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Interferon-γ–inducible Rab20 regulates 
endosomal morphology and EGFR degradation 
in macrophages

ABSTRACT  Little is known about the molecular players that regulate changes in the endo-
cytic pathway during immune activation. Here we investigate the role of Rab20 in the endo-
cytic pathway during activation of macrophages. Rab20 is associated with endocytic struc-
tures, but the function of this Rab GTPase in the endocytic pathway remains poorly 
characterized. We find that in macrophages, Rab20 expression and endosomal association 
significantly increase after interferon-γ (IFN-γ) treatment. Moreover, IFN-γ and Rab20 expres-
sion induce a dramatic enlargement of endosomes. These enlarged endosomes are the result 
of homotypic fusion promoted by Rab20 expression. The expression of Rab20 or the domi-
nant-negative mutant Rab20T19N does not affect transferrin or dextran 70 kDa uptake. 
However, knockdown of Rab20 accelerates epidermal growth factor (EGF) trafficking to 
LAMP-2–positive compartments and EGF receptor degradation. Thus this work defines a 
function for Rab20 in the endocytic pathway during immune activation of macrophages.

INTRODUCTION
Interferon-γ (IFN-γ) is the key protective cytokine for macrophages 
and enhances their antimicrobial capacity and stimulates the secre-
tion of proinflammatory mediators (Schroder et al., 2004). There is 
substantial evidence that IFN-γ plays diverse roles during modula-
tion of both the endocytic and phagocytic pathways (Barry et al., 
2011). For example, IFN-γ induces trafficking of the gp91 and p22 
subunits of NADPH oxidase from intracellular compartments to the 
plasma membrane, correlating with increased reactive oxygen spe-

cies production (Casbon et  al., 2012). Moreover, IFN-γ treatment 
results in the formation of enlarged endosomes in macrophages 
(Montaner et al., 1999). IFN-γ also induces an increase in the asso-
ciation of Rab20 with phagosomes (Pei et al., 2014). Although the 
regulation of intracellular trafficking by IFN-γ is well described, the 
molecular players that control this process are poorly characterized.

Rab GTPases are central regulators of membrane trafficking 
and control cargo selection, vesicle budding, motility, tethering, 
and fusion (Zerial and McBride, 2001; Stenmark, 2009). There are 
>60 family members in humans, which specifically localize in differ-
ent intracellular compartments (Stenmark and Olkkonen, 2001). 
Regulation of the expression of Rab GTPases is emerging as an 
important mechanism by which intracellular transport is differen-
tially modulated by cytokines (Pei et al., 2012). The expression of 
Rab20 is up-regulated in macrophages by mycobacterial infection 
in an NF-κB–dependent manner (Gutierrez et al., 2008). Rab20 ex-
pression is also highly increased upon different TLR ligand stimula-
tion in dendritic cells (Torri et al., 2010). However, little is known 
about the expression of Rab20 during cytokine activation in im-
mune cells.

Although Rab20 has been associated with many components of 
the endocytic pathway, its precise role in this pathway has not 
been investigated. Rab20 was first reported to be associated with 
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reticulum (Das Sarma et al., 2008). In addi-
tion, Rab20 is transiently associated with 
macropinosomes (Egami and Araki, 2012b) 
and phagosomes (Seto et al., 2011; Egami 
and Araki, 2012a; Pei et al., 2014). Intrigu-
ingly, endogenous or overexpressed Rab20 
associates with mitochondria (Hackenbeck 
et al., 2011).

Here we seek to define the function of 
Rab20 in the endocytic pathway and its links 
to cytokine activation. We find that in mac-
rophages, Rab20 associates with early en-
docytic organelles, and its expression in-
duces the formation of enlarged endosomes. 
Of importance, both the expression of 
Rab20 and the enlargement of Rab20-posi-
tive endosomes are triggered by IFN-γ acti-
vation. By live-cell imaging, we find that 
Rab20 expression stimulates the homotypic 
fusion of early endosomes. Finally, whereas 
both endocytic uptake of transferrin and 
macropinocytosis are not affected by the ex-
pression of the wild-type and dominant-
negative forms of Rab20, Rab20 knockdown 
accelerates epidermal growth factor (EGF)–
stimulated endocytic trafficking to LAMP-2–
positive compartments and degradation of 
EGF receptor (EGFR). Taking the results to-
gether, we define the function of Rab20 in 
the endocytic pathway during activation of 
macrophages with IFN-γ.

RESULTS
Rab20 is associated with the Golgi 
complex and early endosomes in 
resting macrophages
Little is known about the localization of 
endogenous Rab20. We found, using a 
specific antibody (Supplemental Figure 
S1), that in resting RAW264.7 macro-
phages, endogenous Rab20 localized to 
the cis-Golgi network, trans-Golgi net-
work, early endosomes, and, to a lesser 
extent, late endosomes or lysosomes 
(Supplemental Figure S2). At the ultra-
structural level, immunogold labeling of 
ultrathin thawed cryosections confirmed 
that endogenous Rab20 is associated with 
the Golgi complex (Figure 1A). To investi-
gate Rab20 localization on endocytic 
structures, we preloaded cells with 5-nm 
bovine serum albumin (BSA)–gold for 1 h 
to fill the endocytic compartments. We 
found that endogenous Rab20 colocal-

ized with the 5-nm BSA-gold–filled endosomes, including multi-
vesicular body structures (Figure 1B). Further, cells were pre-
loaded with 5-nm BSA-gold for 15 min to label predominantly 
early endosomes. In these cells, Rab20 labeling was found on 
the 5-nm BSA-gold–filled early endosomes (Figure 1, C–E). Taken 
together, these data show that endogenous Rab20 is mainly as-
sociated with the Golgi complex and early endosomes in resting 
macrophages.

