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Search for inhibitors of endocytosis

Intended specificity and unintended consequences
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We discuss here the variety of
approaches that have been taken
to inhibit different forms of endocytosis.
Typically, both non-specific and specific
chemical inhibitors of endocytosis are
tried in order to “classify” entry of a
new plasma membrane protein into one
of the various types of endocytosis. This
classification can be confirmed through
genetic approaches of protein depletion
or overexpression of mutants of known
endocytosis
Although some new compounds have

machinery components.
been designed to be selective in biochem-
ical assays, we caution investigators to
be alert to the unintended consequences
that sometimes arise when these com-
pounds are applied to intact cells.

Endocytosis is a process that cells use to
bring extracellular material and plasma
membrane into the cell interior. Once
internalized, the fluid, membrane pro-
teins and membrane lipids meet different
fates by trafficking to different compart-
ments: to late endosomes and lysosomes
for degradation, to recycling endosomes
for recycling back to the PM, to the trans
Golgi network or to other destinations in
the cell. Endocytosis is important for the
proper signaling and regulation of cell
surface receptors, delivery of nutrients
into the cell, establishment and mainte-
nance of cell polarity, and the turnover
of PM proteins and lipids. Additionally,
bacterial toxins and pathogens use endo-
cytosis as a mode of entry to the cell
interior. Understanding how this pro-
cess occurs and how it is regulated is a
goal for cell biologists. Complicating this
is the fact that endocytosis takes many
forms.

Cellular Logistics

Classically, endocytosis can be divided
into pinocytosis and phagocytosis (Fig. 1).
Pinocytosis involves internalization of
fluid while phagocytosis, an actin-depen-
dent process, involves the internaliza-
tion of large particles such as bacteria.
Pinocytosis can be further divided into
those that are dependent on the clath-
rin coat (clathrin-mediated endocytosis,
CME) or those that are independent of
clathrin (clathrin-independent endocy-
tosis, CIE). CME has been extensively
studied for the past 30 years and the
machinery involved in selecting the cargo
and initiating and completing the pro-
cess is well understood.”* CME requires
adaptor proteins that select and concen-
trate cargo into clathrin-coated pits and
depends on the dynamin GTPase to facil-
itate vesicle scission.? By contrast, the vari-
ety of forms of CIE observed in different
cells has presented a complicated picture,
making descriptions of these pathways

less clear.
CIE 1is involved in the internal-
ization of glycolipid-binding toxins,

glycosylphosphatidyl  inositol-anchored
proteins (GPI-AP), and many cell surface
proteins (channels, transporters, proteins
involved in cell-cell and cell-matrix inter-
actions and in cellular immune function).
CIE occurs independently of adaptor pro-
teins and clathrin coats, and mostly does
not require dynamin for vesicle scission.
CIE pathways are an active area of study.
Thus far, it has been shown that the small
GTPase Arf6 is associated with the uptake
and sorting of many plasma membrane
proteins® while some lipid-raft associ-
ated pathways (called “CLIC/GEEC”)*
are involved in endocytosis of GPI-AP.
Rho proteins have been implicated in yet
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Figure 1. Different types of endocytosis. Endocytosis can be broadly classified into pinocytosis and phagocytosis. Phagocytosis involves the inter-
nalization of large particles like bacteria whereas macropinocytosis involves the internalization of enlarged fluid-filled endosomes; both processes
are driven by actin (shown as hatched lines). Clathrin-mediated endocytosis (CME) is a selective mechanism whereby cell surface proteins containing
specific sorting sequences are gathered into membrane depressions by associating with adaptor proteins which recruit clathrin (¥). CME endosomes
pinch off from the cell surface by recruiting the dynamin GTPase (¢) to the bud neck. Clathrin-independent endocytosis (CIE) is shown here as one
form, although there are reports of distinct variations of CIE. Most CIE is clathrin- and dynamin-independent and cholesterol-dependent and includes
both the CLIC/GEEC and Arf6-associated forms of CIE. In addition other CIE modes (caveolae- and RhoA-dependent) are dynamin-dependent.

another CIE pathway.’ It is likely that
the Arf6 and CLIC-GEEC pathways are
closely related since they both are clathrin-
and dynamin-independent, cholesterol-
dependent and carry GPI-AP into the cell.
Finally, macropinocytosis is a stimulated
form of CIE where large pinosomes are
brought into the cell interior as a conse-
quence of cellular protrusions in an actin-
dependent process.®

