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Tricellular tight junctions (tTJs) create paracellular barri-
ers at tricellular contacts (TCs), where the vertices of three
polygonal epithelial cells meet. tTJs are marked by the
enrichment of two types of membrane proteins, tricellulin
and angulin family proteins. However, how TC geometry is
recognized for tTJ formation remains unknown. In the pres-
ent study, we examined the molecular mechanism for the
assembly of angulin-1 at the TCs. We found that clusters of
cysteine residues in the juxtamembrane region within the
cytoplasmic domain of angulin-1 are highly palmitoylated.
Mutagenesis analyses of the cysteine residues in this region
revealed that palmitoylation is essential for localization of
angulin-1 at TCs. Consistently, suppression of Asp-His-His-
Cys motif– containing palmitoyltransferases expressed in
EpH4 cells significantly impaired the TC localization of angu-
lin-1. Cholesterol depletion from the plasma membrane of
cultured epithelial cells hampered the localization of angu-
lin-1 at TCs, suggesting the existence of a lipid membrane
microdomain at TCs that attracts highly palmitoylated angu-
lin-1. Furthermore, the extracellular domain of angulin-1 was
also required for its TC localization, irrespective of the intra-
cellular palmitoylation. Taken together, our findings suggest
that both angulin-1’s extracellular domain and palmitoyla-
tion of its cytoplasmic region are required for its assembly at
TCs.

Tight junctions (TJs)5 play a crucial role in epithelial barrier
function by regulating diffusion of solutes through the paracel-
lular pathway in vertebrate epithelial cells (1, 2). TJs contain at
least three types of membrane proteins: occludin, claudin fam-
ily proteins, and JAM family proteins (1, 2). The functional
units of TJs are fibril-like plasma membrane contacts formed by
assembly of claudin family membrane proteins from both adja-
cent cells (3). The structures can be visualized by freeze-frac-
ture replica EM (4) and are designated TJ strands. A network of
TJ strands circumscribes each cell at the most apical part of the
lateral membrane to form a belt that acts as a continuous para-
cellular diffusion barrier (4). However, the paracellular space at
tricellular contacts (TCs), where the vertices of three epithelial
cells meet, cannot theoretically be sealed by continuous TJs. At
a TC, the most apical TJ strands of bicellular TJs from each of
three directions meet at the center, turn, and extend in the basal
direction attached to one another (4). Consequently, a very nar-
row tube of extracellular space surrounded by three vertical TJ
strands is formed at the center of a TC. This structure is con-
sidered to act as a paracellular diffusion barrier at TCs, and the
vertical TJs are designated tricellular TJs (tTJs) (4, 5).

Two types of membrane proteins were identified as the
molecular constituents of tTJs: tricellulin and angulin family
proteins, including angulin-1/LSR, angulin-2/ILDR1, and
angulin-3/ILDR2, herein designated angulins (5–7). Analyses
of angulins in cultured epithelial cells revealed that they
recruited tricellulin to TCs and that both tricellulin and angu-
lins were required for full barrier function of an epithelial cel-
lular sheet (5–7). Furthermore, mutations in the human tricel-
lulin and angulin-2 genes caused nonsyndromic familial
deafness (DFNB49 and DFNB42, respectively) (8, 9). Consis-
tently, mutant mice lacking these genes showed profound deaf-
ness (10 –14). Angulin-2– deficient mice also exhibited poly-
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uria accompanied by impaired urine concentration (15),
whereas angulin-1– deficient mice showed embryonic lethality
at embryonic days 13–15 (16). These observations suggest cru-
cial roles of tTJs in vivo.

Despite the physiological importance of tTJs, the underlying
mechanism for their correct formation at TCs remains unclear.
It is reasonable to speculate that the process for tTJ formation
can be divided into two steps: recognition of TC regions and
assembly of vertical TJ strands at these regions. Previous
reports suggested that tricellulin is involved in the latter step. In
tricellulin knock-in mice mimicking a human tricellulin gene
mutation in familial deafness, tTJ organization was impaired in
the inner ear epithelial cells (10). Consistently, the assembly of
TJs visualized by immunofluorescence staining of occludin was
abnormal around TCs in tricellulin knockdown epithelial cells
(5). Tricellulin bound to a Cdc42 guanine nucleotide exchange
factor, Tuba, and activated Cdc42 to induce F-actin organiza-
tion during cell-cell junction formation in cultured epithelial
cells (17). This cytoskeletal regulation by tricellulin may play a
role in the organization of tTJs. Meanwhile, the mechanism by
which TCs are recognized as the proper sites for tTJ formation
is unknown. Considering that angulins recruit tricellulin to TCs
(6), clarification of the mechanism for how angulins are local-
ized at TCs (i.e. what types of cues direct the assembly of angu-
lins at TCs) would help to address this issue.

Post-translational modifications of proteins, including phos-
phorylation and lipid modification, are potential mechanisms
that regulate protein localization. Among several types of lipid
modifications, palmitoylation involves the addition of a C16
acyl chain to cytoplasmic cysteine residues in proteins through
thioester bonds (18 –21). Palmitoylation is catalyzed by a family
of Asp-His-His-Cys motif– containing palmitoyltransferases
(DHHCs) (19, 21). Palmitoylation occurs in cytoplasmic pro-
teins as well as integral membrane proteins and influences their
behaviors in terms of trafficking, membrane association, and
localization at certain membrane domains (18 –21). Among the
TJ-associated proteins, claudin-3, claudin-5, claudin-7, clau-
din-14, and JAM-C were reported to undergo palmitoylation
(22–26). Palmitoylation of claudin-14 was required for its effec-
tive localization at TJs in epithelial cells without affecting the
stability and assembly of TJ strands (22), whereas palmitoyla-
tion of claudin-7 accelerated its distribution in glycolipid-en-
riched membrane domains (25). However, it remains unknown
whether tTJ-associated proteins undergo lipid modifications.

In the present study, we investigated the mechanism for TC
localization of angulin-1. We show that angulin-1 undergoes
high levels of palmitoylation and that full palmitoylation is nec-
essary for its localization at TCs. We further demonstrate that
the extracellular domain is required for angulin-1 assembly at
TCs. Finally, we discuss why the combination of these two ele-
ments is required for proper localization of angulin-1 to TCs.

Results

The cytoplasmic domain of angulin-1 is required for its
localization at TCs

To elucidate the mechanism for TC localization of angulin-1,
we examined the responsible domains in angulin-1. A conven-

tional method for this type of analysis is the generation of var-
ious deletion mutants and assessment of their subcellular local-
izations after exogenous expression in cultured epithelial cells.
However, endogenous angulin-1 in cultured epithelial cells may
influence the behavior of exogenous angulin-1 mutants in such
analyses, possibly through homotypic or homomeric assembly.
To avoid this problem, we initially generated angulin-1–
deficient cells from EpH4 mouse mammary epithelial cells by
CRISPR/Cas9-mediated genome editing and used one of the
established angulin-1– deficient EpH4 clones, designated
Ang1KO, throughout the study (Fig. S1A). The Ang1KO cell
genome contained frameshift mutations at two or four nucleo-
tides downstream of the first ATG in each allele (Fig. S1A), and
angulin-1 expression was not detected in Ang1KO cells by
either immunoblotting or immunofluorescence staining (Fig. 1,
A and B).

