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Protein kinase A (PKA) directly phosphorylates aquaporin-2 (AQP2) water channels in
renal collecting ducts to reabsorb water from urine for the maintenance of systemic
water homeostasis. More than 50 functionally distinct PKA-anchoring proteins (AKAPs)
respectively create compartmentalized PKA signaling to determine the substrate specific-
ity of PKA. Identification of an AKAP responsible for AQP2 phosphorylation is an
essential step toward elucidating the molecular mechanisms of urinary concentration.
PKA activation by several compounds is a novel screening strategy to uncover PKA sub-
strates whose phosphorylation levels were nearly perfectly correlated with that of AQP2.
The leading candidate in this assay proved to be an AKAP termed lipopolysaccharide-
responsive and beige-like anchor protein (LRBA). We found that LRBA colocalized with
AQP2 in vivo, and Lrba knockout mice displayed a polyuric phenotype with severely
impaired AQP2 phosphorylation. Most of the PKA substrates other than AQP2 were
adequately phosphorylated by PKA in the absence of LRBA, demonstrating that LRBA-
anchored PKA preferentially phosphorylated AQP2 in renal collecting ducts. Further-
more, the LRBA-PKA interaction, rather than other AKAP-PKA interactions, was
robustly dissociated by PKA activation. AKAP-PKA interaction inhibitors have attracted
attention for their ability to directly phosphorylate AQP2. Therefore, the LRBA-PKA

interaction is a promising drug target for the development of anti-aquaretics.
LRBA | AQP2 | PKA | AKAP | urinary concentration

Aquaporin-2 (AQP2) water channels in the kidneys play an essential role in the mainte-
nance of body-water homeostasis. Under a dehydrated state, the antidiuretic hormone
vasopressin is released from the posterior pituitary and binds to vasopressin type 2 recep-
tor (V2R) in renal collecting ducts, leading to the activation of AQP2 to reabsorb water
from urine for the prevention of further water loss. A lack of water homeostasis causes
abnormalities in urine volume, resulting in a water—electrolyte imbalance. Loss-of-function
mutations in the V2R cause X-linked congenital nephrogenic diabetes insipidus (NDI).
Due to renal unresponsiveness to vasopressin, patents’ urine volume reaches as much as
10 to 20 L/d (1). These patients are at a high risk of mental retardation resulting from
recurrent severe hypernatremic dehydration, with a worsening prognosis (2, 3). Therefore,
identifying novel mechanisms in the regulation of AQP2 is expected to be crucial in the
development of anti-aquaretic drugs for the treatment of intractable polyuria.

In the canonical V2R-dependent signaling pathway, vasopressin increases intracellu-
lar cyclic adenosine monophosphate (cAMP) levels, leading to the activation of cAMP-
dependent protein kinase, PKA (4). PKA is a tetramer composed of two regulatory
(PKA R) and two catalytic (PKA C) subunits, and the PKA R subunits comprise four
isoforms: Rla, RIP, Rlla, and RIIP. The second-messenger cAMP binds to PKA R
subunits to change their conformation (5). Subsequently, PKA C subunits phosphory-
late a wide range of cellular targets that contain the PKA recognition motif, RRXS/T.
In renal collecting ducts, AQP2-5256 (RRQS>*®) is directly phosphorylated by PKA (6).

Significance

Water transport via aquaporin-2
(AQP2) water channels is a critical
determinant of urine volume.
Antidiuretic hormone vasopressin
activates renal protein kinase A
(PKA) and then directly
phosphorylates AQP2, which
promotes AQP2 translocation
from intracellular vesicles to the
plasma membrane. We found that
lipopolysaccharide-responsive
beige-like anchor protein (LRBA)
was a PKA-anchoring protein
essential for AQP2
phosphorylation. LRBA and AQP2
were colocalized on the same
intracellular vesicles, and Lrba
knockout severely impaired PKA-
induced AQP2 phosphorylation,
causing high urine output. LRBA
contributes to vesicular trafficking
and receptor recycling of a
checkpoint immune molecule,
CTLA-4, in regulatory T cells. LRBA
may increase plasma membrane
expression levels of constitutively
recycled proteins. We furthermore
identified that the LRBA-PKA
interaction is a drug target for
polyuria.

S256 is considered a master regulator of AQP2 activity because the phospho-mimicking
mutant AQP2-S256D is predominantly localized at the apical plasma membrane to
increase transcellular water transport through AQP2, whereas AQP2-S256A, which
mimics nonphosphorylated AQP2, is retained in intracellular vesicles (7, 8). Phosphory-
lation at S256 is also important for the phosphorylation of other AQP2 C-terminal
serines, such as $269 (6). pAQP2-§269 reflects AQP2 activity and correlates well with
apical surface localization of AQP2 (9). Although PKA has been proven to be involved
in AQP2 phosphorylation (10), critical mediators in this phosphorylation process have
remained unknown.