apical endocytic organelles in mouse kidney proximal tubule cells 
(Lütcke et al., 1994). Later Rab20 was found to localize to the cis-
Golgi and medium compartment of Golgi apparatus in HeLa cells 
(Amillet et al., 2006) and colocalize with the subunit E of the vacu-
olar ATPase (v-ATPase) in kidney, suggesting that Rab20 might 
regulate the trafficking of v-ATPase (Curtis and Gluck, 2005). Rab20 
has also been suggested as a putative regulator of connexin 
43 trafficking from the perinuclear region to the endoplasmic 

FIGURE 1:  Rab20 distribution in macrophages at the ultrastructural level. (A) RAW264.7 
macrophages preloaded with 5-nm BSA-gold for 15 min. (B) RAW264.7 macrophages were 
preloaded with 5-nm BSA-gold for 1 h. (C–E). RAW264.7 macrophages were preloaded with 
5-nm BSA-gold for 15 min. Samples were then processed for cryosectioning, and Rab20 was 
localized using a rabbit anti-Rab20 antibody followed by protein A-gold (10 nm) labeling on 
Golgi complex (A), endosomes (B), and early endosomes (C–E). (i, ii) Regions of interest 
indicated by white rectangles. White arrows indicate Rab20 labeling on 5-nm BSA-gold– 
preloaded organelles. Scale bar, 500 nm.
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Rab20 expression induces the 
enlargement of early and late 
endosomes
When enhanced green fluorescent protein 
(EGFP)–Rab20 was overexpressed, we found 
that, similar to endogenous Rab20, EGFP-
Rab20 mainly associated with the cis- and 
trans-Golgi network and early endosomes 
but not late endosomes or lysosomes (un-
published data). Strikingly, we observed that 
expression of EGFP-Rab20 induced vesicle 
enlargement in macrophages without affect-
ing cell viability (unpublished data). Large 
vacuoles were positive for both the early en-
dosomal marker EEA-1 and EGFP-Rab20 
(Figure 2A). We also observed enlarged 
vacuoles positive for the late endosomal 
marker LAMP-2 but negative for EGFP-
Rab20 (Figure 2B). Consistently, EGFP-
Rab20–positive enlarged vacuoles were not 
positive for LysoTracker, whereas large vacu-
oles negative for Rab20 were LysoTracker 
positive (Supplemental Figure S3). In con-
trast, overexpression of EGFP or the domi-
nant-negative mutant EGFP-Rab20T19N 
had no effect on the size of early or late en-
dosomes (Figure 2, A and B). A quantitative 
analysis of EEA-1– or LAMP-2–positive struc-
tures revealed that the average area of early 
and late endosomes increased approxi-
mately twofold in macrophages expressing 
EGFP-Rab20 (Figure 2, C and D). To investi-
gate the process of the formation of these 
large EGFP-Rab20–positive vacuoles, we 
performed live-cell imaging in RAW264.7 
macrophages expressing EGFP-Rab20. Very 
often, we observed homotypic fusions be-
tween Rab20-positive endosomes (Figure 
2E, white arrows). Of interest, in macro-
phages coexpressing mCherry-Rab20 and 
EGFP-Rab5, we found that Rab20 associates 
to large endosomes after Rab5 and that 
large endosomes were observed at different 
stages: Rab5 positive, Rab5/Rab20 positive 
hybrid endosomes, or Rab20 positive (Figure 
2F). Conversely, in cells coexpressing 
mCherry/EGFP-Rab20 with either EGFP-
Rab7 or tdTomato-LAMP-1, Rab20 pre-
cluded both Rab7 and LAMP-1 association 
(Figure 2, F and G). Taken together, the data 
argue that Rab20 expression induces homo-
typic fusion of early endosomes, leading to 
an increase in the size of the endocytic 
compartment.

FIGURE 2:  EGFP-Rab20 expression induces the enlargement of early and late endosomes in 
macrophages. Cells were transfected with EGFP-Rab20 or EGFP-Rab20T19N and subsequently 
immunolabeled for (A) the early endosomal marker EEA-1 or (B) the late endosomal marker 
LAMP-2. Nuclei were stained with Hoechst 33258 and are shown in blue. Insets show regions of 
interest indicated by the white rectangles. Scale bar, 10 μm. Quantitative analysis of the size of 
(C) early and (D) late endosomes in EGFP–, EGFP-Rab20–, or EGFP-Rab20T19N–expressing 
RAW264.7 macrophages. For each group, at least 20 cells were analyzed. Data show mean ± SD 
of three independent experiments. The p values were calculated using Student’s two-tailed 
t test. *p ≤ 0.05. (E) Left, snapshot of RAW264.7 macrophages expressing EGFP-Rab20 analyzed 
by live-cell imaging. Scale bar, 10 μm. Right, the process of homotypic fusions between 
Rab20-positive endosomes. White arrows indicate fusion events. (F) Left, snapshots at time 0 of 
RAW264.7 macrophages coexpressing mCherry- or EGFP-Rab20 with EGFP-Rab5, EGFP-Rab7 
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reached with the expression of EGFP-Rab20 
(Supplemental Figure S4). Of importance, 
this increase in Rab20 levels was reflected in 
the amount of membrane-bound Rab20 
(Figure 3C). Consistent with these observa-
tions, we also observed by electron micros-
copy that the levels of Rab20 immunogold 
labeling increased, particularly in endo-
somes. Quantitative analysis using stereol-
ogy showed that the intensity of Rab20 la-
beling on BSA-gold–filled endosomes 
increased ∼1.6-fold after IFN-γ treatment 
(Figure 3, D and E). Taking the results to-
gether, we conclude that IFN-γ induced 
both the expression and endosomal associ-
ation of Rab20 in macrophages.