Subsequently, we investigated the role of the cytoplasmic
domain of mouse angulin-1 in its localization. We previously
reported that a splicing isoform of mouse angulin-1 with 575
amino acids, including the N-terminal signal peptide
(GenBankTM AK146807), was localized at tTJs (6). We also
showed that an angulin-1 mutant lacking amino acids 259 –575
fused with GFP (Ang1–258G) was able to assemble at TCs (6).
Because the bioinformatics tool TMHMM (27) predicted that
the membrane-spanning region would end at amino acid 210,
we generated a plasmid construct for expression of a GFP-
tagged angulin-1 mutant lacking amino acids 212–575, desig-
nated Ang1–211G, that also lacked most of the cytoplasmic
domain (Fig. 1C). Full-length mouse angulin-1 fused with GFP
(Ang1G), Ang1–258G, or Ang1–211G was then stably
expressed in Ang1KO cells. Immunoblotting of lysates from
these cells with an anti-GFP antibody confirmed reduced
molecular weights of the mutants in accordance with their dele-
tions (Fig. 1D). When their localizations were analyzed by fluo-
rescence microscopy, Ang1G and Ang1–258G assembled at
TCs (Fig. 1, E and F), consistent with our previous observations
(6), although the TC localization index in Ang1–258G was
lower than that in Ang1G. In contrast, most of the Ang1–211G
appeared to remain in intracellular compartments and was not
observed at TCs (Fig. 1, E and F). These results suggest that
amino acids 212–258 in the cytoplasmic region of angulin-1
play an important role in its transport to or retention in the
plasma membrane and localization at TCs.

Angulin-1 undergoes palmitoylation

Based on the prediction that the transmembrane domain of
angulin-1 would end at amino acid 210, amino acids 212–258 of
angulin-1, which are absent from Ang1–211, are likely to be
located just beneath the plasma membrane. We found that this
region and part of the connected transmembrane domain con-
tained a high concentration of cysteine residues: 13 cysteines
within amino acids 208 –232 (Fig. 2A). This feature was also
conserved in angulin-2 and angulin-3 (Fig. 2A). Because cys-
teine residues located beneath the plasma membrane fre-
quently undergo post-translational palmitoylation (18 –21), we
examined whether angulin-1 was palmitoylated using the acyl-
PEGyl exchange gel shift (APEGS) method (28). In the APEGS
method, the palmitoyl groups in a given protein are substituted
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by PEG with a specific high-molecular weight through a series
of organic chemical reactions, and the extent of the original
palmitoylation is subsequently evaluated by the molecular
weight shift on SDS-PAGE followed by immunoblotting. Using
a 2-kDa PEG in the APEGS method, we detected a broad band
of angulin-1 at more than 100 kDa in immunoblotting, whereas
the original angulin-1 band without PEG modification had a
molecular mass of around 60 kDa (Fig. 2B). These results indi-
cate that angulin-1 is highly palmitoylated.

Protein palmitoylation is catalyzed by protein palmitoyl-
transferases belonging to the DHHC family, which contains 24
subtypes in mice and humans (19, 21). To investigate the
DHHC subtypes that catalyze the palmitoylation of angulin-1,
we overexpressed Ang1G and each of the HA-tagged mouse

DHHC family proteins in HEK293T cells with tritium-labeled
palmitate and detected palmitoylation of Ang1G by autora-
diography. As shown in Fig. 2C, DHHC2, -3, -4, -6, -7, -10, and
-15 clearly palmitoylated angulin-1. Among these DHHCs,
expression of DHHC2, -3, -4, -6, and -7 was detected in EpH4
cells by RT-PCR (Fig. 2D).

We further examined which cysteine residues in angulin-1
were palmitoylated. The region of angulin-1 comprising amino
acids 210 –232 contains 12 cysteine residues. We divided these
residues into four convenient clusters (1–4) from the plasma
membrane side, with each cluster containing three cysteine res-
idues that were continuously arranged or closely located in the
vicinity of one another (Fig. 3A). We then constructed expres-
sion vectors for these GFP-tagged angulin-1 mutants in which

Figure 1. Role of the C-terminal cytoplasmic domain of angulin-1 in the localization of angulin-1 at TCs. A, generation of angulin-1–deficient EpH4 cells. Shown
is immunoblotting (IB) of parent EpH4 cells (EpH4) and Ang1KO cells with anti-angulin-1 and anti-occludin antibodies. The membrane was also immunoblotted with
an anti-�-tubulin antibody as a loading control. B, double immunofluorescence staining of EpH4 cells and Ang1KO cells with antibodies against angulin-1 and
occludin. C, schematic drawings of the full-length and C-terminal cytoplasmic domain–deleted constructs of angulin-1. The full-length mouse angulin-1 contains 575
amino acids, including the first methionine. In this study, we used two C-terminal deletion constructs of angulin-1 containing 258 amino acids and 211 amino acids. The
constructs were tagged with GFP at their C terminus and designated Ang1G, Ang1–258G, and Ang1–211G, respectively. SP, signal peptide; Ig, immunoglobulin-like
domain; TM, transmembrane domain. D, immunoblotting of Ang1KO cells (�) and cells stably expressing (�) Ang1G, Ang1–211G, and Ang1–258G with an anti-GFP
antibody. The protein band indicated by the asterisk is probably caused by degradation of Ang1–258G. E, immunofluorescence staining of Ang1KO cells stably
expressing Ang1G, Ang1–258G, or Ang1–211G with an anti-occludin antibody. The localizations of Ang1G, Ang1–258G, and Ang1–211G were detected by the
fluorescent signals of GFP. Ang1G and Ang1–258G are detected at TCs (arrows), whereas Ang1–211G is not (arrowheads). An enhanced image of the GFP signal for
Ang1–211G is also shown. Scale bar, 20 �m. F, quantitation of the TC enrichment of Ang1G, Ang1–258G, and Ang1–211G at TCs. The graph represents mean � S.D.
(error bars) (n � 4–8 each). ***, p � 0.0005, compared by t test. a.u., arbitary units.
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all three cysteine residues in each cluster or in multiple clusters
were replaced with serine residues (Fig. 3A). The cysteine-to-
serine mutation has been utilized to analyze protein palmitoy-
lation in previous studies, including those on tight junction–
associated membrane proteins (22, 26). The angulin-1 mutants

with cysteine-to-serine substitution in cluster 1, cluster 2, clus-
ter 3, and cluster 4 were designated CS1, CS2, CS3, and CS4,
respectively. Similarly, the angulin-1 mutants with cysteine-to-
serine substitution in clusters 1 and 2, clusters 1–3, and clusters
1– 4 were designated CS1–2, CS1–3, and CS1– 4, respectively.

