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ABSTRACT Following endocytosis, internalized plasma membrane proteins can be recycled 
back to the cell surface or trafficked to late endosomes/lysosomes for degradation. Here we 
report on the trafficking of multiple proteins that enter cells by clathrin-independent endocy-
tosis (CIE) and determine that a set of proteins (CD44, CD98, and CD147) found primarily in 
recycling tubules largely failed to reach late endosomes in HeLa cells, whereas other CIE 
cargo proteins, including major histocompatibility complex class I protein (MHCI), trafficked 
to both early endosome antigen 1 (EEA1) and late endosomal compartments in addition to 
recycling tubules. Expression of the membrane-associated RING-CH 8 (MARCH8) E3 ubiq-
uitin ligase completely shifted the trafficking of CD44 and CD98 proteins away from recycling 
tubules to EEA1 compartments and late endosomes, resulting in reduced surface levels. 
Cargo affected by MARCH expression, including CD44, CD98, and MHCI, still entered cells 
by CIE, suggesting that the routing of ubiquitinated cargo occurs after endocytosis. MARCH8 
expression led to direct ubiquitination of CD98 and routing of CD98 to late endosomes/
lysosomes.

INTRODUCTION
The protein and lipid composition of the plasma membrane (PM) is 
balanced and maintained through the addition of new membrane 
from the secretory pathway and removal of membrane by endocy-
tosis. There are two types of endocytosis, distinguished by the re-
quirement for clathrin and the dynamin GTPase. Clathrin-dependent 
endocytosis (CDE) is the best-characterized form of endocytosis, in 
which specific amino acid sequences in the cytoplasmic tails of 
transmembrane proteins are recognized by adaptor proteins and 
packaged into clathrin-coated vesicles that are released into the 
cytoplasm following the action of dynamin (Conner and Schmid, 

2003; Traub, 2009). Less studied is clathrin-independent endocyto-
sis (CIE), in which no protein coat has been described, dynamin is 
not required, and the machinery necessary for endocytosis is un-
known (Mayor and Pagano, 2007). In HeLa cells, major histocom-
patibility complex class I protein (MHCI), a PM cargo protein, enters 
cells by CIE, and studies following the trafficking of MHCI have 
helped to define the endosomal membrane system fed by CIE 
(Naslavsky et al., 2003, 2004; Robertson et al., 2006; Lau and Chou, 
2008). After endocytosis, MHCI-containing vesicles fuse with sort-
ing endosomes containing cargo that enters by CDE. From there, 
MHCI can traffic to late endosomes and lysosomes for degradation 
or recycle back to the PM in tubular recycling endosomes. The list 
of PM proteins entering cells by CIE is growing rapidly (Mayor and 
Pagano, 2007; Eyster et al., 2009), underscoring the importance of 
CIE and associated recycling pathways (Grant and Donaldson, 
2009).

A major function of endocytosis is as a quality control mechanism 
for regulating PM proteins and lipids. Endocytosed proteins and lip-
ids can be selected for degradation, allowing efficient turnover of 
the PM, or they can be targeted for recycling back to the cell sur-
face, maintaining the proper protein and lipid composition of the 
PM (Maxfield and McGraw, 2004; Grant and Donaldson, 2009). In 
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most cases, it is not clear how and where PM proteins are monitored 
and selected for degradation (Arvan et al., 2002). However, the 
addition of ubiquitin, a small, 8.5-kDa protein that can be covalently 
attached to lysine residues on target proteins (Hershko and 
Ciechanover, 1998), has been shown to target some PM proteins, in 
particular the epidermal growth factor (EGF) and growth hormone 
receptors, for degradation (d’Azzo et al., 2005; Acconcia et al., 
2009). The addition of ubiquitin onto these proteins is mediated by 
E3 ubiquitin ligases, which specify the interaction between the ubiq-
uitination machinery and their substrates (Pickart, 2001). PM pro-
teins ubiquitinated on their cytoplasmic tails are recognized by the 
endosomal sorting complex required for transport (ESCRT) machin-
ery and sorted into intralumenal vesicles forming multivesicular 
bodies or late endosomes, which fuse with lysosomes, resulting in 
degradation of the protein (Piper and Katzmann, 2007; Raiborg and 
Stenmark, 2009). This process is well characterized for the ligand-
bound EGF receptor, which is ubiquitinated by the E3 complex c-
CBL and targeted for degradation as a means to control signal out-
put (Levkowitz et al., 1998, 1999; Sigismund et al., 2008). There is 
increasing evidence that other PM proteins, including G protein–
coupled receptors and the cystic fibrosis conductance regulator 
CFTR, are also ubiquitinated and routed to degradation (Shenoy 
et al., 2001; Geetha et al., 2005; Okiyoneda et al., 2010) and that 
these ubiquitin enzyme systems might be critical for quality control 
mechanisms governing PM turnover. As there are hundreds of E3 
ligases in the human genome, investigators are interested in identi-
fying which E3 ligases target particular substrates for degradation 
and how these enzymes are regulated (d’Azzo et al., 2005).

Many viruses express proteins that down-regulate surface MHCI 
to evade host cell immune function (Lehner et al., 2005). Two of 
these viral proteins, known as K3 and K5, identified a new class of E3 
ubiquitin ligases, the RING-CH family, which remove MHCI from the 
cell surface (Ohmura-Hoshino et al., 2006). Similar viral E3 ligases 
were discovered in disparate viruses, suggesting a common human 
host source (Fruh et al., 2002). Eleven mammalian membrane-
associated RING-CH (MARCH) proteins were subsequently identi-
fied and shown to possess the ability to ubiquitinate PM proteins 
(Goto et al., 2003; Bartee et al., 2004; Morokuma et al., 2007; 
Nathan and Lehner, 2009). Indeed, two mammalian MARCH pro-
teins, MARCH4 and MARCH9, can ubiquitinate MHCI, leading to its 
removal from the cell surface and degradation in lysosomes (Bartee 
et al., 2004). Although the normal physiological role of MARCH pro-
teins in many cell types is unknown, in dendritic cells MHC class II 
surface stabilization is mediated by down-regulation of expression 
of MARCH1, an important step in dendritic cell maturation (Matsuki 
et al., 2007; De Gassart et al., 2008; Thibodeau et al., 2008).

Because MHCI is a CIE cargo protein and subject to down-
regulation by certain MARCH proteins, we wanted to determine 
whether any of the MARCH E-3 ligases would affect the trafficking 
of other CIE cargo proteins. We recently identified new CIE cargo 
proteins and found in HeLa cells that the trafficking of a subset of 
these proteins, CD44, CD98, and CD147, diverged from the itiner-
ary followed by MHCI (Eyster et al., 2009). CD44, CD98, and CD147 
did not reach sorting endosomes associated with the early endo-
somal antigen (EEA1) but instead entered tubular recycling endo-
somes directly (Eyster et al., 2009). EEA1-positive endosomes have 
been suggested to be a selection point for entry into the multive-
sicular body pathway and lysosomal degradation (Leonard et al., 
2008). In addition, a recent study using quantitative proteomics 
identified CD44 as being a possible substrate for MARCH8 (Bartee 
et al., 2010). In this study, we examine the fate of the divergent CIE 
cargo proteins and demonstrate that they do not traffic to late en-

dosomes to the same extent as MHCI. We show that multiple CIE 
cargo proteins are affected by MARCH expression, leading to in-
creased trafficking to late endosomes. Most strikingly, expression of 
MARCH8 for CD44 and MARCH1 or MARCH8 for CD98 causes a 
drastic change in their trafficking after endocytosis, switching them 
from robust recycling with little delivery to EEA1 compartments and 
late endosomes to rapid delivery to EEA1 compartments and deg-
radation in late endosomes. Thus MARCH-mediated ubiquitination 
can alter the intracellular trafficking and fate of CIE cargo proteins.

