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Abstract 

The proton pumping V -A TPase drives essential biological processes, such as acidification of intracellular organelles. 
Critically, the V-ATPase domains, V 1 and V O , must assemble to produce a functional holoenzyme. V -A TP ase d ysfunction 

results in cancer, neurode gener ation, and diabetes, as well as systemic acidosis caused by reduced activity of 
pr oton-secr eting kidney intercalated cells (ICs). However, little is known about the molecular regulation of V -A TPase in 

mammals. We identified a novel interactor of the mammalian V -A TPase, D rosophila m elanogaster X chromosomal 
gene- l ike 1 (Dmxl1), aka Rabconnectin-3A. The yeast homologue of Dmxl1, Rav1p, is part of a complex that catalyzes the 
r ev ersib le assemb l y of the domains. We, ther efor e, hypothesized that Dmxl1 is a mammalian V-ATPase assembly f actor . Here , 
w e gener ated kidney IC-specific Dmxl1 knoc kout (KO) mice , whic h had high urine pH, like B1 V -A TPase KO mice, suggesting 
impaired V -A TP ase function. Western blotting sho wed decr eased B1 expr ession and B1 (V 1 ) and a4 (V O ) subunits wer e mor e 
intracellular and less colocalized in Dmxl1 KO ICs. In parallel, subcellular fractionation r ev ealed less V 1 associated B1 in the 
membr ane fr action of KO cells r elati v e to the cytosol. Furthermor e, a pr oximity ligation assay performed using pr obes 
against B1 and a4 V -A TPase subunits also revealed decreased association. We propose that loss of Dmxl1 reduces V -A TPase 
holoenzyme assemb l y, ther eby inhibiting pr oton pumping function. Dmxl1 may r ecruit the V 1 domain to the membrane 
and facilitate assemb l y with the V O domain and in its absence V 1 may be targeted for de gr adation. We conclude that Dmxl1 
is a bona fide mammalian V -A TPase assemb l y factor. 
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ntroduction 

he V -A TPase is a multisubunit, tr ansmembr ane proton pump
hose primary job is to create an electroc hemical gr adient

cr oss eukar y otic cell membr anes, whic h dri v es essential cell
iological processes. The V -A TPase is composed of two domains,
ne containing tr ansmembr ane subunits (V O ) and one com-
rised of soluble, cytosolic subunits (V 1 ), that must assem-
le into a functional holoenzyme at the membrane for proton
umping activity to occur. This process is regulated by r ev ersib le
ssemb l y/disassemb l y of the two domains in response to a vari-
ty of physiological cues. 1–6 

Although the structure and function of the V -A TPase are
ighl y conserv ed acr oss eukar yotes, ther e ar e m ultiple isoforms
nd splice variants of most of the V -A TPase subunits that dif-
er by species, and show tissue, cell, and subcellular specificity
n their expression patterns. 7 , 8 Typically, there is one ubiqui-
ous isoform of each V -A TPase subunit expressed within the
ndomembr ane system, whic h acidifies intr acellular vesicles
nd organelles. 8 On the other hand, alternate subunit isoforms
r e expr essed at the plasma membrane of specialized proton
ecreting cells, which use membrane-localized V -A TPases to per-
orm physiological activities that depend on extracellular acidi-
cation, such as maintenance of proper blood pH, bone remodel-

ng, and male fertility. 9–12 Here , w e focus on the proton-secreting
-type intercalated cells (A-ICs), which are kidney collecting
uct epithelial cells that express high levels of the B1 and a4 iso-
orms of the V -A TPase at their apical plasma membr ane . 11 The
rimary function of A-ICs is to maintain acid base balance in
he body, which they accomplish by adjusting the amount of V-
TPase holoenzyme at the cell surface to increase or decrease
r oton secr etion according to pr ev ailing physiological condi-
ions and systemic cues. 11 

Unlike the ubiquitous isoforms that are essential for life,
ysfunction or mutations in the alternate isoforms are associ-
ted with serious, but non-fatal diseases such as distal renal
ubular acidosis (dRTA). 13 Distal renal tubular acidosis is caused
y improper V -A TPase-dependent acid secretion into the urine,
esulting in an abnormally and inappropriately low blood pH.
ot surprisingly, A-IC dysfunction, primarily caused by V -A TPase
utations in the IC-specific subunits B1 and a4, results in

RTA. 13 Howev er, ther e ar e cases of genetic dRTA for which
utations in V -A TPase subunits have not been identified, sug-

esting that there could be other dRTA genes coding for pro-
eins that interact with and regulate the V -A TPase. Despite this,
 er y little is known about the protein–protein interactions that
egulate V -A TPase function in the kidney , and indeed in other
rgans. To address this gap in knowledge, we performed a pro-
eomic analysis to identify B1 V -A TPase associated proteins in

ouse kidney lysates using coimmunoprecipitation and mass
pectr ometr y. These studies r ev ealed many pr eviousl y unknown
nteractors of the V -A TPase, including D rosophila m elanogaster
 chromosomal gene- l ike 1 protein (Dmxl1), also known as
abconnectin-3A (Rbcn3a), which surprisingly had higher inter-
ction scores with the B1 isoform than some of the V -A TPase
ubunits themselves. 14 

Dmxl1 was first identified on the X chromosome of
rosophila, 15 hence its name, but its function was first char-
cterized in yeast, where its homologue, Rav1p, was identified
s a central component of the RAVE complex ( R egulator of H 

