
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5990  | https://doi.org/10.1038/s41598-021-85499-6

www.nature.com/scientificreports

Both IRBIT and long‑IRBIT bind 
to and coordinately regulate 
 Cl−/HCO3

− exchanger AE2 activity 
through modulating the lysosomal 
degradation of AE2
Ryo Itoh1, Naoya Hatano2, Momoko Murakami1, Kosuke Mitsumori1, Satoko Kawasaki1, 
Tomoka Wakagi1, Yoshino Kanzaki1, Hiroyuki Kojima1, Katsuhiro Kawaai3, 
Katsuhiko Mikoshiba4, Koichi Hamada1 & Akihiro Mizutani1* 

Anion exchanger 2 (AE2) plays crucial roles in regulating cell volume homeostasis and cell migration. 
We found that both IRBIT and Long‑IRBIT (L‑IRBIT) interact with anion exchanger 2 (AE2). The 
interaction occurred between the conserved AHCY‑homologous domain of IRBIT/L‑IRBIT and the 
N‑terminal cytoplasmic region of AE2. Interestingly, AE2 activity was reduced in L‑IRBIT KO cells, but 
not in IRBIT KO cells. Moreover, AE2 activity was slightly increased in IRBIT/L‑IRBIT double KO cells. 
These changes in AE2 activity resulted from changes in the AE2 expression level of each mutant cell, 
and affected the regulatory volume increase and cell migration. The activity and expression level of 
AE2 in IRBIT/L‑IRBIT double KO cells were downregulated if IRBIT, but not L‑IRBIT, was expressed 
again in the cells, and the downregulation was cancelled by the co‑expression of L‑IRBIT. The mRNA 
levels of AE2 in each KO cell did not change, and the downregulation of AE2 in L‑IRBIT KO cells 
was inhibited by bafilomycin A1. These results indicate that IRBIT binding facilitates the lysosomal 
degradation of AE2, which is inhibited by coexisting L‑IRBIT, suggesting a novel regulatory mode of 
AE2 activity through the binding of two homologous proteins with opposing functions.

IRBIT  (IP3R binding protein released with inositol 1,4,5-trisphosphate) was identified as a molecule that regulates 
 Ca2+ concentration by competing with  IP3 for the  IP3  receptor1,2 and is now considered to be a multifunctional 
protein because of its wide range of target  molecules3. IRBIT is a phosphoprotein and its phosphorylation is 
required for the binding to some target  proteins2,4, and IRBIT itself interacts with some protein/lipid kinases and 
phosphatases and is involved in the modulation of phosphorylation  signals3,5–8. Considering that the activities 
of diverse ion transporters are regulated by IRBIT in a phosphorylation-dependent manner, IRBIT can function 
both as a sensor and an integrating modulator of the intracellular ionic  milieu9,10.

Long-IRBIT (L-IRBIT) is a homolog of IRBIT, and both share a highly conserved C-terminal S-adenosylho-
mocysteine hydrolase (AHCY) domain and N-terminally adjacent multiple-phosphorylation sites, but the latter 
has a distinct longer N-terminal  stretch11. Previous reports showed that L-IRBIT has a different binding affinity 
or functional effect on the target molecules of  IRBIT11–13. Both IRBIT and L-IRBIT show a ubiquitous tissue 
expression, but the expression level of IRBIT is generally much higher than that of L-IRBIT. At the cellular level, 
however, L-IRBIT shows a more restricted expression pattern than IRBIT, for example, the specific expression in 
some interneurons of the  cerebellum11. A recent report of splicing variants of L-IRBIT with different N-terminal 
sequences has shown that each variant has unique properties in protein stability, target molecule spectrum, and 
functional  consequence14. Together, IRBIT and L-IRBIT can form homo- or hetero-multimers via conserved 
AHCY domains. The “IRBIT family” is supposed to serve as a hub protein and to be involved in diverse cellular 
functions, especially in the regulation of the intracellular ionic  milieu7,14.
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Intracellular ion homeostasis is fundamental to maintain not only proper biochemical reactions, but also a 
normal cell morphology and behavior. In particular, cell volume regulation is a dynamic process that requires 
the actions of many ion channels and  transporters15. For example, in regulatory volume increase (RVI), which 
is triggered by exposing cells to hypertonic environments, stimulation of  Na+/K+/2Cl− cotransporters (mainly 
NKCC1), or a parallel activation of  Na+/H+ exchangers (NHEs mainly, NHE1) and  Cl−/HCO3

− anion exchangers 
(AEs mainly, AE2) is  involved15,16. Both NHEs and AEs are also major regulators of the intracellular pH, generally 
acting as acid extruders and acid loaders,  respectively17, and these ion transporters contribute to maintaining 
global intracellular ion and pH homeostasis. Furthermore, a polarized expression of these transporters in a cell 
allows them to function locally and helps cell migration by generating local cell volume changes and/or intracel-
lular pH gradients. IRBIT family proteins bind to and regulate some of these ion transporters, being involved in 
cell volume regulation or cell migration; however, no direct evidence of their involvement has yet been reported.

In this study, to investigate the participation of IRBIT family proteins in such cellular functions, we attempted 
to identify the binding proteins of the IRBIT family in B16-F10 murine melanoma cells, which are known for 
their highly metastatic  nature18. We found that both IRBIT and L-IRBIT bound to SLC4A2 gene product, anion 
exchanger 2 (AE2), through their conserved AHCY domain. We generated IRBIT-, L-IRBIT-, or IRBIT/L-IRBIT 
double-knockout B16–F10 cells, and examined AE2 activity and its associated cell function in each mutant 
cell. Interestingly, AE2 activity was reduced only in L-IRBIT KO cells, and RVI and cell migration of L-IRBIT 
KO cells were also impaired. The reduction of AE2 activity in L-IRBIT KO cells was due to the decrease in AE2 
protein expression level, which was restored by treatment with bafilomycin A1, a specific inhibitor of lysosome 
 H+-ATPase. The exogenous expression of IRBIT or/and L-IRBIT in IRBIT/L-IRBIT double-knockout cells clearly 
showed that the downregulation of AE2 was facilitated by IRBIT homomultimer, which was inhibited by the 
co-expression of L-IRBIT. These results imply a novel mode of regulation of AE2 activity, which was achieved 
by IRBIT family, based on the modulation of the stability of its proteins.

Results
AE2 is a novel target molecule of IRBIT family proteins. We attempted to find IRBIT family binding 
proteins in B16-F10 cells using a co-immunoprecipitation assay with anti-IRBIT and L-IRBIT antibodies. Sev-
eral proteins were found to be specifically co-precipitated with IRBIT or L-IRBIT (Fig. 1A). Each band indicated 
by an arrow or arrowheads on the SDS-PAGE was analyzed using LC–MS/MS analysis, and the identified pro-
teins are listed in Table 1. Among them, AE2, which was identified from the IRBIT coprecipitate (Fig. 1A, closed 
arrowhead), is well known for its involvement in cell migration and cell volume regulation, and we focused on 
its interaction with the IRBIT family.

