Caenorhabditis elegans reveals a FXNPxY-
independent low-density lipoprotein receptor
internalization mechanism mediated by epsin1

ARTICLE

Yuan-Lin Kang?, John Yochem?, Leslie Bell®, Erika B. Sorensen¢, Lihsia Chen?, and Sean D. Conner®

2Department of Genetics, Cell Biology, and Development and the Developmental Biology Center, University of

Minnesota, Minneapolis, MN 55455; PDepartment of Molecular Biology, University of Wyoming, Laramie, WY 82071;

“Department of Biochemistry, University of Wisconsin-Madison, Madison, WI 53706

ABSTRACT Low-density lipoprotein receptor (LDLR) internalization clears cholesterol-laden
LDL particles from circulation in humans. Defects in clathrin-dependent LDLR endocytosis
promote elevated serum cholesterol levels and can lead to atherosclerosis. However, our un-
derstanding of the mechanisms that control LDLR uptake remains incomplete. To identify fac-
tors critical to LDLR uptake, we pursued a genome-wide RNA interference screen using
Caenorhabditis elegans LRP-1/megalin as a model for LDLR transport. In doing so, we discov-
ered an unanticipated requirement for the clathrin-binding endocytic adaptor epsin1 in LDLR
endocytosis. Epsin1 depletion reduced LDLR internalization rates in mammalian cells, similar
to the reduction observed following clathrin depletion. Genetic and biochemical analyses of
epsin in C. elegans and mammalian cells uncovered a requirement for the ubiquitin-interaction
motif (UIM) as critical for receptor transport. As the epsin UIM promotes the internalization of
some ubiquitinated receptors, we predicted LDLR ubiquitination as necessary for endocytosis.
However, engineered ubiquitination-impaired LDLR mutants showed modest internalization
defects that were further enhanced with epsin1 depletion, demonstrating epsin1-mediated
LDLR endocytosis is independent of receptor ubiquitination. Finally, we provide evidence that
epsin1-mediated LDLR uptake occurs independently of either of the two documented inter-
nalization motifs (FXNPxY or HIC) encoded within the LDLR cytoplasmic tail, indicating an ad-
ditional internalization mechanism for LDLR.
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INTRODUCTION

Clearance of cholesterol-laden low-density lipoprotein (LDL) from cir-
culation occurs via endocytosis of the LDL receptor (LDLR; Anderson
etal., 1977). Following receptor-ligand internalization, the complex is
targeted to the endosomal pathway, the acidity of which dissociates
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LDL from the receptor. LDL is then targeted to the degradative
pathway, while the receptor is recycled back to the plasma mem-
brane to promote additional rounds of LDL endocytosis. Maintaining
robust LDLR internalization rates is critical because failure to do so
can result in hypercholesterolemia and lead to atherosclerosis (Soutar
and Naoumova, 2007).

LDLR uptake is a highly coordinated process that is dependent
on a clathrin-mediated internalization mechanism. Clathrin coat as-
sembly drives plasma membrane invagination and formation of
cargo-containing endocytic vesicles, but it is not sufficient for LDLR
uptake (Maldonado-Baez and Wendland, 2006). Also required are
endocytic adaptor proteins that act as intermediates, linking clathrin
to membranes and cargo destined for internalization. In particular,
LDLR endocytosis relies on AP-2 and autosomal recessive hypercho-
lesterolemia (ARH) or disabled homologue 2 (Dab2). AP-2 is a het-
erotetrameric adaptor protein complex consisting of two large sub-
units (o, B2) that mediate interaction with clathrin, phospholipids,
and a host of accessory factors; a medium subunit (u2) that directly
engages endocytic cargo; and a small subunit (62) that appears to
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stabilize the complex (Robinson, 2004; Edeling et al., 2006). AP-2
serves a general requirement in the formation of endocytic clathrin
coats and is essential to internalization of myriad receptors, includ-
ing LDLR, epidermal growth factor receptor (EGFR), and the trans-
ferrin receptor (Motley et al., 2003; Boucrot et al., 2010). By contrast,
ARH and Dab2 are related monomeric adaptor proteins that per-
form more selective, tissue-specific roles in receptor endocytosis
(Morris and Cooper, 2001; Eden et al., 2002; Mishra et al., 2002;
Sirinian et al., 2005; Mettlen et al., 2010).

ARH and Dab2 are modular scaffolding proteins containing an
amino-terminal phosphotyrosine-binding (PTB) domain that en-
gages both phospholipids and the FxNPxY internalization motif
present within the cytoplasmic tail of target receptors such as LDLR
(Yun et al., 2003). The carboxy-terminal region encompasses several
small protein interaction modules that facilitate recruitment of core
endocytic machinery, such as AP2 and clathrin, as well as additional
accessory factors. For example, Dab2 interacts with Eps15 homol-
ogy (EH) domain proteins, such as Eps15 and intersectin, to coordi-
nate B1-integrin endocytosis (Teckchandani et al., 2012), and FCH
only domain-2 (Henne et al., 2010), to promote AP-2-independent
LDLR uptake (Mulkearns and Cooper, 2012). These extended inter-
actions, beyond the core endocytic machinery, implicate a dynamic
protein-interaction network, the activity of which is likely a key regu-
latory step in governing receptor internalization efficiency.

To gain additional insight into the regulatory steps that control
LDLR endocytosis and identify additional factors critical for receptor
internalization, we used an unbiased genome-wide RNA interfer-
ence (RNAI) screen, using a Caenorhabditis elegans LDLR superfam-
ily member and megalin homologue, LRP-1, as a model for LDLR
transport. In doing so, we discovered a requirement for epsin1 in
LDLR internalization.

Epsin family members are clathrin-associated proteins conserved
from yeast to mammals (Legendre-Guillemin et al., 2004), where
they coordinate internalization of signaling receptors and their li-
gands (Wang and Struhl, 2004; Dores et al., 2009; Kazazic et al.,
2009; Sorensen and Conner, 2010; Xie et al., 2012), control synaptic
vesicle recycling (Jakobsson et al., 2008), and perform a key role in
influenza virus uptake (Chen and Zhuang, 2008). In this paper, we
provide evidence that epsin1 promotes LDLR internalization via a
FxNPxY-independent pathway. We complement C. elegans in vivo
approaches with loss-of-function and biochemical analyses, using
mammalian cell culture systems to evaluate epsin1’s mode of action
in LDLR endocytosis.