+ -
 TPase of V acuolar and E ndosomal membranes). 16 , 17 The RAVE
omplex was discovered in response to glucose deprivation,

hich leads to a disassemb l y of the V -A TPase in yeast and is
ccompanied by a release of V 1 from the membrane and bind-
ng of the RAVE complex to the cytosolic V 1 subcomplexes. When
lucose concentrations are restored, RAVE rapidly catalyzes the
 eassemb l y of the V -A TPase holoenzyme, thus r e-esta b lishing
r oton-pumping acti vity. 17 Although r ev ersib le disassemb l y w as
rst c har acterized in the tobacco hornw orm 

18 and y east, 19 it has

ecome evident that it is a conserved mechanism across species
o regulate V -A TPase activity in response to diverse physiologi-

al cues. In mammals there are only a few examples of this phe-
omenon, such as in cultured mammalian cells where glucose
tarv ation w as shown to dri v e assemb l y of the V -A TPase, 20 , 21 

hile amino acid starvation in human embryonic kidney cells
ed to assemb l y of the V -A TPase on l ysosomes. 22 Finall y, a study

n cultur ed neur ons showed r ev ersib le V -A TPase assemb l y on
ynaptic v esicles. 23 Howev er, the molecular details of r ev ersib le
 -A TPase disassemb l y ar e as yet poorl y understood in mam-
als. 

Humans, mice , zebr afish, and other higher eukary otes

ave two Dmxl/Rbcn3a isoforms: Dmxl1 and Dmxl2, while in

rosophila and yeast there is only one. 24 Dmxl1 and Dmxl2
how specificity in their expression patterns with Dmxl2 highly
nriched in the brain, while Dmxl1 is widely expressed, but par-
icularl y highl y expr essed in the kidney, pr ostate, and thyr oid. 25 

n mammals, Dmxl2 was originally co-immunoprecipitated
rom r at br ain with a Ra b3A GTPase-acti v ating pr otein and
 uanine nucleotide e xchange f actor, 26 which ar e inv olv ed in
ynaptic vesicle release, which is why these proteins are also
nown as Rabconnectins. The Rabconnectin-3 complex is a
eterodimer consisting of Dmxl1/Dmxl2 (Rbcn3a) and WDR7

Rbcn3b), which is ubiquitously expressed. 24 So far, pathologic
utations in the Rabconnectin-3 complexes are primarily in
mxl2. Mutations in Dmxl2 have been connected to early infan-

ile e pile ptic ence phalopathy, non-syndr omic deafness, delayed
uberty, and decreased fertility. 27–29 On the other hand, muta-
ions in Dmxl1 are linked to the development of a variety of can-
ers 30–34 and copy n umber v ariations in Dmxl1 have been asso-
iated with glaucoma. 35 Importantly, these pathological pheno-
ypes ar e r eminiscent of what is seen in humans with V -A TPase

utations. 
It has been shown that knockdown of Dmxl1 or WDR7 in

ultured cells significantly impairs V -A TPase-dependent acidifi-
ation of intracellular organelles, possib l y by pr ev enting V 0 /V 1 

ssemb l y. 14 , 36 Furthermore, in cultured kidney cells, Dmxl2
nockdown affected acidification to a lesser degree, 14 and

n zebrafish Dmxl2 is r e ported to promote assembly of V-
TPase holoenzymes on synaptic vesicles. 37 On the other
and, there have been reports of conserved function of five
ammalian orthologues of the ER-associated assemb l y fac-

ors that catalyze the assembly of the V O domain in yeast:
CDC115/Vma22p , TMEM199/Vma12p , VMA21/Vma21p , and
 TP6AP1/A TP6AP2/Voa1. Mutations in these proteins lead to

mpair ed assemb l y of the V O domain and patients display gen-
ralized pr otein gl ycosylation and autopha gy defects and fatty-
i v er disease. 38–44 

Based on these data, using kidney intercalated cells (ICs) as
 model system, we set out to determine whether Dmxl1 also
unctions as a mammalian assemb l y factor for the V -A TPase
oloenzyme in vi v o, like its homologue Rav1p in yeast. Thus,
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oss of Dmxl1 in A-ICs would disrupt recruitment of the cytoso- 
ic V 1 to membrane-bound V O . This would pr ev ent assemb l y 
f the functional holoenzyme and inhibit proton secretion into 
he urine, ultimatel y r esulting in the development of dRTA. 
ince global knockout of Dmxl1 is embryonic lethal in mice, 
e utilized the Cre-Lox system to generate IC-specific Dmxl1 
nockout mice to interrogate the role of Dmxl1 in regulating 
 -A TPase function in the mammalian kidney. We found that 

C-specific Dmxl1 knockout mice developed incomplete dRTA, 
hich presents as an inability to properly acidify the urine, 

imilar to the phenotype of B1 V -A TPase knoc kout mice . 45 We 
bserv ed a decr ease in the V 1 domain B1 subunit expression, but 
ot in other V -A TPase subunits or other acid base related pro- 
eins. Furthermore, using subcellular fractionation and a prox- 
mity ligation assay (PLA), we confirmed that loss of Dmxl1 pre- 
 ents the assemb l y of the two domains of the V -A TPase , whic h
xplains the inability of these mice to pr operl y acidify their urine 
n response to changes in blood pH. Thus, we conclude that 
mxl1 is a bona fide mammalian V -A TPase assemb l y factor in 

i v o. 

aterials and Methods 

nimals 

ll animal studies were approved by the Massachusetts General 
ospital Subcommittee on Resear c h Animal Care , in accordance 
ith the NIH, Department of Agriculture, and Association for 

he Assessment and Accreditation of Laboratory Animal Care 
 equir ements. Mice wer e housed in the specific pathogen-fr ee 
oom at the Massac husetts Gener al Hospital Animal Resear c h 

acility. Both male and female mice were used in the experi- 
ents. For all experiments, control mice were either littermates 

r age- and sex-matched mice from the same colony. The exper- 
mental unit ( n ) was always a single mouse. 