The intracellular localization of PKA is tightly regulated by its scaffold proteins,
A-kinase anchoring proteins (AKAPs). Currently, 43 AKAP genes and more than 70
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distinct AKAP proteins have been identified (11). These AKAPs
serve as subcellular “address tags” in each cell that sequester PKA
to specific compartments, facilitating spatially restricted cAMP/
PKA signaling to ensure substrate specificity of PKA (12). It has
been reported that the AKAP220-PKA and AKAP185-PKA
complexes are colocalized with AQP2 and participate in PKA-
induced AQP2 phosphorylation (13, 14); however, there are cur-
rently no available AKAP-knockout mice that exhibit an obvious
phenotype of polyuria caused by impaired AQP2 phosphoryla-
tion (15, 16). In this article, we show that lipopolysaccharide-
responsive and beige-like anchor protein (LRBA) (17) is a crucial
AKAP for vasopressin/AQP2 signaling. The interaction of LRBA
with PKA was previously demonstrated in a B cell lymphoma cell
line and in primary human B cells (18); however, its physiological
relevance, especially in the renal collecting ducts, has not yet been
established.

LRBA directly binds to cytotoxic T lymphocyte antigen-4
(CTLA-4) and regulates the intracellular trafficking of CTLA-4—
containing vesicles in T cells (19). CTLA-4 is continually inter-
nalized via endocytosis; LRBA-CTLA-4 interaction rescues
CTLA-4 from lysosomal degradation, allowing the recycling of
CTLA-4 back to the cell surface, where it counteracts the
activation of the immune system (20). Considering LRBA is ubiq-
uitously expressed, it is strongly anticipated that LRBA also regu-
lates other constitutively recycled proteins, such as AQP2. Here,
we show that LRBA regulates urine-concentrating ability via
mediating AQP2 phosphorylation.

Results

Correlation Between AQP2 and LRBA Phosphorylation. To
identify novel critical regulators of renal water retention, we
first examined the potency of a PKA activator, FMP-API-1/27,
and several flavonoids on AQP2 phosphorylation at S269. Fla-
vonoids (namely, luteolin, quercetin, naringenin, epicatechin,
pelargonidin, and genistein) have been reported to enhance
cAMP/PKA pathway activity by the inhibition of phosphodies-
terases (21-24). Each compound had a different strength to
phosphorylate AQP2-S269 in a mouse cortical-collecting-duct
principal cell line (mpkCCD,4) (Fig. 1A4), which exhibits the
endogenous expression of AQP2 (25, 26). The V2R agonist
[deamino-Cysl, d-Arg8]-vasopressin (dDAVP), was used as a
positive control for PKA activation.

Furthermore, comprehensive phosphorylation statuses of
PKA substrates were measured by Western blot analysis using a
phospho-PKA (pPKA) substrate antibody, which recognizes
phosphoproteins containing the sequence RRXpS/T (Fig. 1A).
Notably, densitometric analysis revealed that among the multi-
ple bands of pPKA substrates, two pPKA substrates (indicated
by black arrow and red arrowhead in Fig. 14) exhibited strong
positive correlations with AQP2-S269 (pAQP2-5269) in their
phosphorylation characteristics induced by FMP-API-1/27 and
several flavonoids (Fig. 1B and C). Contrastingly, other pPKA
substrates (indicated by asterisks in Fig. 14) were not correlated
with pAQP2-5S269. These results raised the possibility that the
two PKA substrates indicated by arrowheads in Fig. 14 were
candidate mediators involved in AQP2 phosphorylation.

Immunoprecipitation with pPKA-substrate antibody followed by
mass spectrometry analysis revealed that both PKA substrates (indi-
cated by black arrow and red arrowhead in Fig. 1A) were LRBA
(Fig. 1D and E). In line with this finding, we confirmed that mouse
LRBA contained three distinct RRXS motifs (S Appendix, Fig. S1).
We then performed posttranslational modification (PTM) analysis
of overexpressed LRBA using mass spectrometry to clarify the
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phosphorylation sites of LRBA. Both HA-V2R and Myc-LRBA
were overexpressed in HEK293T cells, and then dDAVP was
administered to the cells. PTM analysis revealed that RRDS'®"”
and RRIS*™® were phosphorylated by dDAVP (Flg 1F and §7
Appendix, Fig. S2A and B), suggesting that these two sites were also
phosphorylated by FMP-API-1/27 and flavonoids in mpkCCD
cells. Encouraged by these findings, we generated tools to evaluate
phosphorylation and localization of LRBA in vitro and in vivo (i.e.,
an antibody against recombinant LRBA and Lrba knockout mice)
(Fig. 1G—1, and ST Appendix, Fig. S3). LRBA antibody effectively
pulled down endogenous LRBA (Fig. 24-D). As implicated in Fig.
14, phosphorylated LRBA (pLRBA) was decreased by pelargonidin
and increased by dDAVP in the mpkCCD cells. Similarly, intraper-
itoneal administration of dDAVP increased pLRBA in mouse kid-
neys, whereas suppression of endogenous vasopressin secretion by
water load decreased pLRBA.

