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Clathrin, a cytosolic protein composed of heavy and light chain
subunits, assembles into a vesicle coat, controlling receptor-
mediated endocytosis. To establish clathrin light chain (CLC) function
in vivo, we engineered mice lacking CLCa, the major CLC isoform in B
lymphocytes, generating animals with CLC-deficient B cells. In CLCa-
null mice, the germinal centers have fewer B cells, and they are
enriched for IgA-producing cells. This enhanced switch to IgA pro-
duction in the absence of CLCa was attributable to increased trans-
forming growth factor β receptor 2 (TGFβR2) signaling resulting from
defective endocytosis. Internalization of C-X-C chemokine receptor 4
(CXCR4), but not CXCR5, was affected in CLCa-null B cells, and CLC
depletion from cell lines affected endocytosis of the δ-opioid receptor,
but not the β2-adrenergic receptor, defining a role for CLCs in the
uptake of a subset of signaling receptors. This instance of clathrin
subunit deletion in vertebrates demonstrates that CLCs contribute
to clathrin’s role in vivo by influencing cargo selectivity, a function
previously assigned exclusively to adaptor molecules.
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Clathrin-coated vesicles (CCVs) influence cell signaling by
selecting membrane cargo during endocytosis (1). Clathrin

consists of three clathrin heavy chain (CHC17) subunits, each
associated with a clathrin light chain (CLC), configured into a
three-legged triskelion. Clathrin triskelia self-assemble into a
latticed coat that traps membrane-associated adaptor molecules,
which recruit cargo into the CCV through recognition of defined
protein motifs. Cargo specificity is therefore determined by
adaptor binding, but recent studies in vitro have suggested that
the CLC subunits can also influence cargo selection. Vertebrates
have two CLC isoforms, CLCa and CLCb, encoded by separate
genes, CLTA and CLTB (1). Depletion of both isoforms from
tissue culture cells by siRNA treatment showed that CLCs are
not required for clathrin-mediated uptake of classic CCV cargoes,
such as transferrin receptor (TfR), epidermal growth factor re-
ceptor, or low-density lipoprotein receptor (2–4). CLCs were,
however, implicated in uptake of three G protein-coupled receptors
(GPCRs) (5). CLCs are also required for uptake of large particles,
including some viruses and bacteria (6, 7). These roles for CLCs in
cargo selection and their general contribution to clathrin function
have been a matter of speculation for some time, with indications
from in vitro experiments that CLCs regulate clathrin assembly (8)
and the tensile strength of the clathrin lattice (1, 9). To assess such
roles for CLCs in clathrin function in vivo, we made mutant mice
that lack the CLTA gene, and we report their phenotype here.
In mammals, CLCa and CLCb are ∼60% identical in protein

sequence (1). Shared sequences of 22 and 10 residues, respectively,
mediate binding to the actin-organizing huntingtin-interacting pro-
teins (mammalian Hip1 and Hip1R, yeast Sla2p) (10–12) or the
leucine-rich repeat kinase 2 (LRRK2) (13). Mammalian cell culture

experiments and genetic studies in yeast and flies have shown
that, through these interactions, CLCs participate in several pathways
that could significantly affect clathrin function in vertebrates. These
pathways include clathrin-mediated endocytosis from membranes
under tension (14, 15), formation of clathrin–actin interfaces during
cell adhesion (16), clathrin-mediated recycling in cell migration (2),
and endosome function during Drosophila eye development (13).
In vertebrates, both CLTA and CLTB gene products undergo

alternative mRNA splicing to generate four possible forms of
CLCa and two of CLCb (1). Neurons express the highest molecular
weight forms of both CLCs. The lowest molecular weight forms
predominate in nonneuronal tissue (17, 18), and vertebrate tissues
maintain characteristic levels of CLCa and CLCb (17, 19). Here,
using an updated quantification approach, we established that
there are two CLC expression patterns, with most tissues expressing
equal levels of CLCa and CLCb whereas CLCa expression is
dominant in lymphoid tissue. Consequently, B cells in our CLTA
knockout (KO) mice were effectively CLC-deficient, allowing us to
address the functional consequence of CLC loss in vertebrates
through analysis of immunological phenotypes. We observed that B
cells from CLTA knockout mice had defects in internalization of
transforming growth factor β receptor 2 (TGFβR2) and C-X-C
chemokine receptor 4 (CXCR4). Although not all signaling recep-
tors were affected by CLCa loss, defects in receptor internalization
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accounted for phenotypes observed in the knockout animals. Thus,
CLCs play a significant role in cargo selection by CCVs in vivo by
influencing uptake of specific signaling receptors.