RESULTS
CD44, CD98, and CD147 avoid trafficking  
to late endosomes
Previous work from our laboratory demonstrated that a new group 
of endogenous CIE cargo proteins, CD44, CD98, and CD147, fol-
low a different intracellular itinerary than MHCI and other CIE cargo 
proteins, including CD55, CD59, and GLUT1 (Eyster et al., 2009). 
Although MHCI reaches endosomes associated with EEA1, the pro-
teins CD44, CD98, and CD147 do not appreciably reach these en-
dosomes. Given that EEA1-associated compartments have been 
associated with routing to lysosomes (Leonard et al., 2008), we hy-
pothesized that the delivery of CD44, CD98, and CD147 to late 
endosomes and lysosomes might be reduced compared with that 
of other CIE cargo proteins. To track CIE cargo endocytosis, recy-
cling, and delivery to a variety of intracellular compartments, HeLa 
cells were incubated with monoclonal antibodies directed to the 
extracellular portions of these proteins for 1 h. Then, to follow the 
trafficking of CIE cargo proteins to late endosomes, we treated cells 
overnight with the proton ionophore NH4Cl to neutralize the pH of 
the late endosome and block degradation, allowing visualization of 
delivered cargos. In HeLa cells treated with NH4Cl, MHCI accumu-
lated inside enlarged late endocytic structures marked by Lamp1 
after 24 h (Figure 1A). CD55 and CD59, two GPI-anchored CIE cargo 
proteins, also accumulated in late endosomes after 24 h. Of interest, 
CIE cargo proteins CD44, CD98, and CD147 did not accumulate in 
late endosomes over the same time period but remained on the cell 
surface and in CIE recycling tubules (Figure 1B). Similar results were 
obtained when 0.5 mM leupeptin, a protease inhibitor, was added 
to the culture media instead of NH4Cl to block lysosomal degrada-
tion (unpublished data). In addition to analyzing the delivery of CIE 
cargo proteins using antibody internalization, we also visualized the 
steady-state distributions of CIE cargo proteins after overnight 
NH4Cl treatment to be sure that the localization of these proteins in 
late endosomes was not due to surface antibody binding inducing 
altered trafficking of the cargo. Indeed, this was not the case, as 
MHCI colocalized with Lamp1 after cells were incubated for 24 h 
with NH4Cl (Supplemental Figure S1A), whereas CD44, CD98, and 
CD147 did not colocalize with Lamp1 after 24 h with NH4Cl (Supple-
mental Figure S1B). CD59 and GLUT1, a CIE cargo for which we lack 
an antibody suitable for internalization assays, also accumulated in 
late endosomes after 24 h (Supplemental Figure S1A).

We also sought to visualize the separation of the two types of 
CIE cargo proteins by following the fate of internalized CD98 and 
MHCI together in the presence and absence of NH4Cl over time. 
In the absence of NH4Cl, we would predict that the antibody sig-
nal for degraded proteins would be reduced over time. Indeed, in 
cells where degradation was not inhibited, we observed a substan-
tial reduction of MHCI antibody signal at 13 h (Figure 2C, top) and 
24 h (Figure 2D, top), whereas CD98-bound antibody signal re-
mained strong and associated with the cell surface and in tubular 
endosomal compartments. In contrast, in the presence of NH4Cl 
to inhibit degradation, as early as 2 and 6 h, MHCI antibody could 
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be observed in enlarged juxtanuclear late endosomes, identified 
by labeling with antibody to Lamp1 (Figure 2, A and B, bottom). 
The distribution and the signal of CD98 antibody are not altered 
with this treatment at 2 and 6 h (Figure 2, A and B, bottom), al-
though at 24 h (Figure 2D, bottom) and later (unpublished data) a 
small amount of CD98 can be observed colocalized with MHCI in 
enlarged juxtanuclear late endosomes. Thus, as shown by visual-
izing CIE cargo proteins directly or by following their trafficking, 
CD44, CD98, and CD147 did not appreciably accumulate in late 

endosomes after 24 h, in contrast to other CIE cargo proteins, 
MHCI, CD55, CD59, and GLUT1.

MARCH protein expression causes specific removal  
of CIE cargo proteins from the cell surface
We hypothesized that the differential delivery of select CIE cargo 
proteins to late endosomes might be mediated by ubiquitination of 
the cytoplasmic domains of these proteins. Because expression of 
either the MARCH4 or MARCH9 E3 ubiquitin ligase causes ubiquit-
ination of the MHCI cytoplasmic tail and down-regulation through a 
lysosomal mediated pathway (Bartee et al., 2004), we tested to see 

FIgURE 1: Clathrin-independent cargo proteins show differential 
trafficking to late endosomes. HeLa cells were incubated with 
antibodies to MHCI, CD55, or CD59 (A) and CD44, CD98, or CD147 
(B) for 1 h to allow endocytosis to occur. Cells were washed with media 
and then transferred to media containing 25 mM NH4Cl for 24 h. Cells 
were then fixed as described in Materials and Methods, and the 
internalized antibodies were detected with Alexa 488 (green) goat 
anti–mouse secondary antibodies. Lamp1 was immunolabeled with a 
rabbit antibody and an Alexa 594 (red) goat anti–rabbit secondary 
antibody to detect late endosomal and lysosomal structures. Images 
were acquired as described in Materials and Methods. Bars, 10 μm.

FIgURE 2: CD98 does not accumulate in late endosomes over similar 
time periods as MHCI. Primary antibodies to CD98 or MHCI were 
added to HeLa cells to allow internalization for 1 h. Cells were washed 
and transferred to fresh media without (top) or with 25 mM NH4Cl 
(bottom). After 2 (A), 6 (B), 13 (C), and 24 (D) h cells were washed and 
fixed. A rabbit antibody to Lamp1 was used with an Alexa 633 (blue) 
secondary antibody to detect LE. Isotype-specific secondary 
antibodies to IgG1 488 (green) and to IgG2a 594 (red) were used to 
detect CD98 and MHCI, respectively. Bars, 10 μm.
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whether other CIE cargo proteins could be affected by MARCH pro-
tein overexpression.