The strong correlation between pAQP2-S269 and pLRBA
(Fig. 1A—C) was consistent with screening results of a previous
cross-linking mass spectrometry study, which showed that
LRBA was in close proximity to AQP2 (27). LRBA was,
indeed, expressed in renal collecting ducts, and it colocalized
with AQP2 (Fig. 2F and F). Electron microscopy showed that
both AQP2 and LRBA were localized at the intracellular
vesicles in renal collecting ducts (Fig. 2G). Furthermore,
double-label electron microscopy revealed that they were colo-
calized on the same vesicles (Fig. 2H).

Biallelic disease-causing mutations in LRBA abolish LRBA
protein expression and cause a human immune dysregulatlon
syndrome (28). However, it has been reported that Lrba '~
mice do not show immunological manifestations (29, 30).
Lrba™'~ mice, which we generated, also did not exhibit immu-
nological phenotype, including hypogammaglobulinemia, orga-
nomegaly, and chronic diarrhea (SI Appendix, Flg S4A— C)
Moreover, no obvious renal impairment was detected in Lrba '
mice. Lymphocytic infiltration, albuminuria, and serum creati-
nine elevation were not observed (87 Appendix, Fig. S4D-G).

Impaired Vasopressin-Induced AQP2 Phosphorylation in Lrba™'~

Mice. LRBA is classified as an AKAP that interacts with PKA and
other signaling molecules (17, 18, 31), thereby allowing the
AKAP-anchored PKA to phosphorylate specific PKA substrates.
We found that LRBA interacted especially with the PKA RIIp
subunit in vitro (Fig. 3A4), in line with a similar finding in a B cell
lymphoma cell line (18). The interaction between LRBA and
PKA RIIP was also observed at native expression levels (Fig. 3B).
The upper band of LRBA (indicated by the arrow in Fig. 3B) was
preferentially captured by PKA RIIP in vivo. In renal collecting
ducts, PKA directly phosphorylates AQP2-S256, which is critical
for AQP2 activity and renal fluid retentlon (4, 6, 8). Therefore,
we examined renal pheno es of Lrba '~ mice. The baseline
urine osmolality in Lrba '~ mice (1,317 + 114 mOsm/kg
(mean + SD)) was lower than that in wild-type (WT) (2,804 +
236 mOsm/kg) and Lrba+ ~ (2,574 + 344 mOsm/kg) mice
(Fig. 3C). As a result, Lrba'~ mice exhibited polyuria and poly-
dipsia (Fig. 3C). Additionally, the maximal urine osmolality after
water deprlvauon was reduced to 1,707 + 134 mOsm/kg (mean
+ SD) in Lrba™'™ mice (maximal urine osmolality in WT mice,
3,708 + 300 mOsm/kg (mean + SD)), resulting in a rapid
decline in body weight (Fig. 3D and E). Impaired urine-
concentratmg ability was caused by renal unresponslveness to
vasopressln (Fig. 3B. Lrba'~ mice showed only a slight increase
in urine osmolality to 1,323 + 362 mOsm/kg (mean + SD),
even after the administration of dDAVP (urine osmolality in WT
mice, 3,027 + 282 mOsm/kg (mean + SD)).
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Fig. 1. FMP-API-1/27 and flavonoids phosphorylate LRBA and AQP2 in a cor

related manner. (A-C) Screening for PKA substrates whose phosphorylation are

well correlated with pAQP2-5269. (A) Representative blots of pAQP2-S269 and pPKA substrates. (B) Phosphorylation levels of AQP2-5269 and the PKA sub-

strate (indicated by red arrowhead) are quantified by densitometric analysis

(n = 3). (C) Phosphorylation levels of AQP2-5269 and PKA substrates (indicated

by arrowheads) are strongly correlated in scatterplots. (D and E) Immunoprecipitated PKA substrates (indicated by p and 8) are identified as LRBA by liquid

chromatography-tandem mass spectrometry (LC-MS/MS). (D) Representative

silver staining of pPKA substrates immunoprecipitated by pPKA substrate anti-

body. (E) Identified proteins by LC-MS/MS. (F) PTM analysis reveals the RRXS sites of LRBA phosphorylated by dDAVP. (G and H) Lrba knockout mice are gen-
erated by CRISPR/Cas9 genome-editing technology. (G) The target sequence for Lrba gene editing. (H) Genotyping of Lrba knockout mice after Banll digestion

of the PCR products from genomic DNA. (/) Anti-LRBA antibody detects ren

al LRBA in WT mice. (C) Pearson correlation coefficient r value and two-sided

Student's t test. **P <0.01. Ab, antibody; IP, immunoprecipitation; PAM, protospacer adjacent motif; SpC, spectral count.

