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Controlled Elimination of
Clathrin Heavy-Chain
Expression in DT40
Lymphocytes
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We exploited the high rate of homologous recombination shown by the chicken
B cell line DT40 to inactivate the endogenous alleles for clathrin heavy chain
and replace them with human clathrin complementary DNA under the control
of a tetracycline-regulatable promoter. Clathrin repression perturbed the ac-
tivities of Akt-mediated and mitogen-activated protein kinase-mediated sig-
naling pathways and induced apoptosis; this finding suggests that in DT40 cells
clathrin helps to maintain the integrity of antiapoptotic survival pathways. We
also describe a variant cell line in which these signaling pathways were unaf-
fected by clathrin down-regulation. This variant cell line did not undergo
apoptosis in the absence of clathrin and was used to examine the effects of
clathrin depletion on membrane-trafficking pathways. Receptor-mediated and
fluid-phase endocytosis were both substantially inhibited, and transferrin-re-
ceptor recycling was modestly inhibited. Surprisingly, clathrin removal did not
affect the morphology or biochemical composition of lysosomes.

Clathrin-coated vesicles play a fundamental
role in eukaryotic cells. They internalize select-
ed cell-surface molecules by receptor-mediated
endocytosis (RME) and are implicated in the
export of lysosomal enzymes from the trans-
Golgi network (TGN) ([, 2). Targeted gene
disruption in single-celled eukaryotes has made
an important contribution to the understanding
of clathrin function (3-5), but this approach is
difficult in vertebrate tissue culture cells be-
cause of the generally low rate of homologous
integration. However, the chicken B cell line
DT40 exhibits an exceptionally high rate of
homologous recombination and is an increas-
ingly popular tool for gene targeting in verte-
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brate cells (6, 7). We expressed human clathrin
c¢DNA in DT40 cells under the control of a
tetracycline-regulatable  expression  system
(Tet-Off) (8, 9) and inactivated both endoge-
nous alleles of chicken clathrin heavy-chain.
This allowed us to investigate the functional
effects of controlled clathrin depletion in a ver-
tebrate context.

Elimination of clathrin heavy-chain
expression in DT40 cells induces apo-
ptosis. The amino acid sequence of chicken
clathrin heavy chain was 96% identical to its
mammalian homolog. DT40 cells have a single
clathrin gene per haploid genome. The con-
struction of DT40 cells conditionally deficient
in clathrin heavy-chain expression is described
in (10) (fig. S1, A to-C). The initially derived
cell line was designated DKO-S. When these
cells were grown in the presence of doxycy-
cline, human clathrin expression was repressed
within 72 hours to less than 1% of its normal
level (Fig. 1A). By 96 hours, clathrin was un-
detectable. In native DT40 cells, doxycycline
had no effect on clathrin expression, cell
growth, or the phenotypes investigated in this
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study (/7). In DKO-S cells, clathrin repression
induced cell death (Fig. 1A). During the course
of this work we isolated a variant, designated
DKO-R, that remained viable in the absence of
clathrin (Fig. 1B). Clathrin depletion in DKO-S
cells induced apoptosis, as judged by caspase
activation (Fig. 1C) and by the presence of
apoptotic bodies and DNA degradation (fig. S2,
A and B). Moreover, caspase activity was abol-
ished and DNA degradation was delayed by
BOC-Asp-CH,-FK (BAF), an inhibitor of late-
acting caspase-3 isoforms (Fig. 1C) (fig. S2B).
In DKO-R cells, caspases were not activated by
clathrin removal, but activity was stimulated by
the DNA-damaging drug cytosine arabinoside
(Fig. 1D). Thus, in DKO-R cells, the apoptotic
machinery remained intact but was uncoupled
from clathrin-dependent pathways.