First, to confirm the binding between AE2 and IRBIT family proteins, a co-immunoprecipitation assay using 
HEK 293 T cells overexpressing HA-tagged AE2 and FLAG-tagged IRBIT family proteins was carried out. AE2 
was co-precipitated with either IRBIT or L-IRBIT and, conversely, IRBIT and L-IRBIT were co-precipitated with 
AE2 to the same extent (Fig. 1B), indicating that AE2 is a binding target molecule of both IRBIT and L-IRBIT.

Figure 1.  IRBIT family proteins bind to AE2. (A) Proteins bound to IRBIT and L-IRBIT in B16-BL6 cells 
obtained by the immunoprecipitation using anti-IRBIT and anti-L-IRBIT antibodies, respectively, were 
visualized using silver staining. Protein bands indicated by arrowheads and an arrow were processed for 
LC–MS/MS analysis. (B) FLAG-tagged IRBIT or FLAG-tagged L-IRBIT was transfected into HEK 293 T 
cells alone or together with HA-tagged AE2. Each lysate expressing each construct (input) was processed 
for immunoprecipitation with the indicated antibody (IP). Co-immunoprecipitates were analyzed using 
immunoblot with the indicated antibodies (IB).
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AE2 activity is reduced in L‑IRBIT knockout cells. To understand the effects of IRBIT or L-IRBIT on 
AE2 function, we established IRBIT family knockout cells using the CRISPR/Cas9 system. We confirmed the 
absence of IRBIT or L-IRBIT in two independently established clones. Surprisingly, the level of AE2 expres-
sion changed in an opposite manner in each knockout cell. That is, AE2 expression was slightly increased in 
IRBIT knockout cells; on the other hand, it was significantly decreased in L-IRBIT knockout cells (Fig. 2A). 
Next, we measured AE2 activity in each knockout cell. AE2 activity was represented by intracellular alkalization 
upon changing the perfusing solution from a  Cl–containing one to a  Cl– free one. In control (wild type) cells, 
a robust alkalinization was observed using this protocol and the alkalinization was abolished in AE2 knockout 
cells (Fig. S1A–C), indicating that the alkalinization in B16-F10 cells was fully derived from AE2. AE2 activity in 
L-IRBIT knockout cells was significantly decreased (Fig. 2B). We noticed that both clones of IRBIT KO showed 
slight increase in baseline pHi and AE2 activity, however the difference was not reaching statistical significance 
(Fig. 2C).

To confirm the effects of L-IRBIT KO on AE2 activity, we examined whether AE2 activity was rescued when 
L-IRBIT was exogenously expressed in L-IRBIT KO cells. If L-IRBIT was exogenously expressed in each L-IRBIT 
KO cell clone, AE2 activity was significantly increased in both L-IRBIT KO clones. Furthermore, when L-IRBIT 
was overexpressed in control cells, AE2 activity was slightly increased, and neither the overexpression nor the 
knockout of L-IRBIT led to changes in AE2 KO cells (Figs. 2D and S1A–C). These results clearly indicated that 
the loss of L-IRBIT in B16–F10 cells decreased AE2 expression, resulting in the reduction of AE2 activity.

AE2‑associated cellular processes are impaired in L‑IRBIT knockout cells. AE2 is involved in cell 
volume recovery after hyperosmotic stimulation by taking up  Cl- into  cells19. To evaluate the contribution of 
L-IRBIT to cell volume regulation by regulating AE2 activity, we examined the cell volume recovery after hyper-
osmotic stimulation using the calcein quenching  method20. Cell volume recovery was observed after changing 
the osmolarity of perfusion buffers from 300 to 450 mOsm in control cells; however, it was almost abolished in 
AE2 KO cells (Fig. S1D), indicating that the cell volume recovery observed in these experimental conditions was 
attributed to AE2 activity (Fig. S1E). In IRBIT knockout cells, the recovery rate was not significantly different 
from that of control cells (Fig. 3A). On the other hand, L-IRBIT knockout cells showed a significantly reduced 
cell volume recovery (Fig. 3B). These results suggest that L-IRBIT may be involved in cell volume regulation 
through the modulation of AE2 activity.

AE2 is localized at the leading edge of migrating fibroblasts, and its activity is also required for cell 
 migration21,22. Thus, we also examined the migration of each KO cell using a scratch assay. The assay was carried 
out under reduced-serum (0.5%) medium conditions, at which no significant difference in proliferation speed was 
observed among the KO cells (Fig. S2A and B). AE2 KO cells showed a reduced migration compared to control 
cells, indicating that AE2 is involved in cell migration of these melanoma cells (Fig. S2C,D). Cell migration of 
L-IRBIT KO cells (L-IRBIT KO1 and L-IRBIT KO2) was significantly reduced (Fig. 3C), and double knockout 
of AE2 and L-IRBIT did not show any effects on cell migration, suggesting that the effect of the deletion of 
L-IRBIT on cell migration was mediated by AE2. In contrast, IRBIT KO cells showed a similar cell migration 
rate compared to control cells (Fig. 3C).

Taken together, L-IRBIT KO cells showed a decrease in AE2 expression and a reduction in its associated cel-
lular functions, implying a specific potential role of L-IRBIT in modulating the activity of AE2.

L‑IRBIT binds to AE2 through direct interaction of the common AHCY domain of IRBIT family 
and the N‑terminal region of AE2. It is well known that IRBIT binds to and activates NBCe1B, a gene 
product of SLC4A4. In this case, IRBIT directly binds to the splicing-specific N-terminal cytoplasmic region of 
 NBCe1B4. AE2 is also classified in the SLC4A gene family (being also referred to as SLC4A2), and it has similar 
structural features to those of  NBCe1B23,24. Thus, we predicted that the region to which L-IRBIT binds would be 
within the long cytoplasmic N-terminal region of AE2, and we performed a co-immunoprecipitation binding 
assay using a series of N-terminal deletion mutants of AE2 (Fig. 4A). As shown in Fig. 4B, the deletion of an 
N-terminal region ranging from aa 76–524, L-IRBIT no longer bound to the deleted form of AE2. L-IRBIT did 
not bind to AE2 mutants lacking the aa 76–347 sequence either. The AE2 mutant lacking aa 199–524 sequence 
bound to L-IRBIT to a similar extent as wild-type AE2, suggesting that the binding site was within aa 76–199. 

Table 1.  IRBIT family binding protein in B16F10 mouse melanoma cell line. Each number indicates an arrow 
or arrowhead in Fig. 1A (1): closed arrowhead (2): open arrowhead (3): closed arrow.