RESULTS

Genome-wide screen identifies dab-1 and epn-1

in LRP-1 transport

To identify factors that promote LDLR internalization, we pursued a
genome-wide RNAI feeding strategy in C. elegans to screen for
genes involved in endocytosis of LRP-1, an LDLR superfamily mem-
ber that possesses two conserved [F/VIXNPxY internalization motifs
(FTNPVY4¢58  VDNPLY#744: Yochem and Greenwald, 1993). Given
that animals lacking LRP-1 arrest during larval development and
have trouble molting (Figure 1; Yochem et al., 1999), we reasoned
that defects in LRP-1 trafficking should mimic Irp-1 loss-of-function
(If) phenotypes. Indeed, RNAi-induced clathrin-heavy chain (CHC-1)
depletion leads to molting defects and larval arrest (Figure 1). This
indicated that Irp-1(If) phenotypes could serve as an initial visual
screen to identify LRP-1 transport genes. As with animal viability,
molting is orchestrated by myriad processes, many of which are un-
related to LRP-1 transport defects (Frand et al., 2005). Therefore, to
focus on genes involved in LRP-1 trafficking, we examined RNAi-fed
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FIGURE 1: Depleting endocytic machinery phenocopies Irp-1(If)
molting defects. Wild-type C. elegans animals (A) fail to molt when
fed chc-1 RNAI (B), similar to Irp-1(ku156) animals (C). Irp-1(ku156)
molting defects and animal viability are rescued with an Irp-1::gfp
transgene (eqls1, D). LRP-1::GFP can be detected along the anterior-
posterior axis within hyp7 (E). Arrowheads indicate unshed cuticle of
animals exhibiting molting defects. Scale bar: 20 pm.

animals that phenocopy Irp-1(If) for alterations in LRP-1 localization.
To facilitate the assessment of LRP-1 localization, we used LH191, an
Iro-1(ku156);  rrf-3(pk1426) strain  with a genome-integrated
Iro-1::gfp transgenic array (eqlsT) that fully rescues the Irp-1(I)
phenotypes (Figure 1). LRP-1::GFP is enriched in hyp7, a large hypo-
dermal syncytial cell that encompasses the animal body and spans
the anterior/posterior axis, and localizes to the apical region of the
cell (Figure 1), similar to endogenous LRP-1 (Yochem et al., 1999).

Using the described two-step strategy, we screened a bacterial
RNAI library that encompasses more than 80% of the 19,000
C. elegans open reading frames (Fraser et al., 2000; Kamath and
Ahringer, 2003). We identified 235 genes that alter LPR-1::GFP dis-
tribution within hyp7 when expression of these genes is reduced by
RNAi feeding (Supplemental Table 1). Consistent with published
studies, 31% of these identified genes are critical for molting (Frand
etal., 2005), while 26% are involved in oocyte yolk uptake, a process
dependent on receptor-mediated endocytosis (Figure 2A; Balklava
et al., 2007). Given the nature of our screening strategy, the largest
group of genes identified (~22%) was those implicated in intracel-
lular transport (Figure 2B and Table S2).

As LDLR internalization occurs via clathrin-mediated endocytosis,
it is not surprising that the screen identified genes encoding DYN-1/
dynamin 1 and the major coat constituents of the clathrin-mediated
endocytic pathway, including CHC-1/clathrin heavy chain and sub-
units of the adaptor protein complex AP-2. As seen with CHC-1 de-
pletion, LRP-1::GFP redistributed to the plasma membrane following
RNAi-induced depletion of DYN-1/dynamin, DPY-23/u2 adaptin, or
APS-2/62 adaptin (Figure 3), although the extent of localization de-
fect was somewhat variable between animals, likely reflecting knock-
down efficiency. Surprisingly, RNAi-induced depletion of the single
B-adaptin subunit, APB-1, resulted in a distinct, albeit abnormal, LRP-
1::GFP distribution reminiscent of endosomal accumulation. This pu-
tative endosomal distribution of LRP-1::GFP is consistent with AP1
functioning in receptor sorting decisions within the endosome
(Reusch et al., 2002; Gravotta et al., 2012; Shafag-Zadah et al., 2012;
Xu et al., 2012; Zhang et al., 2012). Given that C. elegans encodes a
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FIGURE 2: Distribution of genes identified using the two-step LRP-1::GFP transport screen.
(A) Venn diagram indicating the number of unique and overlapping genes identified from

C. elegans screens for genes involved in molting (Frand et al., 2005) and yolk uptake in oocytes
(Balklava et al., 2007). Numbers in parentheses indicate the total number of genes identified.

(B) Functional grouping of genes identified in the screen (see Table S2).

single B-adaptin subunit, it is possible that the spatial and functional
distinctions observed for mammalian AP-1 and AP-2 (Robinson,
2004) are not as well resolved in nematodes. Alternatively, this dis-
tinct LRP-1::GFP distribution may reflect cross-reactivity of the RNAI
clone, resulting in the knockdown of other gene(s).

As anticipated, we also identified dab-1, the single C. elegans
homologue of ARH and Dab2. Both ARH and Dab? are essential for
efficient LDLR endocytosis in mammals and promote LDLR uptake
by coupling the receptor to other components of the endocytic ma-
chinery (Garcia et al., 2001). dab-1 RNAi frequently resulted in molt-
ing defects (unpublished data; Kamikura and Cooper, 2006), as well
as significant plasma membrane accumulation of LRP-1::GFP
(Figure 3), consistent with impaired LRP-1 endocytosis. These
observations were also confirmed in dab-1(gk291)-null animals
(Supplemental Figure S1). Given the critical role of mammalian ARH
and Dab2 in LDLR endocytosis (Garcia et al., 2001; Maurer and
Cooper, 2006), the identification of dab-1 validates our strategy of
using C. elegans LRP-1 trafficking defects to elucidate genes in-
volved in LDLR transport. In addition to the aforementioned genes,
the screen also uncovered epn-1 as a candidate gene required for
LRP-1 endocytosis. Indeed, RNAi-depletion of EPN-1 resulted in a
redistribution of LRP-1 to the plasma surface, similar to the distribu-
tion seen following DAB-1 depletion (Figure 3).