Results
Tissues Maintain Characteristic CLCb Levels upon CLCa Loss, Resulting
in CLC-Deficient Lymphocytes. To investigate the physiological
function of CLCs in vivo, we generated a CLCa-null heterozy-
gote (CLTAko/+) by crossing mice with exon 1 of CLTA flanked
by LoxP sites to mice expressing Cre recombinase under tran-
scriptional control of the ACTB gene promoter (Fig. S1 A and
B). Half of the homozygous CLTAko/ko mice produced by het-
erozygote mating died within a week of birth. Surviving CLTAko/ko

homozygotes (KO mice) had no detectable CLCa protein in all
tissues analyzed (Fig. S1 C and D), and loss of CLCa did not
affect protein levels of the CHC17 subunit (Fig. S1 D and E). For
WT and KOmice, we quantified the amount of each CLC isoform
in brain, heart, liver, and spleen tissue by immunoblotting using
isotype-specific antibodies (Fig. 1A and Fig. S1 G and H).
As previously observed for bovine brain tissue (17), WT murine
brain tissue expressed neuronal splice variants of both CLCa and
CLCb in excess of the other spliced forms of CLCs. Brain, heart,
and liver had equal amounts of CLCa and CLCb whereas spleen
expressed predominantly CLCa. Analysis of purified B and T
lymphocytes detected CLCa in these cells and no CLCb protein
(Fig. 1B), suggesting that the small amount of CLCb detected in
spleen derived from nonlymphoid cells. B cells had more clathrin
than T cells, as revealed by CHC17 and CLCa levels (Fig. 1B).
We did not see compensatory increase of CLCb protein levels
in the KO mice, except in liver tissue (Fig. 1A). Tissue levels of
mRNA encoding each isoform and CHC17 were consistent with
protein levels detected (Fig. 1 C–E and Fig. S1F). Overall, these
results indicate that there are two types of tissue, one with clathrin
coats formed from triskelia with CLCa and CLCb, and the other in
which CLCa is the predominant light chain of CCVs. Further-
more, expression of each CLC isotype seems to be independently
regulated, such that B and T lymphocytes from the KO animals
are effectively CLC-deficient.

Genetic Loss of CLCa Increases the Proportion of Germinal Center B
Cells Expressing IgA but Reduces Numbers of Germinal Center B Cells.
We focused on B-cell function in the KO animals to define the
role of CLCs in vivo. A sign of B-cell function is the formation of
germinal centers (GCs) in follicles within the spleen and other
lymphoid organs, such as Peyer’s patches (Pp) and lymph nodes

(LNs) (20). In GCs, B cells proliferate and differentiate to
produce higher affinity antibodies and switch isotypes (21, 22).
We found that KO mice had an increased frequency of IgA-
expressing GC B cells in Pp compared with WT controls, as
well as a variable but, on average, twofold reduction in IgG1-
expressing B cells (Fig. 2A; gating shown in Fig. S2 A and B). To
determine whether the observed isotype switch is an intrinsic
B-cell defect or is caused by changes in the stroma, we studied
mixed bone marrow (BM) chimeras produced by reconstitution
of sublethally irradiated C57BL/6 mice (CD45.1+). For each
transplant, KO or WT (CD45.2+) BM cells were combined 1:1
with WT C57BL/6 (CD45.1+CD45.2+) BM cells (B6), producing
KO/B6 or WT/B6 mixed chimeras. The cotransplanted B6
(CD45.1+CD45.2+) cells served as a control for transplant vari-
ation, to which properties of the donor KO or WT (CD45.2+)
cells were compared. As for full KO mice, the KO donor
(CD45.2+) cells generated a greater proportion of IgA-expressing
GC B cells but fewer IgG1-expressing GC B cells than cotrans-
planted B6 (CD45.1+CD45.2+) cells in KO/B6 mixed chimeras
(Fig. 2B; gating shown in Fig. S2 C and D). In WT/B6 mixed
chimeras, donor WT (CD45.2+) cells had similar proportions of
IgA- and IgG1-expressing GC B cells to cotransplanted B6
(CD45.1+CD45.2+) cells (Fig. 2B). The contribution of KO cells
to the GC B-cell population was about 50% of their contribution
to the naive follicular compartment in three lymphoid organs
examined (Fig. 2C; gating in Fig. S2C) whereas, in WT/B6 chi-
meras, the percentage of WT (CD45.2+) donor B cells in the
GCs was similar to the follicular compartments (Fig. 2C). This
reduced presence of KO B cells in the GCs suggested a defect in
GC B-cell development or maintenance, upon CLCa loss. These
data from BM chimeras further indicate that the perturbations in
isotype switching by KO GC B cells are lymphocyte-intrinsic
defects and that CLCa is required for normal isotype class
switching to IgA and IgG1.