IFN-γ induces the enlargement of early 
endosomes and late endosomes
We next investigated the distribution of 
Rab20 in IFN-γ–activated macrophages. 
Strikingly, IFN-γ induced an enlargement of 
the endocytic structures in macrophages. 
Enlarged early endosomes induced by IFN-γ 
were double labeled for Rab20 and EEA-1, 
whereas the enlarged late endosomes in-
duced by IFN-γ were positive for the late 
endocytic marker LAMP-2 but not Rab20 
(Figure 4A). A quantitative analysis indicated 
that the average area of EEA-1–positive or 
LAMP-2–positive endosomes was signifi-
cantly increased by IFN-γ treatment (Figure 
4B and Supplemental Figure S5). Further 
quantification on LAMP-1 or LAMP-2 immu-
nogold-labeled sections of cells preloaded 
with 5-nm BSA-gold confirmed that the rela-
tive volume of LAMP-1– or LAMP-2–positive 
or BSA-gold–preloaded compartments in-
creased approximately twofold (Figure 4C). 
Consistent with these observations, electron 
microscopy immunogold labeling revealed 
that Rab20 was associated with enlarged 
endosomes (Figure 4, D and E). Taken to-
gether, our data indicate that IFN-γ induces 
the enlargement of Rab20-positive early en-
dosomes. Moreover, our data also suggest 
that although Rab20 dissociates from early 
large endosomes, both early and late endo-
somes are enlarged.

Rab20 is required for IFN-γ–dependent 
enlargement of endosomes

Next we investigated whether the IFN-γ–dependent enlargement 
of the endocytic compartment requires Rab20. We quantified the 
relative size of endocytic organelles in both macrophages expressing 
either scrambled short hairpin RNA (shRNA) or Rab20 shRNA. We 
observed that in the scrambled control, the EEA-1–positive compart-
ment was significantly larger after IFN-γ treatment (Figure 5, A and 
B). This effect was significantly abrogated in cells knocked down for 
Rab20 (Figure 5, A and B). When we analyzed the size of the LAMP-2–
positive compartment, we found that IFN-γ induced a significant en-
largement of this compartment as well (Figure 5, C and D). Although 

Rab20 expression and membrane association are induced 
by IFN-γ activation
IFN-γ significantly increases the association of Rab20 with phago-
somes in macrophages (Pei et  al., 2012). To investigate whether 
Rab20 expression is regulated by IFN-γ, we treated RAW264.7 or 
primary bone marrow macrophages (BMMs) with or without IFN-γ 
and analyzed the expression level of Rab20 by Western blotting. In 
both RAW264.7 macrophages and BMMs, the expression levels of 
Rab20 increased approximately twofold after 24 h of IFN-γ treat-
ment relative to resting cells (Figure 3, A and B), similar to the levels 

FIGURE 3:  Rab20 expression is increased by IFN-γ treatment. (A) Western blot analysis of Rab20 
expression after IFN-γ treatment in RAW264.7 macrophages. (B) Western blot analysis of Rab20 
expression after IFN-γ treatment in bone marrow macrophages. RAW264.7 macrophages or bone 
marrow macrophages were treated with IFN-γ for the indicated times, and cell lysates were 
collected for Western blotting. Relative intensity was calculated considering the loading control 
and normalized to the relative intensity in untreated sample at 3 h. Data show mean ± SD of three 
independent experiments. The p values were calculated using Student’s two-tailed t test. *p ≤ 0.05. 
(C) Western blot analysis of Rab20 levels in whole-cell lysate (WCL), cytosol fraction (C), and 
membrane fraction (M) with or without IFN-γ treatment in RAW264.7 macrophages. (D) RAW264.7 
macrophages were treated without (top) or with (bottom) IFN-γ as described, then preloaded with 
5-nm BSA-gold for 1 h and processed for cryosectioning. Rab20 was detected using a rabbit 
anti-Rab20 antibody, followed by protein A-gold (10 nm) labeling. White arrows indicate Rab20 
labeling of endosomes. Scale bar, 500 nm. (E) Stereological analysis of Rab20 labeling intensity on 
5-nm BSA-gold–preloaded organelles. Three grids were analyzed for each sample; data show mean 
± SD. Results for one representative experiment are shown out of two experiments.
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there was a substantial decrease in the size 
of the LAMP-2 compartment after IFN-γ acti-
vation in Rab20 knockdown cells, it did not 
reach statistical significance (Figure 5, C 
and D). Thus the effect of IFN-γ on the regu-
lation of the size of the early endocytic com-
partment through homotypic fusion requires 
Rab20.