FIGURE 3: LRP-1::GFP accumulates on the apical surface of hyp7 in epn-1 RNAi-fed animals.
LRP-1::GFP was analyzed by epifluorescence in LH191 (control) animals fed with RNAi directed
against each indicated gene. Scale bar: 10 pm.
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chaperone
2.6%

cytoskeletal Epsin1 promotes LDLR endocytosis

5% 5(3:":/\/'0 epn-1is the sole gene in C. elegans to en-
endosomal pH code epsin (Chen et al., 1998), a clathrin-
6.8% binding protein thought to serve as an en-
docytic adaptor to coordinate internalization
of some receptors (Maldonado-Baez and
Wendland, 2006). To determine whether the
role for epsin in LRP-1 internalization is also
conserved with mammalian LDLR, we first
examined uptake of Dil-labeled LDL
(Dil-LDL) in HelLa cells following epsin1 small
interfering RNA (siRNA)-mediated deple-
tion. Relative to control cells, a marked re-
duction in internalized Dil-LDL was observed
following a reduction in epsin1 expression,
similar to that observed following clathrin
heavy chain depletion (Figure 4A). By com-
parison, epsin1 knockdown did not alter
fluorescein isothiocyanate (FITC)-labeled
transferrin internalization in the same cells,
consistent with published reports that epsin
is not necessary for transferrin uptake
(Huang et al., 2004). We interpret these observations to indicate
that epsin1 is essential for robust internalization of endogenous
LDLR.

To measure changes in LDLR internalization following epsin1
knockdown, we used a CD8-LDLR chimera, which has been success-
fully used to quantitate LDLR internalization kinetics (Motley et al.,
2003) by tracking uptake of an antibody directed at the extracellular
CD8 epitope (51.1; Martin et al., 1984). Consistent with the Dil-LDL
uptake data, epsin1 depletion impaired CD8-LDLR uptake relative
to controls when evaluated qualitatively by immunofluorescence af-
ter CD8-LDLR-expressing cells were incubated for 5 min with 51.1
antibody (Figure 4, B and C). Likewise, quantitative analysis revealed
a significant reduction in CD8-LDLR internalization rate following
epsin1 depletion, similar to that observed following depletion of
clathrin heavy chain (Figure 4D) or Dab2 (Figure 4E). By comparison,
ARH depletion showed an intermediate internalization defect in
Hela cells, in line with published reports (Maurer and Cooper, 2006).
Collectively, these observations strongly support the conclusion that
epsin1 plays a role in promoting LDLR endocytosis.

general enzymes
13.2%

Epsin1 mediates LDLR endocytosis via
an FxNPxY-independent mechanism
To resolve the mechanism by which epsin1 mediates LDLR endocy-
tosis, we evaluated the possibility that it serves in concert with ARH
and Dab-2 via the FXNPxY mechanism. To
test this, we generated a CD8-LDLR mutant
in which the NPxY region of the FXNPxY in-
ternalization motif was deleted (CD8-
LDLRANPXY) to eliminate the contribution of
Dab2 and ARH in CD8-LDLR uptake. As ex-
pected, the CD8-LDLRANPY internalization
rate was markedly reduced relative to that
of the CD8-LDLR control (Figure 5). More-
over, the CD8-LDLRANPXY internalization rate
was not significantly altered following Dab2
depletion, consistent with the critical role of
Dab2 binding to the FXNPxY motif in LDLR
endocytosis.

Interestingly, an appreciable degree of
CD8-LDLRANPY  yptake was observed
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LDLR endocytosis requires epsin1. tTA Hela cells were transfected with control
siRNA or siRNAs targeting the indicated gene. LDL uptake was then qualitatively evaluated
by epifluorescence (A) or measured by tracking internalization of a CD8-LDLR chimera
(B and C). (A) Control cells or those depleted of CHC or epsin1 were incubated with
FITC-labeled transferrin (5 pg/ml) and Dil-labeled LDL (10 pg/ml) for 20 min at 37°C to
analyze ligand uptake. Panels include cells (arrowheads) we conclude were not depleted of
either CHC or epsin1, thus serving as internal controls for ligand uptake. LDLR chimera
uptake was qualitatively measured by 51.1 mAb uptake using epifluorescence in tTA Hela
cells treated with control siRNA (B) or siRNA targeting epsin1 (C). (D and E) tTA Hela cells
were treated with siRNA targeting the indicated factor and infected with CD8-LDLR
adenovirus to quantitatively measure internalization kinetics. Control and epsin1 data were
split into two graphs to facilitate visualization. Uptake experiments for each factor were
performed in tandem. Scale bar: 20 pm; error bars indicate £SD of at least three
independent experiments.
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(Figure 5), raising the possibility that FxN-
PxY-independent ~ LDLR internalization
mechanisms exist, as previously reported
(Michaely et al., 2007). Alternatively, LDLR
could dimerize (van Driel et al., 1987). Thus
the observed CD8-LDLRANPXY uptake might
result from dimerization and cointernaliza-
tion with endogenous LDLR, similar to pub-
lished reports (Yoshida et al., 1999; Zou and
Ting, 2011). We ruled out the latter possibil-
ity by testing CD8-LDLRANPXY internalization
kinetics in CHO IdIA cells that lack functional
LDLR (Kingsley and Krieger, 1984). As in
Hela cells, a similar degree of CD8-
LDLRANPXY yptake was also observed in CHO
IdIA cells, as well as in the parental cell line
(Figure S2). This indicated that the observed
uptake for CD8-LDLRANPXY did not arise from
dimerization with endogenous receptor, the
expression of which is significantly less than
that of recombinant CD8-LDLR. We thus
conclude that internalization observed for
CD8-LDLRANPXY occurred  independent  of
the mechanism requiring the FXNPxY motif.

We next evaluated how epsin mediates
LDLR internalization. If, like Dab2, epsin1
also relies on the FxNPxY motif, epsin1 de-
pletion should not further impair CD8-
LDLRANPXY yptake. Surprisingly and in con-
trast to Dab2 depletion, epsin1 siRNA
decreased CD8-LDLRANPXY internalization
even further, thus revealing epsin1 promotes
LDLR endocytosis via an FxNPxY-indepen-
dent mechanism.