We examined the effects of expression of FLAG-tagged 
MARCH1, 2, 3, 4, and 8 on surface levels of CIE cargo proteins. 
These MARCH proteins were selected because they are predicted 
to be two-pass transmembrane proteins and have structures simi-
lar to those of K3 and K5 (Lehner et al., 2005). We monitored en-
dogenous cell surface protein levels using immunofluorescence 
and flow cytometry analysis in cells overexpressing MARCH pro-
teins. We found that CD44 was specifically removed from the cell 
surface by MARCH8 expression (Figure 3A) and that surface stain-
ing for CD98 was down-regulated by the expression of either 
MARCH1 or MARCH8 (Figure 3B). This differential sensitivity to 
MARCH proteins was somewhat unexpected because MARCH1 
and MARCH8 are highly homologous proteins, and CD44 and 
CD98 reside in the same endosomal compartments, suggesting 

that slight differences between MARCH1 and MARCH8 can pro-
vide differences in substrate specificity. MARCH8 was also re-
cently observed to down-regulate CD44 by using stable isotope 
labeling of amino acids in cell culture (Bartee et al., 2010), consis-
tent with our findings here. As expected, we observed that ex-
pression of MARCH4 drastically diminished cell surface levels of 
MHCI (Figure 3C). We also observed that expression of untagged 
MARCH9 (but not tagged versions) led to diminished levels of 
surface MHCI (unpublished data); however, we were unable to 
assess its effect on CD44 or CD98, as we lacked suitable antibod-
ies for double labeling. In addition, MARCH8 expression also di-
minished surface MHCI (Figure 3C). The same MARCH substrate 
specificity was observed in a human retinal pigment epithelial cell 
line, ARPE19; surface CD98 was reduced in cells expressing 
MARCH1 or MARCH8, and CD44 was reduced only in cells ex-
pressing MARCH8 (Supplemental Figure S2). Neither CD44 nor 

FIgURE 3: Effect of MARCH protein expression on surface levels of CD44, CD98, and MHCI. HeLa cells were 
transfected with the indicated MARCH-FLAG construct as described. After 18 h, the surface of the cells was labeled 
with mouse antibodies to CD44, CD98, and MHCI and processed for either immunofluorescence or flow cytometry. In 
fluorescence images, MARCH-transfected cells (as detected by rabbit anti-FLAG staining; not shown) are indicated by 
an asterisk and outlined in some cases. Graphs show the Alexa 488 staining intensity (x-axis) versus cell number (y-axis) 
for surface CD44 (A), CD98 (B), or MHCI (C) in control cells (black line) vs. indicated MARCH-expressing cells (blue line) 
from flow cytometry analysis. Bars, 10 μm.
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CD98 was affected by expression of MARCH4. Therefore we can 
conclude that MARCH protein expression results in reductions of 
cell surface staining of specific CIE cargo proteins.

Next we examined whether MARCH protein expression would 
affect other CIE cargo proteins. Given that the suggested mode of 
action of MARCH proteins is the ubiquitination of the cytoplasmic 
tails of transmembrane proteins, we tested whether the GPI-an-
chored, CIE cargo proteins CD55 and CD59, which lack cytoplasmic 
tails, would be affected by MARCH expression. Indeed, as would be 
predicted, the surface staining of neither CD55 (Supplemental 
Figure S3A) nor CD59 (unpublished data) was reduced by overex-
pression of any MARCH protein tested. Surface CD147, the other 
CIE cargo that lacks significant colocalization with EEA1, was rela-
tively unaffected by MARCH protein expression as tested via immu-
nofluorescence, although some reduction with MARCH4 and 
MARCH8 expression was observed by flow cytometry (Supplemen-
tal Figure S3B). The transferrin receptor (TfnR), a CDE cargo protein, 
was previously shown to be down-regulated by expression of 
MARCH1, MARCH2, or MARCH8 (Bartee et al., 2004; Nakamura 
et al., 2005). We also detected significant down-regulation of TfnR 
in cells expressing MARCH1, MARCH2, or MARCH8 in addition to 
those expressing MARCH4 (Supplemental Figure S3C). We did not 
detect any significant changes in any cell surface protein examined 
in cells expressing MARCH3.

MARCH expression changes trafficking  
of CIE cargo proteins
Previous work suggested that MARCH expression caused in-
creased routing of MHCI to lysosomes and degradation (Bartee 
et al., 2004). Therefore we tested by antibody internalization for 
1 h, followed by chase for 2 h in NH4Cl, whether accumulation of 
cargo in late endosomes was increased in MARCH-expressing 
cells. Indeed, we detected increased MHCI delivery to late endo-
somes in MARCH4-expressing cells at 2 h after the addition of 
NH4Cl (Supplemental Figure S4A), consistent with previous find-
ings (Bartee et al., 2004). We then tested to see whether expres-
sion of specific MARCH proteins would also enhance delivery to 
late endosomes of CD98 and CD44. We found extensive colocal-
ization of internalized CD98 antibody with Lamp1-positive com-
partments after only 2 h of chase with NH4Cl in MARCH1- and 
MARCH8-expressing cells (Figure 4, A and B). This is a dramatic 
change in trafficking of CD98 compared with nontransfected cells, 
where CD98 continues to be present at the PM and in tubular 
endosomal compartments (Figure 4A, arrows), and from the mini-
mal CD98 delivery to late endosomes after 24 h in the absence of 
MARCH expression (Figure 1B and Supplemental Figure S1B). 
MARCH1 and MARCH8 are often observed in late endosomes 
(Supplemental Figure S4B), suggesting that the intracellular colo-
calization between MARCH1 and MARCH8 with CD98 is indeed in 
late endosomes. We detected increased CD44 delivery to late en-
dosomes, similar to CD98, in cells expressing MARCH8 but not 
MARCH1 (Figure 4C). Therefore the specificity that we observed 
for MARCH-induced accelerated trafficking to late endosomes 
correlates with the specificity observed for MARCH-induced re-
moval from the cell surface. The effect of specific MARCH protein 
expression on CD44 and CD98 is particularly striking as it com-
pletely alters their trafficking itinerary, causing accumulation in 
late endosomes within 2 h, whereas normally these proteins are 
barely detectable in late endosomes after 24 h.

The localizations observed by immunofluorescence for ex-
pressed MARCH proteins varied from cell to cell, with MARCH 
proteins localized throughout the secretory pathway (endoplasmic 

reticulum [ER], Golgi, endosomes, and lysosomes). We did ob-
serve in some cells localization of MARCH1 and MARCH8 on the 
tubular recycling endosomes that carry CIE cargo back to the 
PM. However, the phenotypes observed upon MARCH expres-
sion in individual cells did not seem to depend on the particular 
localization observed nor on level of expression of the MARCH 
protein.