Figure 2. Palmitoylation of angulin-1. A, amino acid sequence of the last half of the transmembrane domain and the following juxtamembrane region of
mouse angulin-1 (GenBankTM AK146807). The predicted transmembrane domain is shown by the dashed line. The 13 cysteine residues (red) within amino acids
208 –232 of angulin-1 are conserved within amino acids 187–211 of angulin-2 (GenBankTM K136284) and amino acids 188 –212 of angulin-3 (GenBankTM

FJ024498). B, palmitoylation of endogenous angulin-1 in EpH4 cells detected by the APEGS method. After the reduction and alkylation of free cysteine thiols
of proteins in cell lysates, palmitoyl-thioester linkages of the protein palmitoylation sites in cell lysates are cleaved by hydroxylamine treatment, and newly
formed thiols are labeled with mPEG-2k. As a negative control, NEM of 125 Da was added instead of mPEG-2k. The rightmost two lanes show the results for the
original lysates without any treatments. The remarkable mobility shift of angulin-1 in the hydroxylamine(�)/mPEG-2k lane compared with the negative control
lanes, hydroxylamine(�)/mPEG-2k and hydroxylamine(�)/NEM, in EpH4 cells demonstrates that angulin-1 is highly palmitoylated. The mobility shift observed
in the hydroxylamine(�)/NEM lane compared with the hydroxylamine(�)/mPEG-2k lane (asterisk) is probably caused by the addition of NEM (125 Da) to
multiple palmitoyl cysteine residues. Because replacement of a palmitoyl group (239 Da) with NEM reduces the molecular weight of angulin-1, the slower
mobility of the hydroxylamine(�)/NEM sample may be caused by structural change of angulin-1 protein by the NEM blinding. The bottom panel shows
immunoblotting of the corresponding samples with an anti-G�q antibody as a positive control for protein palmitoylation. IB, immunoblotting. C, screening for
DHHCs responsible for palmitoylation of angulin-1. Each DHHC family member with an HA tag was cotransfected with Ang1G into HEK293T cells. After
metabolic labeling with [3H]palmitate, proteins in the cell lysates were separated by SDS-PAGE and subjected to autoradiography and immunoblotting with
anti-GFP and anti-HA antibodies. The results are representative of two independent experiments. D, expression of DHHC transcripts in EpH4 cells. The
expression of DHHCs capable of Ang1G palmitoylation in C was analyzed by RT-PCR using total RNA from EpH4 cells as a template. RT(�) and RT(�) indicates
reverse transcriptase–positive and –negative reactions, respectively.
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We introduced the expression vectors for the mutants into
Ang1KO cells, established stable clones expressing each of
the mutants, and analyzed their palmitoylation status by the
APEGS method (Fig. 3B). Compared with WT angulin-1, the
palmitoylation levels of CS1, CS1–2, and CS1–3 showed step-
wise reductions according to the extent of cysteine-to-serine
substitution. The palmitoylation level in CS1–3 was the same as
that in CS1– 4, suggesting that the cysteine residues in cluster 4
in CS1–3 were not palmitoylated. Meanwhile, the palmitoyla-
tion levels in CS2, CS3, and CS4 were similar to that in CS1,
suggesting that all four cysteine clusters underwent palmitoy-
lation. CS1– 4 lacking all 12 cysteine residues within amino
acids 210 –232 still showed a mobility shift, suggesting that cys-
teine 208 in the membrane-spanning region was also
palmitoylated.

Full palmitoylation is required for TC localization of angulin-1

To examine whether cytoplasmic palmitoylation influenced
the assembly of angulin-1 at TCs, the localizations of the CS
mutants of angulin-1 were analyzed by fluorescence micros-

copy based on the signals of their GFP tags. As shown in Fig. 4
(A–C), none of the CS mutants were localized at TCs, but
instead they were distributed throughout the lateral plasma
membrane. These results suggest that palmitoylation of all four
cysteine clusters is required for localization of angulin-1 at TCs.

To confirm that DHHCs are responsible for TC localization
of angulin-1, we performed loss-of-function studies of DHHCs
in EpH4 cells. First, we established a DHHC6-deficient EpH4
cell clone (DHHC6 KO cells) by CRISPR/Cas9-mediated
genome editing (Fig. S1, B and C). In these cells, angulin-1 was
clearly localized at TCs in immunofluorescence staining (Fig.
S1D). When the expression of either DHHC2, -3, -4, or -7 was
suppressed by siRNA in DHHC6 KO cells, localization of angu-
lin-1 never changed (Fig. S2, A and B). However, simultaneous
treatment of DHHC6 KO cells with all of these siRNAs signifi-
cantly reduced the expression of these DHHCs and impaired
the TC localization of angulin-1 (Fig. 5, A–C). These results
suggest that DHHCs are responsible for TC localization of
angulin-1.

It was reported that palmitoylation often regulates the incor-
poration of proteins into membrane domains, such as lipid
rafts, wherein sphingolipids and cholesterol are highly enriched
(18, 29). Our observations suggested that TCs may be special-
ized lipid microdomains in the plasma membrane that attract
the highly palmitoylated angulin-1. To examine this notion, we
disrupted the lipid domain of EpH4 cells by treatment with
methyl-�-cyclodextrin (M�CD), which extracts cholesterol
from the plasma membrane (30), and analyzed the behavior of
angulin-1. When EpH4 cells were treated with 15 mM M�CD at
37 °C for 60 min, the localization of angulin-1 at TCs was
impaired, whereas the localizations of occludin and ZO-1 at TJs
were hardly affected (Fig. 6, A and B). Claudin-3 staining at
cell-cell contacts appeared to be weakened with increased
staining in the lateral membrane domain but was still clearly
detected (Fig. 6A). Tricellulin was retained at TCs following the
loss of angulin-1 by M�CD treatment, although angulins were
previously shown to recruit tricellulin to TCs (6) (Fig. 6, A and
B). It could be possible that angulin is required for initial
recruitment of tricellulin but not for its maintenance at TCs
(see “Discussion”). Under these conditions, no remarkable dif-
ferences in the protein levels of angulin-1, occludin, claudin-3,
ZO-1, and tricellulin were detected by immunoblotting (Fig.
6C). To investigate whether the distribution of cholesterol in
the plasma membrane is biased at TCs, EpH4 cells were labeled
with filipin, a fluorescent dye of cholesterol binding. However,
we could not observe remarkable enrichment of filipin at TCs
(Fig. S2C). It should be noted that the lack of enrichment does
not rule out the presence of cholesterol at TCs. These results
suggest that TCs contain a specialized membrane domain
mediated by cholesterol and that localization of angulin-1 is
sensitive to disruption of this domain.