No. Swiss prot ID Protein name Molecular weights Mascot score

(1) B3A2_MOUSE Anion exchange protein 2 136,728 24

(2)
A2M_MOUSE Alpha-2-macroglobulin 165,748 41

LAMC2_MOUSE Laminin subunit gamma-2 130,077 16

(3)

GRP75_MOUSE Stress-70 protein, mitochondrial 73,416 315

SAHH3_MOUSE Putative adenosylhomocysteinase 3 66,857 137

HSP7C_MOUSE Heat shock cognate 71 kDa protein 70,827 47

SGG1_MOUSE Secretogranin-1 77,922 19

LMNA_MOUSE Prelamin-A/C 74,193 18
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However, the AE2 mutant lacking aa 76–198 sequence still bound to L-IRBIT, but this binding strength was 
lower than that of AE2 lacking aa 199–524, suggesting there would be two separate L-IRBIT binding sites in the 
N-terminus of AE2, namely aa 76–199 and aa 199–347 (Fig. 4A). Indeed, if aa 199–347 is deleted from AE2, the 
mutant shows a much weaker binding strength to L-IRBIT than wild-type AE2. This implies that aa 348–524 
might behave as an inhibitory region for L-IRBIT binding to aa 76–199, and that the aa 199–347 region might 
also have a role as a suppressor of the aa 348–524-mediated inhibition.

NBCe1B has characteristic clusters of positively charged residues in the N-terminal  region25. It has been 
reported that IRBIT binds to and enhances NBCe1B and that the three conserved arginine residues in the 
N-terminal region are essential for the interaction between IRBIT and  NBCe1B25. In analogy with these find-
ings, we examined the N-terminal sequence of AE2 and found clusters of basic residues in mouse AE2, which 
are conserved among various species (Fig. 4A). Thus, we focused on the N-terminal region from aa 1–198, and 
prepared GST-fusion proteins carrying various parts of the N-terminal aa 1–198 of AE2 and examined the 
interaction between GST fusion proteins and full-length FLAG-tagged L-IRBIT expressed in HEK 293 T cells 
using a GST pull-down assay. As expected, GST-tagged AE2-aa1-198 bound to L-IRBIT (Fig. 4C). GST-tagged 
AE2-aa1-111 bound to L-IRBIT to a similar extent as GST-tagged AE2-aa1-198, suggesting that aa 112–198 is 
not involved in binding (Fig. 4C). AE2-aa1-111 indeed includes clusters of basic residues, which are separated 
into three parts: His cluster, 1st Arg cluster, and 2nd Arg cluster (Fig. 4A). To investigate which part(s) is (are) 
critical for the L-IRBIT binding, fusion proteins of GST-tagged AE2 were further truncated and examined for 
the binding to L-IRBIT. A pull-down assay demonstrated the robust binding of GST-tagged AE2-aa1-100 to 
L-IRBIT, suggesting that the 2nd Arg cluster was not involved in the interaction, while GST-tagged AE2-aa1-88 
showed a reduced binding (Fig. 4D). This suggested that the 1st Arg cluster was significantly involved in the 
interaction. If deleted further, GST fusion proteins, either GST-tagged AE2-aa1-75 or GST-tagged AE2-aa1-45, 
no longer bound to L-IRBIT, indicating that the His cluster is indispensable for the interaction (Fig. 4D). The 
critical involvement of His cluster in the interaction was supported by the finding that GST-tagged AE2-aa55-88, 
which only includes His cluster and its N-terminal flanking region, showed a substantial binding to L-IRBIT 
(Fig. 4D). We further examined the importance of the His cluster and the 1st Arg cluster for the interaction 
with point mutations in basic residues. In the pull-down assay, both mutants of GST-tagged AE2-aa 1–111, 
GST-tagged AE2-aa 78AAIAA82 and GST-tagged AE2-aa 93AAA95, showed a significantly reduced binding 
to L-IRBIT, and the reduction was much more obvious in GST-tagged AE2-aa 78AAIAA82 than in GST-tagged 
AE2-aa 93AAA95, suggesting that the His cluster had a greater contribution to the interaction (Fig. 4D). Indeed, 
heterologous co-expression and immunoprecipitation experiments showed that the binding of full-length AE2 
mutated in the aa 78–82 region to both IRBIT and L-IRBIT was much weaker compared to that of wild-type 
AE2 (Fig. 4E). These results indicated that, for the interaction between AE2 and the IRBIT family proteins, basic 
amino acids in the N-terminal region of AE2 are important for the binding to NBCe1B; however, His residues 
of AE2 were more critical than Arg clusters.

Next, to determine the region of IRBIT family proteins responsible for AE2 binding, a series of deletion 
mutants of FLAG-tagged L-IRBIT were prepared (Fig. 5A) and were checked for their binding to full-length AE2 
in a heterologous expression context. The binding between HA-tagged AE2 and full-length FLAG-tagged L-IRBIT 
was confirmed using directional co-immunoprecipitation assays. If deletion occurred in the IRBIT-family con-
served coiled-coil plus the AHCY domain (FLAG-tagged L-IRBIT-aa1-184 in Fig. 5B) or the C-terminal part of 
AHCY domain (FLAG-tagged L-IRBIT-aa1-307), the binding between HA-tagged AE2 and truncated FLAG-
tagged L-IRBIT was no longer observed. In contrast, the LISN region, L-IRBIT specific appendage part, was 
dispensable for the binding (FLAG-tagged L-IRBIT-aa107-610), which is consistent with the finding that both 
IRBIT and L-IRBIT have a comparable binding capability to AE2, as indicated above. A further N-terminally 
truncated form of FLAG-tagged L-IRBIT [FLAG-tagged L-IRBIT (aa 185–610)], lacking conserved multiple 
phosphorylation sites required for the binding to various target proteins, such as  IP3R and  NBCe1C2,4, still bound 