CLCa Regulates Internalization and Signaling of TGFβR2. Selective
in vivo deletion of TGFβR2 from murine B cells was shown to
reduce IgA-expressing cells and increase IgG1-expressing B cells
(23), suggesting that our KO phenotype might result from in-
creased TGFβR2 signaling. Consistent with this hypothesis, B cells
from Pp and spleen of KO mice had higher TGFβR2 surface levels
than WT mice (Fig. 3A and Fig. S3A) whereas surface levels of the
B-cell marker B220 were unchanged in KOmice (Fig. S3 A and B).
Relative to cotransplanted B6 (CD45.1+CD45.2+) cells, elevated
surface TGFβR2 was also observed for transplanted CD45.2+ KO
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Fig. 1. CLC isoform expression in tissues from
WT and CLCa-null mice. (A) Concentrations of
CLC isoforms in indicated tissues from WT and
CLCa-null (KO) mice (mean ± SEM, n = 3) de-
termined by quantitative immunoblotting (Fig. S1
G and H). nCLCa and nCLCb are neuronal splice
variants. (B) B and T lymphocytes isolated from
WT murine spleens were lysed and analyzed by
immunoblotting for expression of proteins in-
dicated on the left. CLCa (green) and CLCb
(red) signals were compared with dilutions of
purified human CLCs (total protein per lane in-
dicated above). Migration position of molecular
mass markers [kilodaltons (kDa)] is indicated.
(C ) CLCa mRNA levels in indicated tissues from
WT mice, normalized to mRNA levels for hypo-
xanthine guanine phosphoribosyl transferase 1
(HPRT1) (mean ± SEM, n = 3). mLN, mesenteric
lymph node; Pp, Peyer’s patches. (D) CLCb mRNA
levels in indicated tissues from WT and KO
mice, normalized to mRNA levels for HPRT1
(mean ± SEM of n = 3, except n = 2 for brain cortex). (E ) CLCa, CLCb, and CHC17 mRNA levels in B and T cells isolated from WT spleens, normalized
to HPRT1 (mean ± SEM of n = 3, **P < 0.01; P values, unpaired t test).
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B cells in the KO/B6 mixed chimeras, but not for B cells from the
WT (CD45.2+) donor in WT/B6 chimeras (Fig. 3B and Fig.
S3C). Again, a difference in surface level was not seen for B220
on KO-derived B cells (Fig. S3 C and D). These BM chimera
phenotypes demonstrated that dysregulation of TGFβR2 surface
expression is a cell-intrinsic defect and confirm that this defect
does not affect B220.

In the KO B cells, increased TGFβR2 at the B-cell surface was
not due to increased production of mRNA or protein (Fig. 3 C
and D), suggesting that clathrin-mediated endocytosis of TGFβR2
(24, 25) is CLC-dependent. This pathway could not be studied using
B cells from the KO mice because the TGFβR2 antibody signal was
insufficient to assess receptor internalization. Therefore, we tested
TGFβR2 uptake (Fig. 3E) in HEK293T cell lines transiently
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transfected with TGFβR2-IRES-GFP and cotransfected with
siRNA targeting both CLCa and CLCb to recapitulate the CLC-
deficient state of the KO B cells. TGFβR2 internalization was
significantly reduced in CLC-depleted HEK293T cells compared
with cells treated with nontargeting (control) siRNA, and we con-
firmed that TGFβR2 endocytosis was impaired in cells treated with
siRNA targeting CHC17 to deplete all clathrin (24). In the same
siRNA-treated TGFβR2-transfected cells, uptake of the endogenous
transferrin receptor (TfR) was sensitive to CHC17 depletion but not
CLC-dependent, as reported (3) (Fig. 3F). Together, our FACS and
internalization studies indicate that TGFβR2, like several GPCRs
(5), is CLC-dependent cargo for CCVs whereas B220 is like the
CCV cargo whose surface expression is CLC-independent.
We assessed TGFβR2 signaling through Smad2/3 in the KO B

cells because this signaling regulates class switch to IgA in B cells
(23, 26–28). Smad signaling is initiated by phosphorylation of
R-Smad2 and R-Smad3 when TGFβR1 binds a ligand from the
TGFβ superfamily and then interacts with TGFβR2 (24). Consis-
tent with activation of this pathway, we observed elevated levels of
phospho-Smad2/3 in splenic B cells and total splenocytes isolated
from KOmice relative to cells isolated fromWTmice (Fig. 3G and
Fig. S3 E and F). Thus, in the presence of endogenous concen-
trations of TGFβ, the higher levels of surface TGFβR2 lead to
enhanced Smad signaling, establishing a molecular mechanism for
the observed increase in B cells expressing IgA in the KO mice.