DT40 cells are grown in media containing
10% fetal calf serum supplemented with up to
1% chicken serum (6, 7). The initial growth of
clathrin-expressing DKO-S cells was identical
in media supplemented with either 0.25% or
1% chicken serum. However, when clathrin
expression was inhibited, cells in 0.25% chick-
en serum died sooner than cells grown in 1%
chicken serum despite identical kinetics of
clathrin decline (Fig. 1A). This result suggests
that the cells normally require one or more
factor(s) from chicken serum for survival,
which only become limiting when clathrin ex-
pression is reduced. Serum survival factors pre-
vent apoptosis by stimulating receptor-activated
signal transduction pathways. One pathway acts
via receptor-activated class I phosphatidylino-
sitol 3-kinase, leading to phosphorylation of the
serine-threonine kinase Akt. By direct phospho-
rylation, Akt in turn inactivates proapoptotic
proteins containing an Akt recognition se-
quence (Arg-X-Arg-X-X-Ser/Thr, where X =
any amino acid) (/2). We used immune blotting
to detect total and phosphorylated Akt (phos-
pho-Akt). After clathrin depletion, there was a
reduction in phospho-Akt (Fig. 2A). To further
monitor the activity of the Akt pathway, and
without preconceptions about specific down-
stream targets, we blotted with an antibody
raised against a phosphorylated peptide corre-
sponding to the consensus Akt target sequence
(13). In DT40 cells, this antibody predominant-
ly recognized a 68-kD protein. The class I phos-
phatidylinositol 3-kinase inhibitor LY294002 re-
duced the 68-kD signal, whereas activation of the
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B cell antigen receptor by antibody cross-link-
ing—a treatment known to stimulate the Akt
pathway—enhanced the signal (fig. S3). The
antibody to phospho-Akt substrate could thus
be used to detect changes in the activity of
Akt-mediated pathways. After clathrin deple-
tion in DKO-S cells, the intensity of the
68-kD band was reduced (Fig. 2, A and B).
This decline was not a secondary conse-
quence of apoptosis, because it began before
caspase activation was apparent (Fig. 2B).
We also examined mitogen-activated protein
kinase (MAPK) activation after clathrin de-
pletion. The receptor-regulated p42 and p44
MAPKs (ERK1 and ERK2) drive multiple
pathways, including mitogenesis and both
pro- and antiapoptotic signals (/4). Antibod-
ies to p42 and p44 MAPK detected a single
band of 43 kD. Either a single MAPK iso-
form is expressed in DT40 cells, or the chick-
en isoforms overlap in this gel system. (Fig.
2A). In DKO-S cells, clathrin depletion in-
creased MAPK phosphorylation, but again its
rise did not occur after caspase activation
(Fig. 2, A and B).

In DKO-R cells, the phosphorylation of Akt
and MAPK was enhanced relative to that of
DKO-S cells, with or without clathrin (Fig. 2A).
Note that the intensity of the 68-kD band was
unaffected by clathrin depletion (Fig. 2A). This
implies a difference in signal pathway regula-
tion compared to DKO-S cells. Their uncou-
pling from clathrin expression suggests that in
DKO-R cells, these pathways could be internal-
ly activated downstream of the clathrin-sensitive
step, possibly at a shared point in the two path-
ways. Such internal activation may be expected
to render cell survival less dependent on exter-
nal serum factors; indeed, DKO-R cells were
less sensitive than DKO-S cells to serum depri-
vation (Fig. 2, C and D).

This link between clathrin and apoptosis is
consistent with the emerging consensus that
there are fundamental connections between
membrane-trafficking pathways and signal
transduction (/5—17). We propose that clathrin
helps to maintain the intensity of antiapoptotic
survival signaling pathways in DT40 cells.
Where this occurs is unknown, but an obvious
possibility is RME (see below). Ligand-bound
receptors are internalized by RME and either
degraded in the lysosomes or recycled to the
plasma membrane, depending on the particular
ligand and receptor (/5). In rat liver after insulin
treatment, phospho-Akt is more active when
associated with endosomes than with plasma
membrane (/8). Thus, receptor-bound Akt may
need to be internalized for maximum activity,
which could explain the suppression of Akt-
dependent signaling in DKO-S cells after clath-
rin depletion.