C57BL/6 mice carrying the Dmxl1 floxed allele were custom- 
ade by Biocytogen (Beijing, China), utilizing their pr oprietar y 

RISPR/Cas9-based Extreme Genome Editing (EGE TM ) tech- 
ology . Briefly , sgRNAs and a targeting vector with LoxP sites 
anking exons 3 and 4 of mouse Dmxl1 gene were designed, 
onstructed, and co-injected together with Cas9 mRNA into 
57BL/6 zygotes to generate F0 founder mice. The LoxP sites 
ere inserted into the non-conserved regions of the big introns 
 and 4 so that they do not interfere with Dmxl1 RN A tr an-
cription and splicing in floxed mice. The choice of exons 
as based on the prediction that the Cre-mediated removal 
f the flanked exons 3 and 4 would lead to a Dmxl1 reading 
rameshift and result in a 75 amino acid (aa)-long (71 nati v e 
a plus 4 frameshift aa) truncated protein (for comparison 

mxl1 full-length protein is 3025 a.a. long) with the following 
equence: MNLHQVL TGA VNPGDHCFA V GSV GEQRFT A Y ASGC- 
IVILGSNFERLQIIPGAKHGNIQVGCVDCSMQGKVIVF, which is 
on-functional and most likel y short-li v ed. Both PCR and 

outhern b lot anal yses wer e performed to scr een for founders 
nd exclude random insertions. F0 mice were then inter- 
rossed with C57BL/6 mice to generate F1 and F2 Dmxl1 fl/ + 

eter ozygotes. Two br eeding pairs of F2 Dmxl1 fl/ + heterozy- 
otes were received from Biocytogen and bred in-house to 
enerate Dmxl1 fl/fl homozygotes and esta b lish the Dmxl1 floxed 

ouse colony. For genotyping, genomic DNA was extracted 

rom mouse tails using the KAPA Express Extract Kit (Kapa 
iosystems, Wilmington, MA). Genotyping was performed by 
CR using the KAPA Mouse Genotyping Kit (Kapa Biosystems) 
ith the F1/R1 primer pair used to detect the insertion of 
 

′ LoxP site (F1:5 ′ -A GGGTCTTAA CTGTGTATCTGATGCTGA- 
 

′ , R1:5 ′ -TCGTTGGAGTTCCT AA TTTTCCC AAC A-3 ′ ) and 

2/R2 primer pair used to detect the insertion of 3 ′ LoxP 
ite (F2:5 ′ -A CTCCTA CA CCCTGGCCTTTCCTTA-3 ′ , R2: 5 ′ - 
TGGGA GA GA GCCCA T ACTCTTGGA-3 ′ ). 

Then, we attempted to generate global Dmxl1 −/ − knock- 
ut mice by intercrossing Dmxl1 fl/fl and CMV-Cre mice that 
xpr ess Cr e r ecombinase under the global CMV pr omoter facil-
tating deletion of floxed genes in all tissues, including germ 

ells. 46 CMV-Cre mice are w ell c har acterized and widely used 

o generate global knockout mice. 46 To generate global Dmxl1 
noc kout mice , Dmxl1 fl/fl male mice were mated with females 
xpr essing Cr e r ecombinase under the global c ytomegalo virus 
CMV) pr omoter (CMV-Cr e mice: B6.C-Tg(CMV-cr e)1Cgn/J; JAX 

train #006054, The Jackson La borator y, Bar Harbor, ME). 46 In 

heir offspring, the deletion of Dmxl1 LoxP -flanked exons 3- 
 is expected to occur in all tissues, including germ cells. 
s expected, the Dmxl1 + / −, CMV-Cre + offspring were obtained, 
nd males were crossed with C57BL/6 J females (J AX str ain 

000664, The Jackson Laboratory) to ensure germline transmis- 
ion and r emov al of the CMV-Cre tr ansgene . The next genera-
ion Dmxl1 + / −, CMV-Cre − males and females were intercrossed 

o generate littermate Dmxl1 + / + , Dmxl1 + / −, and Dmxl1 −/ − mice. 
owev er, despite n umer ous attempts, w e w er e una b le to obtain
mxl1 −/ − mice, suggesting that global Dmxl1 −/ − knockout mice 
r e embr yonic lethal. Dmxl1 + / − heter ozygous mice wer e born 

nd grew normally, and overall were indistinguishable from 

heir Dmxl1 + / + littermates. In these experiments, genotyping 
as performed by PCR using the F1/R1 primer pair to detect 

he “ + ” allele, the F1/R2 primer pair to detect the excised “-”
llele , and gener al Cr e-specific primers to detect the CMV-Cr e
ransgene: Cre-F 5 ′ -CA TT ACCGGTCGA TGCAA CGA G-3 ′ and Cre-R 

 

′ -TGCCCCTGTTTCACT A TCCAGG-3 ′ . 
To generate conditional kidney intercalated cell specific 

mxl1 knockout mice, we used our transgenic mice express- 
ng Cre under the promoter of the B1 subunit isoform of the 
 -A TPase (B1-Cre). We intercrossed Dmxl1 fl/fl mice, described 

 bov e, and B1-Cre + mice to produce Dmxl1 fl/ + , B1-Cre + mice that
er e further cr ossed to generate littermate Dmxl1 fl/fl, B1-Cre + 

nockout (or kidney intercalated cell specific Dmxl1 conditional 
nockout) mice and Dmxl1 fl/fl, B1-Cr e − contr ol mice and to estab-

ish the kidney intercalated cell specific Dmxl1 knockout mouse 
olony. The genotyping of mice in this colony was performed by 
CR, using the F1/R1 5 ′ LoxP specific primers and the general Cre- 
pecific primer pair Cr e-F/Cr e-R to detect the B1-Cre tr ansgene . 