FIgURE 4: MARCH expression increases CIE cargo delivery to late 
endosomes. HeLa cells were transfected with either MARCH1-FLAG 
(A, C) or MARCH8-FLAG (B, C) constructs for 18 h. Primary antibodies 
to CD44 (C) or CD98 (A, B) were added to cells and allowed to 
internalize for 1 h. Cells were washed and transferred to media 
containing 25 mM NH4Cl for 2 h. Mouse antibodies to CD44 and 
CD98 were detected with anti–mouse Alexa 488 (green) and rabbit 
anti-FLAG or rabbit anti-Lamp1 with anti–rabbit Alexa 594 (red). Cells 
indicated with an asterisk in A and B, bottom, are assumed to be 
MARCH1-FLAG and MARCH8-FLAG transfected, respectively, due to 
the large change in CD98 localization only observed in MARCH1-
FLAG– or MARCH8-FLAG–transfected cells as shown at the top. Cell 
surface and recycling tubule staining for CD98 are indicated with 
arrows in A. Bars, 10 μm.
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CIE cargo proteins still enter by CIE in MARCH-expressing 
cells
The rapid rerouting of CD44 and CD98 to late endosomes in cells 
expressing MARCH proteins raised the question as to whether these 
cargo proteins still entered cells by CIE or whether CDE would be 
used. Ubiquitination was suggested as a recognition motif for cer-
tain clathrin endocytic adaptors (Acconcia et al., 2009), and a previ-
ous report, using small interfering RNA (siRNA) knockdown of clath-
rin heavy chain or the ubiquitin adaptor protein epsin1, suggested 
that down-regulation of MHCI in cells expressing the viral K3 E3 li-
gase required clathrin and epsin1 for internalization (Duncan et al., 
2006). However, at short times (5 min) of internalization in MARCH8-
expressing cells, CD98 (Figure 5A) and CD44 (unpublished data) 
were found in endosomes distinct from those containing transferrin 
(Tfn), consistent with CD44 and CD98 still entering cells by CIE in 
MARCH-expressing cells. Furthermore, we tested directly whether 
CIE cargo proteins colocalized with clathrin heavy chain or epsin 1 
on the surface of MARCH-expressing cells, which would suggest 
their entry by CDE. In HeLa cells expressing MARCH1, MARCH4, or 
MARCH8, we detected no significant colocalization between 
surface-stained CD98, MHCI, or CD44, respectively, with clathrin 
heavy chain (Figure 5, B–D). Indeed, the surface staining pattern for 
CD44, CD98, and MHCI in MARCH-expressing cells is similar to 
their normal staining, albeit at a much reduced level, and does not 
resemble the punctate appearance of clathrin heavy chain. In addi-
tion, we saw no colocalization between epsin1 and surface-stained 
CD44, CD98, or MHCI in MARCH-expressing HeLa cells (Supple-
mental Figure S5, A–C). By contrast, TfnR, a CDE cargo protein, 
colocalized with both clathrin heavy chain and epsin1 in cells ex-
pressing MARCH8 (Figure 5E and Supplemental Figure S5D), similar 
to its colocalization in untransfected cells. Finally, we tested whether 
acute inhibition of CDE using the dynamin inhibitor Dynasore 
(Macia et al., 2006) would block endocytosis in MARCH-expressing 
cells. Pretreatment for 1 h with 80 μM Dynasore blocked TfnR anti-
body uptake (Figure 6A), as shown by others (Macia et al., 2006), but 
endocytosis of CD44 (Figure 6B), CD98 (unpublished data), and 
MHCI (nontransfected cells in Figure 6C) was not affected by Dyna-
sore treatment. In MARCH-expressing cells, CD44, CD98, and MHCI 
were still internalized in the presence of Dynasore (Figure 6C), 
whereas TfnR endocytosis was blocked (Figure 6C, bottom). The 
lack of significant colocalization between CIE cargo proteins and 
either clathrin or transferrin in MARCH-expressing cells and the lack 
of Dynasore sensitivity suggest that CD44, CD98, and MHCI con-
tinue to be internalized by CIE, and not CDE, in MARCH-expressing 
cells.

MARCH expression leads to increased localization  
in EEA1-marked sorting endosomes
As we previously reported, internalized CD44, CD98, and CD147 
show minimal localization with EEA1-associated sorting endosomes 
compared with MHCI in HeLa cells (Eyster et al., 2009). This re-
duced localization of CD44, CD98, and CD147 to EEA1 compart-
ments correlates with their minimal delivery to late endosomes 
(Figure 1). Therefore we tested whether expression of MARCH 

FIgURE 5: CIE cargo proteins do not internalize with Tfn or 
colocalize with surface clathrin in MARCH-expressing cells. (A) HeLa 
cells were transfected with MARCH8-FLAG. After 18 h, CD98 
antibody and Tfn633 were added to cells and allowed to internalize 
for 5 min. Surface CD98 antibody and Tfn633 were removed with acid 
wash and fixed. MARCH8-FLAG was stained with a rabbit anti-FLAG 
antibody. CD98 and FLAG antibodies were detected with Alexa 488 
anti–mouse and Alexa 594 anti–rabbit secondary antibodies, 
respectively. Tfn633 is pseudo-colored red, and asterisk denotes a 
MARCH8-FLAG–stained cell. In B–E, HeLa cells were transfected with 
plasmids encoding MARCH1-FLAG (C), MARCH8-FLAG (B, E), or 
MARCH4-FLAG (D). After 18 h, cells were fixed and incubated with 
primary antibodies to CD44 (B), CD98 (C), MHCI (D), and TfnR (E) in 

the absence of saponin to label surface antigen. Clathrin heavy chain 
(HC) was detected using a rabbit antibody in the presence of saponin. 
Surface antibodies were detected with Alexa 488 anti–mouse 
secondary and rabbit antibodies to clathrin HC with an Alexa 594 
anti–rabbit secondary. Asterisk denotes MARCH-expressing cells 
identified as in Figure 4. Bars, 10 μm.
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proteins capable of downregulating CD44 and CD98 would now 
divert their trafficking to EEA1 compartments at short (30 min) times 
of internalization. Indeed, we found that CD44 colocalized with 
EEA1 only in MARCH8-expressing cells, and CD98 colocalized with 
EEA1 in MARCH1- or MARCH8-expressing cells (Figure 7, A and B, 
where MARCH-expressing cells, inferred by altered cargo distribu-
tion, are indicated with an asterisk). In the nontransfected, control 

cells, there was little to no colocalization of 
CD44 and CD98 with EEA1, as observed 
previously (Eyster et al., 2009), in contrast to 
MHCI, which colocalized with EEA1 in the 
absence (Eyster et al., 2009) and in the pres-
ence of MARCH4 expression (Figure 7C). 
We also tested whether TfnR would show 
increased localization with EEA1 in the pres-
ence of MARCH8, suggesting a diversion 
from recycling to degradation. In cells ex-
pressing MARCH8, we saw a greater de-
gree of colocalization (Figure 7D) when 
compared with nontransfected controls. We 
quantified the change in degree of colocal-
ization of each cargo with EEA1 in MARCH-
expressing cells. As expected, in untrans-
fected cells, there was minimal colocalization 
of CD44 and CD98 with EEA1 (<10%), but 
this increased to greater than 50% in 
MARCH1- and MARCH8-expressing cells, 
respectively (Figure 7E). Furthermore, for 
MHCI and TfnR, which both exhibit some 
colocalization with EEA1 in untransfected 
cells (20–30%), there was a twofold increase 
(50–60%) in colocalization with EEA1 in 
MARCH4 and MARCH8-expressing cells 
(Figure 7E). Thus the expression of MARCH 
proteins initiates a change in the endosomal 
trafficking itinerary of their substrates, with 
the trafficking of CD44 and CD98 dramati-
cally altered such that these proteins now 
are routed to EEA1-associated endosomes 
and onto lysosomes for degradation.

TSG101 is required for MARCH8-
induced trafficking of CD44  
and CD98 to late endosomes
Having determined that MARCH overex-
pression leads to a dramatic change in the 
trafficking of CIE cargo proteins, routing 
them toward late endosomes and lysosomes 
for degradation, we examined whether the 
ESCRT complex machinery was involved. 
The ESCRT machinery consists of multiple 
protein complexes that sequentially recog-
nize ubiquitinated transmembrane proteins 
on endosomes and package those cargos 
into multivesicular bodies (MVBs) that can 
fuse with lysosomes to complete the degra-
dation of the designated cargo protein 
(Saksena et al., 2007). If the ESCRT complex 
is involved in MARCH-induced CIE cargo 
down-regulation, this would provide a 
mechanistic link between the increased 
EEA1 localization for CIE cargos in MARCH-

expressing cells (Figure 7) and the increased delivery of CIE cargos 
to late endosomes in MARCH-expressing cells (Figure 4). TSG101, 
an essential component of the ESCRT-1 complex, is required for ef-
ficient recognition of ubiquitinated cargo and trafficking into the 
intralumenal vesicles of MVBs (Razi and Futter, 2006). We knocked 
down TSG101 expression to 25% of control cells (Figure 8E) and 
examined whether MARCH8-induced effects would be abrogated. 