Vasopressin-dependent AQP2 phosphorylation is an essential
determinant of urinary concentration. Total mRNA and pro-
tein expression of AQP2 were not different between WT and
Lrba™'"~ mice (Fig. 44—C). Importantly, phosphorylation at
AQP2-5256 was unresponsive to dDAVP in Lrba '~ mice (Fig.
4Band C). pAQP2-5§256 is necessary for downstream phosphor-
ylation of other AQP2 serines, such as AQP2-S269 (6). In line

PNAS 2022 Vol. 119 No.30 2202125119

with the impaired AQP2-S256 phosphorylation, AQP2-5269 in
Lrba™'~ mice was also not phosphorylated following dDAVP
treatment (Fig. 4B and O).

pAQP2-§256 is physiologically important for promoting AQP2
exocytosis, whereas pAQP2-5269 reduces AQP2 endocytosis, lead-
ing to accumulation of pAQP?2 at the apical plasma membrane (32).
pAQP2-5269 is broadly accepted as a marker for AQP2 activation
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Fig. 2.

LRBA colocalized with AQP2 at vesicles in the subapical region. (A and B) The effects of pelargonidin and vasopressin on LRBA phosphorylation in

mpkCCD cells (n = 3). (C and D). The effects of water load and vasopressin on LRBA phosphorylation in vivo (n = 4). (E and F) Immunofluorescence staining
showing that AQP2 (magenta) and LRBA (green) are colocalized in the kidneys of WT mice. (E) Scale bars, 100 um. (F) Scale bars: top, 5 pm; bottom, 1 um. (G)

Immuno-electron microscopy showing that AQP2 and LRBA are localized at

vesicles in renal collecting ducts of WT mice. Scale bars, 500 nm. (H) Colocaliza-

tion of AQP2 and LRBA at the same intracellular vesicles. Double-label immuno-electron microscopy of AQP2 (10-nm gold indicated by magenta arrowheads)

and LRBA (5-nm gold indicated by green arrows) in renal collecting ducts

of WT mice. Scale bars, 200 nm. Data are reported as mean + SD. *P<0.05,

**p <0.01 by Dunnett's test. IP, immunoprecipitation; Pel, pelargonidin; VP, dDAVP; WL, water load.

because it is exclusively detected at the apical plasma membrane (9).
Immunofluorescent analysis showed that most of the pAQP2-S256
and pAQP2-S269 were localized at the apical plasma membrane
in WT mice by dDAVP stimulation (Fig. 4D and E and S/
Appendix, Fig. S54-D). Conversely, enhanced signal intensity of
pAQP2-5256 and pAQP2-5269 by dDAVP stimulation was not
observed in Lrba'~ mice. These results indicated that LRBA
was crucial for AQP2 phosphorylation at $256 and $269, there-
fore leading to the defective AQP2 trafficking in Lrba™'~ mice.
Immunoelectron microscopy showed that dDAVP-induced
AQP2 translocation to the apical plasma membrane was
clearly impaired in Lrba™'™ mice (Fig. 4F). AQP2-containing
vesicles remained largely in the subapical region.

PKA Substrates Other Than AQP2 Phosphorylated in Lrba™'~
Mice. Lrba '~ mice displayed elevated serum vasopressin levels,
most likely as a compensatory mechanism in the face of water

diuresis due to unphosphorylated AQP2 (Fig. 54). As pPKA

4 0of 10 https://doi.org/10.1073/pnas.2202125119

substrates were predominantly localized at collecting ducts but
not at other renal tubules in the inner medulla (Fig. 5B), the
inner medulla was dissected from mouse kidneys to investigate
the effects of high vasopressin levels on PKA substrates in vivo.
Increased vasopressin secretion by Lrba knockout mice led to
strongly phosphorylated PKA substrates in the inner medullary
collecting ducts (IMCDs), and their phosphorylation was fur-
ther augmented by dDAVP administration (Fig. 5C). These
results indicated that the vasopressin/cAMP/PKA signaling
pathway phosphorylated a large number of PKA substrates in
IMCDs, even in the absence of LRBA.

We further examined the effects of vasopressin on a PKA
substrate localized at intracellular vesicles. In IMCDs, AQP2
and urea transporter Al (UT-Al) coordinately regulate
vasopressin-dependent urinary concentration (33). Membrane-
trafficking mechanisms of UT-A1 have much in common with
those of AQP2. Both UT-A1 and AQP2 contain RRXS motifs
(81 Appendix, Fig. S6), and their translocation from intracellular
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Lrba knockout mice display the NDI phenotype. (A) LRBA interacts with PKA Rlla and RIIf in vitro. FLAG-tagged PKA regulatory subunits and Myc-

tagged LRBA were overexpressed in HEK293T cells. Anti-FLAG beads were used to perform coimmunoprecipitations. (B) LRBA interacts with PKA RIIB in vivo.
Membrane fraction of mouse kidneys was prepared. Anti-RIIp antibody was used to perform a coimmunoprecipitation assay. (C) The baseline urine-

concentrating ability is impaired in Lrba™'~

mice; n = 4, He mice; n = 7 Ho mice). (D and E) The maximal urine-concentrating ability is impaired in Lrba

mice. Metabolic cages were used to monitor urine osmolality, urine volume, and water intake for 24 h. (n =5 WT

~/~ mice. Mice were deprived of water for 12 h.