The extracellular domain of angulin-1 is required for its
localization at TCs

We further investigated whether the extracellular domain is
involved in TC localization of angulin-1 in addition to the cyto-
plasmic palmitoylation. We previously described several splic-
ing isoforms of mouse angulin-1 based on databases (7). Among

Figure 3. Determination of palmitoylated cysteine residues in angulin-1.
A, amino acid sequences of the juxtamembrane regions in mouse angulin-1
(WT) and its mutants with serine substitution of the cytoplasmic cysteine
residues (CS1, CS2, CS3, CS4, CS1–2, CS1–3, and CS1– 4). The cysteine and
serine residues within amino acids 210 –232 are shown in red and blue letters,
respectively. B, the top panel shows palmitoylation of GFP-tagged WT angu-
lin-1 and its cysteine-to-serine–substituted mutants detected by the APEGS
method. Lysates of Ang1KO cells stably expressing Ang1G (WT) or mutants
were processed for the APEGS method. Mobility shifts of the bands to higher
molecular weights indicate protein palmitoylation. The bottom panel shows
immunoblotting of lysates from Ang1KO cells (�) and cells expressing Ang1G
(WT) or cysteine-to-serine–substituted mutants before the procedure for the
APEGS method with an anti-angulin-1 antibody and anti-�-tubulin antibody.
IB, immunoblotting.
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them, we examined isoform 2 with 575 amino acids (Fig. 7A;
GenBankTM AK146807) as a prototype for angulin-1/LSR and
confirmed its localization at TCs after expression in EpH4 cells
and angulin-1-knockdown EpH4 cells in our previous studies
(6, 7) and in Ang1KO cells in the present study (Fig. 1E). In this
study, we focused on isoform 1 of mouse angulin-1 (Fig. 7A;
GenBankTM BC004672). Compared with isoform 2, isoform 1
has an additional 19-amino acid insertion in the extracellular
domain just upstream of the plasma membrane, but its cyto-
plasmic domain is identical. To examine whether this differ-
ence in the extracellular domain affected the localization of
angulin-1, we transfected expression vectors for FLAG-tagged
isoforms 1 and 2 of angulin-1 into Ang1KO cells and estab-
lished stable clones (Fig. 7B). Immunofluorescence analyses
confirmed that FLAG-tagged isoform 2 was concentrated at
TCs (Fig. 7C). In contrast, FLAG-tagged isoform 1 was localized
throughout the lateral membrane, but not at TCs (Fig. 7, C and
D). A palmitoylation assay by the APEGS method revealed that
FLAG-tagged isoforms 1 and 2 were both highly palmitoylated
to similar levels (Fig. 7E). These observations suggest that the
palmitoylated cytoplasmic domain is not sufficient on its own
and that the extracellular domain is also required for TC local-
ization of angulin-1.

To obtain further insights into the role of the extracellular
domain of angulin-1 in its TC localization, we cocultured EpH4
cells and Ang1KO cells and analyzed the localization of endog-
enously expressed angulin-1 in EpH4 cells. GFP was introduced
into EpH4 cells in advance to distinguish them from Ang1KO
cells by fluorescence microscopy. In these coculture experi-

ments, four types of TCs were generated: TCs with three EpH4
cells, with two EpH4 cells and one Ang1KO cell, with one EpH4
cell and two Ang1KO cells, and with three Ang1KO cells. The
immunofluorescence staining revealed concentrated localiza-
tion of angulin-1 in �90% of TCs formed by three EpH4 cells.
Clear dotlike localization of angulin-1 was also observed in
about 20% of TCs composed of two EpH4 cells and one
Ang1KO cell (Fig. 7, F and G). However, no concentration of
angulin-1 was detected in TCs composed of one EpH4 cell and
two Ang1KO cells (Fig. 7, F and G). These results suggest that
extracellular interactions of angulin-1 between two cells play a
role in its accumulation at TCs.

Discussion

One of the intriguing questions about tTJs is how they are
correctly formed at TCs, which are considerably limited areas
of cell-cell contacts in epithelial cells. Clarification of the
underlying mechanism for the TC localization of angulins
would help to provide an answer for this issue, because angulins
are positioned upstream in terms of TC localization among the
known tTJ-associated proteins. Herein, we showed that angu-
lin-1 is highly palmitoylated and that full palmitoylation is
required for its TC localization. We further demonstrated that
the extracellular domain of angulin-1 is also involved in its
localization at TCs. Our observations indicate that the TC
localization of angulin-1 is determined by the combination of
multiple factors and imply that TCs are specialized membrane
domains.

Figure 4. Role of palmitoylated cysteine residues in the localization of angulin-1 at TCs. A, immunofluorescence staining of Ang1KO cells stably expressing
Ang1G (WT) or cysteine-to-serine–substituted mutants with an anti-occludin antibody. Ang1G or the mutants in the same field were also visualized by fluorescence of
GFP. Scale bar, 20 �m. B, Z-stack sections of immunofluorescence staining of Ang1KO cells stably expressing Ang1G (WT) or cysteine-to-serine–substituted mutants.
The GFP signal (green) from each of the cysteine-to-serine–substituted mutants is connected to the occludin signal (red) and extends in the basal direction, indicating
that these mutants are localized along the lateral plasma membrane. Scale bar, 5 �m. C, quantitation of the TC enrichment of Ang1G (WT) or cysteine-to-serine–
substituted mutants. The graph represents mean � S.D. (error bars) (n � 2–3 each). **, p � 0.005, compared by t test. a.u., arbitary units.
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In the present study, we divided the cytoplasmic 12 cysteine
residues within amino acids 210 –232 of angulin-1 into four
clusters of three cysteines. We then expressed angulin mutants
in which all three cysteines in each cluster or in multiple clus-
ters were substituted with serine residues and analyzed their
palmitoylation levels. The CS1, CS2, CS3, and CS4 mutants, in
which all three cysteine residues in the corresponding clusters
were substituted with serine residues, showed reduced palmi-
toylation compared with WT angulin-1 but still exhibited rela-
tively high palmitoylation at similar levels to one another, sug-
gesting that all four cysteine clusters underwent palmitoylation.
Judging from the broad band for WT angulin-1 observed with
the APEGS method, many of the 12 cysteine residues appear to
be stochastically palmitoylated, although we did not identify
which residues were actually palmitoylated. Meanwhile, the
palmitoylation levels in the CS1–3 and CS1– 4 mutants were
similar, indicating that the cysteine residues in cluster 4 were
not palmitoylated in the CS1–3 mutant. Because the cysteine

residues in cluster 4 are located more than 20 amino acids
downstream from the end of the membrane-spanning domain,
they may only be able to access the responsible DHHCs when
cluster 1, 2, or 3 becomes attached to the membrane by palmi-
toylation, leading to recruitment of cluster 4 to the membrane.
Consistent with this notion, it was recently reported that pro-
tein palmitoylation was not determined by sequence motifs
around susceptible cysteine residues but occurred stochasti-
cally in cytoplasmic cysteines close to the membrane or in the
membrane of the inner leaflet at depths of up to 8 Å (23). EpH4
cells express DHHC2, -3, -4, -6, and -7, which were able to
palmitoylate angulin-1 in HEK293 cells in overexpression stud-
ies. siRNA-mediated knockdown of any of DHHC2, -3, -4, or -7
in DHHC6 KO cells did not impair the localization of angulin-1
at TCs, but simultaneous knockdown of all of DHHC2, -3, -4,
and -7 in DHHC6 KO cells did, suggesting that multiple
DHHCs regulate TC localization of angulin-1. The modest
effect on the localization of angulin-1 at TCs in our experiments
may reflect that only partial DHHC mRNA depletion was
achieved in siRNA-mediated knockdown. This is in agreement
with the previous studies that have shown that multiple
DHHCs are often redundantly involved in the palmitoylation of
a certain protein (18, 19). In addition, DHHCs show distinct
subcellular localization depending on their subtype (18, 19).
Which DHHC directly palmitoylates angulin-1, and at which
cellular compartment this occurs, remain to be solved in future
studies.