FIgURE 6: Dynasore inhibits internalization of CDE but not CIE cargo proteins in MARCH-
expressing cells. (A, B) Untransfected HeLa cells were pretreated with 80 μM Dynasore (+Dyna) 
or vehicle control for 1 h, and then monoclonal antibodies to TfnR (A) or CD44 (B) were added 
and allowed to internalize for 30 min in the continued presence of Dynasore or vehicle control. 
Surface antibody to TfnR and CD44 was removed by acid wash, cells were then fixed, and 
internalized CD44 and TfnR antibodies were detected with Alexa 594 anti–mouse secondary 
antibodies. (C) HeLa cells transfected with indicated MARCH-FLAG constructs were allowed to 
internalize monoclonal antibodies to indicated CIE cargos or TfnR in the presence of Dynasore 
as before. Surface antibodies were removed with acid wash, and cells were fixed and stained 
with a rabbit anti-FLAG antibody. Internalized antibodies to cargos and the rabbit anti-FLAG 
antibody were detected with Alexa 488 anti–mouse secondary and Alexa 594 anti–rabbit 
secondary antibodies. Bars, 10 μm.
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Examining the steady-state distribution of CD44 and CD98 in 
MARCH8-expressing cells, we found that they localized to large late 
endosomal structures in mock-depleted cells (Figure 8, A and C). 
However, in cells depleted of TSG101, the MARCH8-induced 

phenotype was inhibited, and CD44 and CD98 localized primarily to 
the cell surface, similar to nontransfected cells (Figure 8, B and D). 
Thus TSG101 function is required for MARCH-induced trafficking of 
CIE cargo proteins to late endosomes. This is in agreement with 
findings of ESCRT involvement in K3-mediated down-regulation of 
MHCI (Hewitt et al., 2002), K5-mediated down-regulation of ALCAM 
(Bartee et al., 2006), and MARCH9-mediated down-regulation of 
SLAM (Hor et al., 2009).

CD98 is ubiquitinated in MARCH8-expressing cells
To test whether MARCH8 expression led to the ubiquitination of our 
endogenous CIE cargo proteins, we examined whether CD98 was 

FIgURE 7: CD44, CD98, MHCI, and TfnR show increased localization 
with EEA1 in MARCH-expressing cells. HeLa cells transfected with 
MARCH1-FLAG (B), MARCH4-FLAG (C), or MARCH8-FLAG (A, D) 
were identified as in Figure 4 and are indicated with an asterisk. 
Primary antibodies to CD44 (A), CD98 (B), MHCI (C), or TfnR (D) were 
added to cells and allowed to internalize for 30 min. Mouse antibodies 
to CD44, CD98, MHCI, and TfnR were detected with anti–mouse 
Alexa 488 (green) and rabbit anti-EEA1 with anti–rabbit Alexa 594 
(red). Bar, 10 μm. (E) The percentage of each cargo colocalizing with 
EEA1 in the absence (black bars) or presence (clear bars) of the 
indicated MARCH protein was quantified using Metamorph software. 
**Statistical significance at p < 0.001 between indicated cargo in 
control (black bars) and MARCH-expressing cells (clear bars). Bars, 
10 μm.

FIgURE 8: TSG101 knockdown reverses the effect of MARCH 
expression on CIE cargo proteins. HeLa cells were mock transfected 
(A, C) or transfected with an siRNA to TSG101 for 24 h (B, D). Cells 
were subsequently transfected with MARCH8-FLAG for 18 h (A–D). 
Total CD44 (A, B) or CD98 (C, D) distribution was detected with 
mouse antibodies and MARCH8-FLAG transfectants with a rabbit 
anti-FLAG antibody. Primary antibodies were detected with Alexa 488 
(green) anti–mouse secondary and Alexa 594 anti–rabbit secondary, 
respectively, in mock (A, C) and TSG101 knockdown cells (B, D). 
(E) Western blot of mock and TSG101 knockdown lysates from 
replicate cultures. TSG101 protein levels (relative to actin) were 
reduced to 25% of control levels in siRNA-treated cells. Bars, 10 μm.
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the endosomal compartment. Then the free BG was removed by 
multiple washes, and the cells were chased for 2 h in media contain-
ing 15 mM NH4Cl to follow the trafficking of CD98-SNAP similar to 
experiments with endogenous CD98. Similar to our observations for 
endogenous CD98 (Figure 4A), CD98-SNAP, when expressed alone, 
was primarily observed at the PM and in tubular endosomes with 
little colocalization with Lamp1 late endosomal compartments 
(Figure 10B). In cells expressing CD98-SNAP and MARCH8, how-
ever, CD98-SNAP was observed colocalized with Lamp1-associated 
compartments (Figure 10C), similar to the altered trafficking ob-
served for endogenous CD98.

Next we set out to examine whether CD98 itself was directly 
ubiquitinated in MARCH8-expressing cells by transfecting cells with 
CD98-SNAP, MARCH8, and HA-ubiquitin. HeLa cells were labeled 
with BG-biotin for 4 h, and then the biotin-labeled CD98-SNAP was 
isolated on streptavidin beads after SDS denaturation and boiling of 
the lysate to ensure that CD98-SNAP alone was isolated. In the ab-
sence of HA-ubiquitin and MARCH expression, CD98-SNAP was vis-
ible on the blot (Figure 10D, lane 2) at the expected size of ∼115 kDa. 
When HA-ubiquitin was also expressed, a band of HA-ubiquitin that 
runs slightly above the size of the CD98-SNAP was visible (Figure 
10D, lane 3). However, when MARCH8 was also expressed, a large 
amount of HA-ubiquitin was observed associated with the isolated 
CD98-SNAP (Figure 10D, lane 5), suggesting that CD98-SNAP is 
heavily ubiquitinated in MARCH8-expressing cells. The efficiency of 
MARCH8 down-regulation of CD98-SNAP was also revealed by the 
low level of labeling of the CD98-SNAP in MARCH8-expressing cells 
(Figure 10D, lane 5). When we loaded equivalent amounts of CD98-
SNAP from cells not expressing MARCH8 (Figure 10D, lane 4), it was 
clear that MARCH8 caused elevated levels of ubiquitination (com-
pare HA-ubiquitin in lanes 4 and 5). Taken together, these findings 
demonstrate that MARCH8 directly ubiquitinates CD98, and this 
likely leads to its routing to late endosomes for degradation.

DISCUSSION
Little is known about how membrane proteins and lipids at the cell 
surface are monitored and selected for degradation in late endo-
somes and lysosomes. Here we show that the CIE cargo proteins 
(MHCI, CD59, CD55) that reach EEA1 compartments (Eyster et al., 
2009) are routed to late endosomes for degradation, and the CIE 
cargo proteins (CD44, CD98, and CD147) that avoid EEA1 compart-
ments (Eyster et al., 2009) also avoid degradative compartments. In 
an attempt to understand this differential sorting and turnover of 
CIE cargo proteins, we expressed E3 ubiquitin ligases of the MARCH 
family to see whether they would affect trafficking and degradation 
of CIE proteins. We found that expression of MARCH8 dramatically 
altered the itinerary of CD44 and CD98, now causing these proteins 
to pass through EEA1 compartments on their way to late endo-
somes and degradation. These findings have given us new insight 
into how PM proteins turn over in cells and the role of ubiquitination 
in altering endosomal membrane traffic.