(D) Left, urine osmolality at the beginning and end of the experiments (n = 6). Right, representative urine samples. () Percentage of weight loss after water

deprivation test (n = 6). (F) Urine osmolality of Lrba~"~

mice is unresponsive to vasopressin. Left, changes in urine osmolality of WT and Lrba

~/~ mice after

the treatment of dDAVP (0.4 pg/kg) (n = 7). Right, representative urine samples. (C-£) Data are reported as mean + SD. **P <0.01, NS, not significant by Dun-
nett's test. (F) **P<0.01 by two-sided Student's t test. Ab, antibody; He, Lrba*'~; Ho, Lrba™'; IP, immunoprecipitation.

vesicles to the apical plasma membrane are promoted in
response to phosphorylation of RRXS motifs by PKA (34).
Baseline UT-Al protein expression was extremely high in
Lrba™'~ mice with vasopressin oversecretion (Fig. 5D) (35).
This effect was reversed by a V2R antagonist, tolvaptan. Tolvap-
tan attenuated the PKA activity in IMCDs (Fig. 5E and S/
Appendix, Fig. S7TA and B), leading to a decrease in mRNA and
protein expression of UT-Al in Lrba '~ mice (Fig. 5F and SI
Appendix, Fig. S84 and B). Despite similar subcellular distribution
of AQP2 and UT-A1 (36), knockout of Lrba negatively influ-
enced AQP2 but not UT-AI phosphorylation (Fig. 5G and H).
These results indicated that LRBA quite specifically mediated
AQP2 phosphorylation in the renal vasopressin-signaling pathway.

The LRBA-PKA Interaction as a Drug Target for Urinary Con-
centration. In renal collecting ducts, dissociation of AKAP-PKA
interactions by a low-molecular-weight compound, FMP-API-1/27,
has been reported to result in strong phosphorylation of AQP2
(4, 37, 38); however, it has remained unclear which AKAP-PKA
interaction was dissociated by FMP-API-1/27. Thus, we exam-
ined the dissociation of LRBA-PKA interaction. Overexpressed
V2R successfully mediated dDAVP-induced PKA activation in
HEK293T cells (ST Appendix, Fig. S9A and B). Remarkably,
dDAVP almost totally dissociated the LRBA-PKA RIIP interac-
tion. FMP-API-1/27 possessed vasopressin-like effects and also
dissociated the LRBA-PKA RII interaction (Fig. 6A4). Forskolin
was used as a positive control for the activation of cAMP/PKA
signaling pathway.

It is important to investigate the target specificity of FMP-
API-1/27, because FMP-API-1/27 is a lead compound for
increasing urine osmolality in an NDI mouse model with severe
polyuria (37). Recent omics data provided information about

PNAS 2022 Vol. 119 No.30 2202125119

AKAPs expressed in renal collecting ducts (Fig. 6B) (40-43).
Aside from LRBA-PKA RIIf interaction, FMP-API-1/27 only
slightly inhibited the AKAP13-PKA Rlla interaction, whereas
forskolin inhibited ARFGEF2-PKA RIla, AKAP12-PKA RIIf,
MSN-PKA RIIf, OPA1-PKA RIla, and OPA1-PKA RIIp
interactions (Fig. 6C and SI Appendix, Fig. S10). These results
indicated that FMP-API-1/27 was not a pan—AKAP-PKA inter-
actions inhibitor, but rather specifically dissociated LRBA-
anchored PKA, similar to vasopressin’s effect.

Discussion

In the present study, we discovered that LRBA is indispensable
for AQP2 phosphorylation in the vasopressin/cAMP/PKA sig-
naling pathway in the urinary concentration system (Fig. 6.D).
We employed the innovative approach of generating phosphor-
ylation patterns of PKA substrates using FMP-API-1/27 and
several flavonoids to discover pathophysiologically important
PKA substrates. From this, LRBA emerged as a leading candi-
date critical for AQP2 phosphorylation and a prime PKA sub-
strate in mpkCCD cells whose phosphorylation correlated
nearly perfectly with pAQP2-S269 (Fig. 1A4). While, as an
alternative, comprehensive phosphoproteomic analyses provide
more detailed information about phosphorylation status, it is
often challenging to narrow down and uncover a pathogenic
PKA substrate with such analyses. Contrastingly, immunopre-
cipitation with pPKA substrate antibody is a rapid and cost-
effective method, potentially applicable to extrarenal cell lines
and organs for similar purposes.