CLCa Influences Ligand-Induced Uptake of CXCR4, but Not CXCR5.
Because we observed increased surface TGFβR2 on KO B
cells, we assessed surface levels of other receptors critical for
B-cell function in GCs (29). GC B cells from Pp and mesenteric
LNs (mLNs) of KO mice had higher surface levels of CXCR4,
compared with equivalent B cells from WT controls, whereas
B220 levels were not affected in the KO (Fig. S4 A and B), as
previously noted (Fig. S3 A and B). Analysis of B cells from
lymphoid compartments of BM chimeras also showed that donor
KO (CD45.2+) cells had elevated CXCR4 levels whereas donor
WT (CD45.2+) cells had similar levels (Fig. 4A and Fig. S4 C and
D) compared with cotransplanted B6 (CD45.1+CD45.2+) cells.
In contrast, neither KO nor WT (CD45.2+) donors displayed
increased surface CXCR5 or B220 (Fig. 4 A and B). Increased
surface CXCR4 was explained by reduced internalization in re-
sponse to stromal cell-derived factor 1 (SDF1 or CXCL12) ob-
served for both GC and follicular B cells from the mLNs of KO
mice (Fig. 4C and Fig. S4E) compared with equivalent WT cells.
Upon SDF1 exposure, KO-derived B cells from BM chimeras
had consistently higher CXCR4 levels than cotransplanted B6
cells whereas WT-derived GC and follicular cells had levels
comparable with cotransplanted B6 cells (Fig. S4F). In contrast,
B cells from KO mice exposed to CXCR5 ligand (CXCL13)
showed no difference in the internalization response compared with
B cells from WT mice (Fig. 4D and Fig. S4G), and KO-derived B
cells showed CXCR5 levels comparable with B6-derived donor
cells from BM chimeras after CXCL13 treatment, indicating no
difference in CXCR5 uptake behavior by KO cells (Fig. S4H).

CLC Depletion from Cell Lines Establishes Selectivity for Different CCV
Cargo. Finding that CLCa regulates the B-cell surface levels of
TGFβR2 and CXCR4, but not CXCR5 and B220, inspired us to
investigate CLC dependence for uptake of other cargoes. Given that
three GPCRs were previously shown to depend on CLCs for uptake
(5), we focused on two additional GPCRs, β2-adrenergic receptor
and δ-opioid receptor, known to depend on clathrin for uptake (30,
31), but for which the role of CLCs had not been examined. Using
siRNA, HEK293 cells that stably express either the N-terminally
FLAG-tagged β2-adrenergic receptor (F-β2AR) or the N-terminally
FLAG-tagged δ-opioid receptor (F-DOR) were made CLC-deficient
by CLCa and CLCb knockdown, leaving residual CHC17, or made
completely clathrin-deficient by CHC17 knockdown (Fig. S5 A and B).

Ligand-induced internalization of the tagged receptors was then
assessed. CLC depletion, as well as CHC17 depletion, impaired li-
gand-induced endocytosis of F-DOR (Fig. 5A and Fig. S5C). As
expected, uptake of endogenous TfR, although sensitive to CHC17
depletion, was not affected by CLC depletion (Fig. 5B and Fig. S5D).
Surprisingly, ligand-induced endocytosis of F-β2AR was not affected
by CLC depletion, similar to the behavior of TfR in the same cells,
although internalization of both receptors was affected by CHC17
depletion (Fig. 5 C and D and Fig. S5 E and F). Together, our data
reveal that CLCs are required for uptake of a subset of signaling
receptors, such as TGFβR2, CXCR4, and DOR, but are dispensable
for internalization of other receptors, such as β2AR and CXCR5.
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different donors for mixed chimera mice, **P < 0.01, ***P < 0.001; P values,
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n = 5 WT and n = 5 KO mice, from two independent experiments).
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Discussion
We produced a CLCa knockout mouse to probe the physiolog-
ical function of CLCs. This analysis of clathrin subunit function
in vertebrates by gene deletion defines a key role for CLCs in
selection of cargo for CCVs in vivo. B cells from CLCa-null mice
are effectively CLC-deficient because CLCa expression is dom-
inant in lymphoid cells and their phenotypes revealed that car-
goes requiring CLCs for endocytosis are important for B-cell
function. Reduced internalization of TGFβR2 by CLCa-null B
cells increased Smad signaling at the plasma membrane, gener-
ating a higher percentage of IgA-producing B cells in KO ani-
mals compared with WT. Though IgA switching is a known
consequence of TGFβ signaling (23, 26–28), the role of TGFβR2
endocytosis in regulating signaling has been debated (24, 32).
Our results support a role for CLC-dependent clathrin-mediated
endocytosis in attenuating TGFβR2 signaling because increased
surface levels had the functional effect of promoting isotype
switching. Our results further suggest that increased switching to
IgA in the Peyer’s patch occurs at the expense of switching to
IgG1. We speculate that the elevated TGFβR signaling caused
by CLCa loss dominates over signaling from factors that promote
IgG1 switching (e.g., IL4), which may have been most evident in the
Peyer’s patch where sufficient amounts of TGFβ are available to
stimulate elevated surface TGFβRs.
The reduced frequency of germinal center (GC) B cells in