Figure 2.  AE2 activity is downregulated in L-IRBIT knockout cells, and the activity is rescued by the exogenous 
expression of L-IRBIT. (A) IRBIT- or L-IRBIT knockout (KO) cells were established using CRISPR/Cas9 
strategy and two independent clones of each KO cell line were verified for the expressions of IRBIT, L-IRBIT, 
and AE2 using an immunoblot (upper panel). Relative expression level of AE2 in each KO cells compared 
with that of control cells is shown, N = 4 (lower panel). (B) AE2 activity in L-IRBIT KO cells was examined 
by measuring the intracellular pH change (ΔpHi) upon changing the perfusion buffer from  Cl– containing 
to  Cl– free ringer buffer containing SNARF1 pH sensitive dye. Representative plots of pHi change obtained 
from control (blue), L-IRBIT KO1 (red), and L-IRBIT KO2 (orange) (upper panel). The average AE2 activity 
(∆pHi/min) of each cell type was 0.21 ± 0.02 (WT), 0.13 ± 0.01 (L-IRBIT KO1), and 0.11 ± 0.01 (L-IRBIT KO2), 
N = 3 (lower panel). (C) A representative plot of pHi change obtained from control (blue), IRBIT KO1 (red), 
and IRBIT KO2 (orange) (upper panel). The AE2 activity was 0.22 ± 0.04 (WT), 0.25 ± 0.04 (IRBIT KO1), 
or 0.27 ± 0.01 (IRBIT KO2), respectively, N = 4 (lower panel). (D) The effects of the exogenous expression of 
L-IRBIT on AE2 activity in each cell type, WT, L-IRBIT KO1, L-IRBIT KO2, or L-IRBIT/AE2 double knockout 
(DKO). L-IRBIT expressing cells were selected based on the co-expressed GFP signals. Blue trace is the mock 
control and the red trace is L-IRBIT expressing WT B16–F10 cells (upper-left panel), L-IRBIT KO1 cells (upper-
middle panel), L-IRBIT KO2 cells (upper-right panel), and L-IRBIT/AE2 double knockout cells (lower-left 
panel). (E) Average AE2 activity of each cell type was 0.15 ± 0.02 (WT + vector), 0.20 ± 0.04 (WT + L-IRBIT), 
0.10 ± 0.02 (L-IRBIT KO1 + vector), 0.25 ± 0.02 (L-IRBIT KO1 + L-IRBIT), 0.07 ± 0.01 (L-IRBIT KO2 + vector), 
0.21 ± 0.02 (L-IRBIT KO2 + L-IRBIT), 0.02 ± 0.01 (L-IRBIT/AE2 DKO + vector), 0.03 ± 0.01(L-IRBIT/AE2 
DKO + L-IRBIT), N = 4. The total cell numbers were indicated in each graph. *P < 0.05, **P < 0.01, ***P < 0.001, 
NS (no significance).
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Figure 3.  Cell volume recovery after hypertonic stress is impaired in L-IRBIT knockout cells. (A) Cell volume 
recovery in IRBIT KO cells was measured based on the fluorescence change upon changing the perfusion buffer 
from a 300 mOsm buffer to a 450 mOsm buffer using calcein-AM. Representative plots of the relative cell 
volume change compared with a baseline obtained from the control (blue), IRBIT KO1 (red), and IRBIT KO2 
(orange) (left panel). RVI efficiency of each cell type at 20 min after replacing the buffer with a 450 mOsm buffer. 
RVI efficiency (%) was 34.6 ± 13.6 (WT), 46.7 ± 5.6 (IRBIT KO1), 30.0 ± 7.7 (IRBIT KO2), N = 3–4 (right panel). 
(B) Cell volume recovery in L-IRBIT KO cells was measured as above. A representative plot of the relative cell 
volume from control (blue), L-IRBIT KO1 (red), and L-IRBIT KO2 (orange) (left panel). RVI efficiency of 
each cell type was 41.8 ± 6.1 (WT), 9.7 ± 5.6 (L-IRBIT KO1), 13.3 ± 5.0 (L-IRBIT KO2). N = 3—4 (right panel). 
(C) The results of the wound healing assay were shown. Representative photomicrographs of the wounded cell 
monolayer are shown (left panel). Wound width was measured in 6 positions immediately after wounding and 
18 h later in WT, IRBIT KO (IRBIT KO1, IRBIT KO2) and L-IRBIT KO (L-IRBIT KO1, L-IRBIT KO2), N = 4 
(right panel). The total cell numbers were indicated in each graph. *P < 0.05, **P < 0.01, NS (no significance).
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Figure 4.  His cluster in the N-terminal region of AE2 is involved in the interaction between AE2 and IRBIT 
family proteins. (A) Schematic diagram of GFP-tagged AE2 deletion mutants (upper panel). Sequence alignment 
of the N-terminal regions (aa 55–111, in mouse) of various species AE2. Red letters indicate clusters of basic 
amino acids and are designated as His cluster, 1st R/K cluster, and 2nd R/K cluster, respectively. mAE2: mouse 
AE2, NM_009207.3; hAE2: humanAE2, NM_003040.4; cAE2: chickenAE2, NM_204963.1; zAE2: zebrafish AE2, 
NM_001037237.1 (Lower panel). (B) FLAG-tagged L-IRBT was transfected into HEK 293 T cells alone or with 
GFP-tagged AE2. The lysate expressing each construct (input) was processed for immunoprecipitation with each 
indicated antibody (IP). Co-immunoprecipitation was analyzed using immunoblots with the indicated antibodies 
(IB) (left panel). Binding efficiency of each truncated AE2 mutant to L-IRBIT was calculated based on the GFP signals 
of co-immunoprecipitated/those of input. Relative binding efficiency of each truncated AE2 mutant is represented 
by the percentage of that of wild type AE2 (100%), N = 3. *P < 0.05, NS (no significance) (right panel). (C, D) FLAG-
tagged L-IRBIT was transfected into HEK 293 T cells, and the lysate was pulled down by each GST-tagged fusion 
protein carrying the indicated N-terminal region with or without AE2 mutations. Bound L-IRBIT was examined 
using immunoblotting and anti-FLAG antibody. (E) HA-tagged AE2 wild type or mutant (aa 78–82) was transfected 
into HEK 293 T cells alone or with FLAG-tagged IRBIT family. The lysate expressing each construct (input) was 
processed for immunoprecipitation with each indicated antibody (IP). Co-immunoprecipitation was analyzed using 
immunoblots with the indicated antibodies (IB).
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to AE2. These results suggest that, for the binding of IRBIT family proteins to AE2, the conserved C-terminal 
region, including the coiled-coil region and the AHCY domain of the IRBIT family proteins is essential, and that 
the phosphorylation of IRBIT family proteins is not necessary.

Figure 5.  The C-terminal AHCY domain of IRBIT family proteins directly interacts with the N-terminal region 
of AE2. (A) Schematic structure of IRBIT family proteins and the truncated mutants of FLAG-tagged L-IRBIT. 
LISN: Long-IRBIT specific N-terminal domain; SER: serine-rich region; CC: coiled-coil region; AHCY domain: 
adenosyl homocysteine hydrolase-like domain are indicated. (B) HA tagged AE2 wild type was transfected 
into HEK 293 T cells alone or with FLAG-tagged L-IRBIT wild type or with FLAG-tagged L-IRBIT deletion 
mutants (aa 1–184, aa 1–307, aa 107–610, and aa 185–610). The lysate expressing each construct (input) was 
processed for immunoprecipitation with each indicated antibodies (IP). Co-immunoprecipitates were analyzed 
using immunoblots with the indicated antibodies (IB). (C) Purified MBP fusion protein (MBP or MBP-tagged 
L-IRBIT) was pulled down by using purified GST fusion protein (GST, GST-tagged-AE2 (aa 1–111), or GST-
tagged-AE2 (aa 78–82). Bound proteins were examined using immunoblotting with anti-MBP antibody.
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To confirm the direct and phosphorylation-independent binding of the IRBIT family proteins to AE2, we 
prepared purified proteins carrying each essential part from E. coli and examined the binding using a pull-down 
experiment. Control maltose binding protein (MBP) was not pulled down by either GST or GST-tagged AE2-
aa1-111. However, the MBP fusion protein carrying L-IRBIT-aa185-610, which showed no binding to GST, 
was pulled down by GST-tagged AE2-aa1-111 (Fig. 5C). GST-tagged AE2-aa1-111 mutated in Hiss to Alas 
(78AAIAA82) showed a reduced binding to MBP-tagged L-IRBIT-aa185-610. These results clearly demonstrate 
that the IRBIT family directly binds to AE2 through the interaction between the conserved C-terminal domain 
of the IRBIT family proteins and the N-terminal His cluster region of AE2.