While our screen focused on PKA substrates in mpkCCD
cells, the primary hit, LRBA unexpectedly also had the property
of an anchor protein (AKAP) that interacted with PKA (17, 18).

https://doi.org/10.1073/pnas.2202125119 5 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202125119/-/DCSupplemental

A B wWT Lba C 60 qfold) _**
4.0 (EE55
AQP2 mRNA dDAVP ———+++———+++40m 5258 o ” .-
(o) LRBA |H} 00 "
209 s HHHHHN L 250 (fold)
8.0 4
S256 - B $269 40
° . 0.0 ot Cﬁnﬂ_,_ﬁ.
1.0 19 S269 (fold)
o F25 10 4 o
taqpP2 | [0 tAQP2 05
0 . R 25 0.0 ——L
WT e’ GAPDH [ a7 doAVP — + -  +
wT Lrba””
D $256 $256  Merge
o -- o ---
wT Lrba”
o o ---
E S269 Merge 5269 Merge
WT Lrba™”
dDAVP dDAVP
F
Control [ - Control
WT Lrba "
dDAVP | dDAVP |

Fig. 4. Lrba knockout impairs AQP2 phosphorylation and trafficking. (A

) AQP2 mRNA levels are not different between WT and Lrba™'~ mice. AQP2 mRNA

levels were quantified by qPCR (n = 10). (B and C) AQP2 phosphorylation is impaired in Lrba~'~ mice. dDAVP (0.4 ug/kg) was intraperitoneally injected into
WT and Lrba~'~ mice for 1 h (n = 6). (D and E) Enhanced signal intensity of pAQP2-5256 and pAQP2-5269 by dDAVP is impaired in Lrba~'~ mice. Immunofluo-

rescence staining of AQP2 (magenta) and pAQP2-S256 (green) (D)

or pAQP2-5269 (green) (£) in the kidneys of WT and Lrba~’~ mice. dDAVP was administered

as in B. Scale bars, 5 pm. (F) Immuno-electron microscopy showing that accumulation of AQP2 at the apical plasma membrane by dDAVP is impaired
in Lrba~’~ mice. dDAVP was administered as in B. Scale bars, 500 nm. Data are reported as mean + SD. (A) Two-sided Student’s t test. (C) **P<0.01 by

Dunnett’s test. NS, not significant.

The subcellular localization of PKA is usually determined by its
AKAPs, and knockout of a single AKAP in vivo has been
commonly used as a method to exclude PKA from each AKAP
compartment (44, 45). Loss of LRBA-PKA complex from
LRBA-containing vesicles in Lrba knockout mice led to a failure
of AQP2 phosphorylation at residue S256 (Fig. 4B-D).
Phosphorylation of AQP2-S256 by PKA is necessary for AQP2
translocatlon to the apical plasma membrane (32). Accordingly,
Lrba'~ mice had water diuresis (Fig. 30) and subsequent com-
pensatory increase in serum vasopressin levels (Fig. 5A4). Urine
osmolality did not elevate even after the administration of exoge-
nous vasopressin (Fig. 37). Thus, LRBA served as an intermediary
between PKA and AQP2 in the vasopressin signaling pathway.
To achieve a strong correlation between AQP2 and LRBA phos-
phorylation (Fig. 14-C), it was presumed that LRBA-anchored
PKA simultaneously phosphorylated LRBA as well as AQP2. This
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autophosphorylation system in LRBA is not a specific phenome-
non. Other AKAPs also contain multiple PKA recognition
sequences (SI Appendix, Table S1), some of which are autophos-
phorylated by anchored PKA. As an example, AKAP12 is auto-
phosphorylated by AKAP12-anchored PKA and regulates the
binding affinity between AKAP12 and (2-adrenergic receptor
(46). Such effects may reasonably be anticipated for LRBA-
anchored PKA to indirectly modulate AQP2 activity.

The strength of AKAP-PKA interactions are individually dif-
ferent and dynamically modulated depending on the phosphor-
ylation status at PKA. Only the RRXS motif present in PKA
RII subunits is constitutively phosphorylated by PKA C subu-
nits at basal conditions. For example, in cardiac cells, phos-
phorylation of this residue enhances binding affinity of PKA
RII subunits to AKAP13 and AKAP15/189, facilitating the for-
mation of AKAP-PKA complexes (47, 48). Contrarily,
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LRBA-PKA RIIp, AKAP12-PKA RIIf, MSN-PKA RIIp, and
OPA1-PKA RIIP interactions were readily dissociated by for-
skolin (Fig. 64 and C and SI Appendix, Fig. S10), despite sig-
nificant phosphorylation at the RRXS site in PKA RIIf (87
Appendix, Fig. S11). Vasopressin behaved as an AKAP-PKA
interaction inhibitor, at least for the LRBA-PKA interaction
(ST Appendix, Fig. S9A and B), releasing the active form of
PKA from LRBA. In renal collecting ducts, dissociation of
AKAP-PKA interactions is an emerging therapeutic strategy for
the phosphorylation of AQP2 in the treatment of intractable
polyuria (4, 37). Notably, among various AKAP-PKA interac-
tions, the LRBA-PKA interaction was specifically dissociated
by an AQP2 activator, FMP-API-1/27 (Fig. 6A-C). Based on
these results, we speculate that the action range of LRBA-
anchored PKA was restricted by the LRBA-PKA interaction
under resting conditions, resulting in the suppression of PKA
activity, whereas PKA unanchored by vasopressin or FMP-API-
1/27 acquired kinase activity, which presumably enhanced
AQP2 phosphorylation.