CLCa-null mice could be explained by increased surface expres-
sion and reduced internalization of CXCR4, which plays a role in
cell distribution within the GC (29). Additionally, CLCa deficiency
might affect internalization of sphingosine-1-phosphate receptor 2
(S1PR2), a GPCR that negatively regulates GC B-cell numbers
(33), but lack of reagents to track S1PR2 surface expression pre-
vented us from testing this hypothesis. Thymocytes from the KO

mice also had elevated levels of CXCR4, but no obvious changes
in T-cell populations in spleen, lymph nodes, or bone marrow
were observed (not shown). These results are consistent with the
possibility that T cells compensate more readily for surface re-
ceptor changes, having more redundant regulatory pathways than
B cells as a result of their more ancient origins (34).
Loss of CLCa from B cells did not affect CXCR5 levels or in-

ternalization. Thus, CLCs are dispensable for uptake of some
GPCRs, as further observed in transfected cells, displaying CLC-
dependent internalization of DOR, but not β2AR. Our findings plus
earlier observations that CLCs are required for internalization of
some GPCRs (5), but not several classical CCV cargoes (3, 4),
suggest that CLCs are needed for endocytosis depending on the type
and/or configuration of cargo present in a clathrin-coated pit. Var-
iations in cargo crowding and local lipid organization affect mem-
brane-bending properties, which in turn require different coat
properties for deformation into a vesicle (35). CLCs contribute
tensile strength to the clathrin lattice through controlling the rigidity
of the hub region of the triskelion (8, 9) and, in cells, by recruiting
the actin-regulating Hip proteins (2, 6, 8, 15). Thus, CLCs may
contribute to uptake of cargoes that pose particular membrane-
bending challenges. Analogously, Sec13p in COPII-coated vesicles
contributes structural rigidity that is required to bend membranes
with asymmetric cargo, such as GPI-anchored receptors (36). Two
GPCR cargoes (μ-opioid receptor and CXCR4) that require CLCs
for endocytosis are modified by ubiquitin, which attracts specific
endocytic adaptors to promote uptake by clathrin-coated pits (5, 31,
37). Such aggregation, mediated by ubiquitination or other pathways,
is likely to change membrane-bending properties that could then
require extra tensile strength provided by CLCs in the clathrin coat.
Mutagenesis studies suggest that CLC phosphorylation by GRK2
may contribute to regulation of CLC’s role in GPCR cargo selection
(5). Whether CLC phosphorylation is also involved in uptake of the
CLC-dependent receptors identified here is not yet established.
However, CLC-dependent TGFβR internalization was observed in
the absence of ligand engagement without associated signaling.
Past studies indicated that vertebrate tissues have character-