However, the inhibition of endocytosis may
have different consequences on other pathways.
A failure to internalize and degrade lysosomally
targeted ligand-receptor complexes will in-
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crease their lifetime on the plasma membrane,
and this in turn may lead to enhanced MAPK
activation (/9). This is consistent with the ob-
served increase in MAPK phosphorylation after
clathrin depletion in DKO-S cells. Actively di-
viding cells normally integrate both mitogenic
and survival factor signals via interlocking
pathways. If these pathways become unbal-
anced, cells undergo apoptosis (20, 2/). The
reciprocal perturbation of the MAPK and Akt
pathways in clathrin-depleted DKO-S cells may
induce such a conflict. Furthermore, the proto-
oncogene c-myc sensitizes cells to reduced sur-
vival factor signaling (27), and DT40 cells con-
stitutively express an unusually high level of
c-myc as a result of their transformation with
avian leukosis virus (ALV) (22).
Endocytosis and recycling are impaired
in clathrin-depleted DKO-R cells. The ap-
optotic resistance shown by DKO-R cells with
respect to clathrin depletion allowed for the
study of clathrin function in ways not possible
with the original DKO-S line. Clathrin-express-
ing cells contained many coated pits. These
were missing in the absence of clathrin (Fig. 3,
A to C). DT40 cells shed ALV into the medium
(22), and virus particles were prominent both
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Fig. 1. Growth characteristics of (A) DKO-S and (B)
DKO-R cells. Cells were diluted as indicated into
fresh medium and grown without (solid symbols) or
with (open symbols) doxycycline (dox, 50 ng/ml).
Live cells were counted in a hemocytometer by
trypan blue staining. Clathrin level was determined
by immune blotting. (C) Clathrin depletion and

with and without clathrin. In clathrin-expressing
cells, ALV particles were often associated with
coated pits (Fig. 3A) and with intermal mem-
brane-bound compartments (Fig. 3B). Without
clathrin, these internal structures disappeared
and viruses accumulated on the extracellular
surface (Fig. 3C), demonstrating that ALV en-
ters cells primarily via clathrin-coated pits. We
measured the internalization of 2°I-labeled co-
nalbumin, the chicken egg white isoform of
transferrin. In clathrin-expressing cells, ligand
accumulation was rapid. DT40 is a fast-growing
cell line (7) and may require a high endocytic
capacity. In the complete absence of clathrin,
the initial rate of uptake was reduced by a factor
of nearly 6 (Fig. 3D). This is similar to the effect
on RME of dominant-negative mutants of clath-
1in (23) and of other coated pit components such
as dynamin (24) and Eps1S (25). Clathrin re-
moval also inhibited fluid-phase uptake of
horseradish peroxidase (HRP) to about the same
degree (Fig. 3E). This is consistent with exper-
iments in which microinjected antibodies to
clathrin inhibited both RME and fluid-phase
endocytosis (26). But in the present example,
the ability to effectively repress clathrin expres-
sion in DKO-R cells unambiguously revealed
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hours, or treated with 100 wM cytosine arabinoside
for 7 hours. Cell lysates were assayed for caspase

activity as described (70).
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the operation of clathrin-independent endocytosis.

We measured the effect of clathrin elimi-
nation on transferrin receptor recycling as
judged by the reappearance of label into the
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medium from cells preloaded with !2°I-la-
beled conalbumin. Clathrin elimination re-
duced both the rate and maximum fraction of
conalbumin recycling by 30 to 40% (Fig. 3F).

Clathrin is found on tubular elements of the
early sorting endosome (27), where it could
help to concentrate recycling receptors. Its
absence could lead to receptors diffusing out

of the recycling subdomains. This might ex-
plain both the reduced fraction and reduced
rate of recycling. In contrast to our results, a
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remained associated with their target mem-
branes (Fig. 4, D, F, H, and J), which con-
firms that efficient adaptor targeting does not
require clathrin. For GGA1 and API in par-

Fig. 2. (A) Clathrin depletion and signal pathway activation.
Lysates were prepared from DKO-S and DKO-R cells that had
been incubated with or without doxycycline (50 ng/ml) for 72
hours. Cell extracts (60 p.g) were probed by immune blotting.
(B) Time course of signaling changes in clathrin-depleted

DKO-S cells. DKO-S cells were incubated at 10° cells/ml with ? 2 tll:‘:u laz, t]ge stguFu)nngvlvas Smqugly erllhanczd
doxycycline (50 ng/ml) at the start of the experiment. Cells § ( 18 %, 1 and I). 1he reason is unciear. As
(5 X 10°) were harvested at the indicated times; protein levels 2 .| e judged by immune blotting, the levels of AP1
were monitored by immune blotting and densitometry. For & and GGALI did not change after clathrin de-
comparison of relative levels, the band intensities and caspase & pletion (/7). It is possible that clathrin
activity are expressed as percentages of their maximum val- g 107 removal further exposed antibody epitopes,
ues. (C and D) Sensitivity of DKO-S and DKO-R cells to serum 2 but this seems unlikely because we con-
deprivation. Cells (108/ml) were transferred to media with or & istently found th h f

