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The regulation of endocytosis by kinases: cell biology meets genomics
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Abstract

The mechanisms of signal transduction and vesicular transport have traditionally been studied in
isolation, but recent studies make it clear that the two processes are inextricably linked. A new
genome-wide analysis of human kinases using RNA interference shows an unexpected depth and
complexity to the interactions between these processes.

Since the discovery in the nematode Caenorhabditis elegans
that the introduction of a double-stranded RNA (dsRNA)
trigger can lead to the selective inhibition of gene expression
in a sequence-specific manner [1], this phenomenon - now
widely known as RNA interference (RNAi) - has spawned
many new applications. Among these is the invention of a
whole area of genomics research dedicated to studying
RNAi-induced phenotypes. Such phenotypes generally
mimic reduction-of-function or loss-of-function mutations
that have formed the backbone of traditional genetics
research for more than a century. Most large-scale screens
using this method have been performed in model organisms
such as C. elegans [2-4] and Drosophila melanogaster [5,6].
As a result of recent insights into the mechanism of RNAi
and the resulting identification of small interfering RNAs
(siRNAs), such large-scale approaches are now also feasible
in cultured mammalian cells [7,8]. The quantity of data
derived from large-scale or whole-genome RNAi-based
screens, while sometimes overwhelming, has begun to
provide insights into complex biological phenomena that
had previously proved intractable [4,9]. Endocytosis is one
such complex cellular process that has begun to give up its
secrets to the RNAi cognoscenti. In this article we focus on a
recent report by Marino Zerial and colleagues [10], who
utilize cutting-edge techniques to perform a genome-wide
RNAI screen exploring the role of each human kinase in the
regulation of endocytosis.

Endocytosis uses membrane-bound vesicles to internalize
macromolecules and fluid from the plasma membrane and
extracellular space and is a crucial process for all eukaryotic
cells. Endocytosis mediates a plethora of biological processes
including nutrient uptake, regulation of growth factor recep-
tors, synaptic vesicle recycling by the nervous system, and
antigen processing by the immune system. Recent RNAi-
based studies provide new insights into the regulation of the
best studied pathway, clathrin-dependent endocytosis [11],
as well as the less well understood endocytosis pathway
mediated by lipid rafts [12].

The basic steps in the clathrin-dependent endocytic
pathway as currently understood are shown in Figure 1a.
After recruitment of cargo molecules into a clathrin-coated
pit, the pit is pinched off into a vesicle. The clathrin coat is
actively removed, allowing fusion of the vesicle with an
early endosome. Early endosomes are sorting stations
within the cell, delivering some cargo molecules to late
endosomes and eventually lysosomes, while other cargo
molecules are instead recycled, either directly or indirectly,
to the cell surface.

Over the past decade the importance of alternative clathrin-
independent routes of endocytosis for certain cell-surface
cargo has become increasingly clear (Figure 1b). One uptake
route for some, but not all, clathrin-independent cargo is
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Schematic representation of two endocytosis pathways. (a) Cargo trafficking mediated by clathrin-dependent endocytosis. This pathway is typically
initiated by the recruitment of cargo into clathrin-coated pits at the plasma membrane. After pinching off from the plasma membrane, clathrin-coated
vesicles are transported to the early endosome. Here cargo is sorted for delivery to the degradative pathway, that is, the late endosome and lysosome,
or is recycled to the plasma membrane directly, or via the recycling endosome. (b) Caveolae-dependent endocytosis. This pathway starts at the plasma
membrane. After leaving the plasma membrane caveolar vesicles can either briefly fuse with early endosomes or fuse with caveosomes. From
caveosomes, cargo can either traffic to the endoplasmic reticulum or early endosomes, or back to the plasma membrane. Vesicular stomatitis virus (VSV)
and transferrin receptor (TfR) enter cells via the clathrin-mediated pathway, whereas simian virus 40 (SV40) and cholera toxin B subunit (ChTxB) use the

caveolae and raft-mediated pathway. LDL, low density lipoprotein.

through caveolae, specialized invaginations in the plasma
membrane [12]. Caveolae are considered to represent a spe-
cialized form of a cholesterol- and sphingolipid-rich lipid
raft domain that is chemically distinguished by the presence
of caveolins, cholesterol-binding proteins essential to the
structure and function of these invaginations [13]. At least
some raft-dependent cargo is thought to enter cells through
caveolae, which inside the cell form endosome-like struc-
tures known as caveosomes [14].