istic patterns of CLCa and CLCb expression (17, 19). These
studies used methods (SDS/PAGE analysis) that could not dis-
tinguish forms of CLCa and CLCb that comigrate. Using isotype-
specific antibodies, calibrated with recombinantly expressed
protein, we show here that mice have tissues that express either
equal amounts of CLCa and CLCb (nonlymphoid) or pre-
dominantly CLCa (lymphoid). A remaining mystery is why,
within all vertebrates, CLCa and CLCb genetic clades are clearly
distinguishable and each highly conserved (1). Recently, ex-
pression of an alternatively spliced variant of CLCa during
postnatal murine heart development was reported (18), sug-
gesting that CLCa has specialized tissue functions, which may
explain the 50% postnatal mortality rate of the CLCa-null mice.
It is notable that, of the cell types analyzed here, lymphocytes are
distinguished from other differentiated cell types by their lack of
CLCb, which must change the nature of their clathrin. Major
distinctions between lymphocytes and the other tissues examined
are the lack of adherens junction or tight junction formation by
lymphocytes and their persistent motility, as well as extensive
cortical actin. Yeast with similar properties function with only
one CLC, which is most homologous to CLCa and is a key player
in endocytosis through its association with the actin-binding
Hip homolog Sla2p, which suggests that CLCa could confer a
specialized actin-interacting activity that is critical for clathrin
function in lymphocytes. Indeed, both lymphocyte endocytosis
and immune synapse formation depend on cooperation between
clathrin and actin (38, 39). An alternative possible explanation
for the conservation of CLC isoforms is that CLCa and CLCb
influence cargo selection differently, which could also have
tissue-specific and physiological consequences.
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Fig. 5. CLC depletion impairs δ-opioid receptor internalization but does not
affect β2-adrenergic receptor uptake. (A) Percent FLAG-tagged δ-opioid re-
ceptor (FLAG-DOR) or (B) transferrin receptor (TfR) internalized at 37 °C over
time by stable transfectants expressing FLAG-DOR, treated with indicated
siRNA targeting CHC17 (blue), CLCa and CLCb (red, CLCab), or scrambled
siRNA (black, control) (mean ± SEM of n = 4 independent experiments, **P <
0.01, ***P < 0.001; P values, two-way ANOVA followed by Bonferroni post
test). (C) Percent FLAG-tagged β2-adrenergic receptor (FLAG-β2AR) or (D) TfR
internalized at 37 °C over time by stable transfectants expressing FLAG-
β2AR, treated with siRNA indicated as in A and B (mean ± SEM of n = 3
independent experiments, **P < 0.01, ****P < 0.0001; P values, two-way
ANOVA followed by Bonferroni post test). FLAG-tagged receptor uptake was
measured on cells treated with agonist (DPDPE for FLAG-DOR and isopreteronol
for FLAG-β2AR) relative to cells treated with PBS, and TfR uptake was relative to
untreated cells labeled with primary antibody maintained at 4 °C.
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Materials and Methods
Production of CLCa-Null Mice. Our BAC-targeting construct, produced by
homologous recombination in Escherichia coli, contained PGKneo flanked
by FRT sites and a loxP site in intron 1 of the CLTA gene, with a second loxP
site cloned into the 5′ UTR. ES cells were targeted by transfection and G418
selection to produce a floxed CLTA gene (CLTAflox) and then transfected
with Flpe-recombinase to excise the PGKneo cassette. Targeted ES cells
were injected into C57BL/6 mouse blastocysts and transferred into fos-
ter mothers. Chimeric offspring were mated with C57BL/6 females, and
germ-line transmission of the CLTAflox allele was established. CLTAflox/+

heterozygotes were mated to ACTB-Cre deleter mice, excising exon 1 to
generate the CLTA-null allele (CLTAko). Heterozygous CLTAko/+ mice were
backcrossed onto the C57BL/6 background and bred to produce CLTAko/ko

homozygous mice (Fig. S1B). The University of California, San Francisco
(UCSF) Institutional Animal Care and Use Committee approved all ani-
mal experiments.

Mixed Bone Marrow Chimeras. Mixed bone marrow (BM) chimeric mice were
generated by i.v. transfer of a 50:50 mixture of BM cells from two different
lines of mice into CD45.1+ congenic C57BL/6 mice (3 × 106 to 5 × 106 cells
transferred per mouse). Fifty percent of the transferred BM was derived
from CLTAko/ko (CD45.2+) (KO) mice or CLTA+/+ CD45.2+congenic WT C57BL/6
(WT) mice and 50% was derived from CD45.1+CD45.2+ congenic WT C57BL/6
(B6), to generate KO/B6 or WT/B6 chimeric bone marrow mice. Before
transfer, recipient mice were sublethally irradiated (2 × 450 rad, 3 h apart).
Mice were analyzed at least 8 wk after reconstitution.

Splenic B-Cell and T-Cell Purification. Splenic B and T cells were purified by
negative selection using magnetic beads. For B-cell purification, spleen cells
were exposed to anti-CD43–coated beads (MACS; Miltenyi Biotech). For T-cell
purification, spleen cells were exposed to a mixture of biotin-conjugated
antibodies (anti-Ter119, anti-B220, anti-CD19, anti-CD11b, anti-Gr1, and

anti-CD11c), followed by binding to Streptavidin MicroBeads (MACS; Mil-
tenyl Biotech). Cell purity was confirmed by FACS.

Flow Cytometry. Spleen, mesenteric lymph node, and Peyer’s patch cells were
isolated and labeled for FACS analysis as described previously (29). Anti-
bodies used for GC B-cell identification, Ig isotype detection, mixed bone
chimera analysis, and labeling of TGFβR2, CXCR4, and CXCR5 are specified in
SI Materials and Methods.