ntibodies 

ommercial primary antibodies used in this study were rabbit 
olyclonal anti-Dmxl1 at 1:100 for IF (cat # NBP1-90998, Novus 
iologicals, Littleton, CO), rabbit polyclonal anti-Dmxl1 at 1:500 
or WB (cat # 24413-1-AP, Proteintech, Rosemont, IL), rabbit poly- 
lonal anti-a4 V -A TPase at 1:200 (IF and PLA) and 1:1000 (WB)
cat # 21570-1-AP, Proteintech, Rosemont, IL), mouse monoclonal 
nti-B1 V -A TPase at 1:200 (IF and PLA) (cat # TA502519, Origene,
oc kville , MD), rabbit monoclonal anti-AE1 at 1:100 (IF) (cat # 
0112S, Cell Signaling, Danvers, MA), mouse monoclonal anti- 
ortactin at 1:100 (IF) (cat # 05-180, EMD Millipore, Burlington, 
A), rabbit monoclonal anti-CA2 at 1:1000 (WB) (cat # ab124687, 
bcam, Waltham, MA), ra bbit pol yclonal anti-pendrin at 1:100 

IF) (cat # PA5-42060, ThermoFisher Scientific, Waltham, MA), 
nd β-Actin-HRP at 1:1000 (WB) (cat # 5125S, Cell Signaling, Dan- 
ers, MA). The actin cytoskeleton w as la beled with Rhodamine- 
halloidin at 1:1000 (IF) (cat # R415, ThermoFisher Scientific, 
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altham, MA) and nuclei with 4,6-diamidino-2-phenylindole 
DAPI) (Vector Laboratories, Burlingame, CA). Importantly, the
mmunogenic sequence used to generate the Dmxl1 antibod-
es has a sequence homology of only 34% (Proteintech) and 42%
Novus Bio) with Dmxl2, which makes it highly unlikely that the
nti-Dmxl1 antibody cr oss-r eacts with Dmxl2. 

Commercial secondary antibodies used in this study were for
mm unofluor escence donkey anti-ra bbit Alexa 555 (cat # A32794,
:600, Invitrogen, Waltham, MA), goat anti-mouse Alexa 555 (cat
 A21424, 1:600, Invitrogen, Waltham, MA), goat anti-c hic ken
lexa 555 (cat # A32932, 1:600, Invitrogen, Waltham, MA), goat
nti-rabbit Alexa 488 (cat # A32731, 1:600, Invitrogen, Waltham,
A), goat anti-mouse Alexa 488 (cat # A32723, 1:600, Invitrogen,
altham, MA), goat anti-c hic ken Alexa 488 (cat # A32931, 1:600,

nvitrogen, Waltham, MA), and for western blotting goat anti-
a bbit-HRP (cat # a b97080, 1:5000, Abcam, Waltham, MA) and
heep anti-mouse-HRP (cat # NXA931, Cytiva, Marlborough, MA).

The ra bbit pol yclonal and c hic ken polyclonal anti-B1 V-
TPase (56-kDa subunit) antibodies (1:400, IF and 1:1000, WB)
 ere r aised a gainst a 13-amino acid pe ptide (QGAQQDPASD-

AL), corresponding to the COOH-terminal sequence of mouse
 -A TPase. The chicken polyclonal anti-A V -A TPase (70-kDa sub-
nit) antibody (1:1000, WB) was raised against a 10-amino
cid peptide (MQNAFRSLED), corresponding to the C-terminal
equence of mouse V -A TPase . The c hic ken polyclonal anti-B2
 -A TPase (56-kDa subunit) antibody (1:1000, WB) was raised
gainst a 10-amino acid peptide (EFYPRDSAKH), corresponding
o the C-terminal sequence of mouse V -A TPase. These antibod-
es wer e pr oduced, affinity purified, and c har acterized previ-
usly in our laboratory. 14 , 47–49 

N A Isola tion and End-Point Re verse Tr anscription PCR 

o confirm the presence of the B1-Cre-excised Dmxl1 mRNA
ranscripts in the kidneys of Dmxl1 fl/fl, B1-Cre + mice, end-point
 ev erse transcription PCR (RT-PCR) was carried out. Briefly, total
idney RNA was isolated by using QIAshredder and RNeasy
urification kit (Qiagen, Germantown, MD). RN A concentr a-
ion w as measur ed with a NanoDr op 2000 Spectr ophotome-
er (ThermoFisher Scientific, Waltham, MA). First-strand cDNA 

as then synthesized from 2 μg RNA using the High-Capacity
N A-to-cDN A Kit (Applied Biosystems, Waltham, MA) accord-

ng to the man ufactur er’s instructions. PCR r eactions wer e per-
ormed using the Taq DN A Polymer ase with Standard Taq Buffer
New England Biolabs, Ipswich, MA) on a T100 Thermal Cycler
Bio-Rad, Hercules, CA). The Dmxl1 exon 2-specific primer F3 5 ′ -
 AGATC ATCCC AGGCGCTAA-3 ′ and Dmxl1 exon 5-specific primer
3 5 ′ -CTGC AAAC AGCTGGAACC AG-3 ′ were used to detect Dmxl1
xcised transcripts alongside with non-excised wild-type tran-
cripts. 