To better understand the different
types of endocytosis, cell biologists have
sought ways to block this process through
chemical and genetic means. The use
of such inhibitors can reveal molecular
components required for, and the physi-
ological consequences of blocking, specific
forms of endocytosis. These studies con-
tribute to an understanding of the basic
mechanism(s) of endocytosis and help
define modes of cellular entry for medi-
cally relevant components such as sig-
naling receptors, and bacterial and viral
pathogens. In this commentary we discuss
the approaches that have been taken to
block particular forms of endocytosis (see
Table 1). These include the use of non-
specific chemical inhibitors, the new gen-
eration of selective pharmacologic agents,
and genetic approaches designed to target
a particular form of endocytosis. We will
discuss advantages and limitations of each

approach.
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Classical Chemical Inhibitors
of Endocytosis

An attractive feature of chemical inhibitors
is that they may be administered acutely
to reveal direct inhibition of a particular
process. Reversibility of the block can also
help support the notion that the effect is
specific on the particular mode of endocy-
tosis being examined. Nevertheless, there
is always a possibility of indirect effects of
the agent influencing another process that
will affect that form of endocytosis. For
example, inhibitors of actin polymeriza-
tion, cytochalasin D or latrunculin block
both actin-dependent phagocytosis and
macropinocytosis, which is not surprising
since macropinosomes and phagosomes
are coated with actin. Although actin
polymerization appears to be required
for endocytosis in yeast, this is less clear
in mammalian cells.” Inhibitors of actin
polymerization have variable effects on
transferrin endocytosis by CME depend-
ing on the cell line examined and experi-
mental conditions used.® Some forms of
CIE are not dependent on actin polym-
erization however recycling of endosomal
membrane back to the cell surface is

%10 which could com-

dependent on actin,
plicate interpretations of experiments.
Thus, care should be taken to ensure that

a requirement for a process is a direct and
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specific one and not a downstream conse-
quence of inhibiting another process.
Over the past 25 years a number
of chemical inhibitors have been used
with the intent to block CME. In many
instances and cell types this is the case;
however, these treatments are general cel-
lular perturbants and thus suffer from
unknown global effects on the cell (see
Table 1). For example, potassium deple-
tion was found to block CME by causing
aggregation of clathrin in the cytoplasm
thus removing it from functioning at the
cell surface."" However, significant reduc-
tion of potassium in the cell leads to a
reduction in protein and DNA synthesis."?
Hypertonic sucrose is another treatment
used to inhibit CME"P yet it also causes
cell shrinkage and may lead to changes
in cortical actin cytoskeleton."" These
treatments continue to be popular tools
for demonstrating endocytosis through
CME despite the fact that both potas-
sium depletion and hypertonic sucrose are
reported to impair the formation of both
coated and uncoated invaginations at the
PM.® Cytosol acidification blocks CME
by freezing clathrin-coated pits at the cell
surface;'? however, other effects on the
actin cytoskeleton and macropinocytosis
1617 Chlorpromazine
is a cationic amphipathic drug that causes

have been reported.

the assembly of adaptor proteins and
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Table 1. Chemical and genetic endocytosis inhibitors

Endocytosis inhibitors Pathways targeted
Chemical inhibitors

Hypertonic sucrose' CME
Potassium depletion" CME
Cytosol acidification' CME
Chlorpromazine'® CME
Monodansylcadaverine® CME
Phenylarsine oxide®' CME
Chloroquine® CME
Monensin>* CME

Phenothiazines®>®
Methyl-B-cyclodextrin®
Filipin
Cytochalasin D, latrunculin

Amiloride

Pharmacological inhibitors

CME; phagocytosis

Lipid raft

CIE

Phagocytosis;
macropinocytosis

Macropinocytosis

Dynasore® CME
Dynoles, dyngoes®® CME
Pitstop 23* CME

Genetic approaches
Dynamin mutant, Dyn K44A% CME
AP180C*° CME
Eps15 mutant” CME
Clathrin Hub mutant* CME
siRNA of clathrin CME
siRNA of AP2 CME

Mode of action

Traps clathrin in microcages

Aggregates clathrin

Inhibits the scission of the clathrin pits from
the membrane

Translocates clathrin and AP2 from the cell
surface to intracellular endosomes

Stabilizes CCVs
Not clearly known.

Affects the function of CCVs
Affects the proton gradient
Affects the formation of CCVs
Removes cholesterol out of the plasma

membrane

Binds to cholesterol in the membrane

Depolymerizes F-actin

Inhibits Na*/H* exchange

Blocks GTPase activity of dynamin
Blocks GTPase activity of dynamin |

Interferes with binding of proteins to the
N-terminal domain of clathrin

Defective in GTP hydrolysis
Sequesters clathrin
Inhibits clathrin pits assembly
Dominant negative mutant of clathrin
Blocks formation of clathrin pits

Blocks formation of AP2-dependent
clathrin pits

Comments

Nonspecific; interferes with fluid phase
macropinocytosis'

Nonspecific; affects actin cytoskeleton*®
Interferes with macropinocytosis and
actin cytoskeleton's"”

Inhibits CIE in some cells®

Global changes in actin dynamics*®

Inhibits macropinocytosis®? and
phagocytosis®

Interferes fluid phase endocytosis* and
CME=

Toxic at higher concentration; inhibits
CME??