The ubiquitin-interacting motif is
critical for receptor internalization
Epsin is a modular protein (Figures 6A and
7A) consisting of an epsin N-terminal ho-
mology (ENTH) domain that directly binds
phosphatidylinositol-4,5-bisphosphate
(Itoh et al, 2001) and Cdc42 GAPs
(Aguilar et al., 2006); a middle region
encoding multiple ubiquitin-interacting
motifs (UIMs) that engage ubiquitinated
endocytic cargo (Hawryluk et al., 2006;
Kazazic et al., 2009); and a series of small
motifs that support interaction with clath-
rin, AP-2, and EH domain—containing pro-
teins, such as Eps15 (Chen et al.,, 1998;
Drake et al., 2000). To further resolve how
epsin1 controls LDLR transport, we pur-
sued a functional dissection of EPN-1 in
C. elegans, given that epsin overexpres-
sion in mammalian cells is dominant nega-
tive for endocytosis of multiple receptors
(Sugiyama et al., 2005; Kazazic et al.,
2009; Sorensen and Conner, 2010). Ani-
mals homozygous for a strong loss-of-
function epn-1 allele tm3357 (Figure S3)
arrest as larvae at a stage before
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FIGURE 5: Epsin1 promotes FXNPxY-independent LDLR
internalization. tTA Hela cells were infected with adenovirus encoding
the indicated CD8-LDLR chimera, and internalization was quantitatively
measured and compared with Dab2- or epsin1-depleted cells. Error
bars indicate £SD of at least three independent experiments.
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molting defects are apparent but can be fully rescued by an
epn-1::mChr extrachromosomal array (Figure 6A).

To establish EPN-1 regions essential for LRP-1 internalization,
we generated a series of deletion mutants and tested their ability
to rescue larval lethality. In combination, we also imaged LRP-
1::GFP distribution in hyp7 in epn-1(tm3357) animals with an
Irp-1(ku156) eqls1(Irp-1::9fp) background by total internal reflec-
tive fluorescence (TIRF) microscopy to selectively visualize LRP-
1::GFP localization differences at the plasma membrane. Full-
length epn-1:mChr fully rescues the epn-1 larval lethality,
resulting in healthy adult animals that exhibit LRP-1::GFP distri-
bution in hyp7 indistinguishable from that of control LH191
Irp-1(ku156) eqls1(Irp-1::gfp) animals (Figure 6). On the other
hand, an epn-1 construct lacking the ENTH (EPN-14ENTH) fails to
rescue epn-1(tm3357) larval lethality (Figure 6A). By contrast, en-
gineered versions of EPN-1 lacking specific motifs that support
interaction with AP-2 or eps15 fully rescue epn-1 larval lethality.
In each case, LRP-1::GFP localization is indistinguishable from
that of control animals (Figure 6D; unpublished data), indicating
the AP-2- and EH-binding motifs in EPN-1 are not required for
viability or LRP-1 trafficking.

Remarkably, an EPN-1 mutant lacking
the UIM (EPN-12UM) fully rescues larval le-
thality, yet LRP-1::GFP localization is diffuse
at the apical cell surface of hyp7 (Figure 6E).
In addition to displaying diffuse LRP-1::GFP

normal
localization, epn-14Y™M animals also resem-
- ble dab-1 mutant animals in that they are
surface viable, fertile, and Dpy (short and fat), and
exhibit partial molting defects (Kamikura
surface and Cooper, 2003). Interestingly, rescue of
normal epn-1 lethality by EPN-14M is lost in the
normal dab-T1-null background. This synthetic le-
thality of dab-1;epn-12™ animals indicates
normal epn-1 and dab-1 function in parallel path-

ways and is reminiscent of our mammalian
analysis showing epsin1 and Dab2 act by
distinct mechanisms to internalize LDLR. To
determine which of the two EPN-1 UIMs is
required for LRP-1 internalization, we tested
the ability of engineered EPN-1 forms lack-
ing only one UIM to rescue LRP-1 distribu-
tion in epn-1 mutant animals. As expected,
both constructs rescue epn-1 larval lethality.
Animals expressing EPN-12UM2 (Jacking the
second UIM) displayed apparently wild-type
LRP-1::GFP distribution. However, animals
expressing EPN-12UMT exhibited diffuse cell
surface accumulation of LRP-1::GFP (unpub-
lished data) that was similarly observed in
LH191 animals following epn-1 RNAI feed-
ing or in dab-1(gk291) animals in a
Irp-1(ku156) eqls1(lrp-1::gfp) background
(Figure 6, F and G). Taken together, these
observations reveal a striking requirement
for the first EPN-1 UIM in promoting inter-
nalization of LDLR superfamily members,
similar to that recently reported for Notch

LH191;epn-1 RNAi

localization data for each line is also indicated. (B-G) LRP-1::GFP localization analysis in hyp7
using TIRF microscopy for each indicated line or RNAi-fed LH191 animal. Animals expressing
EPN-14UM rescue viability defects, but LRP-1::GFP accumulates on the surface of hyp7, like that
for dab-1(gk291) animals (F) and epn-1 RNAi-fed LH191 (G). Scale bar: 20 pm.
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transport in Drosophila (Xie et al., 2012). Re-
markably, this requirement is not coupled to
the as-yet-uncharacterized role of epsin that
is essential for animal viability.
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FIGURE 7: The UIM stabilizes protein complexes containing epsin’
and LDLR. (A) Diagram illustrating the mammalian epsin1 domain
structure and constructs used for immunoprecipitation analysis.

(B) tTA Hela cells expressing the indicated recombinant protein were
lysed and subjected to coimmunoprecipitation with the 51.1 mAb,
which recognizes the extracellular CD8 epitope of CD8-LDLR.
Bottom two panels indicate CD8-LDLR and epsin1 expression levels.
(C) CD8-LDLR-expressing tTA Hela cells were transfected with
plasmid encoding each epsin1 construct shown in (A). CD8-LDLR was
then immunoprecipitated with the mAb 4A4 antibody that recognizes
the LDLR cytoplasmic tail. Protein samples were then evaluated for
epsin1 binding by immunoblot analysis.