Internalization Assays. Internalization assays measured residual receptors
remaining on the cell surface after incubation at 37 °C. Percent internali-
zation was established relative to surface labeling of cells maintained at 4 °C
for the duration of the experiment or relative to cells with no ligand
treatment at 37 °C, as specified. The background signal of secondary label-
ing was subtracted separately from experimental and control signals. See
SI Materials and Methods for a detailed protocol.

Statistical Analysis. Statistical analyses were performed using GraphPad Prism
(GraphPad Software, Inc.). Parametric data were analyzed using two-tailed
Student t tests and one-way or two-way ANOVA, followed by Bonferroni post
hoc tests for multiple comparisons as appropriate (95% confidence interval).

Additional Methods. Details of siRNAs, plasmids, and methods for tissue
culture, transfection, quantitative immunoblotting, and mRNA quantifica-
tion are in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank Nigel Killeen (formerly UCSF) for help with
mouse production and Mark von Zastrow (UCSF) for cell lines. This work was
supported by NIH Grants GM038093 (to F.M.B.), AI45073 (to J.G.C.), AI17892
(to P.P.), T32 GM07175 (to S.R.M.), and NCI F31 CA171594 (to S.R.M.), an
Arthritis Foundation postdoctoral fellowship (to T.M.E.), and Wellcome Trust
Investigator Award 107858/Z/15/Z (to F.M.B.). J.G.C. is a Howard Hughes
Medical Institute Investigator.

1. Brodsky FM (2012) Diversity of clathrin function: New tricks for an old protein. Annu
Rev Cell Dev Biol 28:309–336.

2. Majeed SR, et al. (2014) Clathrin light chains are required for the gyrating-clathrin
recycling pathway and thereby promote cell migration. Nat Commun 5:3891.

3. Huang F, Khvorova A, Marshall W, Sorkin A (2004) Analysis of clathrin-mediated en-
docytosis of epidermal growth factor receptor by RNA interference. J Biol Chem 279(16):
16657–16661.

4. Poupon V, et al. (2008) Clathrin light chains function in mannose phosphate receptor
trafficking via regulation of actin assembly. Proc Natl Acad Sci USA 105(1):168–173.

5. Ferreira F, et al. (2012) Endocytosis of G protein-coupled receptors is regulated by
clathrin light chain phosphorylation. Curr Biol 22(15):1361–1370.

6. Bonazzi M, et al. (2011) Clathrin phosphorylation is required for actin recruitment at
sites of bacterial adhesion and internalization. J Cell Biol 195(3):525–536.

7. Cureton DK, Massol RH, Whelan SP, Kirchhausen T (2010) The length of vesicular
stomatitis virus particles dictates a need for actin assembly during clathrin-dependent
endocytosis. PLoS Pathog 6(9):e1001127.

8. Wilbur JD, et al. (2010) Conformation switching of clathrin light chain regulates cla-
thrin lattice assembly. Dev Cell 18(5):841–848.

9. Dannhauser PN, et al. (2015) Effect of clathrin light chains on the stiffness of clathrin
lattices and membrane budding. Traffic 16(5):519–533.

10. Chen CY, Brodsky FM (2005) Huntingtin-interacting protein 1 (Hip1) and Hip1-related
protein (Hip1R) bind the conserved sequence of clathrin light chains and thereby influence
clathrin assembly in vitro and actin distribution in vivo. J Biol Chem 280(7):6109–6117.

11. Legendre-Guillemin V, et al. (2005) Huntingtin interacting protein 1 (HIP1) regulates
clathrin assembly through direct binding to the regulatory region of the clathrin light
chain. J Biol Chem 280(7):6101–6108.

12. Newpher TM, Idrissi FZ, Geli MI, Lemmon SK (2006) Novel function of clathrin light
chain in promoting endocytic vesicle formation. Mol Biol Cell 17(10):4343–4352.

13. Schreij AM, et al. (2015) LRRK2 localizes to endosomes and interacts with clathrin-
light chains to limit Rac1 activation. EMBO Rep 16(1):79–86.

14. Aghamohammadzadeh S, Ayscough KR (2009) Differential requirements for actin
during yeast and mammalian endocytosis. Nat Cell Biol 11(8):1039–1042.

15. Boulant S, Kural C, Zeeh JC, Ubelmann F, Kirchhausen T (2011) Actin dynamics counteract
membrane tension during clathrin-mediated endocytosis. Nat Cell Biol 13(9):1124–1131.

16. Bonazzi M, et al. (2012) A common clathrin-mediated machinery co-ordinates cell-cell
adhesion and bacterial internalization. Traffic 13(12):1653–1666.

17. Brodsky FM, Parham P (1983) Polymorphism in clathrin light chains from different
tissues. J Mol Biol 167(1):197–204.

18. Giudice J, et al. (2014) Alternative splicing regulates vesicular trafficking genes in
cardiomyocytes during postnatal heart development. Nat Commun 5:3603.