agnetic Activ a ted Cell Sorting Isola tion of ICs Using 

D117/c-Kit Beads 

our- to five-mo-old control ( Dmxl1 fl/fl, B1-Cre - ) and IC-specific
mxl1 KO ( Dmxl1 fl/fl, B1-Cre + ) mice were terminally anes-

hetized with inhalation of CO 2 . Kidneys were extracted, cap-
ules r emov ed, and placed in phosphate buffer ed saline (PBS)
n ice. Kidneys were placed into 1 mL of digestion buffer (15 mg
ollagenase-I (cat # 17100-017, Gibco, Grand Island, NY), 15 mg
ollagenase-II (cat # C6885, Sigma Aldrich, St. Louis, MO), in
.8 mL RPMI media (cat # 22400-089, Gibco, Grand Island, NY))
nd thor oughl y minced. Minced tissue w as placed on a Ther-
oMixer C (Eppendorf, Enfield, CT) at 37 ◦C and mixed for
0 s/min pipetting up and down 10 times ev er y 10 min for 30-
5 min until a single cell suspension w as achiev ed. Homogenate
as passed through a 40- μm mesh strainer (cat # 352 340,
orning, Corning, NY) into a 50 mL Falcon tube and rinsed

hrough with 30 mL wash buffer (2% FBS, 2 mM EDTA, 1X PBS).
omogenates were centrifuged for 5 min at 500 × g , supernatant
 as pour ed off, and r ed b lood cells wer e l ysed using 2 mL ACK

ysing buffer (cat # A10492-01, Gibco, Grand Island, NY). Reac-
ion was stopped by adding 30 mL ice-cold PBS and homogenates
ere centrifuged for 5 min at 500 × g . Pellet w as r esuspended in

000 μL wash buffer and passed through 35- μm filter tubes (cat #
52 235, Corning, Corning, NY). Cell suspension was centrifuged
t 300 × g for 10 min and pellet was resuspended in 80 μL of mag-
etic acti v ated cell sorting (MA CS) buffer/10 7 cells (dilute MA CS
SA Stock Solution (cat # 130-091-222, Miltenyi Biotec, Gaithers-
urg, MD) 1:20 in autoMACS Rinsing Solution (cat # 130-091-376,
iltenyi Biotec, Gaithersburg, MD)). A volume of 20 μL CD117/c-
it ma gnetic micr obeads (cat # 130-091-224, Miltenyi Biotec) per
0 7 cells were added, mixed well, and incubated for 15 min at
 

◦C with overhead rotation. A volume of 1 mL MACS buffer was
dded to the cell suspension and centrifuged at 300 × g for 10
in and the cell pellet was resuspended in 500 μL MACS buffer.

he cell suspension was applied to a pr e-w ashed MS column
cat # 130-042-201, Miltenyi Biotec, Gaithersburg, MD), placed
n an OctoMACS separator (cat # 130-042-109, Miltenyi Biotec,
aithersburg, MD), and the column washed with 3 × 500 μL
ACS buffer. The column was removed from the magnetic field,

nd 1 mL of MACS buffer was added, and cells were flushed from
he column with a plunger. 

lood and Urine Analysis 

n control experiments Dmxl1 fl/fl, B1-Cre + (conditional knock-
ut) and Dmxl1 fl/fl, B1-Cr e − (contr ol) 4-5 mo old mice were main-
ained on a standard rodent diet (Pr ola b R © Isopr o R © RMH 3000,
abDiet, St. Louis, MO). Both male and female mice were used,
nd they had free access to water and food. For the acid loading
 hallenge , drinking water was substituted with 0.28 M NH 4 Cl/1%
ucrose for 3 d. For the alkali loading c hallenge , drinking water
as substituted with 0.28 M NaHCO 3 /1% sucrose for 3 d. For
easurement of blood gases, pH, sodium, c hloride , free cal-

ium, and potassium, whole b lood w as collected from the sub-
andibular vein of conscious mice dir ectl y into the BD micro-

ainer blood collection tube with heparin (cat # 365 965, Becton
ickinson and Co, Franklin Lakes, NJ). It was then immediately

ested using the SC80 ABL80 cassette (50-test, 30-d full panel
ith QC3 (no Glu), cat # 945-670, Radiometer America, Westlake,
H) and the SP80 ABL80 Solution Pack (cat # 944-174, Radiome-

er America) on a Radiometer ABL80Flex analyzer (Radiome-
er America). Blood bicarbonate concentration was calculated
rom the measured pH and pCO 2 values using the Henderson–
asselbalch equation. For spot urine pH measurement, mouse
rine was collected directly onto Hydrion Urine and Sali v a pH
aper 5.5-8.0 (Micro Essential Laboratory Inc., Brooklyn, NY) or
olorpHast pH 7.5-14.0 strips (MilliporeSigma, Burlington, MA),
nd pH was read immediately. 