Rab20 knockdown accelerates 
endocytic trafficking to LAMP-2– 
positive compartments
Considering that Rab20 is an endocytic 
Rab GTPase, we next asked whether 
Rab20 is functionally linked to this path-
way. We found no significant differences 
in the amount of internalized transferrin 
and dextran 70 kDa in macrophages ex-
pressing EGFP, EGFP-Rab20, or EGFP-
Rab20DN (Supplemental Figure S6). Then 
we investigated the role of this GTPase in 
endosome trafficking. Alexa Fluor 488–
conjugated epidermal growth factor 
(EGF) was internalized by macrophages 
expressing either scrambled shRNA or 
Rab20 shRNA (Pei et  al., 2012). Consis-
tent with our previous experiments (Sup-
plemental Figure S6), EGF was localized 
in Rab20-positive endosomes (Figure 
6A), but the internalization of EGF was 
not affected in Rab20 KD macrophages 
(Figure 6B). In contrast, Rab20 knock-
down significantly increased the colocal-
ization of EGF with LAMP-2–positive 
compartments compared with macro-
phages expressing scrambled shRNA 
(Figure 6, C and D). Furthermore, knock-
down of Rab20 accelerated the degrada-
tion of EGFR compared with the controls 
(Figure 6, E and F). Taken together, these 
results suggest that whereas Rab20 does 
not participate in endocytic uptake, 
Rab20 knockdown accelerates EGF-stim-
ulated endosome maturation, lysosomal 
targeting, and degradation.

DISCUSSION
In this study, we characterized in detail the 
localization of endogenous Rab20 in resting 
and activated macrophages. We found that 

FIGURE 4:  IFN-γ treatment induces the enlargement of early and late endosomes in 
macrophages. (A) Distribution of endogenous Rab20 in resting (left) or IFN-γ–activated (right) 
macrophages. RAW264.7 macrophages were treated without or with 200 U/ml IFN-γ for 
16–20 h, fixed, and double stained for Rab20 and the early endosomal marker EEA-1 or the late 
endosomal marker LAMP-2. Nuclei were stained with Hoechst 33258 and are shown in blue. 
Insets show regions of interest indicated by the white rectangles. Scale bar, 10 μm. 
(B) Quantitative analysis of the area of early and late endosomes in resting or IFN-γ–activated 
RAW264.7 macrophages. Early endosomes and late endosomes represent EEA1-positive and 
LAMP-2-positive structures, respectively. For each group, at least 20 cells were analyzed. Data 
show mean ± SD of three independent experiments. The p values were calculated using 
Student’s two-tailed t test. *p ≤ 0.05. (C) Stereological analysis of the relative volume of 5-nm 
BSA-gold–preloaded, LAMP-1– or LAMP-2xpositive endosomes in resting or IFN-γ–activated 
macrophages. Estimate for 5-nm BSA-gold–preloaded endosome was made separately on 
LAMP-1– or in LAMP-2–labeled sections. (D) Rab20 immunogold labeling on endosomes in 
IFN-γ–activated macrophages. RAW264.7 macrophages were treated with IFN-γ and then 
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endosomes. Rab20 is localized to these en-
larged early endosomes, supporting the 
idea that Rab20 may function in endocytic 
trafficking. Both Rab5 and Rab22a are local-
ized in early endosomes (Chavrier et  al., 
1990; Kauppi et al., 2002), and expression of 
the constitutively active mutant Rab5-Q79L 
or Rab22a-Q64L (Stenmark et  al., 1994; 
Roberts et  al., 1999; Mesa et  al., 2001; 
Wegner et al., 2010) and the MHC class II–
associated invariant chain (Stang and Bakke, 
1997; Nordeng et  al., 2002) results in the 
formation of enlarged early and late endo-
somal compartments. In vitro experiments 
and live-cell imaging demonstrated that the 
homotypic fusion between early endosomes 
in Rab5-Q79L–expressing cells resulted in 
the formation of giant endosomes (Stenmark 
et al., 1994; Roberts et al., 1999). In agree-
ment with these data, by live-cell imaging 
we also observed the frequent homotypic 
fusion events between Rab20-positive vesi-
cles in macrophages expressing Rab20. Be-
cause Rabex-5 is an effector of Rab20, it is 
conceivable that Rab20 regulates both 
phagosome (Pei et al., 2014) and endosome 
homotypic fusions by increasing the levels 
of active Rab5 in those organelles. Consis-
tent with this idea, we found that in large 
endosomes, Rab20 is associated with Rab5-
positive endosomes and remains in endo-
somes after Rab5 dissociation. Moreover, in 
large endosomes, Rab20 dissociation pre-
cluded the recruitment of the late endocytic 
markers Rab7 and LAMP-1. Supporting this 
notion, large Rab20-positive endosomes are 
negative for LysoTracker, whereas large en-
dosomes that were Rab20 negative were 
LysoTracker positive. We propose that in en-
dosomes, Rab20 recruits active Rab5 as re-
ported in phagosomes (Pei et  al., 2014), 
leading to homotypic fusion and early endo-
somal enlargement. As a consequence, the 
late endosomal compartment is also en-
larged, as previously reported in cells ex-
pressing active Rab5 (Wegner et al., 2010). 
Future studies are required to define 
whether this increase in homotypic fusion 
events is also mediated via Rab20-depen-
dent Rabex-5 recruitment to endosomes. Of 
interest, in the live-cell imaging studies with 
Rab5 and Rab20, we often observed Rab20 
and Rab5 in the same membrane domains 
but also in distinct and separate subdo-
mains, suggesting that Rab20 and Rab5 
could coordinate functionally different do-
mains and endosomal communication 
(Sonnichsen et al., 2000).