19. Acton SL, Brodsky FM (1990) Predominance of clathrin light chain LCb correlates with
the presence of a regulated secretory pathway. J Cell Biol 111(4):1419–1426.

20. Cyster JG (2010) B cell follicles and antigen encounters of the third kind. Nat Immunol
11(11):989–996.

21. Green JA, Cyster JG (2012) S1PR2 links germinal center confinement and growth
regulation. Immunol Rev 247(1):36–51.

22. Zhang Y, et al. (2013) Germinal center B cells govern their own fate via antibody
feedback. J Exp Med 210(3):457–464.

23. Cazac BB, Roes J (2000) TGF-beta receptor controls B cell responsiveness and induction
of IgA in vivo. Immunity 13(4):443–451.

24. Di Guglielmo GM, Le Roy C, Goodfellow AF, Wrana JL (2003) Distinct endocytic pathways
regulate TGF-beta receptor signalling and turnover. Nat Cell Biol 5(5):410–421.

25. Mitchell H, Choudhury A, Pagano RE, Leof EB (2004) Ligand-dependent and -independent
transforming growth factor-beta receptor recycling regulated by clathrin-mediated en-
docytosis and Rab11. Mol Biol Cell 15(9):4166–4178.

26. Klein J, et al. (2006) B cell-specific deficiency for Smad2 in vivo leads to defects in TGF-
beta-directed IgA switching and changes in B cell fate. J Immunol 176(4):2389–2396.

27. van Ginkel FW, et al. (1999) Partial IgA-deficiency with increased Th2-type cytokines
in TGF-beta 1 knockout mice. J Immunol 163(4):1951–1957.

28. Gros MJ, Naquet P, Guinamard RR (2008) Cell intrinsic TGF-beta 1 regulation of B cells.
J Immunol 180(12):8153–8158.

29. Bannard O, et al. (2013) Germinal center centroblasts transition to a centrocyte
phenotype according to a timed program and depend on the dark zone for effective
selection. Immunity 39(5):912–924.

30. Temkin P, et al. (2011) SNX27mediates retromer tubule entry and endosome-to-plasma
membrane trafficking of signalling receptors. Nat Cell Biol 13(6):715–721.

31. Henry AG, White IJ, Marsh M, von Zastrow M, Hislop JN (2011) The role of ubiquiti-
nation in lysosomal trafficking of δ-opioid receptors. Traffic 12(2):170–184.

32. Chen CL, et al. (2009) Inhibitors of clathrin-dependent endocytosis enhance TGFbeta
signaling and responses. J Cell Sci 122(Pt 11):1863–1871.

33. Muppidi JR, et al. (2014) Loss of signalling via Gα13 in germinal centre B-cell-derived
lymphoma. Nature 516(7530):254–258.

34. Parham P (2005) MHC class I molecules and KIRs in human history, health and survival.
Nat Rev Immunol 5(3):201–214.

35. Stachowiak JC, Brodsky FM, Miller EA (2013) A cost-benefit analysis of the physical
mechanisms of membrane curvature. Nat Cell Biol 15(9):1019–1027.

36. Copic A, Latham CF, HorlbeckMA, D’Arcangelo JG, Miller EA (2012) ER cargo properties specify
a requirement for COPII coat rigidity mediated by Sec13p. Science 335(6074):1359–1362.

37. Bonifacino JS, Traub LM (2003) Signals for sorting of transmembrane proteins to
endosomes and lysosomes. Annu Rev Biochem 72:395–447.

38. Calabia-Linares C, et al. (2011) Endosomal clathrin drives actin accumulation at the
immunological synapse. J Cell Sci 124(Pt 5):820–830.

39. Stoddart A, et al. (2002) Lipid rafts unite signaling cascades with clathrin to regulate
BCR internalization. Immunity 17(4):451–462.

40. Bosch J, et al. (2013) Comparing the gene expression profile of stromal cells from
human cord blood and bone marrow: Lack of the typical “bone” signature in cord
blood cells. Stem Cells Int 2013:631984.

41. Näthke IS, et al. (1992) Folding and trimerization of clathrin subunits at the
triskelion hub. Cell 68(5):899–910.

Wu et al. PNAS | August 30, 2016 | vol. 113 | no. 35 | 9821

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611189113/-/DCSupplemental/pnas.201611189SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611189113/-/DCSupplemental/pnas.201611189SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611189113/-/DCSupplemental/pnas.201611189SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611189113/-/DCSupplemental/pnas.201611189SI.pdf?targetid=nameddest=STXT

