 0.1% BSA/PBS containing anti-CD16/CD32 

and movement of signalosomes are not well understood. Our 
study shows an accumulation of IQGAP1 around the nucleus 
after NKG2D-mediated activation. The formation of this 
massive molecular complex was transient, but aided in the phos-
phorylation of ERK1/2. Lack of Rap1b did not alter the re-
distribution of IQGAP1 around the nucleus; however, the 
signalosomes were somewhat diffuse in Rap1b/ NK cells 
with negligible levels of phospho-ERK1/2 around them. 
Activation with plate-bound anti-LFA1 mAb did not result 
in the formation of similar cellular structures, indicating a dif-
ferential activation requirement. We propose that multiple 
signalosomes assemble to form the larger complex to facilitate 
the compartmentalized activation and phosphorylation of 
substrates in the perinuclear region of the activated cells. These 
signalosomes are predictably regulating multiple signaling 
cascades. NKG2D-mediated activation of Rap1b+/+ NK cells 
resulted in a sustained ERK1/2 phosphorylation lasting for 
30 min within the signalosome; however, similar activa-
tions resulted only in a minimal and transient ERK1/2 phos-
phorylation lasting for only 15 min in Rap1b/ NK cells. 
Thus, a defect in IQGAP1-mediated signalosome function is 
one of the molecular explanations for the defects in cytokine 
and chemokine generations in Rap1b/ NK cells. A struc-
tured signalosome may be required for the generation of 
transient but optimal functions of kinases. Support for such a 
hypothesis comes from the Ras-regulated ERK activation. 
EGF-induced Ras-mediated B-Raf–MEK1/2–ERK1/2 ac-
tivation pathway required IQGAP1 for sequential kinase–
substrate interactions (Yamaoka-Tojo et al., 2006). In this 
model, lack of IQGAP1 reduced B-Raf phosphorylation. 
Besides, IQGAP1-associated B-Raf contained much higher 
kinase activity, demonstrating a structural requirement for 
successful kinase–substrate interactions (Ren et al., 2007). 
Such an ordered regulation of kinases could be a critical inte-
gral part of IQGAP1-mediated signalosome that regulates 
NK cell functions.

The MTOC is the anchoring center of microtubules that 
regulates the intracellular trafficking of lytic granules. MTOC 
is made up of two centrioles that act as the core microtubule 
nucleation site (Basto et al., 2008). Our results indicate that 
the lack of Rap1b, but not Rap1a, resulted in a significant 
increase in the length and size of the MTOC. Additionally, 
few of the Rap1b/ NK cells possessed 2 to 3 MTOCs that 
were distinct. Further, Rap1b predominantly colocalized to 
the MTOC region. A small but detectable level of Rap1a 
consistently localized throughout the cytoplasm, but not with 
MTOC. Earlier studies have indicated that polarization of 
lytic granules to the NKIS depends on proper MTOC func-
tion (Orange et al., 2003). Normal levels of cytotoxic poten-
tial by Rap1a/ or Rap1b/ NK cells in the present study 
indicate that movement of lytic granules is not regulated by 
the lack of Rap1b. Improper formation of the MTOC was 
not the reason for the defective cytokines generation from 
Rap1b/ NK cells. Our study demonstrates a significant re-
duction in the IFN- encoding mRNA in Rap1b/ NK 
cells, which points to a defect at the transcriptional regulation 
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Percent specific lysis was calculated using amounts of absolute, spontaneous, 
and experimental [51Cr]-release from target cells. For the in vivo tumor 
clearance assay, RMA and RMA/S cells were labeled with 0.1 µM CFSE 
and 0.2 µM TAMRA (Invitrogen), respectively for 10 min and quenched 
with 10% FBS 1640 medium. Cells were mixed at a concentration of 10 × 106 
cells/ml of each in PBS and 400 µl was injected intraperitoneally into each 
mouse. Peritoneal exudate was collected 8 h later, and the fluorescence of 
single-cell suspensions was analyzed by flow cytometry. The ratio of RMA/S 
to RMA cells was calculated. Clearance of RMA/S versus RMA cells was 
calculated compared with the input ratio, which was normalized to 1.

Conjugate formation. NK-target cell conjugate formation was measured 
by cytometry as described previously. NK cells (Rap1a+/+, Rap1a/ and 
Rap1b+/+, Rap1b/) and target cells (YAC-1) were labeled with CFSE 
(Invitrogen) or TAMRA (Invitrogen). Effector and target cells were mixed 
with 1:1 ratio in 100 µl of PBS. Mixed cells were centrifuged at 4°C for  
3 min at 500 rpm and incubated at 37°C for indicated time periods. Cells 
were fixed by 0.5% formalin in PBS and analyzed by flow cytometry. Dou-
ble positive cells were gated and the percentages of NK cells in the conju-
gates were quantified.