This work provides unambiguous evidence that Rab20 is an 
IFN-γ–inducible Rab GTPase in macrophages. However, the regu-
lation of Rab20 expression is rather more complex and involves the 
transcription factors NF-κB and HIF-1 as well (Gutierrez et  al., 

in macrophages, Rab20 was mainly localized in the Golgi complex 
and early endosomes. Similarly, EGFP-Rab20 was also associated 
with the same compartments. We show that Rab20 overexpression 
in macrophages induced a striking enlargement of early and late 

FIGURE 5:  The IFN-γ–dependent enlargement of the endocytic compartment in macrophages 
requires Rab20. (A) Distribution of EEA-1 in macrophages expressing scrambled shRNA (top) or 
Rab20 shRNA (bottom) with or without IFN-γ treatment. RAW264.7 macrophages expressing 
scrambled shRNA or Rab20 shRNA were treated with or without IFN-γ for 16–20 h and fixed for 
immunofluorescence. Scale bar, 10 μm. (B) Quantitative analysis of the area of EEA-1–positive 
structures in macrophages expressing scrambled shRNA or Rab20 shRNA with or without IFN-γ 
treatment. For each group, at least 20 cells were analyzed. Data show mean ± SD of three 
independent experiments. The p values were calculated using Student’s two-tailed t test. 
*p ≤ 0.05. (C) Distribution of endogenous LAMP-2 in macrophages expressing scrambled shRNA 
(top) or Rab20 shRNA (bottom) with or without IFN-γ treatment. RAW264.7 macrophages 
expressing scrambled shRNA or Rab20 shRNA were stimulated with IFN-γ or left untreated for 
16–20 h and fixed for immunofluorescence. Scale bar, 10 μm. (D) Quantitative analysis of the 
area of LAMP-2–positive structures in macrophages expressing scrambled shRNA or Rab20 
shRNA with or without IFN-γ treatment. For each group, at least 20 cells per experiment were 
analyzed. Data show mean ± SD of three independent experiments. The p values were 
calculated using Student’s two-tailed t test. *p ≤ 0.05.
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FIGURE 6:  Rab20 knockdown accelerates endocytic trafficking and degradation in macrophages. (A) Colocalization of 
EGF with endogenous Rab20 (left) or overexpressed Rab20 (right) after 10 min of internalization. Insets show regions of 
interest indicated by the white rectangles. Scale bar, 10 μm. (B) Quantification of internalized EGF at 10 min of 
incubation. For each group, at least 50 cells were analyzed. Data show mean ± SEM of one representative experiment 
from three independent experiments; ns: nonsignificant. (C) EGF-stimulated endocytosis and postendocytic trafficking 
in macrophages expressing scrambled shRNA or Rab20 shRNA. Alexa Fluor 488–conjugated EGF was added to 
macrophages for 1 h on ice and incubated for the indicated time at 37°C. After fixation, cells were stained for LAMP-2. 
Insets show regions of interest indicated by the white rectangles. Scale bar, 10 μm. (D) Quantification of the 
colocalization of Alexa Fluor 488–conjugated EGF and LAMP-2. For each group, at least 50 cells were analyzed. Data 
show mean ± SEM of one representative experiment from three independent experiments. The p values were calculated 
using Student’s two-tailed t test. *p ≤ 0.05. (E) Western blot analysis of EGFR levels upon EGF stimulation in 
macrophages expressing scrambled shRNA or Rab20 shRNA. RAW264.7 macrophages stably expressing scrambled 
shRNA or Rab20 shRNA were incubated with EGF for 1 h on ice and incubated for the indicated time at 37°C. Cells 
were collected, and cell lysates were blotted with anti-EGFR antibody. Actin was used as loading control. 
(F) Quantification of EGFR levels in macrophages expressing scrambled shRNA or Rab20 shRNA at different time points. 
Relative intensity of EGFR was calculated considering the loading control. Data show mean ± SEM of two representative 
experiments.
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directed mutagenesis using a QuikChange II XL mutagenesis kit 
(Agilent Genomics, Santa Clara, CA). RNAi-Ready pSIREN-RetroQ-
DsRed-Express vector was obtained from Clontech. EGFP-Rab5 
was kindly provided by Philip D. Stahl (Washington University, St. 
Louis, MO), and EGFP-Rab7 and tdTomato-LAMP1 were kindly 
provided by Bo Van Deurs (University of Copenhagen, Copenha-
gen, Denmark) and Tom Carter (Medical Research Council-Na-
tional Institute for Medical Research, London, United Kingdom), 
respectively.

Antibodies
The following primary antibodies were used: mouse anti–EEA-1 
(610457, BD Transduction Laboratories, San Jose, CA); rat 
anti–LAMP-1 (1D4B; Developmental Studies Hybridoma Bank 
[DSHB, Iowa City, IA]); rat anti–LAMP-2 (ABL-93; DSHB); rabbit anti-
Rab20 (11616-1-AP; Proteintech, Chicago, IL); rabbit anti-Rab20 
(GTX119559; GeneTex, Irvine, CA); mouse anti–β-actin antibody 
(A5316; Sigma-Aldrich, Steinheim, Germany), rabbit anti-GADPH 
(Sigma-Aldrich), and rabbit anti-EGFR antibody (1005; Santa Cruz 
Biotechnology, Dallas, TX). Secondary antibodies conjugated with 
Alexa Fluor 488, 546, or 633 for indirect immunofluorescence stud-
ies were from Molecular Probes (Invitrogen). Secondary antibodies 
conjugated with horseradish peroxidase were obtained from Jack-
son ImmunoResearch Laboratories and Promega. Unconjugated 
rabbit anti-rat used for immunogold labeling was from Rockland.