Blaskovic et al. (18) proposed four mechanistic conse-
quences of membrane protein palmitoylation: alterations in
conformation of transmembrane domains, association with
specific membrane domains, controlled interactions with other
proteins, and controlled interplay with other post-translational
modifications. In our study, the localization of angulin-1 at TCs
was impaired in EpH4 cells after treatment with M�CD, which
extracts cholesterol from the plasma membrane (30). This
observation suggests that TCs are cholesterol-mediated mem-
brane domains that attract the highly palmitoylated angulin-1.
The high curvature of the membrane convex to the extracellu-
lar side in TCs may be involved in the formation of specific
membrane domains with a unique lipid composition. Among
the TJ-associated proteins, claudins, including claudin-3 and
claudin-14, were reported to undergo palmitoylation in their
cytoplasmic turns and C-terminal cytoplasmic domains. The
cysteine residues in these regions are conserved in other clau-
din subtypes (22). A claudin-14 mutant with alanine substitu-
tion of four cysteine residues in these regions was less well-
localized to TJs and was found in lysosomes in cultured
epithelial cells (22). Furthermore, Shigetomi et al. (31) reported
that removal of cholesterol from the plasma membrane of
EpH4 cells by treatment with 50 mM M�CD for 30 min
impaired the assembly of claudin-3 and occludin in cell-cell
contacts, suggesting that TJs are cholesterol-mediated mem-
brane domains. In the present study, the TC localization of
angulin-1 was hampered by treatment with 15 mM M�CD for
60 min, whereas the claudin-3 and occludin localization in the
TJ area was less affected, suggesting that the membrane
domains at TCs differ from those at TJs. After the M�CD treat-
ment, tricellulin remained localized at TCs despite the loss of

Figure 5. Role of DHHCs in the localization angulin-1 at TCs. A, immuno-
fluorescence staining of DHHC6 KO cells treated with control siRNA or the
mixture of DHHC2, -3, -4, -7 siRNAs with anti-angulin-1 and anti-ZO-1 antibod-
ies. Compared with clear localization of angulin-1 at TCs in control
siRNA-treated cells (arrows), the angulin-1 signal at TCs in DHHC2, -3, -4, -7
siRNA–treated cells was faint overall, although part of the TCs showed signif-
icant localization of angulin-1 (arrowheads). Scale bar, 20 �m. B, quantitation
of the TC enrichment of angulin-1 in control and DHHC2, -3, -4, and -7
siRNA–treated DHHC6 KO cells. The graph represents mean � S.D. (error bars)
(n � 6 each). a.u., arbitary units. C, relative mRNA expression level of DHHC2,
-3, -4, or -7 in DHHC6 KO cells treated with control siRNA or siRNAs for DHHC2,
-3, -4, and -7 was measured by qPCR. Ribosomal protein L5 expression was
used for normalization. The graph represents mean � S.D. (n � 3 each). *, p �
0.05; ***, p � 0.0005, compared by t test.
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angulin-1. These results appear to contradict our previous find-
ing that angulins recruited tricellulin to TCs (6, 7). However, it
should be noted that the previous studies utilized stable knock-
down of angulin-1, whereas the present study involves acute
depletion of cholesterol from cells with established tTJs. Thus,
it is reasonable to assume that whereas angulins are important
for the recruitment of tricellulin to TCs, tricellulin localization
at tTJs may be stabilized upon localization to the TCs due to its
affinity with TJ strands at tTJs, resulting in their differential

sensitivity to acute cholesterol depletion. Consistently, tricellu-
lin has affinity for claudin-based TJ strands within the plasma
membrane (32), and claudin-3 was still clearly localized at bicel-
lular contacts under the condition of M�CD treatment in this
study.

Our study demonstrated that full palmitoylation of the cyto-
plasmic domain of angulin-1 was not sufficient for its localiza-
tion at TCs and that the extracellular domain of angulin-1 was
also required. Angulin family proteins contain single immuno-

Figure 6. Effect of cholesterol depletion on the localization of angulin-1. A, immunofluorescence staining of EpH4 cells (control) and cholesterol-depleted
cells after M�CD treatment using antibodies against tTJ-associated proteins (angulin-1, tricellulin) and TJ-associated proteins (occludin, claudin-3, and ZO-1).
Scale bar, 20 �m. B, quantitation of the TC enrichment of angulin-1 or tricellulin upon M�CD treatment. The graph represents mean � S.D. (error bars) (n � 3– 4
each). **, p � 0.005, compared by t test; n.s., not significant; a.u., arbitary units. C, immunoblotting of lysates from EpH4 cells (control) and cholesterol-depleted
cells after M�CD treatment using antibodies against tTJ-associated proteins (angulin-1 and tricellulin) and TJ-associated proteins (occludin, claudin-3, and
ZO-1). IB, immunoblotting.
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globulin-like domains in their extracellular part (7). When
overexpressed in mouse L fibroblasts, angulin-1 often assem-
bled into cell-cell contacts weakly on both sides of the adjacent
cells, suggesting that the extracellular domains of two angulin-1
molecules can weakly interact with one another in a homophilic

manner (6). This notion was supported by our coculture exper-
iments with EpH4 cells and Ang1KO cells: angulin-1 was able to
assemble into TCs formed by two EpH4 cells and one Ang1KO
cell, but not into those formed by one EpH4 cell and two
Ang1KO cells. Thus, the question arises as to why angulin-1