Viral infections and co-culture experiments. Mouse-adapted human 
influenza virus A/PR/8/34 (H1N1) was obtained from T. Moran, Depart-
ment of Microbiology, Mount Sinai School of Medicine, New York. 
Rap1b+/+ or Rap1b/ mice were infected intranasally with 5000 PFU of 
PR8. Lungs were isolated from infected mice on day 7 of post infection to 
generate cryosections that were stained with anti-IFN- and anti-NCR1 
mAbs. Co-culture assays were performed as described (Guo et al., 2008). 
LA4 cells (2.5 × 105 cell/well) were seeded in 24-well tissue culture plates 
for overnight and inoculated with PR8 at an MOI of 0.05. After 1 h incuba-
tion at 37°C, inoculums were removed and LA4 cells were washed twice, 
followed by the addition of IL-2–cultured splenic NK cells (6 d) at the indi-
cated E:T ratio. Supernatants were collected after 18 h for IFN- quantifica-
tion by ELISA.

Cytokine and chemokine quantification. IL-2–cultured, Fc-blocked 
NK cells were activated with titrated concentrations of plate-bound anti-
NKG2D (A10), anti-Ly49D (4E5), and anti-NK1.1 (PK136) mAbs with in-
dicated concentrations. Fresh NK cells from the spleen were isolated using 
anti-CD49b (DX5)-conjugated MicroBeads (Miltenyi Biotec) and activated 
with plate-bound anti-NK1.1 (PK136) mAb. NK cells were also activated 
with IL-12 (2.5 ng/ml), IL-18 (2.5 ng/ml) or both. IFN-, GM-CSF, MIP-1, 
MIP-1, and RANTES were quantified using Multiplex kit (Bio-Rad  
Laboratories). Intracellular cytokines were quantified using established meth-
odologies (Malarkannan et al., 2007). Briefly, NK cells were activated with 
5 µg/ml plate-bound anti-NKG2D (A10) mAb for 12 h in the presence of 
Brefeldin-A for the last 4 h of activation. Activated NK cells were blocked 
with anti-CD16/CD32, stained for NK1.1, fixed, permeabilized, and quan-
tified for intracellular IFN- through flow cytometry. For IFN--encoding 
mRNA quantification, NK cells were activated for 6 h and used for RNA 
extraction (RNeasy Mini Kit; QIAGEN). Real-time PCR was performed 
by using a previously published SYBR green protocol with an ABI7900 HT 
thermal cycler. Transcript in each sample was assayed in triplicates and the 
mean cycle threshold was used to calculate the x-fold change and control 
changes for each gene. Three housekeeping genes were used for global nor-
malization in each experiment (Actin, Rps11, and Tubulin). Primer sequences 
for IFN- were 5-GACTGTGATTGCGGGGTTGT-3 (sense) and  
5-GGCCCGGAGTGTAGACATCT-3 (anti-sense).

Pull-down, immunoprecipitation, and Western blotting. IL-2– 
cultured NK cells (sixth day) were stimulated with anti-NKG2D mAb (A10; 
5 µM/ml) for indicated time points at 37°C or left unstimulated. Stimulation 
was terminated by adding 1 vol of 2× ice-cold lysis buffer (100 mM Tris,  
pH 7.4, 150 mM NaCl, 2% NP-40, 1% deoxycholic acid, 0.2% SDS, and  
2 mM sodium orthovanadate with phosphatase inhibitor cocktail, PhosSTOP 

mAb for 45 min, washed, and incubated for 1 h at room temperature with the 
rat anti–mouse MOMA-1 and anti-NCR1 antibodies followed by Alexa 
Fluor–conjugated secondary antibodies. Sections were mounted in aqueous 
mounting medium and visualized on inverted Nikon Eclipse TE200 fluores-
cence microscope. Images were taken at 20× magnification.