Macrophage transfection
In the case of Lipofectamine 2000 (Invitrogen), 0.5 × 105 cells/
well were seeded in a 24-well plate 1 d before transfection. On 
the day of transfection, cells were washed twice with prewarmed 
Ca2+/Mg2+-free Dulbecco’s phosphate-buffered saline (PBS; PAA) 
and incubated with Opti-MEM reduced serum medium (Invitro-
gen). We used 0.5 μg of plasmidic DNA and 1 μl of Lipofectamine 
2000 diluted in Opti-MEM for each well. After 6 h, the Opti-MEM 
medium was changed with complete DMEM. For JetPEI-Macro-
phage transfection (Polyplus-transfection, Illkirch, France), 1 × 
105 cells/well were seeded in a 24-well plate 1 d before transfec-
tion. We used 1 μg of plasmidic DNA and 3 μl of JetPEI-Macro-
phage for each transfection.

Indirect immunofluorescence
Cells were fixed with 4% (vol/vol) paraformaldehyde (PFA; Electron 
Microscopy Sciences, Hatfield, PA) in PBS, pH 7.4, for 10 min at 
room temperature, followed by incubation with precooled metha-
nol (J.T. Baker, Center Valley, PA) for 2 min at −20°C. After washing 
twice with PBS, cells were incubated with 50 mM glycine in PBS, 
pH 7.4, for 10 min and then with 1% BSA (Sigma-Aldrich) in PBS for 
10 min. The primary and secondary antibodies were diluted in PBS 
at the indicated dilutions and incubated for 1 h at room tempera-
ture. We used 1 μg/ml Hoechst 33258 (Sigma-Aldrich) for nuclear 
staining. Cells were mounted with DAKO mounting medium (Dako 
Cytomation, Glostrup, Denmark). The confocal images were ac-
quired using Leica SP5 AOBS microscope (Leica Microsystems, 
Wetzlar, Germany) fitted with a 63× oil objective. All the images 
were taken at the same zoom factor (2.5×).

Transferrin uptake assay
RAW264.7 macrophages were seeded on coverslips in 24-well 
plates 1 d before transfection. The cells were transfected with EGFP, 
EGFP-Rab20, or EGFP-Rab20DN with Lipofectamine 2000. After 
16–20 h, cells were washed twice with PBS and incubated in serum-
free DMEM for 1 h at 37°C. The cells were then washed twice with 

2008; Hackenbeck et  al., 2011). Collectively these data indicate 
that Rab20 expression is highly regulated, although it remains to 
be defined how all of these signals converge to modulate the ex-
pression of Rab20. Our data indicate that Rab20 is a critical part of 
the molecular machinery involved in the previously observed 
IFN-γ–induced alterations in the formation and morphology of en-
dosomes (Montaner et al., 1999; Tsang et al., 2000). Here we also 
revealed part of the molecular machinery by which endocytic traf-
ficking is regulated by IFN-γ. In our study, enlarged endosomes 
were also induced in IFN-γ–activated RAW264.7 macrophages. 
Some of the enlarged vesicles were positive for the early endo-
somal marker EEA-1 and others for the late endosomal marker 
LAMP-2, resembling the phenotype observed in macrophages ex-
pressing Rab20. Thus it is likely that increased levels of Rab20 in-
duced by IFN-γ result in enhanced homotypic fusion of early endo-
somes, which leads to their enlargement. However, an additional 
role for Rab5 in this process could not be excluded, since its ex-
pression is also increased by IFN-γ in macrophages (Alvarez-
Dominguez and Stahl, 1998), and Rab5 colocalizes with Rab20 on 
early endosomes.

Finally, we provide for first time insights into the function of this 
small GTPase in the endocytic pathway. Rab20 is an early endocytic 
and phagocytic Rab, which functions more in the maturation of early 
endocytic and phagocytic organelles than it does in the endocytic 
uptake process. Other studies identified Rab20 associated with en-
dosomes and macropinosomes, suggesting an additional role in 
these pathways (Lütcke et al., 1994; Egami and Araki, 2012a). How-
ever, in these studies, functional analyses of these pathways were 
not shown. In our study, using a dominant-negative form of Rab20, 
we found no differences in endocytic or macropinocytic uptake. This 
suggests that Rab20 may have a role later during maturation of en-
docytic organelles. In agreement with this idea, EGF-stimulated en-
dosome maturation is accelerated by Rab20 knockdown. It was re-
ported that macropinosome maturation is slowed by IFN-γ treatment 
(Tsang et al., 2000). Hence Rab20 may be the link between the re-
duced macropinosome maturation and IFN-γ activation in macro-
phages, although more studies are clearly needed to precisely de-
termine the mechanism.

In summary, our data demonstrate that Rab20 is an endocytic 
Rab GTPase regulated by IFN-γ that leads to enhanced homotypic 
fusion between early endosomes and targets endosomal cargo to 
lysosomes for degradation. Therefore this work not only assigns a 
function for Rab20 in the endocytic pathway, but it also contributes 
to the understanding of the molecular mechanisms by which IFN-γ 
treatment modulates the endocytic pathway.