without serum for 24 hours. Cell viability after this time (C) T 51 sistently oun ¢ same phenomenon tor
was determined by trypan blue exclusion. Caspase activity (D) APl and GGAIL using 'dlfferent antibodies
was determined as described (70). Values are means * SE of — raised against distinct epitopes (/7). Alterna-

two experiments performed in triplicate. tively, the absence of clathrin may impair
Fig. 3. Transmission electron microscopy (TEM)
images of DKO-R cells grown either without (A
and B) or with (C) doxycycline (50 ng/ml) for
96 hours. (A) Coated pits with ALV particles. (B)
Internal membrane compartments containing
mature ALV. (C) ALV accumulation on the cell
surface in the absence of coated pits. Scale bar,
200 nm. (D) Clathrin depletion and RME. Expo-
nentially growing cells were grown with or
without doxycycline (50 ng/ml) for 96 hours.
The internalization of prebound '2%|-labeled co-
nalbumin in the continuous presence of label

A

was followed for the indicated times (70). Data D F
points are means * SE of the experiments 5 —
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(50 ng/ml) for 96 hours and preloaded with
125|-labeled conalbumin (70). Data points
(means = SE of two experiments performed in
triplicate) record the appearance of label into
fresh media. Clathrin elimination was confirmed by Western blotting.
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adaptor detachment, leading to adaptor accumu-
lation, but this will require further work to con-
firm. AP2 adaptors relocalized to the plasma
membrane in the absence of clathrin, often
forming a continuous ring around the cell (Fig.
4H). AP2 adaptors can form lateral associations
(28); without clathrin to induce local curvature,
these may become dominant, producing a more
extended pattern.

Clathrin-independent lysosome biogene-
sis in DKO-R cells. Surprisingly, clathrin
removal did not lead to increased secretion of
the lysosomal hydrolase B-glucuronidase
(Fig. 5A). When the subcellular distribution

Fig. 4. Confocal immunoflu-
orescence microscopy analy-
sis of adaptor distribution in
DKO-R cells grown without
(A, C.E G, and I) or with (B,
D, F, H, and J) doxycycline
(50 ng/ml) for 96 hours. In
(A) and (B), nuclei were
stained with Hoechst 33342
Scale bar, 5 pm.

Clathrin
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Fig. 5. (A) Secretion of B-glucuronidase
from cells after growth for 72 hours
without or with doxycycline (50 ng/ml)
and from cells treated with chloroquine
(CQ). Points are means of a representa-
tive experiment performed in triplicate.
(B) Organelle fractionation of DKO-R
cells. Cells grown for 96 hours without
(solid symbols) or with (open symbols)
doxycycline (50 ng/ml) were homoge-

nized, and the postnuclear supernatant was fractionated on a 20% Percoll gradient (diamonds) (70). Fractions
were collected from the bottom (= 1) and analyzed for the enzyme activities indicated (B-glucuronidase,
squares; galactosyltransferase, circles; lactate dehydrogenase, triangles). (C and D) Lysosomes from cells after
growth for 96 hours without (C) or with (D) doxycycline (50 ng/ml). Cells were pulsed with conjugates of BSA
and 5-nm colloidal gold for 4 hours, chased for 20 hours to label lysosomes, and prepared for routine TEM

heavy-chain
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of B-glucuronidase was examined by Percoll
gradient fractionation, enzyme activity was
separated into two peaks. One was associated
with the densest fraction, characteristic of
mature dense-core lysosomes. The lighter
peak may represent late endocytic vesicles. A
similar pattern was observed in Percoll-frac-
tionated organelles from Dictyostelium dis-
coideum (5). Clathrin depletion had no effect
on the steady-state distribution of B-glucu-
ronidase between the two peaks (Fig. 5B).
Colloidal conjugates of bovine serum albu-
min (BSA) and gold are taken into cells through
fluid-phase endocytosis and accumulate in