hole Body Perfusion Fixation and Tissue Preparation 

our- to five-mo-old control ( Dmxl1 fl/fl, B1-Cre - ) and IC-specific
mxl1 KO ( Dmxl1 fl/fl, B1-Cre + ) mice were anaesthetized by IP

njection 50 mg/kg body wt Nembutal (NDC: 11695-4862-5, Cov-
trus, Dublin, OH). Animals were allowed to reach proper anes-
hetic depth over a period of 5 min, which was confirmed by lack
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f a response to a toe pinch. Mice were then perfused through 

he left ventricle of the heart for 1-2 min at 17 mL/min with 

7 ◦C PBS. For western blotting, the renal artery feeding the right 
idney was clamped with a hemostat and the right kidney was 
xcised, capsule r emov ed, rinsed with PBS, and flash frozen in 

iquid nitrogen and stored at −80 ◦C until ready for lysate prepa- 
ation (see below). For imm unofluor escence, the left kidney 
as perfusion fixed in situ with 37 ◦C paraformaldehyde-lysine- 
eriodate fixati v e (PLP; 4% par aformaldehyde , 75 mM lysine-HCl, 
0 mM sodium periodate, and 0.15 M sucrose, in 37.5 mM sodium 

hosphate) for 5 min at 17 mL/min. The kidney was extracted, 
ectioned into five circumferential pieces, and fixed by immer- 
ion in PLP overnight at 4 ◦C with rocking, then rinsed 5 × 1 h at
T in PBS, and stored at 4 ◦C in PBS + 0.02% sodium azide until
 eady for cr yosectioning. Tissues pr e par ed, as described a bov e,
er e cr yopr otected in 30% sucrose in PBS overnight at 4 ◦C, and

hen embedded in Tissue-Tek OCT compound on a specimen 

isk (Sakur a F inetek USA, Torr ance , CA), and frozen at −20 ◦C.
issues were sectioned at 5 μm on a Leica CM3050 S cryostat 

Leica Microsystems, Bannockburn, IL), collected onto Super- 
r ost Plus micr oscope slides (Thermo Fisher Scientific, Rockford, 
L), and stored at 4 ◦C until ready for use. 

ysa te Prepar a tion and Western Blotting 

ysis of a single transverse section from the central region of the 
idney was performed in 1 mL/100 mg of tissue ice-cold Triton 

ysis buffer (25 mM Tris–HCL, 150 mM NaCl, 0.5 mL Triton X-100 
n H 2 O, pH 7.4), containing cOmplete Protease Inhibitor cock- 
ail (cat # 11 697 498 001, Roche Applied Science, Indianapo- 
is, IN) by 40 up and down strokes with a Dounce homoge- 
izer and clarified by centrifugation at 16 000 × g for 20 min 

t 4 ◦C. Lysates wer e pr e-clear ed by passing them through a 0.2
m syringe filter (cat # 4602, Pall Corporation, Port Washing- 

on, NY). Lysates were diluted in NuPage Sample Buffer (cat # 
P0007, Thermo Fisher Scientific, Waltham, MA) + 100 mM DTT 

nd incubated at 80 ◦C for 15 min, followed by centrifugation for 
 min at 6000 × g at 4 ◦C. An equal volume of each protein sam-
le was run on NuPAGE 4-12% Bis–Tris gels (cat # NP0321, Ther- 
oFisher Scientific, Waltham, MA) and analyzed via Western 

lotting. 

ndirect Immunofluorescent Labeling and Confocal 
mage Capture 

or each experiment, cryosections from at least 4 control and 

mxl1 IC-specific KO mice were incubated in parallel. Sections 
er e r ehydrated for 3 × 5 min in PBS. For imm unofluor es- 

ence with V -A TPase antibodies sections were incubated with 

% (wt/vol) SDS for 4 min for antigen retrieval. For immunoflu- 
rescence with the Dmxl1 antibody, antigen retrieval was per- 
ormed by heating slides for 10 min in the micr ow av e in cit-
ate buffer (9.5 mM citric acid, 0.5 mM Na-citrate, pH 6). After 
ntigen r etriev al, sections wer e w ashed for 3 × 5 min in PBS
nd incubated for 30 min in 1% (wt/vol) bovine serum albu- 
in (BSA) in PBS. The sections were incubated for 90 min at 

T, or overnight at 4 ◦C, with the primary antibody diluted in 

% (wt/vol) BSA in PBS. After primary antibody incubation sec- 
ions were washed 3 × 5 min with PBS and the secondary 
ntibody was applied for 1 h at room temper ature . F inally, the 
lides were rinsed again 3 × 5 min in PBS and mounted with 

lowFade Diamond Antifade Mountant (ThermoFisher Scien- 
ific, Waltham, MA) with DAPI as a nuclear stain (Vector Labo- 
 atories, Burlingame , CA). Confocal images w er e acquir ed using 
n LSM 800 confocal laser scanning microscope (Carl Zeiss 
icroscopy, Thornwood, NY), controlled by ZEN 2 (blue edition) 

oftw ar e (Carl Zeiss Microscopy). For comparati v e semiquanti- 
ati v e anal ysis (see below), confocal ima ges of contr ol and IC-
pecific Dmxl1 KO kidneys were acquired under identical con- 
itions and imaging parameters. Images were postprocessed 

sing Adobe Photoshop CS4 image-editing software (Adobe Sys- 
ems, San Jose, CA). 

luorescence Image Analysis 

-type ICs were identified by their localization in the inner 
edulla and expression of the B1 V -A TPase subunit. B-type ICs 
ere identified by their localization in the cortex and apical 

xpression of pendrin. Cells for which the nucleus or the api- 
al membr ane w er e not clearl y visib le due to the orientation
f the cut were excluded from analysis. Images from four ani- 
als per genotype and sex were quantified for each param- 

ter. Images were analyzed using ImageJ version 1.53a (NIH, 
ethesda, MD) and ZenBlue softw ar e (Carl Zeiss Microscopy, 
hite Plains, NY), and data were imported into Microsoft Excel 

ersion 16 (Microsoft, Redmond, WA), and GraphPad Prism ver- 
ion 10 (GraphPad Softw ar e, San Diego, CA) was used for further
raphical and statistical analysis. 