Figure 7. Role of the extracellular domain of angulin-1 in its localization at TCs. A, exon organization in the two isoforms of mouse angulin-1. The squares
with numbers indicate the exons in the angulin-1 isoforms. Compared with isoform 1, isoform 2, which is known to localize at TCs, lacks exon 4 in the
extracellular region close to the transmembrane domain. Gray lines, protein domains; SP, signal peptide; Ig-like, immunoglobulin-like domain; TM, transmem-
brane domain. B, immunoblotting of lysates from Ang1KO cells (control) and cells stably expressing FLAG-tagged angulin-1 isoform 2 or isoform 1 with an
angulin-1 antibody (top), anti-FLAG antibody (middle), and anti-�-tubulin antibody (bottom). C, double immunofluorescence staining of Ang1KO cells stably
expressing FLAG-tagged angulin-1 isoform 2 or isoform 1 with an anti-FLAG antibody and anti-occludin antibody. Scale bar, 20 �m. D, quantitation of the TC
enrichment of Angulin-1 isoform 2 or isoform 1 in Ang1KO cells. The graph represents mean � S.D. (error bars) (n � 3 each). *, p � 0.05, compared by t test. a.u.,
arbitary units. E, palmitoylation assay of FLAG-tagged angulin-1 isoform 2 and isoform 1 by the APEGS method performed using the same protocol as in Fig. 2B.
F, immunofluorescence staining of cocultured EpH4 cells expressing GFP and Ang1KO cells with anti-angulin-1 and anti-ZO-1 antibodies. Among the TCs
formed by two EpH4 cells and one Ang1KO cell, the arrow indicates an angulin-1–positive TC, whereas the arrowheads indicate angulin-1–negative TCs. Scale
bar, 10 �m. G, quantification of the ratios of angulin-1–positive TCs in TCs formed by three EpH4 cells, by two EpH4 cells and one Ang1KO cell, by one EpH4 cell
and two Ang1KO cells, or by three Ang1KO cells in three experiments. The numbers of analyzed TCs for those formed by three EpH4 cells, by two EpH4 cells and
one Ang1KO cell, by one EpH4 cell and two Ang1KO cells, and by three Ang1KO cells in experiments 1, 2, and 3 were 200/120/97/214, 85/113/84/214, and
173/171/124/88, respectively. Throughout the experiments, angulin-1 was negative in TCs formed by one EpH4 cell and two Ang1KO cells or formed by three
Ang1KO cells.
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requires both cytoplasmic palmitoylation and the extracellular
domain for its TC localization. We speculate that the fully
palmitoylated cytoplasmic domain of angulin-1 has weak affin-
ity for cholesterol-mediated membrane domains at TCs based
on their high curvature convex to the outside, but palmitoyla-
tion is not sufficient for recruitment of angulin-1 to TCs by
itself. We also assume that the extracellular domains of angu-
lin-1 molecules have weak homophilic interaction, but the
affinity is too weak for angulin-1 proteins to assemble into con-
ventional cell-cell contacts by themselves. Only when these two
properties—the curvature-based formation of cholesterol-me-
diated membrane domains recognized by the palmitoylated
cytoplasmic region of angulin-1 and the cell-cell contact recog-
nized by the homophilic interaction of angulin-1 extracellular
region—are combined may angulin-1 be able to undergo
assembly. TCs are regions that fulfill these two geometric fea-
tures: plasma membrane domains with high curvature convex
to the outside and the ends of cell-cell contacts corresponding
to the sides of polygonal epithelial cells. Thus, the combinato-
rial action of the curvature-dependent assembly of plasma
membrane domains and the extracellular domain–mediated
intercellular interaction may ensure the tricellular localization
of angulin-1, a prerequisite for tTJ formation. The two deter-
minants for TC localization of angulin-1 could be required for
targeting of angulin-1 to TCs or its retention at these sites. One
possible idea is that palmitoylation is required for the access of
angulin-1 in TCs, whereas the trans-interaction between two
extracellular domains stabilizes angulin-1 there.

It was reported that single knockdown of JNK1 or JNK2 as
well as double knockdown of both JNK1 and JNK2 affect the
behavior of angulin-1 in EpH4 cells: angulin-1 was localized in
bicellular contacts and/or the cytoplasm as dots in addition to
TCs (33). Moreover, an angulin-1 mutant with alanine substi-
tution for serine 288, which is a JNK1 phosphorylation site, was
clearly localized along apical cell-cell junctions (33). These
observations suggest that phosphorylation also influences the
localization of angulin-1. However, angulin-1 should have an
intrinsic mechanism for TC localization other than phosphor-
ylation of serine 288 because Ang1–258G, which does not con-
tain serine 288, was localized at TCs, albeit at lower efficiency.

Similar to vertebrate tTJs, invertebrate epithelial cells have
specialized cell-cell junctions at TCs, namely tricellular junc-

tions (TCJs) (34, 35). Drosophila TCJs are associated with sep-
tate junctions, the functional counterpart of vertebrate TJs.
Two types of membrane proteins, Anakonda and Gliotactin,
have been identified as the molecular constituents of TCJs in
Drosophila, and Anakonda recruits Gliotactin to TCs (36, 37).
Unlike angulin-1, the expression of Anakonda in all three cells
forming a TC is required for its TC localization, whereas the
cytoplasmic domain is not essential (37). Based on these obser-
vations, it has been proposed that the interaction between the
extracellular domains of the Anakonda molecules from all three
cells arranged at a certain angle is required for Anakonda
assembly at TCs (37). These findings imply that vertebrates and
invertebrates have developed different mechanisms for recog-
nition of TCs by membrane proteins during the evolution of
occluding junctions.

Experimental procedures

Cells and antibodies

A mouse mammary epithelial cell line, EpH4, was kindly pro-
vided by Dr. Ernst Reichmann (University-Children’s Hospital,
Zurich, Switzerland). EpH4 cells and their derivatives were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) (Nissui
Pharmaceutical Co. Ltd.) supplemented with 10% fetal bovine
serum (Biowest). HEK293T cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum. The rat anti-occludin
mAb (MOC37), rat anti-angulin-1 mAb (MS), rat anti-tricellu-
lin mAb, and mouse anti-ZO-1 mAb (T8754) were raised and
characterized as described previously (5, 7, 38, 39). A rabbit
anti-GFP polyclonal antibody (598, MBL), a mouse anti-�-tu-
bulin mAb (14-4502-82, eBioscience), a mouse anti-FLAG
mAb (014-22383, Wako), and a rabbit anti-tricellulin poly-
clonal antibody (488400, Thermo Fisher Scientific) were com-
mercially obtained. To generate a rabbit anti-angulin-1 poly-
clonal antibody, partial cDNA of dog angulin-1 corresponding
to its C-terminal 230 amino acids was amplified by PCR with
primer set #1 in Table 1 using a cDNA library of MDCK II cells
as a template. A silence mutation was introduced into the
amplified DNA fragment with the primer pair 5�-CCACACC-
CCCGGGACCCCCACTACGATGAC-3� and 5�-GTCATC-
GTAGTGGGGGTCCCGGGGGTGTGG-3� to remove the
internal BamHI site, and the obtained DNA was digested with

Table 1
PCR primers used in this study

Primer no. Target DNA Forward Reverse

#1 Angulin-1 (dog) atggatccGGCGCCCCCAATGGCCGTGTAG aatgaatTCAGACGATTAAACTCTCCCGAC
#2 Angulin-1 TGGTTTTCGGGCGGGGCCCTTGGAAGATTGGC-