MATERIALS AND METHODS
Cells and reagents
RAW264.7 macrophages were obtained from the American Type 
Culture Collection (#IB-71) and maintained in complete DMEM, 
4.5 g/l glucose with 10% (vol/vol) heat-inactivated fetal calf serum 
(PAA, Austria), and 2 mM l-glutamine (PAA, Pasching, Austria). 
BMMs were isolated and maintained as described previously 
(Kasmapour et al., 2012). Cells were incubated at 37°C/5% CO2 in 
a humidified incubator. For IFN-γ stimulation, RAW264.7 macro-
phages and BMMs were stimulated with 5 ng/ml IFN-γ (Peprotech, 
Hamburg, Germany) for 16–20 h. Recombinant mouse EGF was 
from BioLegend (San Diego, CA). LysoTracker Red DND-99 was 
from Invitrogen. The mouse Rab20 gene was amplified by stan-
dard PCR from mouse DNA with specific primers and cloned into 
pEGFP-C1 and pmCherry-C1 vectors (Clontech, Carlsbad, CA). 
pEGFP-C1-Rab20T19N (Rab20DN) plasmid was generated by site-
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The images were recorded digitally with a Quemesa TEM charge-
coupled device camera (Olympus Soft Imaging Solutions, Hamburg, 
Germany) and iTEM software (Olympus Soft Imaging Solutions).

Stereology
To estimate the labeling index of Rab20, systematic uniform random 
sampling was carried out in images at 15,500× magnification. Three 
grids were analyzed per sample. At least 20 images/grid were quan-
tified. The labeling index was calculated as the number of the gold 
particles on the gold-filled compartment per area over that com-
partment as determined by test point counting (Lucocq et al., 2004). 
To estimate the relative volume of BSA-gold–preloaded LAMP-1– or 
LAMP-2xpositive organelles, at least 20 images were collected by 
systematic uniform random sampling at 11,500× magnification. By 
test point counting, the relative volume was estimated as the frac-
tion of the area over these compartments in the area of the 
cytoplasm.

SDS–PAGE and Western blotting
Cells were lysed in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA, 0.5% NP-40) supplemented with complete protease 
inhibitor cocktail (Roche, Basel, Switzerland) on ice for 10 min. After 
centrifugation at 16,000 × g for 10 min, the supernatants were 
heated with SDS sample buffer at 96°C for 10 min. Proteins were 
separated on a 10% SDS gel and transferred onto nitrocellulose 
membranes. The membranes were incubated with primary and sec-
ondary antibodies in 5% skimmed milk (Carl Roth, Karlsruhe, Ger-
many) diluted in PBS/0.1% (vol/vol) Tween-20 for 1 h at room tem-
perature, respectively. For Rab20 detection, the membranes were 
incubated with Rab20 antibody (Proteintech) in 5% skimmed milk in 
PBS/0.1% (vol/vol) Tween-20 overnight at 4°C. The membranes 
were developed with ECL Detection Kit (GE Life Sciences, Pitts-
burgh, PA), scanned, and evaluated using ImageJ software (National 
Institutes of Health, Bethesda, MD). The antibody against β-actin 
was used as the loading control.

Membrane fractionation
RAW264.7 macrophages were stimulated with 5 ng/ml mouse 
IFN-γ for 24 h. Cells were harvested (800 × g, 5 min) and homoge-
nized in homogenization buffer (250 mM sucrose, 0.5 M ethylene 
glycol tetraacetic acid, 20 mM HEPES, KOH, pH 7.2) by passing 20× 
through a 27-gauge needle connected to a syringe. The postnu-
clear fraction was obtained by centrifugation at 1200 × g (10 min, 
4°C). Membrane fractions were separated from cytosol by ultracen-
trifugation of the postnuclear fraction at 100,000 × g for 1 h at 4°C 
(Beckmann TLA-110 Rotor, 50,000 rpm), followed by two washing 
steps with 1 M NaCl. Twenty-microgram protein samples were run 
on a 4–20% Tris-glycine polyacrylamide gel (Invitrogen).

EGFR degradation assay
Rab20-knockdown RAW264.7 macrophages were produced using 
a MISSION shRNA system (Sigma-Aldrich, USA) as described 
previously (Pei et  al., 2012). Cells stably transfected with Rab20 
shRNA oligo 2643 (5′-CCTTTACAAGAAGATCCTGA-3′) or empty 
control shRNA plasmid pLKO.1 were seeded 2 d before experiment 
in T25 flasks. Then cells were washed twice with PBS and starved in 
serum-free DMEM for 5 h at 37°C. For EGF uptake, cells were 
washed twice with ice-cold PBS and incubated for 1 h on ice in up-
take medium (2% BSA and 20 mM HEPES, pH 7.5, in serum-free 
DMEM) containing 2.5 μg/ml recombinant EGF (BioLegend). After 
incubation, cells were washed three times with ice-cold PBS to re-
move unbound ligands. PBS was replaced by uptake medium, 

ice-cold PBS and added with ice-cold serum-free DMEM containing 
25 μg/ml Alexa Fluor 647–conjugated transferrin (Invitrogen). The 
cells were immediately transferred to a 37°C incubator and incu-
bated for 15 min. After washing with PBS, the cells were fixed with 
3% (vol/vol) PFA for 10 min at room temperature.