-ATPase Apical Domain Fluorescence Intensity 
pical domain fluorescence intensity of the B1 and a4 subunits 
f the V -A TPase was quantified separately . Briefly , using the
mageJ “line tool,” a line of 0.5 μm width was drawn across each
ell starting from, and perpendicular to, the apical membrane 
nd adjacent to the nucleus. From this line, a “line intensity pro- 
le” was generated in ImageJ, which plots fluorescence inten- 
ity on the y -axis and distance from the apical membrane in 

icrons on the x -axis. The mean fluorescence intensity of a cir- 
ular ROI drawn adjacent to the apical membrane of the cell was 
ubtracted from intensity values as background. The estimated 

rea under the curve for each 0.05 μm r ectangle w as calculated
sing the equation: 

y2 + y1 
2 

∗ ( x2 − x1 ) . 

The sum of all the estimated areas under the curve was con- 
idered the total area under the curve. The apical domain was 
efined as the sum of the estimated areas under the curve from 

 to 2 μm. Apical domain fluorescence intensity was calculated 

s the percentage of apical domain fluorescence intensity rela- 
i v e to the total cell fluorescence intensity, which was defined as
he total area under the curve. The percentage of apical domain 

uorescence intensity for 10 cells was averaged per animal. 

 O /V 1 Domain Subunit Colocalization 
 Pearson’s correlation coefficient for the B1 and a4 subunits 
f the V -A TPase was calculated using ZenBlue softw ar e. Briefly,
 .czi file of an intercalated cell was opened in ZenBlue and 

Colocalization” was selected from the toolbar. The 555 chan- 
el (B1 V -A TPase) was set as the horizontal axis and the 488 (a4
 -A TPase) channel was set as the vertical axis. The “Bezier” free
rawing tool was used to outline the entire intercalated cell and 

hr esholding w as performed automaticall y using the “Costes” 
unction. Pearson’s coefficient was recorded for the “# spline 
ontour,” which is the value for the outlined cell. The Pearson’s 
oefficient for 20 cells was averaged per animal. 
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orrected Total Cell Fluorescence 
orrected total cell fluorescence of Dmxl1 and the B1 V -A TPase
ubunit was measured on tissues from control and IC-specific
O mice double stained for Dmxl1 and B1. The “freehand selec-
ion” tool in Ima geJ w as used to draw an R OI ar ound the entir e
ell of interest, and the area ( A ) and inte gr ated density (ID) val-
es wer e measur ed using the anal yze > measur e function. The
ean intensity value of a circular ROI drawn aw ay fr om the cell
as subtracted as mean background fluorescence (MBF). The

orrected total cell fluorescence (CTCF) for an individual cell was
alculated using the equation: 

CTCF = ID − ( A ∗ MBF ) . 

The CTCF of 20 cells was averaged per animal. Corrected total
ell fluorescence values for Dmxl1 and B1 from each cell were
sed to generate an XY plot using Prism, and a simple linear
 egr ession anal ysis w as performed in Prism to identify whether
her e w as a corr elation between Dmxl1 and B1 total cell fluor es-
ence. 

ell Size Analysis 
ell size w as measur ed on tissues fr om contr ol and IC-specific
O mice stained for B1. The “freehand selection” tool in ImageJ
as used to draw an ROI around the entire cell of interest, and

he ar ea ( A ) v alues wer e measur ed using the anal yze > measur e
unction. The outline of each cell was readily discernible using
he intracellular fluorescence signal under all conditions exam-
ned, and no other marker w as, ther efor e, necessar y to esta b lish
he area of individual ICs for the purpose of this quantification.
 cell size of 20 cells w as av era ged per animal. A histogram of

he frequency distribution of cell sizes was generated and sig-
ificant differences in the distribution were calculated using a
olmogoro v–Smirno v test. 

ubcellular Fr actiona tion Assay 

erfused kidneys from control and Dmxl1 IC-specific KO mice
ere homogenized in ice-cold homogenization buffer contain-

ng 50 mM Tris–HCL, 250 mM sucrose, 1 mM EDTA, and cOm-
lete Protease Inhibitor cocktail (cat # 11697498001, Roche
pplied Science, Indianapolis, IN). Cell fractionation was per-

ormed using a sequential centrifugation pr ocedur e. Briefly,
amples were centrifuged at 1000 × g for 5 min, the super-
atant was collected and centrifuged again at 1000 × g for
 min, the supernatant was extracted again and centrifuged
t 6000 × g for 15 min, a fraction of this supernatant was
aved for input and the rest was transferred into ultracentrifu-
ation tubes and spun at 100 000 × g for 1 h. All centrifugation
te ps wer e performed at 4 ◦C. After ultracentrifugation super-
atants (cytosol) and pellets (membr ane) w ere flash frozen on
ry ice and stored at −80 ◦C until ready for analysis by Western
lotting. 

r o ximity Ligation Assay 

n situ inter actions w ere detected using the Duolink Proxim-
ty Ligation Assay (PLA) kit (cat # DUO92102, Sigma Aldrich, St.
ouis, MO). The anti-rabbit plus probe was used to bind to the
4 subunit antibody, whereas the anti-mouse minus probe was
sed to bind to the B1 subunit antibody. The a4 and B1 subunit
ntibodies were used at 1:6000 dilution in 1% BSA o/n at 4 ◦C prior
o the PLA reaction. After the completion of the PLA reaction,
ections were post-stained with primary antibodies against AE1
o identify A-type ICs or pendrin to identify B-type ICs. Total area
f PLA signal per cell was quantified using ImageJ. A total of 25
ells were averaged per animal. 