The UIM stabilizes epsin1 complex formation with LDLR

Robust receptor uptake necessitates tight spatiotemporal assembly
of protein complexes that couple cargo to the endocytic machinery.
Like epsin1, LDLR colocalizes with clathrin in coated pits at the cell
surface (Anderson et al., 1977; Chen et al., 1998). In support of
epsin1 mediating LDLR endocytosis, TIRF imaging revealed that
epsin1 and LDLR colocalize at the cell surface in mammalian cells
(Figure S4). Given the critical role of the UIM in receptor internaliza-
tion, we postulated that the UIM might influence epsin1 targeting to
clathrin-coated pits. However, no significant alteration in epsin1 re-
cruitment to clathrin-coated structures was observed when compar-
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ing epsin1-mChr and epsin12M-mChr using live-cell imaging (Figure
S4), a result that is in agreement with published reports (Chen and
Zhuang, 2008).

Given that epsin recruitment to clathrin-coated pits occurs inde-
pendently of the UIM domain, we postulated that the UIM domain
might function as a protein—protein interaction platform to promote
assembly of an endocytic network that drives receptor internaliza-
tion, similar to one recently suggested for yeast epsins (Dores et al.,
2009). To test this idea, we evaluated complex formation via coim-
munoprecipitation assays in cells that coexpressed CD8-LDLR to-
gether with either wild-type or epsin1 deletion mutants (Figure 7A).
Wild-type epsin1 readily coimmunoprecipitated with CD8-LDLR
(Figure 7B), indicating epsin1 and CD8-LDLR are present in a com-
plex. Similarly, engineered versions of epsin1 lacking the ENTH do-
main, the region spanning the clathrin- and AP-2-binding region, or
the single amino acid code (NPF) motifs also coimmunoprecipitated
with CD8-LDLR. By contrast, epsin14Y™ did not coimmunoprecipi-
tate with CD8-LDLR (Figure 7C), indicating that the UIM is critical for
epsin1 incorporation into CD8-LDLR complexes.

Epsin-mediated LDLR endocytosis is independent

of ubiquitin modification

Drosophila and mammalian epsins can bind and promote internal-
ization of ubiquitinated cargo (Chen et al., 2002; Sigismund et al.,
2005). Given the important role of the epsin1 UIM in receptor up-
take, we postulated that LDLR ubiquitination might be essential for
epsin1-mediated LDLR endocytosis. To test this notion, we first eval-
uated the internalization kinetics of a ubiquitination-impaired form
of CD8-LDLR (CD8-LDLRY>™t Figure 8A), using established muta-
tions that block LDLR ubiquitination (K790R,K795R,K809R and
C818A,; Zelcer et al., 2009). We reasoned that, if ubiquitination was
critical for epsinl activity, internalization of the CD8-LDLRUe-mut
should be impaired. Moreover, CD8-LDLRY>™t internalization de-
fects should not be further impacted following epsin1 depletion.
Relative to the CD8-LDLR control, the internalization rate of CD8-
LDLRY-mt was appreciably reduced, although this defect was not as
severe as that observed for CD8-LDLR following epsin1 depletion
(Figure 8B). Moreover, contrary to our prediction, CD8-LDLRUe-mut
uptake rate was further decreased following epsin1 knockdown.
Taken together, these results indicate epsinl-mediated LDLR up-
take can occur independent of LDLR ubiquitination status.

Epsin1 and FxNPxY-independent LDLR internalization
mechanisms

Our observations clearly indicate that epsin1 can promote LDLR up-
take via a mechanism independent of the FxNPxY motif (Figure 5).
Consistently, published observations reveal that LDLR internaliza-
tion can occur via the single amino acid code (HIC) motif (Michaely
et al., 2007), positioned C-terminal of the FXNPxY motif within the
LDLR cytoplasmic tail (Figure 8A). Indeed, mutating the HIC motif
(CD8-LDLRHICMut HIC mutated to AAA) reduced receptor internal-
ization rates relative to control CD8-LDLR (Figure 8C). Interestingly,
the cysteine residue within the HIC motif (Cys-818; Figure 8A) is also
deemed essential for the ubiquitin modification of LDLR (Zelcer
et al., 2009). Hence, it was mutated in CD8-LDLRY>™t, This raised
the possibility that the internalization defects observed for CD8-
LDLRY MUt might not result from changes in LDLR ubiquitination sta-
tus, but might instead result from a defective HIC motif. To test this,
we compared the internalization kinetics of CD8-LDLRUY>™t with
those of CD8-LDLRHE™t and a CD8-LDLR form in which only the
lysines were mutated (CD8-LDLR3<mut, K790R,K795R,K809R). CD8-
LDLR3KMUt internalization was similar to that of control CD8-LDLR
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FIGURE 8: Epsin1 promotes HIC-independent LDLR uptake. (A) Schematic amino acid sequence
of the human cytoplasmic domain (Lys-790 to Ala-839) for the CD8-LDLR chimera (wild-type) and
the various mutant forms tested. Numbers indicate amino acid positions relative to full-length
human LDLR. (B-E) tTA Hela cells were infected with adenovirus encoding the indicated
CD8-LDLR chimera and internalization was quantitatively measured and compared with cells
treated with control siRNA or siRNA targeting epsin1. Error bars indicate £SD of three or more

independent experiments.

(Figure 8C). By comparison, indistinguishable defects in receptor
uptake rate were observed for CD8-LDLRH!C™ut and CD8-LDLRYe-mut
(Figure 8C).