IRBIT homomultimer facilitates the lysosomal degradation of AE2, which is suppressed by 
the incorporation of L‑IRBIT into the multimer. As shown above, AE2 is a common binding target 
of the IRBIT family. However, the reduction in the expression level and the consequent decrease in the trans-
porter activity of AE2 was found only in L-IRBIT knockout cells, but not in IRBIT knockout cells. To clarify the 
mechanism that explains the discrepancy between the binding capacity and functional properties of IRBIT and 
L-IRBIT to AE2, we established IRBIT/L-IRBIT double knockout cells and measured AE2 activity using SNARF-
1. Interestingly, AE2 activity in IRBIT/L-IRBIT double knockout cells was increased by 1.4-fold compared to 
control cells (Fig. 6A). Consistent with this, the expression level of AE2 in IRBIT/L-IRBIT double knockout cells 
was increased in parallel (Fig. 6B), and the migration of IRBIT/L-IRBIT double knockout cells was comparable 
to that of control cells (Fig. S2E–G). Together, the results of IRBIT family KO cells suggested that IRBIT can 
function as a negative regulator of AE2 expression level and that L-IRBIT serves as an endogenous competi-
tor for IRBIT. Thus, we tried to express IRBIT or L-IRBIT in double KO cells and examined AE2 activity. As 

Figure 6.  IRBIT homomultimer decreases the stability and activity of AE2. (A) IRBIT/L-IRBIT double KO cells 
were established using CRISPR/Cas9 strategy, and AE2 activity was measured in the cells. A representative plot 
of pHi change obtained from control (blue), IRBIT/L-IRBIT DKO clone 1 (red), and IRBIT/L-IRBIT DKO clone 
2 (orange) (left panel). The average AE2 activity (ΔpH/min) was 0.17 ± 0.01 (WT), 0.26 ± 0.02 (IRBIT/L-IRBIT 
DKO1), and 0.24 ± 0.01 (IRBIT/L-IRBIT DKO2), N = 5 (right panel). (B) Protein expression of IRBIT, L-IRBIT, 
and AE2 in IRBIT/L-IRBIT double DKO cells was verified using immunoblotting. (C) The effects of the 
exogenous expression of IRBIT or L-IRBIT on AE2 activity in IRBIT/L-IRBIT DKO cells were analyzed. IRBIT 
or L-IRBIT expressing cells were selected based on the GFP co-expressed signals. Blue trace is the control cells, 
a red trace is the IRBIT/L-IRBIT DKO cells, an orange trace is IRBIT/L-IRBIT DKO cells expressed with IRBIT, 
and a green trace is IRBIT/L-IRBIT DKO cells expressed with L-IRBIT (left panel). Average AE2 activity in each 
cell type was 0.22 ± 0.04 (WT + vector), 0.37 ± 0.03 (IRBIT/L-IRBIT DKO + vector), 0.24 ± 0.02 (IRBIT/L-IRBIT 
DKO + IRBIT), 0.35 ± 0.02 (IRBIT/L-IRBIT DKO + L-IRBIT), N = 4—5 (right panel). The total cell numbers were 
indicated in each graph. **P < 0.01, NS (no significance).
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expected, if IRBIT was expressed in double KO cells, AE2 activity was reduced (Fig. 6C). Meanwhile, if L-IRBIT 
was expressed, AE2 activity did not change (Fig. 6C). Interestingly, both IRBIT- and L-IRBIT-expressed cells 
showed increase in baseline pHi. Although the mechanism was not clear, it might be related to the fact that 
IRBIT family have multiple target ion transporters and show different actions towards  them14.

It is well known that the IRBIT family proteins form a multimer via the C-terminal AHCY  domain11. Indeed, 
our co-immunoprecipitation analysis demonstrated that IRBIT and L-IRBIT existed as hetero-multimers (Fig. 1A 
and Table 1). AE2 expression level and activity in L-IRBIT KO cells, but not in double KO cells, was significantly 
decreased, suggesting that IRBIT homo-multimer may downregulate AE2 expression. To clarify whether this 
downregulation occurs at the transcription level, we examined AE2 mRNA levels in each KO cell using real-time 
PCR. The AE2 mRNA level was almost constant in each knockout cell (Fig. S3A,B). This suggests that IRBIT 
homo-multimers may influence the stability of AE2 protein. Thus, we then examined the effects of the chemical 
compounds on AE2 protein level using bafilomycin A1 (125 nM) and MG132 (20 μM), which are inhibitors of 
lysosomal degradation or proteasomal degradation, respectively. As shown in Fig. 7A, AE2 protein level was 
increased by 1.5-fold in bafilomycin A1-treated control cells, but not in MG132-treated control cells. In L-IRBIT-
KO cells, if treated with bafilomycin A1, AE2 protein levels were increased by 2.2-fold and were restored to the 
control level. In contrast, MG132 treatment did not show any changes in the AE2 protein levels in L-IRBIT-KO 
cells, suggesting that IRBIT homo-multimer binding to AE2 facilitates AE2 degradation via the endocytosis/
lysosome pathway. MG132 treatment in IRBIT/L-IRBIT double KO and IRBIT KO cells showed no increase in the 
AE2 protein levels; however, bafilomycin treatment increased AE2 protein levels again in these cells. This increase 
was to a lower extent than in L-IRBIT KO cells, suggesting that AE2 may be continuously down-regulated via 
IRBIT-independent and endocytosis/lysosome-dependent degradation pathway.

To directly examine the effects of IRBIT homomultimers on AE2 protein stability, AE2 and IRBIT were 
exogenously expressed in IRBIT/L-IRBIT double knockout cells with a stepwise increase in IRBIT expression. 
The expression level of AE2 decreased, as that of IRBIT increased (Fig. 7B). On the other hand, the expression 
level of AE2 did not change or rather increased if L-IRBIT was exogenously expressed (Fig. 7B). In addition, 
the decrease in AE2 expression induced by IRBIT expression was rescued by the co-expression of L-IRBIT, 
indicating that IRBIT homomultimer binding facilitated the degradation of AE2, which was inhibited by the 
co-existence of L-IRBIT (Fig. 7B). The AE2 mutant (aa 78–82) showing a reduced binding to IRBIT was not 
affected in its expression level if it was co-expressed with IRBIT or L-IRBIT in IRBIT/L-IRBIT double knockout 
cells, suggesting that the degradation of AE2 was indeed induced by IRBIT binding (Fig. 7C). Contrasting to the 
finding that full-length L-IRBIT expression in L-IRBIT KO cells rescued the AE2 activity (Fig. 2D), expression 
of mutant IRBIT family proteins lacking AE2 binding, IRBIT (aa 1–227) or L-IRBIT (aa 1–307), did not induce 
any change of AE2 activity (Fig. S4A,B), suggesting that the effects of IRBIT family on the stability and activity 
of AE2 was mediated by the direct binding. Moreover, If IRBIT or L-IRBIT was immunoprecipitated from the 
IRBIT/L-IRBIT double knockout cells exogenously expressed with AE2, IRBIT and L-IRBIT were demonstrated 
to form hetero-multimers, which bound to AE2 to a similar extent as IRBIT homomultimers or L-IRBIT homo-
multimers (Fig. 7D), suggesting that the incorporation of L-IRBIT into multimers diminished the degradative 
action of IRBIT homomultimers.