Confocal microscopy. Confocal analyses were performed in Olympus 
FluoView FV1000 MPE microscope that is equipped with multiphoton ca-
pabilities (MaiTai DSBB-OL, 710–990 nm; MaiTai DSHP-OL, 690–1,040 nm). 
NK cells were activated in the presence of plate-bound anti-NKG2D  
mAb (A10; 5 µg/ml) or anti-LFA1 mAb (M1714; 5 µg/ml) at 37°C for indi-
cated time points. Activated cells were harvested and plated in poly-l- 
lysine–coated (Sigma-Aldrich) LabTak chamber slides (Thermo Fisher 
Scientific). Cells were fixed/permeabilized with 4% paraformaldehyde for  
15 min and blocked for 1 h with 3% BSA and 0.1% Triton X-100 in sterile PBS. 
Wherever required, NK cells were blocked with anti-CD16/CD32 mAb 
(BD) for 20 min. Staining with primary antibodies was performed for overnight 
at 4°C. The following dilutions of reagents were used: anti–total-Rap1, 1:200; 
anti-IQGAP1, 1:100; Anti-Rap1b, 1:100; anti-phospho C-Raf, 1:100; anti- 
total C-Raf, 1:100; anti-phospho B-Raf, 1:100; anti-total B-Raf, 1:100; anti-
total ERK1/2, 1:100; anti-phospho ERK1/2, 1:100; anti-Tubulin, 1:200; 
anti-Rap2, 1:200; anti-KSR1, 1:200; anti-NCR1, 1:100; anti-IFN--PE, 
1:50; anti-LFA1, 1:200; mAbs, Phalloidin-Red (F-actin), 1:1000; Lysotracker 
Red, 1:500; and DAPI, 1:1000. Alexa Fluor–conjugated secondary antibodies 
were used at a 1:2,000 dilutions. Stained slides were mounted with Vecta-
shield mounting medium (Vector Laboratories) and images were taken with 
a 40× or 100× oil immersion lenses. Z-stacks were acquired using Olympus 
software. Multiple (40–70) Z stack of 0.4-µm slice were acquired for three-
dimensional analysis analysis. Three-dimensional projections were generated 
by compiling 40 Z-stack images.

LFA1 polarization and NK cell spreading. LFA1 polarization was quan-
tified in IL-2–cultured NK cells (6 d) after PMA (10 mM) and ionomycin 
(10 mM) activation (37°C for 30 min). Cells were fixed/permeabilized with 
0.1% Triton X-100 for 5 min, blocked with goat serum, stained with anti-
LFA1 and Alexa Fluor 633–conjugated with secondary anti–mouse mAbs 
along with phalloidin red. Cells were washed and mounted in Vectashield. 
Localization of LFA1 in a focal point that is less than one fourth of the cell’s 
total diameter was taken as successful polarization. NK cell spreading assays 
were performed in 96-well plate (Nunc) that were coated with isotype con-
trol (IgG), anti-LFA1 (M17/4), anti-NKG2D (A10) mAbs (each 5 µg/ml), or 
recombinant ICAM1-Fc (5 µg/ml). Plates were washed and IL-2–cultured 
NK cells (6 d; 105 cells/well) were added and incubated for 4 h at 37°C. 
Spreading of NK cells were observed in phase-contrast Nikon Eclipse  
TE200 microscope. Images were taken in the bright field using the Meta-
morph Imaging 6.1 software at 20× magnification. Spread NK cells were 
defined as the ones that lacked clearly visible edges.

In vivo NK cell trafficking and homing. Trafficking of NK cells from the 
red pulp area into the T/B rich white pulp area was performed using Con A 
(Sigma-Aldrich). Rap1b+/+ and Rap1b/ mice were intraperitoneally adminis-
trated with 500 µg of Con A in 200 µl of sterile PBS. Spleens were harvested  
after 8 h, mounted in OCT and sections (7 µm) were stained with anti–MOMA-
FITC (1:200) and anti-NCR1 (1:100) mAbs. Confocal microcopy was used to 
quantify the number of NK cells trafficked into the white pulp area. For NK cell 
homing, RBC-depleted splenocytes from Rap1b+/+ and Rap1b/ were labeled 
with 2 µM CFSE or 10 µM TAMRA (Sigma-Aldrich). A mixture of 20 × 106 
CFSE or TAMRA-labeled cells were injected intravenally into recipient 
Rap1b+/+ mice. After 3 h, splenocytes from the recipient mice and labeled non-
injected splenocytes were stained with anti-NK1.1 and CD3-PE-Cy7 mAbs. 
The homing efficiencies of Rap1b/ and Rap1b+/+ NK cells were calculated 
compared with the input ratio that was normalized to 1.

Cytotoxicity assays and in vivo tumor clearance. NK-mediated cyto-
toxicity was quantified using [51Cr]-labeled target cells at varied E:T Ratio. 
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or IQGAP1. Fig. S7 shows NKG2D-mediated Raf phosphorylation in NK 
cells. Fig. S8 shows that ERK1/2 phosphorylation is critical for cytokine and 
chemokine generation. Fig. S9 shows MTOC formation in NK cells in the 
absence of Rap1 isoforms. Fig. S10 is a comparison of MTOC length with 
total cell length. Fig. S11 shows that Rap1b regulates IQGAP1-mediated 
signalosome formation. Online supplemental material is available at http://
www.jem.org/cgi/content/full/jem.20100040/DC1.
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