Affects most endocytic pathways®

May affect actin®’

Interferes with actin®
Interferes with actin

Most forms of CIE affected; causes
decrease in PM mobility**

Enhances fluid phase uptake

Other secondary effects (e.g., changes

in gene expression) might occur due to

overexpression and knocking down for
several days

CME, clathrin-mediated endocytosis; CIE, clathrin-independent endocytosis.

clathrin on endosomal membranes thus
depleting it from the PM, leading to a
block in CME." However this drug also
causes an inhibition of receptor recycling'®
and inhibits CIE in some cells."” Indeed,
a study testing a number of these inhibi-
tors on four different cell lines revealed
that these compounds are not very specific
and that the efficacy, even for inhibiting
CME, varies in different cell lines."
GPI-APs and toxins that bind to
membrane lipids enter cells via CIE
and various manipulations of PM cho-
lesterol have been used to suggest a
mechanism requiring cholesterol and
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glycosphingolipid-enriched membrane or
“lipid raft domains.”

Cyclodextrins such as methyl-B-cyclo-
dextrin have been used to deplete cells
of PM cholesterol, leading to a block in
endocytosis of various toxins and GPI-
APs.?® Although this treatment is effec-
tive and can be reversed by cholesterol
repletion, it results in profound changes
in cell surface structure and can affect
other endocytic pathways including mac-
ropinocytosis and CME.?"** As an alter-
native to extracting cholesterol from cells,
the cholesterol-binding agent filipin can
be used to bind to cell surface cholesterol

Cellular Logistics

and rapidly inhibit endocytosis of GPI-
APs.?>* Although free PM cholesterol is
required for endocytosis of GPI-APs and
lipid-binding toxins, it is also necessary for
entry of a number of PM proteins (MHCI,
Glutl, CD44, CD98 and CD147) that are
not lipid-raft partitioning proteins but
enter cells by CIE.>? At higher concen-
trations of filipin CME can also be inhib-
ited, thus demonstrating that most, if not
all, forms of endocytosis are dependent
upon PM cholesterol.”? One compound
that consistently blocks macropinocytosis
is amiloride, which acts to inhibit Na*/H*
exchange at the cell surface.””*® Although
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this compound appears to be fairly specific
for blocking this process, macropinocyto-
sis is generally easy to identify, even with-
out the use of inhibitors.

Taken together, many, if not all, of the
aforementioned inhibitors are agents that
act in a non-specific way and thus caution
is in order when interpreting the findings.
Nevertheless, the effects of these widely
available inhibitors on endocytosis of a
particular cargo protein in comparison to
other cargo proteins can help characterize
or place that cargo as entering cells via a
particular class of endocytosis.

Targeted Chemical Inhibitors
of Endocytosis

In an attempt to develop potent and
specific pharmacological inhibitors of
endocytosis, chemical libraries have been
screened for their ability to inhibit the
GTPase activity of dynamin. Dynasore
was the first compound identified to block
dynamin’s GTPase activity in a biochemi-
cal assay and it has been shown to rap-
idly and reversibly block CME in cells.”
Dynasore has been widely used and has
spawned the development of related com-
pounds, the dynols and dyngoes, with
different characteristics and affinities for
dynamins 1 and 2.%° The development of
these compounds was assisted by knowl-
edge of the biochemistry and structure of
dynamin. Overall, the advantage of these
dynamin-targeted drugs is their rapid time
of action and reversibility. Interestingly,
dynasore treatment was shown to affect
cortical actin,” reinforcing earlier stud-
ies reporting roles for dynamin in the
actin cytoskeleton.”? Hence the idea that
dynasore acts solely as a CME inhibitor is
misleading. Rather, the effects of dynasore
may reveal other roles of dynamin.
Success with the chemical screen for
dynamin inhibitors stimulated a search
for compounds that would specifically
block the formation of clathrin-coated
vesicles at the cell surface. The N-terminal
domain of clathrin heavy chain interacts
with many cellular proteins, including
amphiphysin® and these interactions are
critical for clathrin function. A chemical
screen was performed to identify com-
pounds that would block the binding of
amphiphysin to the N-terminal domain of
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clathrin. The screen identified “pitstops”
1 and 2 as compounds that blocked this
interaction in biochemical assays and
also blocked CME in cells.*® The authors
showed that endocytosis of shiga toxin was
not affected by pitstop treatment, imply-
ing that the CIE mode of entry was not
affected.’ Although this compound was a
potent inhibitor of CME and presumably
was working in part through this specific
effect on blocking the binding of proteins
to the N-terminal domain of clathrin,
pitstop 2 has other unexpected targets in
cells.