The striking similarity in the internalization kinetics for both CD8-
LDLRHIGmut and CD8-LDLRY™t raised the possibility that the mech-
anisms driving their endocytosis might be linked. To address this
possibility, we tested the uptake of a CD8-LDLR form that was mu-
tant for HIC and ubiquitination (CD8-LDLRY-HICmw) We reasoned
that if both mechanisms were linked, the CD8-LDLRYP-HIC-mut jnter
nalization rate should be similar to the rates of CD8-LDLR forms that
cannot be ubiquitinated or those lacking the HIC motif. Indeed,
CDB8-LDLRYHICMut yptake was indistinguishable from either CD8-
LDLRYbmut or CD8-LDLRMC™t (Figure 8C). Combined with the ob-
servation that CD8-LDLR3“™t endocytosis is normal, the latter find-
ings indicate ubiquitination is not critical for LDLR uptake. Instead,
the impaired internalization observed for CD8-LDLRUP™t likely
arises from mutating the cysteine residue, which is critical for HIC-
mediated LDLR uptake.
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DISCUSSION
Epsin1 requirement in LDLR endocytosis
In this study, we describe a genome-wide RNAI screen identifying
EPN-1/epsin as an essential factor in promoting internalization of
the C. elegans LDLR superfamily member LRP-1. We provide ge-
netic, cell-based, and biochemical evidence that demonstrate a
conserved activity for mammalian epsin1 in LDLR endocytosis. The
requirement for epsin family members in promoting internalization
of the LDLR family members is further underscored by the identifica-
tion of EPN-1/epsin in a previous C. elegans screen for genes in-
volved in yolk uptake into oocytes, a process also mediated by an
LDLR superfamily member, RME-2 (Balklava et al., 2007).
Interestingly, these findings contrast two studies in which siRNA-
mediated epsin1 depletion in human Hela SSé cells or monkey
BSC-1 cells was not found to disrupt LDLR internalization (Keyel
et al., 2006; Chen and Zhuang, 2008). This apparent discrepancy
may reflect differences in siRNA-induced epsin1 depletion or in the
experimental conditions and approach used to measure LDLR
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internalization, similar to the experimental conditions and approach
used recently for AP-2 (Boucrot et al., 2010).

FxNPxY- and HIC-independent LDLR uptake

The cytoplasmic LDLR tail encodes multiple internalization signals
critical for maintaining robust receptor internalization. The canoni-
cal FxNPxY motif (Chen et al., 1990) is recognized by the PTB do-
main-containing endocytic adaptor proteins ARH and Dab-2
(Garcia et al., 2001; Morris and Cooper, 2001; Mishra et al., 2002)
that couple the receptor to core endocytic machinery to drive LDLR
endocytosis. In the absence of a functional FXNPxY motif, LDLR
internalization can occur via an HIC-dependent mechanism
(Michaely et al., 2007), although the identity of endocytic adaptors
essential for HIC-mediated endocytosis are currently unknown. By
comparison, our loss-of-function analyses indicate that epsin1 can
promote LDLR internalization via a mechanism independent of
clathrin or either internalization motif. An FxNPxY-independent
mechanism for epsin is also supported by our observations in
C. elegans. Despite LRP-1 internalization defects, dab-1 animals,
as well as epn-14YM_expressing epn-1 mutants, are viable and fer-
tile. However, EPN-12VM_expressing dab-1;epn-1 double mutant
animals exhibit synthetic larval lethality, consistent with both genes
acting in parallel pathways. While our data demonstrate that epsin’1
promotes LDLR endocytosis independent of the FxNPxY and HIC
mechanisms, our observations do not enable us to resolve the po-
tential role for epsin1 in also facilitating LDLR uptake via an FxN-
PxY- or HIC-dependent route.

Our in vivo dissection of EPN-1 to rescue epn-1(tm3357) lethality
provided us the ability to distinguish protein motifs that are critical
for EPN-1 function from protein domains that have regulatory roles.
The inability of EPN-14ENTH o rescue epn-1(tm3357) lethality high-
lights the necessity of the ENTH domain to epsin function, a result
that was also uncovered by functional assays in other systems
(Wendland et al., 1999; Overstreet et al., 2003; Brady et al., 2008;
Xie et al., 2012). In contrast with the ENTH domain, EPN-1 trans-
genes that lack the UIM or protein modules important for interaction
with AP-2 or EH domain-containing factors rescue epn-1(tm3357)
lethality, revealing these motifs as having regulatory or redundant
roles. However, only EPN-1 forms lacking the UIM show abnormal
LRP-1::GFP accumulation at the plasma membrane, pinpointing the
UIM as essential for LRP-1 internalization. Reinforcing the impor-
tance of the UIM, our coimmunoprecipitation analyses in mamma-
lian cells also defined the UIM as necessary for epsin1 to stabilize
complex formation with the LDL receptor.

The requirement for the UIM in epsin1-mediated receptor trans-
port is echoed in a recent in vivo dissection of Drosophila epsin that
also revealed the importance of the UIM in Notch signaling (Xie
et al., 2012), as well as in previous studies that implicate a critical
role for the UIM in receptor transport (Shih et al., 2002; Overstreet
et al., 2003; Sugiyama et al., 2005; Dores et al., 2009; Kazazic et al.,
2009). However, the mechanistic role for the UIM remains unclear.
Our observations, combined with those of others (Chen and Zhuang,
2008), indicate that epsin1 recruitment to clathrin-coated pits is UIM
independent. By contrast, epsin1 interaction with ubiquitinated EGF
receptor relies on the UIM; UIM-mediated binding to ubiquitinated
EGFR is thought to promote receptor recognition and packaging for
endocytosis (Sigismund et al., 2005; Hawryluk et al., 2006; Kazazic
et al., 2009).

By comparison, ubiquitination is known to direct LDLR for degra-
dation within the lysosome (Zelcer et al., 2009). However, our obser-
vations indicate that LDLR ubiquitination is not essential for epsin-
mediated receptor endocytosis; epsin1 depletion further reduced
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the modestly impaired CD8-LDLRY™t internalization rate. These
findings, which are consistent with those in yeast, in which ubiquit-
inated cargo can be endocytosed in the absence of epsin binding to
ubiquitin (Dores et al., 2009), raise the possibility that the epsin’
UIM serves as a protein—protein interaction platform, as previously
suggested (Dores et al., 2009). We do not favor a direct interaction
between epsin1 and LDLR, given that in vitro binding and yeast two-
hybrid assays failed to detect a robust interaction (unpublished
data). Instead, it is possible that epsin1 interacts with other factors
that may be ubiquitin-modified to coordinate LDLR uptake. Alterna-
tively, the UIM might be important for regulating epsin1 endocytic
activity. For example, the UIM is essential for epsin1 ubiquitination
within the ENTH domain (Oldham et al., 2002). Additional analysis
is required to resolve these possibilities.