All these data suggest that the binding of IRBIT homo-multimer facilitates endocytosis/lysosome-dependent 
degradation of AE2 and that L-IRBIT plays a role as a dominant negative regulator of IRBIT action.

Discussion
We have identified AE2 as a novel target molecule of IRBIT family proteins. IRBIT and L-IRBIT show a similar 
binding ability to AE2. Interestingly, we found that IRBIT homo-multimer binding facilitates the degradation 
of AE2 via the endocytosis/lysosome pathway, thereby dampening the AE2 activity and its associated cellular 
function. Furthermore, the incorporation of L-IRBIT into the multimer inhibited AE2 degradation, indicating 
that IRBIT and L-IRBIT have opposing effects regarding AE2 stability. Given that the expression ratio of IRBIT/L-
IRBIT differs in a cell-type-dependent manner and can change according to the cellular context, both IRBIT and 
L-IRBIT may coordinately contribute to cell type- and/or cellular context-specific regulation of AE2 activity.

Figure 7.  IRBIT homomultimer binding facilitates the degradation of AE2 through lysosomal degradation 
pathway, and the incorporation of L-IRBIT into the multimer suppresses AE2 degradation. (A) Each of IRBIT 
family knockout cells were treated with DMSO, Bafilomycin A1 (125 nM) or MG132 (20 μM) for 3 h (left 
panel). The effects of compounds on the expression level of AE2 in each KO cells were evaluated by comparing 
AE2 expression in compound-treated cells to that in DMSO control cells, which is represented as fold increase, 
N = 5 (right panel). (B) The expression level of AE2 exogenously expressed in IRBIT/L-IRBIT DKO cells was 
examined when IRBIT and/or L-IRBIT were co-expressed with a different combination ratio. Expression levels 
of AE2, IRBIT, and L-IRBIT were evaluated using an immunoblot with anti-HA antibody (AE2) and anti-FLAG 
antibody (IRBIT and L-IRBIT). “−”, “+”, “⧺” indicate the amount of each plasmid DNA used in transfection. 
Relative expression level of HA-tagged AE2 is shown, N = 3 (lower panel). (C) Expression level of mutant AE2 
(aa 78–82) in IRBIT/L-IRBIT DKO cells co-expressed with FLAG-tagged IRBIT or L-IRBIT was examined. 
Relative expression level of mutant HA-tagged AE2 are shown, N = 3 (lower panel). (D) Binding of multimers of 
IRBIT family proteins to AE2 were examined. GFP-tagged AE2 wild type was transfected into IRBIT/L-IRBIT 
DKO cells with HA-tagged IRBIT and/or with FLAG-tagged L-IRBIT. The lysate expressing each construct 
(input) was processed for immunoprecipitation with each anti-HA antibody or anti-FLAG antibody (IP). 
Co-immunoprecipitates were analyzed using an immunoblot with the indicated antibodies (IB). *P < 0.05, NS 
(no significance).
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In this study, we identified AE2 as a common binding target for both IRBIT and L-IRBIT, which was sup-
ported by the results of biochemical binding experiments, demonstrating that the conserved AHCY domain 
of IRBIT/L-IRBIT was responsible for the binding to AE2. As AHCY forms a  multimer26,27, IRBIT/L-IRBIT 
also forms homo- or hetero-multimers with each other through the AHCY domain, and AE2 binds to every 
multimer, namely IRBIT homomultimer, L-IRBIT homomultimer, or IRBIT/L-IRBIT hetero-multimer, with 
similar binding affinities (Fig. 7). Among them, only IRBIT homomultimer binding facilitated the degradation 
of AE2 through the endocytosis/lysosome pathway, whose mechanism is still not fully understood. However, 
considering that the target molecules of IRBIT reported previously, such as  IP3R and NBCe1-B, did not show 
any evidence of degradation upon interaction with  IRBIT2,4,28, the endocytosis/lysosomal degradation of AE2 
induced by IRBIT homomultimer binding is likely attributed to some specific properties of AE2 complexed with 
IRBIT homomultimer and/or to some unknown characteristics of B16–F10 cells, which were used in this study. 
These issues should be elucidated in future experiments.

To our knowledge, this type of regulation for ion-transporters by two homologous binding proteins with 
opposing functions may be a first case. In other fields of biology, there is a similar example, a case of ASPP 
(apoptosis stimulating protein of p53) and iASPP (inhibitory member of the ASPP family). ASPP and iASPP 
are homologous proteins, both of which bind to p53. Through their binding to p53, ASPP promotes apoptosis, 
while iASPP suppress  apoptosis29–31. Our findings with ASPP/iASPP case might imply potential evolutionary 
significance of gene duplication and alternative splicing.

Recently, we reported splice variants of L-IRBIT having a shorter N-terminal region than that of IRBIT, 
L-IRBIT V3, and L-IRBIT  V414. These variants can mimic the IRBIT function and influence AE2 activity. How-
ever, given that authentic L-IRBIT (L-IRBIT V1 or L-IRBIT V2) was predominantly expressed in B16–F10 cells, 
and that L-IRBIT KO cells were produced using a guide RNA sequence that targets a common exon of all L-IRBIT 
variants, our results likely reflect the effects of IRBIT and authentic L-IRBIT. However, as shown in a previous 
 report14, short variants of L-IRBIT show a more marked cell type-specific expression. Thus, especially in some 
cell types, the contribution of short-form L-IRBIT variants to AE2 regulation should be verified in future studies.

IRBIT homodimer-mediated degradation of AE2 was induced by IRBIT binding to the N-terminal cytoplas-
mic region of AE2. We found that at least two regions, namely aa 76–199 and aa 199–347, were IRBIT binding 
sites on AE2. In this study, we focused on the N-terminal binding site, aa 76–199, which includes three tandem 
clusters of basic amino acids and we found that the His cluster was a critical site for IRBIT binding. Considering 
that these clusters of basic amino acids are conserved among the species (Fig. 4A), the regulation of AE2 expres-
sion and activity by the IRBIT family would likely be conserved beyond species. Several cases of IRBIT binding 
to basic amino acid clusters on its target molecules have been documented, and most of them are dependent 
on the phosphorylation of IRBIT; for example, IRBIT binding to  IP3R or to  NBCe12,4. In the case of the binding 
to AE2, phosphorylation of IRBIT/L-IRBIT seemed to be not required. However, examining the effects of the 
phosphorylation of IRBIT/L-IRBIT on the binding affinity to AE2 and/or the efficiency of AE2 degradation 
would be intriguing to seek a more dynamic regulation of AE2.

In RVI, parallel activation of NHEs and AEs is involved. Hyperosmotic stress activates NHEs and  H+ is 
extruded out of cells, resulting in the increase of pHi. The increase of pHi is balanced by AE2 activation leading 
to efflux of  HCO3

− and accumulation of  Cl-. In this study, AE2 KO cells did not show complete abolishment of 
RVI (Fig. S1D and E), probably due to compensatory mechanisms of other ion transporters, such as activation 
of NKCC and NHEs activation. Considering that IRBIT family proteins, especially the L-IRBIT V3 which is a 
potent activator of NHE3, also bind to and modulate the activity of  NHE314,32, The effects of L-IRBIT KO on 
RVI might also include the change of NHE activity induced by L-IRBIT KO.