We used MARCH protein overexpression as a way to explore 
whether ubiquitination could alter CIE cargo trafficking. We found 
that surface CD44 is down-regulated by overexpression of MARCH8, 
surface CD98 by MARCH1 and MARCH8, and surface MHCI by 
MARCH 4 and 8 as previously documented (Bartee et al., 2004). We 
showed for endogenous CD98 and CD98-SNAP that MARCH8 ex-
pression leads to the appearance of ubiquitinated forms of CD98. In 
addition, we showed direct ubiquitination of CD98-SNAP in 
MARCH8-expressing cells. This suggests that MARCH proteins can 
alter the trafficking of their substrates by direct ubiquitination of cy-
tosolic lysines. The altered trafficking for ubiquitinated CD44 and 

ubiquitinated in MARCH8-expressing cells. CD98 was chosen since 
antibodies capable of immunoprecipitation were available. We 
transfected HeLa cells with MARCH8 and hemagglutinin (HA)-
tagged ubiquitin for 18 h and then treated the cells with concana-
mycin A (Kataoka et al., 1994) overnight to accumulate ubiquitinated 
cargo proteins. As a transfection control, we transfected MARCH3 
and HA-ubiquitin into other cells since MARCH3 expression was not 
observed to affect any aspect of CD98 trafficking (Figure 3). CD98 
was then immunoprecipitated and probed for the presence of the 
HA-ubiquitin. HA-immunoreactive bands were readily detected in 
CD98 immunoprecipitates from MARCH8-expressing cells (Figure 9, 
arrows) but not from MARCH3-expressing cells. These bands mi-
grated in the gel with molecular weights consistent with CD98 with 
multiple ubiquitin resides attached. This finding suggests that en-
dogenous CD98, or a protein tightly associated with CD98, is ubiq-
uitinated in MARCH8-expressing cells. To demonstrate that CD98 is 
directly ubiquitinated, proteins are typically solubilized from cells in 
denaturing buffer to release associations with other proteins and 
then immunoprecipitated with specific antibodies. Unfortunately, 
our antibody to CD98 would not immunoprecipitate under these 
conditions, so we turned to examining the direct ubiquitination of 
an expressed CD98 chimeric protein containing the SNAP tag.

The SNAP tag is an engineered form of a 20-kDa DNA repair 
enzyme (O6-alkylguanine-DNA alkyltransferase) that binds cova-
lently to O6-benzylguanine (BG) (Gautier et al., 2008), which can be 
attached to Alexa dyes and biotin (see Materials and Methods). We 
appended the SNAP tag to the carboxy terminus of CD98, a type II 
membrane protein, allowing labeling with multiple BG-conjugated 
ligands (Figure 10A). HeLa cells expressing CD98-SNAP were 
exposed to BG-488 for 1 h at 37°C to label the surface and load 

FIgURE 9: Ubiquitin is present in immunoprecipitated endogenous 
CD98 complexes in MARCH8-expressing cells. HeLa cells were 
transfected with MARCH3-FLAG or MARCH8-FLAG with or without 
HA-ubiquitin. After 18 h, CD98 was immunoprecipitated from 
whole-cell lysates as described in Materials and Methods. Ten percent 
of whole-cell lysates were immunoblotted with anti-CD98 antibodies 
(lanes 1–4). Molecular weights are identified in kDa. CD98 
immunoreactive bands were detected at ∼90 and 110 kDA. Twenty 
percent of recovered CD98 immunoprecipitates were immunoblotted 
with anti-CD98 or anti-HA antibodies (lanes 5–8). Two HA-reactive 
bands were present in the MARCH8-expressing CD98 
immunoprecipitates (lane 8 arrows).
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et al., 2008). MARCH1 appears to have a short half-life of <30 min 
(Jabbour et al., 2009), allowing changes in mRNA levels to be quickly 
evident at the protein level. Little is known about the regulation of 
expression of other MARCH proteins, but given that MARCH8 can 
specifically ubiquitinate and down-regulate CD44 and CD98, it 
would be interesting to examine whether MARCH8 expression lev-
els are regulated in nonimmune cells.

The issue of where MARCH substrates are ubiquitinated and 
where and how the ubiquitinated cargo is recognized by the cell 

CD98 leads them to now visit EEA1 compartments en route to late 
endosomes.

Whether endogenous MARCH proteins are responsible for the 
turnover of CIE cargo proteins remains to be determined. MARCH 
proteins are in general widely expressed, with the exception of 
MARCH1, which is more restricted to immune cells (Bartee et al., 
2004). There is evidence that MARCH1 levels are up-regulated in 
interleukin-10–treated monocytes (Thibodeau et al., 2008) and 
down-regulated during maturation of dendritic cells (De Gassart 

FIgURE 10: CD98-SNAP traffics as CD98 does and is directly ubiquitinated in MARCH8-expressing cells. (A) Schematic 
diagram of CD98-SNAP interaction with BG ligands. Binding of BG to SNAP produces a covalent bond between the 
SNAP and BG. HeLa cells expressing CD98-SNAP with (C) or without (B) MARCH8-FLAG were labeled with BG-488 for 
1 h and chased in NH4Cl for 2 h. A rabbit anti-Lamp1 and mouse anti-FLAG were used with Alexa 633 anti–rabbit and 
Alexa 594 anti–mouse secondary antibodies to visualize late endosomes and MARCH-transfected cells respectively. 
Bars, 10 μm. (D) BG-biotin–labeled CD98-SNAP was immunoprecipitated from denatured lysates of cells expressing the 
indicated proteins and separated on SDS–PAGE and immunoblotted as described in Materials and Methods. 
HA-ubiquitin was detected with mouse anti-HA and an Alexa 680 anti–mouse secondary antibody (red in merged blot). 
The biotin-labeled CD98-SNAP was detected with NeutrAvidin, DyLight-800 Conjugated (green in merged blot). 
Lane 4 was loaded with 1/10 of the total protein of lane 3, which is equivalent to the amount of CD98-SNAP in lane 5 (in 
MARCH8-expressing cells), to directly compare the ubiquitination levels for equivalent amounts of CD98-SNAP with and 
without MARCH8 expression. The arrow shows CD98-SNAP, and brackets indicate ubiquitinated forms of CD98-SNAP.
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CD98 still entered cells in endocytic vesicles distinct from those car-
rying clathrin cargo like TfnR. Second, we directly tested for colocal-
ization of surface CD44 and CD98 with both clathrin heavy chain 
and the ubiquitin-recognizing protein adaptor epsin1 and detected 
no significant increase in MARCH-expressing cells (Figure 5 and 
Supplemental Figure S5). Third, we determined that acute inhibition 
of CDE endocytosis by the dynamin inhibitor Dynasore had no ef-
fect on CIE cargo internalization in MARCH-expressing cells 
(Figure 6). This finding is similar to that observed for the MARCH1 
effect on MHC class II trafficking after endocytosis (Walseng et al., 
2010). By directly assaying the colocalization of surface-stained CIE 
cargos with clathrin heavy chain or acutely inhibiting CDE endocyto-
sis, we provide evidence that CIE cargo proteins and the CDE cargo 
TfnR still enter cells via their respective pathways in MARCH-
expressing cells.