TCTTTGTGGTCGTG
GGTAGGAGCTCAGGGGCTTCTGAGGTCCTGCCAA-

GGACAATGAGCTCTGCG
#3 Angulin-1 GCTCCCACCCTTGTGTACCTGGGCG GGAGATCTTTAATCTGCACTCCCGC
#4 DHHC6 GGGGTCGACGTTTTCCCATCTTGTTTTCTTTAG GGGGAATTCGGACAGAGGCTGATTAGGTAAAAACC
#5 DHHC2 ATGGCGCCCTCGGGCTCGGGCG GTCTCGTTCTCCATAGTTAATGC
#6 DHHC3 CCGAGACATTGAGCGGAAACC ACCACATACTGGTACGGGTCTG
#7 DHHC4 ATGGACTTCCTGGTTCTCTTCTTG TTTCTCCTTTTTCTTGTAACTGG
#8 DHHC6 ATGGGCATATTCTGCTCAGTAATCAAG CTATCTGTTCTTCTTCTCCCCCTCTG
#9 DHHC7 CCGGGACATCGAGCACCATCCTC CCTTTCCTGGTCCTCATCTGCAG
#10 DHHC15 ATGAAAGAGATGAACATCTGTGG GAGGTGAAGCCACAAAACACACAC
#11 Ribosomal protein L5 GAAGCACATCATGGGTCAGA TACGCATCTTCATCTTCCTCCATT
#12 DHHC2 GAGCAGACATCCGCACAATTC AAGCGTGAGAGACGAGGAAG
#13 DHHC3 CCAAACCTGCTTCTGCTCTG GGCCATCCATAGCCTTTAAGAAC
#14 DHHC4 ACCGGTTCGACCATCACTG AGCAGTCACGGTGGCTATG
#15 DHHC7 GCTCCTGTGCTACTGAGGTG ACGCAGAGACAATCTGAGGC
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BamHI and EcoRI and subcloned into pGEX-2T vector (GE
Healthcare). The GST-dog angulin-1 fusion protein was gener-
ated in Escherichia coli BL21 and purified with GSH-Sepharose
(GE Healthcare). Against this fusion protein as antigens, rabbit
polyclonal antibodies were raised by Kiwa Laboratory Animals
(Wakayama, Japan). For affinity purification of the antibody,
the cDNA encoding the C-terminal 230 amino acids of dog
angulin-1 was subcloned into the pMAL-c2x vector (New Eng-
land Biolabs) to produce the MBP-dog angulin-1 fusion protein
in E. coli. The fusion protein was conjugated to CNBr-activated
Sepharose 4B (GE Healthcare) according to the manufacturer’s
instructions and was used for affinity purification of the anti-
body. To generate anti-mouse DHHC6 polyclonal antibodies, a
GST fusion protein with amino acids 233– 414 of mouse
DHHC6 was produced in E. coli and purified with GSH-Sep-
harose, followed by immunization to rabbits by Keary Co. Ltd.

Construction of expression vectors for angulin-1

The expression vectors for the full-length mouse angulin-1
and Ang1–258G were described previously (6). The expression
vector for Ang1–211G was generated by PCR amplification of
the amino acids 1–211 of mouse angulin-1, which was sub-
cloned into pCAGGS (40) with a C-terminal GFP tag. The
expression vector for isoform 2 of angulin-1 with FLAG tag was
described previously (7). To generate the expression vector for
isoform 1 of mouse angulin-1 (GenBankTM BC004672), the iso-
form 1-specific exon was inserted into isoform 2 of mouse
angulin-1 (7) by inverse PCR as follows. The whole of the
expression vector for FLAG-tagged isoform 2 of mouse angu-
lin-1 (7) was amplified using primer set #2 in Table 1. Both ends
of the amplified vector were ligated with T4 polynucleotide
kinase (2021A, Takara) and Ligation high version 2 (LGK-201,
TOYOBO).

The expression vectors for cysteine-serine–substituted
mutants of mouse angulin-1 were generated by site-directed
mutagenesis using inverse PCR with corresponding primer sets
and the expression vectors for the full-length mouse angulin-1.

Genome editing, transfection, and establishment of stable cell
clones

Ang1KO cells were established from parental EpH4 cells
using the CRISPR/Cas9 system. pSpCas9(BB)-2A-Puro(PX459)
version 2.0 (62988, Addgene) was used to construct CRISPR/
Cas9 vectors. The sense and antisense DNA strands of the tar-
geting site were annealed with each other in KOD FX Neo
buffer (TOYOBO). The following DNAs were used for sense
and antisense DNA strands of angulin-1: 5�-CACCGACGGC-
CGCGATGGCGCCGG-3�, 5�-AAACCCGGCGCCATC-
GCGGCCGTC-3�. The DNA duplexes were ligated to
pSpCas9(BB)-2A-Puro(PX459) V2.0 digested by BpiI (FD1014;
Thermo Fisher Scientific). Parental EpH4 cells were transfected
with the CRISPR/Cas9 vectors using Lipofectamine LTX with
Plus Reagent (Thermo Fisher Scientific) and cloned by limiting
dilution. The cloned cells were picked up and immunostained
with anti-angulin-1 antibody to confirm the depletion of angu-
lin-1. In the angulin-1– deficient cells, mutations in the target-
ing sites were confirmed by Sanger sequencing of genomic
DNA amplified by PCR with primer set #3 in Table 1.

DHHC6 KO cells were established from EpH4 cells by the
same protocol as Ang1KO cells except for cell cloning. Two
oligonucleotides, 5�-CACCGTTAAGGAGACTGTGTCA-
TTG-3� (sense strand) and 5�-AAACCAATGACACAGTCT-
CCTTAAC-3� (antisense strand), were annealed to generate a
DNA fragment containing the targeting site in the mouse
Zdhhc6 gene. EpH4 cells were transfected with the CRISPR/
Cas9 vectors for Zdhhc6 with pGKpuro, and cell clones that
were resistant in the culture medium containing 3 �g/ml puro-
mycin (Sigma–Aldrich) were picked up. The clones lacking
expression of DHHC6 were further selected by immunoblot-
ting using anti-DHHC6 antibody. Mutations in the targeting
site were confirmed by Sanger sequencing of genomic DNA
amplified by PCR with primer set #4 in Table 1.

Transfection of the expression plasmid constructs for the
full-length angulin-1 and its mutants with epitope tags into
Ang1KO cells was performed by lipofection using Lipo-
fectamine LTX with Plus Reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Transfected cells
were cultured in the medium containing 400 �g/ml G418. The
G418-resistant cell colonies were picked up as stable clones and
propagated.

Immunofluorescence microscopy

The whole procedure was performed at room temperature.
Cells cultured on coverslips at confluent condition were fixed
with 1% formaldehyde in PBS containing 1 mM CaCl2 for 15
min, permeabilized with 0.2% (w/v) Triton X-100 in PBS for 15
min, and washed with PBS three times. After blocking with 1%
BSA in PBS for 30 min, the cells were incubated with a primary
antibody for 30 min, followed by PBS wash three times and
incubation with a secondary antibody for 30 min. After washing
with PBS three times, the samples were embedded in FluorSave
reagent (Calbiochem) and observed with fluorescent micro-
scopes IX70 and IX71 (Olympus) equipped with a complemen-
tary metal-oxide semiconductor– cooled camera and a charge-
coupled camera (ORCA-ER, Hamamatsu Photonics K.K.),
respectively. To obtain Z-stacked sections, we used a confocal
microscope (TCS-SPE, Leica Microsystems) equipped with an
HCX PL APO 	63/1.40 numerical aperture objective. Images
were processed using Fiji/ImageJ software 2.0.0-rc-65/1.51w
(National Institutes of Health).

Immunoblotting

Cells were lysed with Laemmli SDS sample buffer supple-
mented with 100 mM DTT and boiled at 100 °C for 5 min. The
proteins were separated by SDS-PAGE using a 10, 12.5, or 15%
polyacrylamide gel. In immunoblotting for except the APEGS
analysis, one-fortieth of cell lysates prepared from confluent
cells in a 35-mm dish were loaded per lane. The proteins in the
gels were transferred to a polyvinylidene difluoride membrane
with 0.45-�m pore size (Millipore). The membrane was
blocked with 5% skim milk in TBS supplemented with 0.1%
Tween 20 (TBS-T) and incubated with primary antibodies
diluted with 5% skim milk in TBS-T or immunoreaction
enhancer solution of Can Get Signal� (NKB-101, TOYOBO)
for 60 min at 37 °C. The bound primary antibodies were
detected using horseradish peroxidase–linked secondary anti-
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bodies and enhanced chemiluminescence (ECL prime, GE
Healthcare). Images were obtained using LAS3000 mini (Fujif-
ilm) and processed with Fiji/ImageJ software 2.0.0-rc-65/1.51w
(National Institutes of Health).