Role of epsins in animal viability

Our studies reveal that epsin function is required for viability in
C. elegans, similar to Drosophila and mice. Indeed, epsin loss in
Drosophila and mice results in embryonic lethality, although the pre-
cise defect that leads to lethality remains to be determined (Tian
et al., 2004; Chen et al., 2009; Xie et al., 2012). Likewise, the cause
for epn-1 larval lethality in C. elegans is not known, although one
possibility may be LRP-1 trafficking defects. Indeed, Irp-1-null
animals exhibit early larval lethality (Yochem et al., 1999). epn-1
larval lethality is rescued by EPN-14UM as a result of a partial sup-
pression of epn-1 LRP-1 trafficking defects. The synthetic lethality of
dab-1;epn-12YM animals is suggestive of enhanced LRP-1 trafficking
defects, which is reminiscent of our data indicating that epsin1 pro-
motes LDLR internalization in parallel with the FXNPxY mechanism
that relies on Dab2. Alternatively, epn-1 lethality may be LRP-1 inde-
pendent and a result of more pleiotropic defects in epn-T-mediated
transport of unidentified factors or the disruption of critical signaling
pathways that rely on receptor transport. While the cause for epn-1
lethality is unknown, it is clear from the dab-1;epn-12UM synthetic
lethality that epn-1 acts in parallel with dab-1 in C. elegans, as do
epsin1 and Dab2 in mammalian LDLR internalization.

MATERIALS AND METHODS

Animal strains

C. elegans strains were grown on nematode growth medium plates
at 20°C as described by Brenner (1974). The following alleles were
used: Irp-1(ku156), dab-1(gk291) and epn-1(tm3357). Bristol N2
served as the wild-type C. elegans strain. The following alleles were
used:

LGl: Irp-1(ku156)
LGIl: dab-1(gk291), rrf-3(pk1426)
LGX: epn-1(tm3357), unc-7(35)

The epn-1(tm3357) strain was kindly provided by Shohei Mitani
(National Bioresource Project, Tokyo Women's Medical University
School of Medicine). We obtained a twice-outcrossed epn-1(tm3357)
strain from Erik Jorgensen (University of Utah) that we outcrossed
seven additional times.

C. elegans expression vectors. epn-1 genomic DNA was kindly
provided by Erik Jorgensen (University of Utah). All epn-1 expression
constructs were cloned in the pGEM-3Zf(+)vector. epn-1 wild-type
and deletion DNA was cloned using engineered Bglll and Notl
restriction sites. mCherry was inserted in frame at the 3’ end of
epn-1 just prior to the stop codon using engineered Notl and BamHI
restriction sites.
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Pepn-1::epn-1::mCherry (epn-1 genomic DNA, including 1551
base pairs of sequences upstream of the start codon and 1659
base pairs of sequences downstream of the epn-1 coding
region)

Pepn-1::epn-TAENTH::mCherry (epn-1 genomic DNA, deletion
of aa 19-140)

Pepn-1::epn-TAUIM::mCherry (epn-1 genomic DNA, deletion of
aa 193-232)

Pepn-1::epn-1AUIM1::mCherry (epn-1 genomic DNA, deletion
of aa 193-207)

Pepn-1::epn-TAUIM2::mCherry (epn-1 genomic DNA, deletion
of aa 218-232)

Pepn-1::epn-TAAP2::mCherry (epn-1 genomic DNA, deletion of
aa 285-332)

Pepn-1::epn-1ANPF::mCherry (epn-1 genomic DNA, deletion of
aa 425-469)

Generated C. elegans transgenic strains

LH191: Irp-1(ku156) eqls1; rrf-3(pk1426)

LH801: Irp-1(ku156) eqls1; dab-1(gk291)

LH757: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
1::mCherry

LH764: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
TAUIM::mCherry

LH819: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
1AUIM1::mCherry

LH824: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
1AUIM2::mCherry

LH770: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
1TAAP2::mCherry

LH761: Irp-1(ku156) eqls1; epn-1(tm3357); eqEx Pepn-1::epn-
TANPF::mCherry

eqgls1 is a spontaneously integrated transgene containing
Irp-1::gfp that rescues Irp-1 mutations. It was generated in the fol-
lowing manner: Two plasmids, MH#jy209b and MH#jy207b, contain
overlapping DNA from the Irp-1 locus that can result in an intact
gene to rescue Irp-1 mutant animals (Yochem et al., 1999). GFP was
inserted in frame with the cytoplasmic tail of LRP-1 in MH#jy207b at
the Pacl/Sall restriction sites. The resulting LRP-1::GFP-
pBluescript(SK+) plasmid was injected into unc-13 Irp-1(ku156);
nDp4/+ animals, together with MH#jy209b and a coinjection marker,
pRF4, which confers dominant rolling. Rescue of ku156 is indicated
by the production of healthy, viable unc-13 progeny, which were
picked for further propagation. One such animal and its progeny
appeared to have a spontaneous insertion at or near the Irp-1(ku156)
locus and showed GFP expression in hyp7 with a pattern identical to
that observed in wild-type animals stained with anti—LRP-1 antibod-
ies (Yochem et al., 1999). The proximity to the Irp-1 locus and an
absence of rolling are consistent with gene conversion, but this has
not been examined at the DNA level. eglsT was then separated
from the unc-13 marker by standard genetic recombination, and off-
spring homozygous for the eqgls1 were then isolated. eqgls? was
crossed into rrf-3(pk1426) and dab-1(gk291) animals to generate the
LH191 and LH801 strains, respectively.

All epn-1 expression constructs were injected at 1 ng/pl with
70 ng/ul str1::gfp as the coinjection marker into Irp-1(ku156) eqls1;
epn-1(tm3357)/unc-7(e5) animals.
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C. elegans RNAIi screen. We used an established bacterial RNAi
library that covers an estimated 86% of the C. elegans genome and
adapted an established RNAi by feeding protocol (Kamath and
Ahringer, 2003). Briefly, we placed three gravid LH191 animals on
each plate seeded with a single bacterial RNAi clone. Gravid animals
were used in the screen to bypass any embryonic requirement of
the gene targeted by RNAI. After 3 d, the progeny of the RNAI-
treated adults were examined for Irp-1-null phenotypes, which
include larval arrest and/or defective molting. These animals were
then further examined under light microscopy for alterations in LRP-
1::GFP distribution, as compared with control LH191 animals.