Our data support the model in which CIE cargo proteins are en-
docytosed and reach an endosome where some proteins, such as 
CD44 and CD98, are sorted and directed toward recycling, whereas 
others, such as MHCI, continue on toward an EEA1 marked endo-
some where selection for degradation can occur. Our demonstra-
tion that MARCH proteins can ubiquitinate CIE cargo proteins and 
alter their trafficking toward degradation suggests that MARCH pro-
teins may regulate the turnover of PM proteins by altering their in-
tracellular itinerary. How and where MARCH activity is regulated and 
the consequences for endogenous CIE cargo protein turnover and 
trafficking are questions remaining to be answered.

MATERIALS AND METHODS
Antibodies and plasmids
Mouse monoclonal antibodies to MHCI from hybridoma cell clones 
w6/32 (immunoglobulin G2a [IgG2a]) were used for immunofluores-
cence and internalization experiments. Mouse monoclonal antibod-
ies to CD44 (clone BJ18; IgG1), CD55 (clone JS11; IgG1), CD59 
(clone p282; IgG1), CD98 (clone MEM-108; IgG1), and CD147 
(clone HIM6; IgG1) were purchased from Biolegend (San Diego, CA) 
and used for immunofluorescence and antibody internalization. 
Mouse monoclonal antibodies to TfnR (clone 236-15375; IgG1) 
were purchased from Invitrogen Molecular Probes (Eugene, OR). 
Goat polyclonal IgG for CD98 (used for Western blotting) and for 
epsin 1 were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). CD98 (clone MEM-108; IgG1) was used for immunoprecipita-
tions. Rabbit anti-HA was purchased from Covance Research Prod-
ucts (Princeton, NJ). Rabbit anti-FLAG, M2 mouse anti-FLAG, and 
rabbit anti-actin antibodies were purchased from Sigma-Aldrich 
(St. Louis, MO). Rabbit anti-Lamp1 and rabbit anti–clathrin heavy-
chain antibodies were purchased from Abcam (Cambridge, MA). 
Mouse monoclonal anti-GLUT1 antibody (clone 202915; IgG2B) was 
purchased from R&D Systems (Minneapolis, MN). Mouse anti-
TSG101 antibody was purchased from GeneTex (Irvine, CA). All 
Alexa-conjugated secondary antibodies were purchased from 
Invitrogen Molecular Probes (Eugene, OR).

MARCH1-FLAG, MARCH2-FLAG, MARCH3-FLAG, MARCH4-
FLAG, and MARCH8-FLAG were as described (Bartee et al., 2004). 
HA-ubiquitin was from James Hurley (National Institute of Diabetes 
and Digestive and Kidney Diseases, National Institutes of Health, 
Bethesda, MD).

Transfections
HeLa or ARPE-19 cells were grown on glass coverslips (for immuno-
fluorescence), six-well dishes (for flow cytometry), or 35- and 10-cm 
plates (for whole-cell lysate generation) and transfected using 
FuGene (Roche, Indianapolis, IN) according to manufacturer’s 

and sorted into the degradative pathway has not been thoroughly 
examined and is difficult to study. In addition to numerous E3 ubiq-
uitin ligase activities in cells, there are active deubiquitinylation en-
zyme systems that continually remove ubiquitin from the substrates 
(Clague and Urbe, 2006; Acconcia et al., 2009). Some have sug-
gested that cellular localization of MARCH proteins could be impor-
tant for determining substrate specificity (Bartee et al., 2004). Unfor-
tunately, there are as yet no antibodies capable of localizing 
endogenous MARCH proteins. We found that expressed MARCH1 
and 8 localized predominantly at the PM and endosomes, MARCH2 
and 3 at the ER, and MARCH4 and 9 primarily at the Golgi and 
trans-Golgi network, in agreement with previous observations 
(Bartee et al., 2004). However, each MARCH protein tested could be 
observed on all parts of the secretory pathway, and differential 
MARCH localization did not match with differential substrate speci-
ficity. Thus MARCH substrate specificity cannot be solely explained 
by differential subcellular localization.

The high sequence homology between MARCH1 and MARCH8, 
MARCH4 and MARCH9, and MARCH2 and MARCH3 was sug-
gested to lead to overlapping functions for these pairs of similar 
proteins (Bartee et al., 2004). Indeed, in our hands this pairing holds 
true for CD98, as both MARCH1 and MARCH8 have similar effects 
on its trafficking and degradation. Because CD44 and CD98 have 
identical cellular localizations in HeLa cells, it seems likely that CD44 
would encounter overexpressed MARCH1, yet it is not significantly 
down-regulated in MARCH1-expressing cells. Therefore sequence 
differences between MARCH1 and MARCH8 must provide the nec-
essary specificity for CD44 to be efficiently down-regulated by 
MARCH8 but not by MARCH1. We are planning experiments to 
probe sequence differences between MARCH1 and MARCH8 in or-
der to determine how MARCH8 specificity is generated for CD44.

Similar to what has been observed by others (Coscoy and 
Ganem, 2000; Ishido et al., 2000; Bartee et al., 2004; Duncan et al., 
2006; De Gassart et al., 2008), we find that MARCH proteins down-
regulate their targets from the PM via the endosomal/lysosomal sys-
tem and not through the biosynthetic pathway. Using antibody in-
ternalization experiments, we determined that a labeled cohort of 
PM cargo proteins is being rapidly shifted toward degradation in 
lysosomes within 2 h. This also correlates with the increased colocal-
ization with EEA1 at 30 min of internalization seen for multiple cargo 
proteins in the presence of MARCH (Figure 7). This increased local-
ization in EEA1-positive endosomes correlates with late endosomal 
delivery and agrees with the observations made for CDE cargos 
low-density-lipoprotein receptor and activated EGF receptor, which 
are enriched in EEA1-positive early endosomes and selected for 
degradation, versus TfnR, which has lower EEA1 localization and is 
recycled (Leonard et al., 2008). Furthermore, we believe that for the 
ubiquitinated CIE cargo proteins, the alteration in their trafficking 
occurs after endocytosis by CIE. For CD44 and CD98, MARCH ex-
pression profoundly shifts the trafficking of CD44 and CD98 away 
from their normal recycling route toward late endosomes and lyso-
somes via EEA1-marked sorting endosomes. This shift in CD44 and 
CD98 trafficking is further supported by the need for a functional 
ESCRT complex as evidenced by TSG101 knockdown, where CD44 
and CD98 revert toward a normal cellular distribution even in the 
presence of MARCH8 (Figure 8). Taken together, the data suggest 
that MARCH expression routes specific CIE cargo proteins to degra-
dation via EEA1 compartments and the ESCRT-requiring MVB to 
late endosomes and lysosomes.

Our findings provide evidence that CIE cargo proteins subject to 
down-regulation by MARCH expression are still internalized via CIE. 
First, we observed that in cells expressing MARCH8, CD44 and 
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MA) onto the C-terminus of the type II protein CD98 (4F2 cell-
surface antigen heavy-chain isoform b) by standard two-stage PCR 
protocols. A (GGGS)2 linker was placed between CD98 and the 
SNAP tag. The PCR fusion was cloned into the TA mammalian ex-
pression vector pTarget (Clontech, Mountain View, CA).