Pelkmans et al. [10] now describe an RNAi-based screen
they developed to explore the role of all human kinases (also
called the kinome) in the regulation of clathrin-dependent
and caveolae-dependent endocytic pathways. The authors
developed a clever method to assay quickly for defective

endocytosis taking advantage of two well-studied viruses
that infect cells via endocytic uptake. Vesicular stomatitis
virus (VSV) enters cells via the clathrin-mediated pathway
(Figure 1a) [15], whereas simian virus 40 (SV40) uses caveolae/
raft-mediated endocytosis for host-cell infection (Figure 1b)
[16,17]. By systematically knocking down the level of each
human kinase individually, 590 in total, and monitoring the
changes in viral infection rates in HeLa cells (which reflect
regulation of the two endocytic routes), the authors were
able to gain new insights into endocytic regulation [10]. The
screen was designed to detect both decreases and increases
in viral infection rates. Lower rates of viral infection suggest
a reduction in the uptake or trafficking of viral particles,
whereas an increased infection rate suggests enhanced
uptake or trafficking of virus.
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Surprisingly, more than a third of all kinases affected either
VSV and/or SV40 infection, indicating that the kinome con-
tains large numbers of endocytosis regulators. Most kinases
previously implicated in endocytosis were detected in this
work [10] as regulators of viral infection, indicating the high
sensitivity of the assay used for the screen. Nearly a quarter
of all of the kinases found to be regulators of endocytosis in
the screen are currently poorly characterized or uncharacter-
ized, and thus represent fertile ground for new research. In
particular, the next challenge will be to identify the specific
substrates of these kinases, potentially revealing new com-
ponents in the endocytic process, and new signaling path-
ways that impinge on endocytic trafficking. Interestingly,
kinases whose loss resulted in less efficient VSV infection
through the clathrin pathway were much more numerous
that those whose loss led to more efficient infection. Con-
versely, the number of kinases whose loss resulted in
increased SV40 infection was relatively high. A significant
group of kinases were identified whose loss affected both
viruses, many in a reciprocal manner.

These observations lead to several interesting hypotheses.
First, the fact that few perturbations of the clathrin pathway
result in higher output indicates that in HeLa cells the
clathrin pathway is constitutively highly active. On the other
hand, many perturbations in kinase function result in higher
throughput in the caveolar-raft pathway, suggesting that this
pathway is under significant phosphorylation-dependent
negative regulation. The identification of a group of kinases
with opposite effects on the two pathways may indicate that
the pathways are physiologically linked. Some of these oppo-
site effects appear to be mediated through the regulation of
actin (see [10] and references therein). Actin dynamics have
been proposed to be required for clathrin-dependent endo-
cytosis, whereas actin microfilaments may inhibit caveolar
uptake. Such interpretations are highly tentative, however,
as viral infection is a complex process that does not simply
reflect the ability of the virus to enter the endosomal
pathway, but also its ability to break free and reach the cyto-
plasm, and express viral genes. Furthermore, more rapid
delivery of viral particles to the destination compartment,
such as the late endosome for VSV, does not necessarily
guarantee greater infection rates.