Percoll concentration (%)

dense-core lysosomes (29). We used this tech-
nique to examine lysosome morphology in the
presence and absence of clathrin. In both situ-
ations, label accumulated in electron-dense or-
ganelles (Fig. 5, C and D). These structures
stained positive for LEP100, an avian glycop-
rotein belonging to the LAMP-1 family of in-
tegral lysosomal membrane proteins (30) (Fig.
5, E and F). As judged by immunofluorescence
staining, the overall cellular distribution of
LEP100 was unaffected by clathrin depletion
(fig. S4). Within the lysosomes, the accumulat-
ed BSA-gold particles were flocculated, indi-
cating that they had undergone proteolysis (29).
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as described (70). Flocculated gold particles (arrows) are present in electron-dense organelles characteristic

of lysosomes. Note the presence of viral particles at the plasma membrane of cells lacking clathrin. Scale bars, 200 nm. (E and F) Ultrathin
cryosections of cells with lysosomes labeled as in (C) and (D), grown for 96 hours without (E) or with (F) doxycycline (50 ng/ml). The sections
were stained with LEP100 mAb followed by goat antibody to mouse IgG conjugated to 10-nm colloidal gold. Scale bars, 200 nm. (G) Area profile
of lysosomes randomly chosen from routine TEM images of cells grown without (solid bars) and with (open bars) doxycycline (50 ng/ml) for
96 hours. Clathrin elimination was confirmed by immune blotting.
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Thus, lysosomes from clathrin-depleted cells
are functional. There was no clear difference in
the lysosome area profile between cells with
and without clathrin (Fig. 5G).

Our data indicate that DKO-R cells express
a combined pathway of lysosome biogenesis
and turnover that does not show an obligatory
dependence on clathrin. It is possible that the
DKO-R cell line up-regulated clathrin-indepen-
dent pathways during the time taken to suppress
clathrin expression. Yeast cells expressing a
temperature-sensitive clathrin mutant compen-
sate for clathrin inactivation after several hours
at the nonpermissive temperature (37). But in
principle, this question can now be addressed
by introducing a similar temperature-sensitive
clathrin mutant into DKO-R cells. On the other
hand, there is evidence for the existence of
alternative pathways of lysosome biogenesis
that are present in distinct cell types. For exam-
ple, LAMP-1 is transported to lysosomes by an
AP3-dependent but clathrin-independent mech-
anism (32). The successful targeting of LEP100
in clathrin-depleted DKO-R cells is consistent
with this finding. Moreover, lymphocytes and
lymphocyte-derived cell lines that lack man-
nose 6-phosphate receptors (M6PRs) nonethe-
less retain functional lysosomes (33, 34), sug-
gesting that lymphocytes contain an M6PR-
independent pathway of lysosome biogenesis.
Because DT40 is a lymphocyte cell line, it
probably expresses this pathway. If so, the path-
way may also be clathrin-independent.

Dense-core lysosomes repeatedly fuse with
late endosomes and reform after selective mem-
brane retrieval (35). Clathrin has been detected
on mammalian lysosomal membranes in vitro,
and it has been proposed that clathrin-coated
vesicles play a central role in lysosome fusion
and recycling (36). However, our results can
only be reconciled with this view if a reduced
recycling rate out of the lysosome caused by
clathrin loss is balanced by an exactly propor-
tional reduction in biosynthesis. Clearly, it will
now be important to examine the turover ki-
netics of individual lysosomal proteins with and
without clathrin. But even if clathrin does play
a role, it cannot be essential. Our results raise
important and unexpected questions about
clathrin function, and we have produced flexi-
ble experimental models that will enable us to
address these issues in cells without interfer-
ence from endogenous clathrin expression.
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SynCAM, a Synaptic Adhesion
Molecule That Drives
Synapse Assembly
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Synapses, the junctions between nerve cells through which they communicate,
are formed by the coordinated assembly and tight attachment of pre- and
postsynaptic specializations. We now show that SynCAM is a brain-specific,
immunoglobulin domain—containing protein that binds to intracellular PDZ-
domain proteins and functions as a homophilic cell adhesion molecule at the
synapse. Expression of the isolated cytoplasmic tail of SynCAM in neurons
inhibited synapse assembly. Conversely, expression of full-length SynCAM in
nonneuronal cells induced synapse formation by cocultured hippocampal neu-
rons with normal release properties. Glutamatergic synaptic transmission was
reconstituted in these nonneuronal cells by coexpressing glutamate receptors
with SynCAM, which suggests that a single type of adhesion molecule and
glutamate receptor are sufficient for a functional postsynaptic response.

Synapses are specialized intercellular junc-
tions that are assembled when an immature
presynaptic terminal contacts a postsynaptic
cell. At the site of contact, the presynaptic
plasma membrane develops into an active

zone, which is where synaptic vesicles under-
go exocytosis and release neurotransmitters
into the synaptic cleft. On the opposite side of
the synaptic cleft, the postsynaptic density
contains receptors and signaling molecules
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