Dextran 70 kDa uptake assay
RAW264.7 macrophages were seeded on coverslips in 24-well plates 
1 d before transfection. The cells were transfected with EGFP, EGFP-
Rab20, or EGFP-Rab20DN with Lipofectamine 2000. After 16–20 h, 
the cells were washed twice with PBS and incubated in serum-free 
DMEM containing 100 μg/ml lysine-fixable dextran 70 kDa and Texas 
red (Invitrogen) for 1 h at 37°C. After washing with PBS, the cells were 
fixed with 3% (vol/vol) PFA for 10 min at room temperature.

Rab20 knockdown with pSIREN shRNA system
pSIREN plasmids for Rab20 knockdown were constructed as de-
scribed previously (Pei et  al., 2012). For Rab20 knockdown, 
RAW264.7 macrophages were transfected with pSIREN plasmids 
containing shRNA specific for mouse Rab20 (5′-CTGACAGAAA-
CAGCCAACA-3′) or scrambled shRNA using JetPEI-Macrophage. 
After 30 h posttransfection, the cells were used for EGF endocytosis 
assay.

Epidermal growth factor endocytosis assay
RAW264.7 macrophages were seeded on coverslips in 24-well 
plates 1 d before transfection. The cells were transfected with 
scrambled shRNA or shRNA1 against Rab20 using JetPEI-Macro-
phage. After 30 h, the cells were washed twice with PBS and starved 
in serum-free DMEM for 5 h at 37°C. The cells were then washed 
twice with ice-cold PBS and incubated on ice in uptake medium (2% 
BSA and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
[HEPES], pH 7.5, in serum-free DMEM) containing 5 μg/ml EGF con-
jugated to Alexa Fluor 488 streptavidin (Invitrogen) for 1 h. After 
incubation, cells were washed three times with ice-cold PBS to re-
move unbound ligands. Afterward, the cells were transferred to a 
37°C incubator and incubated for the indicated time periods. The 
cells were fixed and stained with anti–LAMP-2 antibody for confocal 
microscopy analysis.

Cryosectioning and immunolabeling
RAW264.7 macrophages were fed with 5-nm BSA-gold for 15 min to 
fill early endosomes or 1 h to fill the entire endocytic pathway, 
washed with PBS containing 1% BSA, and fixed with 4% PFA in 
200 mM HEPES, pH 7.4, overnight. Cell pellet was embedded in 
12% bovine gelatin (Sigma-Aldrich, USA) cut into small cubes and 
infiltrated with 2.3 M sucrose overnight. Samples were vitrified in 
liquid nitrogen, and 80-nm Tokuyasu sections were cut with a Leica 
EM UC7 Cryo-ultramicrotome (Leica Microsystems). Sections were 
transferred on Formvar/carbon-coated transmission electron micros-
copy (TEM) grids. Cold-water fish skin gelatin (FSG), 1% (Sigma-
Aldrich, Germany), in PBS was used for blocking of nonspecific bind-
ing and dilution of the bridging antibody and protein A-gold (PAG; 
Department of Cell Biology, University Medical Center Utrecht, 
Utrecht, Netherlands). Tris buffer, 10 mM, with 1% FSG, pH 8.0, was 
used for dilution of Rab20 antibody; it was used at 1:10 dilution. 
LAMP-1 and LAMP-2 were used undiluted, a bridging rabbit anti-rat 
antibody was used at 1:250 dilution, and PAG, 10 nm, was used at 
1:50 dilution. All labeling reagents were incubated on sections for 
30 min. Sections were embedded in 2% methyl cellulose with 0.2% 
uranyl acetate (Electron Microscopy Sciences) and analyzed with a 
Philips CM100 TEM microscope (Philips, Amsterdam, Netherlands). 
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and flasks were transferred to a 37°C incubator and incubated for 
the indicated time periods (10, 30, and 60 min). Then cells were 
washed with PBS, scraped, and processed for Western blot.

Image analysis
To quantify the fluorescence intensity of transferrin or dextran 70 kDa, 
the overlay images were loaded into ImageJ, version 1.43u, and the 
different channels were separated. The EGFP–, EGFP-Rab20–, or 
EGFP-Rab20DN–expressing cells were selected with the Polygon 
selections tool in the green channel. The fluorescence intensity of 
transferrin or dextran 70 kDa was measured by redirecting to the red 
channel. To quantify the colocalization index of EGF and LAMP-2, 
“Just another colocalization plugin” was used (Bolte and Cordelieres, 
2006). The images were adjusted with the same settings of threshold. 
The colocalization index was defined as the fraction of EGF overlap-
ping with LAMP-2 and was calculated with M1 and M2 Manders coef-
ficients. To quantify the size of early and late endosomes/lysosomes, 
the overlay images were loaded into ImageJ, version 1.43u, and 
scales were set. Cells for quantification were selected by the Polygon 
selections tool. Then different channels were separated, and channel 
EEA-1 or LAMP-2 was adjusted with the same threshold. In Set Mea-
surements, Area and Limit to threshold were selected. Finally, the 
adjusted images were measured with Analyze particles. The results 
were exported, and the average size was calculated.

Statistical analysis
Statistical analysis was performed with GraphPad Prism, version 
5.04 (GraphPad Software). The p values were calculated using 
Student’s two-tailed t test. The confidence interval was 95%.
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