It has been reported that the N-terminal cytoplasmic region of AE2 is responsible for its activation upon 
intra- and extracellular changes in pH or osmolarity. The core responsible region is identified to be the aa 
300–400 region of  AE219,23,33–35. This N-terminal region partially overlaps with the secondary IRBIT binding 
site, aa 199–347, which we did not address in this study. Considering that changes in the extracellular pH or 
osmolarity induce the activation of multiple signaling pathways, including phosphorylation/dephosphorylation 
events, it would be worthwhile to test the phosphorylation dependency of the interaction between IRBIT and 
the secondary binding site of AE2, aa 190–347 and the possibility of involvement of IRBIT in the activation of 
AE2 upon pH or osmolarity changes.

Many types of ion transporters play a crucial role in cell migration processes, under both physiological and 
pathophysiological conditions, and AE2 is one of  them36,37. Indeed, we confirmed the importance of AE2 in 
cell migration, as shown by the phenotype of AE2 knockout B16-F10 cells (Fig. S2C,D), and several pieces of 
evidence indicated that IRBIT family proteins participate in the regulation of cell migration by modulating AE2 
expression level. We addressed the overall cellular expression levels of AE2; however, for directional cell migra-
tion, an asymmetrical localization of AE2 and its localized activity are  crucial21,22. Furthermore, AE2 KO mice 
display abnormalities such as  achlorhydria38,  osteopetrosis39 and fertility associated with testicular dysplasia 40, 
suggesting the possible involvement of IRBIT family proteins in the regulatory mechanism of acid secretion, 
osteoclast differentiation, and spermatogenesis. Thus, in future research, we intend to clarify the effects of IRBIT 
family proteins on the subcellular expression of AE2 and the involvement of this regulation in pathophysiologi-
cal conditions, which may lead to the discovery of potential therapeutic targets for cancer metastasis and the 
elucidation of its pathophysiology.

Materials and methods
Cell culture and transfection. B16-F10 melanoma cell lines were kindly provided by Dr. Susumu Itoh 
(Showa Pharmaceutical University, Tokyo, Japan). B16–F10 and HEK-293 T cells were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 50 units/mL penicillin, and 
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50  μg/mL streptomycin. B16–F10 and HEK-293  T cells were transiently transfected with various constructs 
using polyethylenimine (Polysciences).

Plasmids, recombinant proteins. Mammalian expression plasmids encoding FLAG-tagged IRBIT wild 
type and FLAG-tagged L-IRBIT wild type were described  previously2,11. FLAG-tagged L-IRBIT deletion mutants 
(aa 1–184, aa 1–307, aa 107–610, and aa 185–610) were constructed using PCR-based site-directed mutagenesis. 
The full-length murine AE2 cDNA was purchased from Danaform. cDNA encoding N-terminally HA-tagged 
AE2 was amplified using PCR and subcloned into the pcDNA3.1 (+) vector (Life Technologies).

Bacterial expression plasmids encoding various N-terminal parts of AE2 and various regions of L-IRBIT 
were constructed by subcloning each fragment amplified using PCR into E. coli expression vector pGEX5x-3 
(GE Healthcare) and pMAL-c5x (New England BioLabs), respectively. The DNA sequences of all constructed 
plasmids were verified using DNA sequencing.

Antibodies. The antibodies used were rabbit anti-IRBIT  antibody1 and rabbit anti-L-IRBIT  antibody11. Rab-
bit anti-AE2 (Santa Cruz, cat.# sc-376632), mouse anti-FLAG antibody (cat.# 014-22383), rabbit anti-HA anti-
body (Roche, cat.# 11867423001), mouse anti-GFP antibody (Santa Cruz, cat.# sc-9996), mouse anti-β-actin 
antibody (Santa Cruz, cat.# sc-69879), mouse anti-MBP antibody (Santa Cruz, cat.# sc-13564) were purchased.

Generation of IRBIT, L‑IRBIT, or AE2 knockout B16‑F10 cells using CRISPR/Cas9‑mediated 
genome editing. The target sequences for CRISPR interference were designed using the CRISPR  direct41. 
The target sequences used for mouse IRBIT, L-IRBIT, and AE2 were CCC TAC TAA GAC TGG CCG GAGAT 
(IRBIT KO1, IRBIT KO2), TGG CAA GAG GAT AGT ACT GCTGG (L-IRBIT KO1), LCAG AGC AGA TTC CGT 
TAG GCAGG (L-IRBIT KO2), and CCT CCA GGA GGC TGG ATC CCGGG (AE2). Two complementary oligonu-
cleotides with BpiI restriction sites for guide RNAs (gRNAs) were synthesized at Sigma-Aldrich, and cloned into 
the pX459 CRISPR/Cas9-Puro vector (Addgene).

Immunoblotting. Proteins were separated using SDS-PAGE and transferred to a polyvinylidene difluoride 
membrane. The membrane was blocked with 5.0% (wt/vol) skim milk in PBS for 1  h and probed with the 
primary antibody overnight at 4 °C. After washing with PBS containing 0.05% (wt/vol) Tween-20 (PBST), the 
membranes were incubated with an appropriate HRP-conjugated secondary antibody, and the signals were 
detected using Immoblilon Forte Western HRP substrate (Millipore).

Immunoprecipitation. For immunoprecipitation, HEK 293 T cells expressing FLAG-tagged L-IRBIT and 
HA-tagged AE2 were washed with PBS and solubilized in lysis buffer (10 mM HEPES [pH 7.4], 100 mM NaCl, 
2 mM EDTA, 0.1% Triton X-100, 10 mM sodium fluoride, protease inhibitor cocktail (EDTA free) (Nacalai 
Tesque). The homogenate was centrifuged at 20,000×g for 15 min. The supernatant was precleared with Protein 
G Sepharose (GE Healthcare) and incubated with the appropriate antibodies and Protein-G overnight at 4 °C. 
The beads were then washed five times with lysis buffer, and the proteins were eluted by boiling in SDS/PAGE 
sampling buffer.