We found that pitstop 2 also inhibits
CIE, and its ability to block CIE is still
observed in cells where clathrin had been
depleted by siRNA% suggesting that this
compound was affecting other cellular
targets. Indeed, we found that treatment
of cells with pitstop 2 results in a severe
decrease in lateral mobility of cell surface
proteins. Both integral membrane proteins
and peripheral cytosolic proteins were
essentially made immobile after addition
of pitstop 2 to the cells.” Ironically, cel-
lular entry of shiga toxin, which von Kleist
et al. used as a representative CIE cargo,
could still occur in the presence of pitstop,
probably due to the ability of shiga toxin
to cross-link lipids and force entry into
cells.*® Thus, despite the initial charac-
terization of pitstop that indicated target
specificity, in cells these new compounds
appear to have additional targets that lead
to severe changes in the cell surface.

Genetic Approaches
to Endocytosis Inhibitors

To avoid the problem of non-specific
effects of chemical inhibitors, genetic
approaches have been used to inhibit
endocytosis, in particular CME, by alter-
ing the expression of specific proteins.
These have included the expression of
mutant forms of critical proteins involved
in endocytosis and siRNA-mediated
depletion of these proteins. One of the
first genetic approaches used was the
expression of a mutant form of dynamin,
K44A, patterned after a temperature-sen-
sitive mutant in Drosophila. Expression
of dynamin 2 K44A inhibits CME and it
has been widely used to demonstrate that
an endocytic event requires functional
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dynamin for fission.”” However, Damke
et al. also noted that as a result of the
block in CME invoked by Dyn2K44A the
rate of clathrin-independent fluid endo-
cytosis increased.’ Interestingly, recent
reports have shown a more general role
for dynamin in regulating cortical actin
structure.’3%  Additional studies have
targeted other regulatory proteins of CME
such as the clathrin-associated proteins
AP180 and Epsl5. Expression of the car-
boxyl-terminal clathrin-binding domain
of AP180 (AP180C)“’ or a truncated form
of Epsl5 lacking the epsin homology (EH)
domain®' can effectively block the forma-
tion of clathrin-coated pits. Expression of
the C-terminal (Hub) region of clathrin
also effectively blocks CME.#

Concerns have been raised that the
overexpression of wild type and dominant
negative forms of proteins might lead to
many indirect effects and consequently
investigators turned to methods to block
CME by silencing the expression of play-
ers of the pathway such as clathrin heavy
chain and the w2 subunit of the AP2
adaptor complex. Knocking down these
proteins by siRNA or shRNA can clearly
indicate whether endocytosis of a particu-
lar type of PM protein requires clathrin
and which adaptor protein.®*# A draw-
back of this approach is that the time it
takes to deplete a cell of these proteins
can be considerable (3—7 d) and during
this time the cell may adapt and even alter
gene expression such that one cannot be
assured that only CME is impacted. Also,
loss of a protein like clathrin impairs traf-
ficking at the TGN and to and from the
46 which might lead to defects
in trafficking and lysosomal function.

lysosome,

One clever approach to circumvent this
drawback has been the use of the “knock-
sideways” clathrin  depletion
developed by Robinson and colleagues.

scheme

Stable cell lines depleted of endogenous
clathrin heavy chain and expressing a
tagged form can be treated with rapamya-
cin, causing the clathrin to be translocated
to the mitochondria thus acutely depleting
the cell of clathrin.*” The knock-sideways
approach is acute and comes closest to a
specific genetic inhibition similar to that
imposed by the original temperature-
sensitive  mutant of dynamin in
Drosophila. Drawbacks of this approach
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include the time required to prepare the
cell lines expressing the two tagged pro-
teins, the concern that during the trans-
location of clathrin other proteins may
also be diverted and the possible cellular
effects of inhibiting the mTOR pathway

in cells.
Perspective

In conclusion, as our understanding of the
different forms of endocytosis increases,
it becomes more difficult to embrace one
particular inhibitor as being diagnos-
tic for a particular mode of endocytosis.
Thus, results with endocytosis inhibitors,
whether identified from a screen of a gen-
eral endocytic process or from a screen of
inhibitors for a specific biochemical activ-
ity, need to be interpreted carefully. The
use of targeted pharmacological inhibitors
(dynasore) appear to offer better choices
than the non-selective chemical inhibitors
(potassium depletion and cytosol acidifi-
cation) but once again these experiments
should be supported with corroborating
evidence from the expression of mutant
proteins and depletion of cellular pro-
teins. The problems encountered with the
“old” inhibitors, should not deter us from
discovering “new” inhibitors. The iden-
tification and use of inhibitors that act
quickly, specifically and reversibly will be
invaluable as we set out to understand the
physiological functions and mechanisms
of different endocytic modes of cellular
entry.
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