The LRBA-anchored PKA is a potendal drug target for AQP2
phosphorylation and urinary concentration. One of the limitations
of FMP-API-1/27 is that it was ineffective for diabetes insipidus
with AQP2 deficiency. We generated a lithium-induced diabetes
insipidus mouse model. In line with previous reports (49), lithium
chloride decreased AQP2 protein expression levels, leading to low
urine osmolality (SI Appendix, Fig. S12A and B). However, the

PNAS 2022 Vol. 119 No.30 2202125119

amount of AQP2 was quite low, so that phosphorylation of AQP2-
S256 and AQP2-S269 by FMP-API-1/27 was not detected. Our
prior study revealed that AQP2 protein expression was not increased
by FMP-API-1/27 (37). Specific activation of LRBA-anchored PKA
by FMP-API-1/27 was insufficient to improve urine osmolality in
the case of AQP2 deficiency. It has been reported that basal expres-
sion levels of AQP2 are not reduced in some of the congenital NDI
mouse models with V2R mutations (50). LRBA-PKA interaction
inhibitors may effectively improve urine-concentrating ability of
NDI mouse models without AQP2 deficiency.

Imperfect specificity of the pPKA substrate antibody is
another limitation of this study. It has been noted that the
RRXS/T motif is phosphorylated by not only PKA but also a lot
of other kinases, including protein kinase G and protein kinase
C in the AGC kinase group (51). Importantly, these kinases take
part in AQP2 phosphorylation (52-54). Although we used a
direct PKA activator, FMP-API-1/27, to exclude the effects of
these kinases on phosphorylation of RRXS/T sites, the responsi-
ble kinase was not specified by the pPKA substrate antibody.
PKA-independent phosphorylation of RRXS sites might explain
bands in Fig. 14 (indicated by blue asterisks) whose phosphory-
lation levels were not correlated with those of AQP2-S269.

In addition to RRXS, PKA can phosphorylate other targets
with R in position —3 relative to the phosphorylation site, such
as RKXS. Although LRBA contains several RRXS and RKXS
sequences, the pPKA substrate antibody cannot distinguish
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Fig. 6. The LRBA-PKA interaction is the drug target of FMP-API-1/27. (A) FMP-API-1/27 dissociates the LRBA-PKA RIIp interaction. PKA RIl subunits (Rlla,
RIIB)-Flag and Myc-LRBA were overexpressed in HEK293T cells. FMP-API-1/27 (200 pM) or forskolin (10 pM) was added to the cells 1 h before coimmunopreci-
pitation. Representative blots of coimmunoprecipitated Myc-LRBA are shown (n = 3). (B) Highly expressed AKAP proteins and mRNA in renal collecting ducts
are listed based on recent omics data (39-43). Expression levels are indicated by a color scale, with red representing relative high expression levels and blue
indicating relative low expression levels. The numbers in the table indicate rank in sequential order. Highly expressed AKAPs, which are evaluated in C and
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matic summary of the physiological role of LRBA in the urine-concentrating system. Lrba'~ mice exhibited polyuria, and their urine-concentrating ability did

not respond to vasopressin. As a result of diluted urine, serum vasopressin levels were elevated to compensate for water loss in Lrba

~/~ mice. Exclusion of

PKA from the LRBA compartment by Lrba knockout caused a failure of PKA-induced AQP2 phosphorylation. The strength of LRBA-PKA interaction was
dynamically changed by AQP2 activators. Vasopressin and FMP-API-1/27 dissociated PKA from LRBA, presumably to enhance AQP2 phosphorylation at S256.
(C) Mean data are reported. **P < 0.05, *P < 0.01 by Tukey test. IP, immunoprecipitation; ND, AKAP-PKA interactions not detected.