To address these questions and validate the role of specific
kinases in regulating endocytosis, one additional kinome-
wide phenotypic screen was performed [10]. This analyzed
the localization of fluorescently labeled transferrin, a classic
assay of clathrin-mediated uptake and transit through the
recycling pathway. Pelkmans et al. [10] further analyzed 50
of the positive kinases showing an altered phenotype in the
viral screens by documenting the morphology and distribution
of early and late endosomes, of caveolin labeled with green flu-
orescent protein (GFP), and of several cargo molecules,
providing clues to which particular trafficking step had been
perturbed. Hierarchical clustering of kinases on the basis of
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these phenotypic observations identified functional groups
that are likely to work in concert to regulate particular
aspects of endocytosis. In theory, these phenotypes can be
used to help identify the direct or indirect targets of these
kinases - that is, the molecules that directly regulate mem-
brane trafficking events through a similar detailed compari-
son of phenotypes after knockdown of well-studied
trafficking factors. It should be noted that a small number of
kinases showed defects in transferrin uptake after RNAi but
were not picked up as regulators of viral infection, suggest-
ing that the actual number of kinases regulating endocytic
trafficking could be even higher than revealed by the
primary screen.

Pelkmans et al. [10] also clustered the kinases into 11 groups
on the basis of their known functions in various signaling
pathways. Although one might suspect that the large number
of metabolic kinases found in the screen indicated indirect
effects of the metabolic state of the cell on trafficking, the fact
that most of the metabolic kinases showed specificity for only
one endocytic pathway or the other suggests otherwise. In
addition, several signaling pathways also showed selective
effects on only one of the endocytic uptake routes. Wnt sig-
naling pathway kinases, cell-cycle-regulating kinases, mTOR
pathway kinases, and signaling pathways originating from
G-protein-coupled receptors were all shown to be regulators
of clathrin-mediated endocytosis or trafficking. Interestingly,
kinases participating in integrin signaling were shown to
specifically control only non-clathrin-mediated endocytosis.
A recent article by Wu et al. [18], however, indicates that
focal adhesion kinase (FAK), one of the kinases downstream
of integrins, regulates endocytosis of matrix metallopro-
teinases through a clathrin-dependent mechanism. This
apparent conflict is likely to be due to the different cargo mol-
ecules assayed, suggesting that a more comprehensive screen
of cargo molecule types will be required to clarify the relation-
ships between regulatory molecules and their targets. It is
also important to remember that signaling pathways in the
cell are not isolated but are highly interactive, implying that
many of the effects described are likely to be quite indirect.

Genomic approaches are increasingly being used to address
many aspects of membrane trafficking. Sieburth et al. [9]
recently published a genome-wide screen in C. elegans,
identifying proteins necessary for the structure and function
of the neuromuscular synapse. Clathrin-mediated endocyto-
sis in particular is thought to be a critical component of the
synaptic-vesicle cycle, and this new screen identified some
known clathrin-associated molecules as well as many com-
pletely new synaptic components [9]. A significant number of
kinases were also identified. Other groups have also recently
applied a systems biology or genomics approach to under-
standing the functional relationships among eukaryotic
membrane-trafficking components. Gurkan et al. [19] ana-
lyzed expression profiles of Rab GTPases and their effectors
in a wide variety of mammalian tissues and cells. This

Genome Biology 2005, 6:245

Balklava and Grant 245.3




245.4 Genome Biology 2005,

Volume 6, Issue |13, Article 245

important study provides a wealth of new information rele-
vant to understanding mammalian Rab proteins, of which
there are more than 50, and their effectors, most of which
are currently very poorly characterized.

A key remaining question for all such genomic screens will
be the directness of the effects shown. In particular, identifi-
cation of the most proximal endocytotic pathway substrates
of the kinases identified by Pelkmans et al. [10] will be
essential. It remains to be determined whether kinases from
the same signaling pathway all regulate the same step of
trafficking. Early evidence provided by the secondary
screens [10] suggests that multiple aspects of trafficking are
targeted simultaneously, probably leading to more precise
outcomes. The large number of kinases controlling endocytic
trafficking also suggests that a large number of phosphatases
will contribute to this process. Finally, it will be of great
interest to see how these regulatory mechanisms contribute
to higher-order processes such as cell polarity and tissue for-
mation and organization. The information derived from each
of these genomics approaches has provided a plethora of
valuable leads that are likely to drive the vesicle-trafficking
field for years to come.
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