Intracellular pH imaging. Intracellular pH was measured by recording 5-(and-6)-carboxy SNARF-1-AM 
(Roche) fluorescence intensities at emission wavelengths of 580 and 640 nm with an excitation wavelength of 
488 nm using a confocal microscope (A1R, Nikon Instruments). These cells were perfused with Ringer’s buffer 
containing the following: 5 mM glucose, 5 mM potassium gluconate, 1 mM calcium gluconate, 1 mM  MgSO4, 
2.5 mM  NaH2PO4・2H2O, 25 mM  NaHCO3, 10 mM HEPES (pH 7.4, NaOH), containing 140 mM NaCl  (Cl– 
containing), or 140 mM sodium gluconate  (Cl– free). For intracellular pH imaging, cells were grown on poly 
L-lysine-coated glass 24 h before. SNARF-1 (20 μM) was loaded via  Cl-containing Ringer’s buffer and incubated 
for 10 min at room temperature. During the measurement, the perfusion solutions were continuously bubbled 
with 5%  CO2 at 37 °C. For stabilization, the cells were perfused with  Cl- containing Ringer’s buffer for 10 min, 
and the intracellular pH was measured at 6 s intervals. After perfusing the cells with  Cl− containing Ringer’s 
buffer for 5 min, the buffer was replaced with  Cl– free Ringer’s buffer for 10 min. For quantification, regions of 
interest (ROIs) were placed on individual cells, and fluorescence signals were extracted from each ROI. In one 
experiment, 30 cells were analyzed. The mean values of pHi from 3 independent experiments were plotted. AE2 
activity was determined via linear regression of alkalinization from each  cells42. pHi was represented by the 
SNARF-1 fluorescence ratio (640 nm/580 nm)43, and calibration was performed with 11 μM nigericin in HEPES 
buffer: 126 mM NaCl, 4.4 mM KCl, 11 mM glucose, 1.1 mM  CaCl2, 1 mM  MgCl2, and 24 mM HEPES-Na at pH 
6.8, 7.0, 7.4, 7.8, and 8.0.

Cell volume measurement. Cell volume changes in B16-F10 cells were measured using the calcein self-
quenching  method20. These cells were perfused with isotonic buffer or hypertonic buffer containing the fol-
lowing: 10 mM glucose, 2 mM KCl, 2 mM  KH2PO4, 2 mM  CaCl2, 2 mM  MgCl2, 20 mM D-mannitol, 25 mM 
 NaHCO3, and 10 mM HEPES (pH 7.4, NaOH), containing either 130 mM NaCl (isotonic) or 205 mM NaCl 
(hypertonic). For cell volume measurement under hypertonic stress, cells were seeded on poly L-lysine-coated 
glass covereslips 24 h before. Prior to measurements, 40 μM calcein-AM (eBioscience) was loaded with isoos-
motic buffer and incubated in 5%  CO2 at 37 °C for 1 h. Before hyperosmotic challenge, the fluorescence (EX: 
488 nm, Em: 580 nm, F) was measured in 5%  CO2 at 37 °C for 10 min at 15 s intervals using a confocal fluores-
cence microscope (A1R, Nikon Instruments). Fluorescence signals were obtained from each ROI, which was 
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placed on individual cells. RVI efficiency (%) shows the recovery rate at 20 min after the cell volume decreases, 
and it was determined by ((F20 min – Fminimum)/(F0 min – Fminimum)) × 100 using the fluorescence at 0 min 
(F0min), the fluorescence immediately after hypertonic stress (Fminimum), and the fluorescence at 20 min after 
hypertonic stress (F20min). Mean values of RVI efficiency (%) from 3 independent experiments were plotted. 
Calibration was performed with 300, 375, 450, 525, and 600 mOsm HEPES buffer: 130 mM, 167.5 mM, 205 mM, 
242.5 mM, or 280 mM NaCl, 4.4 mM KCl, 11 mM glucose, 1.1 mM  CaCl2, 1 mM  MgCl2, and 24 mM HEPES (pH 
7.4, NaOH). F/F0min was converted to relative cell volume using the value of F corresponding to each osmolal-
ity (π) and creating a calibration curve (Y axis: F (300–600 mOsm)/F (300 mOsm), X axis: π (300 mOsm)/π 
(300–600 mOsm). Using the Y-axis intercept (fb) from the approximate straight line of each plot, the relative cell 
volume was defined as ((F/F0) – fb)/(1 – fb).

Cell proliferation assay. Cells were seeded on 24-well plates at a density of 0.4 ×  104 cells per well and incu-
bated at 37 °C with 5%  CO2 in DMEM with 0.5% FCS. Cells were detached from the flasks using trypsin–EDTA 
on days 0 and 1, and the cell densities were determined using a hemocytometer.

Cell migration assay. Cell migration ability was evaluated by scratch migration assay, essentially accord-
ing to the previous  report35. That is, B16-F10 cells were seeded to confluence of 4 ×  105 cells in 6-well tissue 
culture plates and the cells were starved overnight in DMEM with 0.5% FCS. A wound was made using a sterile 
micropipette tip. Floating cells were removed by washing with fresh DMEM supplemented with 0.5% FCS. Cells 
were photographed immediately after wound initiation, and then at the indicated time points using an inverted 
CKX41 microscope (Olympus), × 4 objective. Wound healing was quantified using ImageJ software as the per-
centage of closed wound area.

GST pull‑down assay. GST fusion proteins containing the N-terminal region of AE2 and an MBP fusion 
protein of L-IRBIT were expressed in E. coli. E. coli were lysed using ultrasonication in a lysis buffer (40 mM 
Tris–HCl pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) and the lysates were centrifuged at 10,000×g 
for 15 min. The supernatants were incubated with Glutathione Sepharose 4B beads (GE Healthcare) or amylose 
resin (New England Biolabs) for 1 h at 4 °C and were washed five times with lysis buffer. The MBP fusion protein 
bound to amylose was eluted with a lysis buffer containing 10 mM maltose. Transfected HEK 293 T cells were 
lysed in a lysis buffer (10 mM HEPES [pH 7.4], 100 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, 10 mM sodium 
fluoride, protease inhibitor cocktail (EDTA free)). Purified MBP fusion protein or HEK 293 T cell lysates were 
incubated with glutathione Sepharose 4B-binding GST fusion protein for 4 h at 4 °C. After thoroughly washing 
the glutathione Sepharose 4B, pulled-down proteins were examined using SDS-PAGE, followed by CBB protein 
staining or immunoblotting.

Quantitative reverse transcription PCR (qPCR). Total RNA was isolated from cultured cells using the 
RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s instructions. Total RNA (500 ng) was reverse-
transcribed into first-strand complementary DNA (cDNA) using oligo-dT primers and the ReverTra Ace qPCR 
Master Mix with gDNA Remover (TOYOBO). qPCR was performed using SYBR Green PCR kit (Thermo Fisher 
Scientific) using StepOne and StepOnePlus Real-Time PCR system (Applied Biosystems). qPCR experiments 
were performed in triplicates, and the relative expression of RNA was measured using the  2−ΔΔCt  method44. AE2 
mRNA was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The specific primers used 
in the qPCR were as follows: AE2, 5′-GCA CCG CAG CTA CAA CCT TC-3′ and 5′-AGC GTC TGG GCC TCA ATC 
TC-3′45; and for GAPDH, 5′-ATC ACT GCC ACC CAG AAG AC-3′ and 5′-AGG AGA CAA CCT GGT CCT CA-3′.

Statistical analysis. All statistical analyses were performed using EZR (Saitama Medical Center, Jichi 
Medical University, Saitama, Japan)46. Significance of the difference between two independent groups of data 
was analyzed using Student’s t-test. Other statistical data were analyzed using one-way ANOVA and post hoc 
Dunnett’s multiple comparison or Tukey HSD tests. Each experiment was repeated at least three times, and the 
data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, and ***P < 0.001.

Data availability
All data generated or analyzed during this study are included in this published article and in its supplementary 
information files.
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