Reagents

The monoclonal antibodies TD.1, E7, and 4A4 were used to recog-
nize clathrin heavy chain, B-tubulin, and LDLR. The mouse hybrido-
mas 4A4 (CRL-1898), 51.1 (HB-230), and TD.1 (CRL-2232) were ob-
tained from the American Type Culture Collection (Manassas, VA).
Rabbit antibody against CD8-co. (H-160) and mouse antibody against
Dab2 (610464) were from Santa Cruz Biotechnology (Santa Cruz,
CA) and BD Biosciences (Franklin Lakes, NJ), respectively. Rabbit
polyclonal antiserum against Epsin1 was a generous gift from
Sandra Schmid (University of Texas, Southwestern Medical Center).
BSC-1 cells stably expressing CLC-GFP were a generous gift from
Tom Kirchhausen (Harvard University). Lipofectamine LTX and Plus
Reagent and Lipofectamine RNAMAX were used for DNA and siRNA
transfection following the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). CHO IdIA cells lacking functional LDLR and the pa-
rental CHO cell line were a gift from Monty Krieger (Massachusetts
Institute of Technology).

Plasmid used to generate adenovirus coding for mouse CD8-
LDLR chimera was a gift from Margaret Robinson (Cambridge Uni-
versity) and were used in experiments for Figures 4 and 7. Human
cDNA for LDLR was a gift from Peter Tontonoz (University of Califor-
nia, Los Angeles) and was used to generate adenovirus encoding
the extracellular domain of human CD8 fused to LDLR, starting with
the LDLR transmembrane domain (WT, ANPxY, Ub-mut, HIC-mut,
3K-mut, Ub-HIC-mut, ANPxY-HIC-mut, ANPxY-Ub-mut) and was
used in experiments for Figures 5, 8, and S2. Rat epsin1 sequence
was based on NM_057136. myc-Tagged Rat epsin1 cDNA was
kindly provided by Pietro De Camilli (Yale University). Epsin1 trun-
cations were engineered using PCR-based mutagenesis and sub-
cloned to the EcoRI/Xhol site of pcDNA3-myc plasmid. Epsin1 do-
main deletions spanned the following amino acids: ENTH (19-132),
UIM (184-248), CL/AP-2 (257-484), and NPF (501-575). For car-
boxy-terminal fusions, mCherry was subcloned into the Xhol/Xbal
site of pcDNA containing myc-epsin1 or myc-epsin1AUIM.

Coimmunoprecipitation

tTA Hela cells were infected with CD8-LDLR adenovirus and trans-
fected with myc-tagged epsin1 wild-type or deletion constructs
4-6 h after seeding in 60-mm dishes. Cells were harvested 18 h
after transfection and lysed in IP buffer (50 mM Tris-Cl, pH 7.5,
150 mM NaCl, 2 mM EDTA, and 1% NP-40) with protease inhibitor
complex (P8340; Sigma-Aldrich, St. Louis, MO). CD8-LDLR contain-
ing protein complexes were immunoprecipitated using either 51.1
or 4A4 antibody; this was followed by incubation with protein G
agarose beads (EMD Bio, San Diego, CA). The resulting IP products
were subjected to immunoblot analysis.

Immunolocalization

tTA Hela cells grown on coverslips were fixed with ice-cold acetone
for 10 min, which was followed by ice-cold methanol for 2 min. Cells
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were then washed with 1X PBS and incubated with primary antibody
at room temperature for 1 h. After three washes with 1X PBST (PBS
containing 0.1% Tween-20), cells were incubated with secondary
antibodies conjugated with either Alexa Fluor 488 or Alexa Fluor
555 (Invitrogen) at room temperature for 1 h. Samples were imaged
with a Zeiss TIRF microscope (Jena, Germany). For live-cell imaging,
8x 104 BSC-1 cells stably expressing clathrin-light-chain-eGFP were
seeded in 35-mm dishes and transfected with either myc-epsin1-
mCherry or myc-epsin1 AUIM-mCherry. Samples were visualized
with the Zeiss TIRF microscope.

siRNA-mediated knockdown

tTA Hela cells (3.1 x 10 were plated in six-well plates and trans-
fected with siRNA on days 1 and 2. For the internalization assay,
cells were then infected with CD8-LDLR expressing adenovirus on
day 3 for an additional 18 h. Knockdown siRNAs for each target in-
cluded: ARH, AACAGCATGATTCTGACAGGGTTGG; CHC, TAATC-
CAATTCGAAGACCAAT, epsin1, GGAAGACGCCGGAGTCATT,
and Dab2, AGGTTGGAACCAGCCTTCACCCTTT. Each siRNA was
obtained from Invitrogen. Silencer negative control siRNA (#1) was
from Ambion (Austin, TX). The extent of expression knockdown was
evaluated by immunoblot (Figure Sé).

Internalization assay

For quantitative uptake assays, tTA Hela cells were resuspended in
DMEM/10% fetal bovine serum with CD8 mAb (51.1); this was fol-
lowed by incubation of ['?*lJprotein A (Perkin Elmer-Cetus, Waltham,
MA) in DMEM/0.5% bovine serum albumin at 4°C. Cells were trans-
ferred to a 37°C water bath to allow for internalization for each indi-
cated time point. Internalization was stopped by moving cells to
4°C. Surface-bound ligands were stripped with acid wash (0.2 M
acetic acid, 0.5 M NaCl). The amount of internalized CD8-LDLR was
determined by v counting and expressed as a percentage of total
surface-bound y count.

For epifluorescence analysis, tTA Hela cells grown on coverslips
were transfected with either control or the indicated siRNA. After
70 h of knockdown, cells were incubated with 10 pg/ml Dil-LDLR
(Biomedical Technologies, Stoughton, MA) and 5 pg/ml Alexa Fluor
488-labeled transferrin (Invitrogen) at 37°C for 20 min. Coverslips
were then transferred to ice, washed once with 1X PBS, and fixed
with ice-cold 3.7% formaldehyde. Cells were mounted and imaged
by epifluorescence using a Zeiss Axio Imager M1 and captured with
a monochrome Jenoptik (Jena, Germany) CCD camera. Images
were imported, cropped and illustrated using the Adobe Creative
Suite CS3 (San Jose, CA).
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