phosphorylation status of individual sites. Interestingly, PTM
analysis of LRBA protein showed that RKDS?”® and
RKVT'® were dephosphorylated by dDAVP (SI Appendix,
Fig. S2B). Isobe et al. (10) reported similar results. In the PKA-
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null mpkCCD cell lines, phosphorylation of RKDS’”? is
increased (10). The PKA-independent signaling pathway may
regulate dephosphorylation of RKDS””? and RKVT'®* in the

vasopressin-signaling pathway.
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Most of the biallelic pathogenic mutations in LRBA cause
absence of LRBA protein expression in peripheral blood mononu-
clear cells, causing immune system pathologies (55). Irrespective
of the locations and types of mutations in LRBA, mutation-
derived unstable mRNA or misfolded protein may be mostly
degraded, thereby contributing to LRBA deficiency (55). Severe
reduction of LRBA protein expression may be taking place in the
kidneys of patients; however, polyuric phenotype of LRBA defi-
ciency has not been reported. Urine osmolality of Lrba '~ mice
was higher than that of Aypr2 (V2R) knockout mice, and thus
Lrba™'~ mice were not neonatal lethal, as opposed to Avpr2 '~
mice. Residual AKAPs—PKA complexes, such as AKAP220-PKA
and AKAP78-PKA, may compensate for AQP2 phosphorylation
in response to elevated serum vasopressin levels (Fig. 5A4).
AKAP220 and AKAP78 expression levels remained unchanged in
Lrba™'"~ mice (SI Appendix, Fig. S13A and B). Furthermore, exces-
sive serum vasopressin presumably activated PKA-independent
vasopressin signaling in renal collecting ducts. AQP2-§256 is
partially phosphorylated by vasopressin even in PKA-null
mpkCCD cell lines through activation of potential candidate
kinases, including SNF1-subfamily kinases, Prkci (an atypical
protein kinase C), and protein kinase G (56). These kinases may
contribute to PKA-independent AQP2 phosphorylation and
mild polyuric phenotype of Lrba '~ mice. Remarkably, chronic
kidney disease is not a rare complication in patients with LRBA
deficiency (19, 57, 58). Taylan et al. (57) reported the case of a
6-y-old male patient whose renal function was impaired without
proteinuria and edema during the assessment of his chronic diar-
thea. Chronic diarrhea characterized by duodenal villous atrophy
and large bowel lymphocytic infiltration is a common symptom
of LRBA deficiency (59). Impaired urine-concentrating ability in
combination with chronic diarrhea exacerbates the risk of rapid
weight loss by dehydration (Fig. 3E), leading to chronic kidney
disease (60). Therefore, body-fluid management may be required
to avoid dehydration in LRBA deficiency.

In conclusion, we show that LRBA is necessary for the main-
tenance of body-water homeostasis. LRBA is a PKA-anchoring
protein that is crucial for urinary concentration. LRBA medi-
ates vasopressin-induced AQP2 phosphorylation in renal col-
lecting ducts. Lrba™'~ mice demonstrated resistance of AQP2
phosphorylation to vasopressin and exhibited polyuria.

Materials and Methods
See SI Appendix for full description of the materials and methods.

study Approvals. All animal studies were performed in accordance with the
guidelines for animal research of Tokyo Medical and Dental University. The study
protocol was approved by the Animal Care and Use Committee of Tokyo Medical
and Dental University (approval no. A2021-120C).

Animals. C57BL/6J female mice were used for experiments at age 10 wk. All
mice were maintained under standard lightning conditions (12 h:12 h light-
dark cycle).
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Generation of Lrba Knockout Mice. Lrba knockout mice were generated in
C57/BL6J zygotes using the CRISPR/Cas9 genome-editing system. This mutation
led to a frameshift in Lrba transcript, resulting in the truncation of the LRBA protein.

Cell Culture. The mpkCCDcl4 cells were seeded and grown on semipermeable
filters (Transwell, 0.4-pm pore size; Corning Coster). The mpkCCD cells were cul-
tured for 5 d, with daily changes of the medium. HEK293T cells were cultured in
6-cm diameter dishes in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum.

Generation of Anti-LRBA Antibody. Escherichia coli BL21 (DE3) was trans-
formed with the plasmid of GST-mouse LRBA (amino acid 1555-1795), and the
GST fusion protein was generated. After cleavage of GST, rabbits were immu-
nized by this protein to generate LRBA antibody.

statistics. At least three independent experiments were performed to ensure
reproducibility. Statistical analyses were performed with JMP14 software (SAS
Institute, Inc.) using the two-sided Student's t test, Dunnett's test, Tukey test, or
Pearson’s correlation analysis. Statistical tests of each experiment are reported in
the figure legends.

Data Availability. All raw liquid chromatography-tandem mass spectrometry
data were deposited with the ProteomeXchange Consortium via the PRIDE (61)
partner repository with the dataset identifiers PXD033852 (62) and PXD033859
(63). All other data are included in the manuscript and/or SI Appendix. Lrba
knockout mice generated during this study are available from Fuminori Toku-
naga (email: ftokunaga@omu.acjp), and anti-LRBA antibody generated during
the study is available from Fumiaki Ando (email: fandkidc@tmd.acjp) on
reasonable request.
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