APEGS assay

The method was basically followed as described previously
(28). The indicated EpH4 cells were homogenized with Buffer A
(4% SDS, 5 mM EDTA, 50 �g/ml phenylmethylsulfonyl fluoride,
10 �g/ml leupeptin, and 10 �g/ml pepstatin A in PBS). After
sonication and centrifugation at 100,000 	 g for 15 min, super-
natant proteins (200 �g) were reduced with 25 mM tris-(2-car-
boxyethyl)phosphine (Thermo Fisher Scientific) for 1 h at 55 °C
and alkylated with 50 mM N-ethylmaleimide (NEM; Wako) for
3 h at room temperature. After chloroform/methanol precipi-
tation (CM ppt), resuspended proteins were incubated in Buffer
H (1% SDS, 0.2% Triton X-100, 5 mM EDTA, 1 M hydroxylamine
(NH2OH; Sigma-Aldrich), pH 7.0) for 1 h at 37 °C to cleave
thioester bonds. As a negative control, 1 M Tris was used. After
CM ppt, resuspended proteins (75 �g) were PEGylated with 20
mM maleimide-conjugated PEG of 2 kDa (mPEG-2k; NOF) for
1 h. As a negative control, 20 mM NEM was used. After CM ppt,
protein precipitates were resuspended with SDS-sample buffer
(0.8 –1.0 mg/ml) and boiled at 100 °C for 3 min. Protein con-
centration was measured by BCA protein assay after individual
steps.

Metabolic labeling with [3H]palmitate

Individual DHHC clones were transfected together with
Ang1G into HEK293T cells. Transfected HEK293T cells were
preincubated for 30 min in serum-free DMEM with fatty acid–
free BSA (5 mg/ml; Sigma–Aldrich). Cells were metabolically
labeled with 0.4 mCi/ml [3H]palmitic acid (PerkinElmer Life
Sciences) for 4 h in the preincubation buffer. Then the whole-
cell lysate was separated by SDS-PAGE for fluorography and
immunoblotting as described previously (41).

RT-PCR

Total RNA was prepared from EpH4 cells with TRIzol� re-
agent (Thermo Fisher Scientific) according to the manufactu-
rer’s instruction. Using the total RNA, cDNA was synthesized
with SuperScript� III reverse transcriptase (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. For neg-
ative control, the identical aliquots of total RNA were incubated
in the incubation buffer without the reverse transcriptase. 0.5
�l of the reaction product was used as a template for PCR.
Conventional PCR was performed using a DNA polymerase
KOD-Plus version 2 (TOYOBO) according to the manufactu-
rer’s instructions in 35 cycles of denaturation at 98 °C for 10 s,
annealing at 58 °C for 20 s, and extension at 68 °C for 90 s with
primer sets #5, #6, #7, #8, #9, and #10 in Table 1 to amplify the
cDNAs of mouse DHHC2, DHHC3, DHHC4, DHHC6,
DHHC7, and DHHC15, respectively. After PCR, the samples
were separated by gel electrophoresis with 1% agarose gel. The
expected sizes of the amplified DNA fragments were as follows:
DHHC2, 1097 bp; DHHC3, 871 bp; DHHC4, 1029 bp; DHHC6,
1242 bp; DHHC7, 882 bp; DHHC10, 1018 bp; DHHC15, 1011
bp. For DHHC2, -3, -4, -6, and -7, each amplified DNA frag-

ment was confirmed to be the correct PCR product for the
corresponding DHHC by direct sequencing.

Real-time qPCR

Total RNA was isolated from cells using TRIzol� reagent
(Thermo Fisher Scientific) following the manufacturer’s
instructions. The residual DNA was removed by RQ1 DNase
(Promega). First-strand cDNA was synthesized from 2 �g of
total RNA with oligo(dT) primers using SuperScriptIII reverse
transcriptase (Thermo Fisher Scientific). cDNA samples were
diluted 3-fold for qPCR. Real-time qPCR was conducted using a
Light Cycler 96� system (Roche Applied Sciences). For each
reaction, a 20-�l mixture containing 2.5 �l of diluted cDNA,
0.25 �M each of forward and reverse primers, and 10 �l of
Luna� Universal qPCR mix (New England Biolabs) was pre-
pared. The amplification program was as follows: 95 °C for 60 s,
55 cycles of denaturation at 95 °C for 15 s, followed by annealing
and amplification at 60 °C for 30 s. Reactions for individual
samples were carried out in triplicate. Ribosomal protein L5
expression was used for normalization. -Fold changes were cal-
culated using the 

Ct method. The primer sets #11, #12, #13,
#14, and #15 in Table 1 were used for the real-time qPCRs to
amplify the cDNAs of ribosomal protein L5, DHHC2, DHHC3,
DHHC4, and DHHC7, respectively.

Co-culture experiments

For co-culture experiments, EpH4 cells expressing GFP and
Ang1 KO cells (1.5 	 105 cells each) were mixed in a 35-mm
dish with coverslips and incubated for 3 days. The cells were
fixed and immunostained with anti-GFP antibody, anti-angu-
lin-1 antibody, and anti-ZO-1 antibody. Angulin-1–positive
dots were counted at TCs composed of three EpH4 cells, of two
EpH4 cells and one Ang1 KO cell, of one EpH4 cell and two
Ang1 KO cells, or of three Ang1 KO cells. When mean fluores-
cence intensity of angulin-1 at a TC composed of two EpH4
cells and one Ang1 KO cell or of one EpH4 cell and two Ang1
KO cells was more than two-thirds or one-third of the mean
fluorescence intensity of angulin-1 at TCs composed of three
EpH4 cells, respectively, tricellular localization of angulin-1
was considered to be positive.

Image analysis

TC enrichment was quantified. The overall workflow was as
follows: skeletonization of TJs, definition of vertices using the
skeletonized image to generate a mask, and measurement of the
ratio of the intensity of vertices versus total intensity. First,
the vertices were defined using the images of counterstaining
by occludin or ZO-1. In brief, noise reduction was performed by
ImageJ by sequential application of the subtraction of back-
ground, median filter, and band-pass filter, and the junctional
signals were extracted by thresholding. After removing outliers,
the image was binarized and skeletonized. Next, to extract the
vertices, an averaging filter was applied to the skeletonized
image, followed by thresholding. The vertices were expanded
by dilation to generate a mask for tricellular TJs. Misannotated
vertices were manually removed. Finally, tricellular TJ signals
were extracted from the angulin/tricellulin channel using the
mask by the image calculator. After background subtraction,
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the mean intensity and area fraction were measured from the
original image and the tricellular TJ image, and the signal den-
sity was determined by dividing the mean intensity with area
fraction. The tricellular enrichment index was defined as the
ratio between tricellular TJ signal density and total signal den-
sity. Image analysis was performed by Fiji/ImageJ 1.52f soft-
ware, followed by analysis in Excel (Microsoft). Statistical sig-
nificance was evaluated by Student’s t test (two-tailed).
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