For immunofluorescence, SNAP-Surface-488 (New England 
Biolabs) (called here BG-488) was added to media to label the sur-
face of HeLa cells expressing CD98-SNAP (with and without 
MARCH8 cotransfection), and the cells were then incubated at 37°C 
for 1 h. Cells were then washed and transferred to fresh media con-
taining 15 mM NH4Cl and treated as described earlier.

For pull-down of CD98-SNAP, a non–cell-permeable BG sub-
strate was prepared by reacting O6-[4-(aminomethyl)benzyl]guanine 
(BG-NH2) (1.3 Eq; Toronto Research Chemicals, North York, Canada) 
with EZ-Link NHS-PEG4-Biotin (Thermo Scientific, Waltham, MA). 
Reactions were performed at 30°C for 16 h in N,N-dimethylacet-
amide in the presence of 2 Eq triethylamine. BG-PEG4-Biotin was 
analyzed by high-resolution mass spectrometry and purity checked 
by high-performance liquid chromatography.

For expression, HeLa cells (10-cm dishes) were transfected with 
CD98-SNAP with or without HA-ubiquitin and MARCH8-FLAG. After 
18 h, cells were labeled with BG-PEG4-Biotin substrate (3 mM) for 
up to 4 h at 37°C. Cells were rinsed three times with PBS, lifted, and 
pelleted at 300 × g. Cell pellets were incubated with 200 mM 
BG-NH2 for 15 min at 4°C, then solubilized in 0.2 ml of lysis buffer 
(50 mM Tris-Cl, pH 7.4, 0.25 M NaCl, 0.1% Triton X-100, 1 mM EDTA, 
50 mM NaF, 1 mM dithiothreitol, and 100 mM Na3VO4) plus Com-
plete Protease Inhibitor tablets (Roche, Indianapolis, IN). The cell 
extract was denatured by adding SDS to obtain a 1% final concen-
tration and boiled for 15 min. The SDS was quenched by adding 
0.1 ml of 20% Triton X-100 and 1.8 ml of lysis buffer and placed on 
ice for 30 min. The lysate was centrifuged at 13,000 × g for 5 min, 
and 50 μl of a 1:1 slurry of streptavidin–agarose (Sigma-Aldrich) was 
added to the supernatant. The lysate was rocked at room tempera-
ture for 1 h, and the beads were washed three times with lysis buffer 
and once with water. Thirty microliters of 2× SDS sample buffer was 
added, and the beads were boiled for 10 min before protein separa-
tion by SDS–PAGE (4–12% Tris-glycine; Novex, Invitrogen, Eugene, 
OR), transfer to nitrocellulose, and immunoblotting.

HA-ubiquitin was detected with monoclonal HA.11 (Covance). 
Alexa Fluor 680 secondary antibodies (Invitrogen) were used for HA 
detection. Biotinylated CD98-SNAP was detected with NeutrAvidin, 
DyLight-800 Conjugated (Thermo Scientific). The membrane was 
incubated with primary and secondary antibodies, each for 1 h at 
room temperature. The membrane was washed three times with 
0.1% Tween 20 in phosphate-buffered saline and then quantitatively 
visualized by scanning with an Odyssey infrared scanner (Li-Cor 
Biosciences,).

specifications. Transfections with multiple plasmids were performed 
with 1 μg of each plasmid per transfection. Experiments were car-
ried out 18 h after transfection. TSG101 siRNA (Thermo Scientific, 
Dharmacon, Chicago, IL) was prepared according to manufacturer’s 
instructions and transfected with Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) for 24 h.

Immunofluorescence and flow cytometry
HeLa or ARPE-19 cells were plated on class coverslips (immunofluo-
rescence) or six-well dishes (flow cytometry) 48 h prior to use. Cells 
were trypsinized for 10 min and transferred to 2058 Falcon tubes 
(Becton Dickinson Labware, Franklin Lakes, NJ) (flow cytometry). For 
antibody internalization experiments, cells were preincubated with 
primary antibodies (diluted to 10 μg/ml in media) to CD44, CD98, 
MHCI, TfnR, or Tac for 1 h at 37°C and then transferred to fresh media 
containing 15–25 mM NH4Cl for 2, 6, 13, or 24 h. Dynasore (Sigma-
Aldrich) was prepared in dimethyl sulfoxide and used according to 
manufacturer’s instructions. For internalization experiments, antibod-
ies to CD44, CD98, MHCI, or TfnR were added to cells to allow inter-
nalization for indicated times, and surface antibody was removed 
with 0.5% acetic acid in 0.5 M NaCl for 30 s (acid wash) prior to fixa-
tion. Tfn633 (Invitrogen Molecular Probes) internalizations were con-
ducted in serum-free DMEM, and cells were serum starved for 1 h 
prior to internalizations. Cells were fixed for 10 min in 2% formalde-
hyde in phosphate-buffered saline (PBS), rinsed in PBS, and incu-
bated with primary antibodies in PBS/10% fetal calf serum in the 
presence (total) or absence (surface) of 0.2% saponin as indicated. 
Alexa dye–conjugated secondary antibodies were used to detect pri-
mary antibody localizations. All images were obtained using a 
510 LSM confocal microscope (Zeiss, Thornwood, NY) with a 63× 
1.3–numerical aperture PlanApo objective. MetaMorph (Molecular 
Devices, Sunnyvale, CA) was used to quantify colocalization. Individ-
ual cells were outlined, and the overlapping fluorescence pixels were 
quantified using the colocalization function. Adobe Photoshop (San 
Jose, CA) was used for image processing. Flow cytometry samples 
were run on an LSR2 cytometer with the help of the National Heart, 
Lung, and Blood Institute Flow Cytometry Core Facility. Data analysis 
was performed using FloJo Software (Tree Star, Ashland, OR).

Whole-cell lysis and immunoprecipitation
Sixty-millimeter plates of transfected HeLa cells were washed twice 
in cold PBS and scraped into lysis buffer (1% IGEPAL [Sigma-Aldrich], 
10% glycerol, 50 mM Tris, pH 7.5, 100 mM NaCl) with complete Mini 
Protease Inhibitor Cocktail (Roche, Indianapolis, IN) and 20 μM 
N-ethylmaleimide (Sigma-Aldrich). Samples were sonicated three 
times for 5-s pulses at 4°C with a Microson Ultrasonic Cell Disruptor 
(Misonix, Newtown, CT), power level 2. Samples were centrifuged 
at 1300 × g for 10 min at 4°C and supernatants removed. For im-
munoprecipitations, protein G–Sepharose beads (GE Healthcare, 
Uppsala, Sweden) were prepared per manufacturer’s instructions, 
and lysates were added with 5 μg of anti-CD98 antibody (clone 
MEM-108). Samples were rocked end over end for 1 h at 4°C. Sam-
ples were washed four times with Lysis buffer and solubilized in 
SDS–PAGE sample buffer. Samples were run on 4–20% Tris-HCl 
polyacrylamide gels (Bio-Rad, Hercules, CA) and transferred to ni-
trocellulose (Whatman, Sanford, ME). Western blots were probed 
with designated antibodies and analyzed using n Odyssey Infrared 
Imaging System (Li-Cor, Lincoln, NE) and accompanying software.

CD98-SNAP immunofluorescence and immunoprecipitation
CD98-SNAP was constructed by fusing the SNAP open reading 
frame (pSEMS1-26m from Covalys/New England Biolabs, Ipswich, 
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