ransmission and Immunogold Electron Microscopy 

onventional transmission electron microscopy (TEM) was per-
ormed on 4-mo-old mouse kidney medullas ( n = 2 mice per
enotype) as described elsewhere. 48 Briefly, for conventional
EM, following perfusion/immersion fixation with periodate–
 ysine–paraformaldehyde r ea gent, small pieces of Dmxl1 fl/fl, B1-
r e − and Dmxl1 fl/fl, B1-Cr e + kidney medullas wer e immersed

n 2.0% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH
.4. They were postfixed for 1 h in 1% osmium tetroxide, dehy-
rated through a graded series of ethanol solutions up to 100%,
nd embedded in Eponate 12 (Ted Pella Inc., Redding, CA). Thin
 ∼70 nm) sections were collected onto copper slot grids and
tained with uranyl acetate and Reynold’s lead citrate before
xamination. Sections were examined in a JEM-1011 transmis-
ion electr on micr oscope (JEOL USA, Pea body, MA) at 80 kV, and
ma ges wer e collected using an AMT digital ima ging system with
r oprietar y ima ge captur e softw ar e (Adv anced Micr oscopy Tech-
iques, Danvers, MA). 

ata and Statistical Analysis 

tatistical significance was determined using a two-tailed
npaired t -test, a one-way analysis of variance (ANOVA), or
 Kolmogoro v–Smirno v test using Prism 9 softw ar e (GraphPad
oftw ar e, San Diego , C A). A P -value ≤ .05 was considered sta-
istically significant. Graphs were plotted with Prism 9 softw ar e.
xperimental v alues ar e r e ported as means ± standard error of
he mean (SEM). 

esults 

ener a tion of Dmxl1 

+ / −, Dmxl1 

fl/fl, and Dmxl1 

fl/fl, B1-Cre 
onditional Intercalated Cell Knockout Mice 

 irst, w e attempted to gener ate global Dmxl1 −/ − knoc kout mice
y intercrossing Dmxl1 fl/fl and CMV-Cre mice that express Cre
ecombinase under the global CMV promoter facilitating dele-
ion of floxed genes in all tissues, including germ cells. 46 How-
ver, while we wer e a b le to produce Dmxl1 + / + and Dmxl1 + / − off-
pring as assessed by genotyping of mouse tails ( Figure 1 C), no
ice with Dmxl1 −/ − genotype were obtained. This suggests that

hey do not survi v e beyond prenatal stages of development and
omplete knockout of the Dmxl1 gene resulted in an inability to
urvi v e and ther efor e it is an essential gene in mice and pr oba b l y
ther mammals, in general. Our results are consistent with the
r eviousl y r e ported data that Dmxl1 homozygous knockout mice
er e embr yonic lethal, although the details wer e onl y pub lished

n an abstract from several years ago. 50 

Since global knockout Dmxl1 −/ − mice were not viable, we
ocused on generation and characterization of Dmxl1 conditional
noc kout mice . Dmxl1 fl/ + heterozygous mice , carrying one copy
f the Dmxl1 floxed allele with LoxP sites flanking exons 3 and
 were designed and produced by Biocytogen ( Figure 1 A and
Methods”). We r ecei v ed two br eeding pairs of Dmxl1 fl/ + het-
rozygotes (F2 generation) from Biocytogen and confirmed the
resence of both 5 ′ and 3 ′ LoxP sites in these mice by PCR geno-
yping on genomic DNA from tails using primer pairs F1/R1
nd F2/R2 ( Figure 1 B). The original F2 Dmxl1 fl/ + heterozygotes
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Figure 1. Generation of Dmxl1 fl/fl, Dmxl1 + / −, and Dmxl1 fl/fl, B1-Cre intercalated cell knockout mice. (A) Schematic r e pr esentation of Dmxl1 gene and its wild type, floxed 
and excised alleles. Dmxl1 gene is located at mouse chromosome 18: 49 965 737-50 098 540 forward strand (Genome Build GRCm39: CM001011.3) and contains 43 exons. 
For g ene targ eting, LoxP sites flanking exons 3 and 4 of mouse Dmxl1 gene were inserted into introns 2 and 4 using CRISPR/Cas9-based Extreme Genome Editing 

(EGE TM ) technology by Biocytogen (Beijing, China). Cr e-mediated r emov al of exons 3 and 4 from the floxed allele produces the excised allele. Positions of the forward 
and r ev erse primer pairs used for mouse genotyping (F1/R1 and F2/R2) and end-point RT-PCR (F3/R3) are indicated. LoxP sites and primers are not drawn to scale. 
(B) The Dmxl1 fl/ + genotype of four Dmxl1 colony founders (1-4) was confirmed by PCR analysis of tail genomic DNA. Presence of both the 5 ′ LoxP and 3 ′ LoxP sites was 
verified by PCR using the F1/R1 or F2/R2 primer pairs, r especti v el y. The F1/R1 or F2/R2 primer pairs recognize both wild-type (378 and 492 bp) and floxed (722 and 

807 bp) alleles. (C) Re pr esentati v e r esults of PCR g enotyping of g enomic DN A extr acted from tails of Dmxl1 + / + and Dmxl1 + / − mice . For eac h sample , tw o separ ate PCR 
reactions using either the F1/R1 or F1/R2 primer pairs were run. Primer pair F1/R1 is specific to non-excised alleles (wild-type and floxed) and amplifies a 378 bp DNA 
fragment in wild-type mice, while primer pair F1/R2 amplifies a 697 bp fragment within the excised allele. The inferred genotypes are sho wn abo ve. (D) The excision 
of Dmxl1 transcripts in kidneys of Dmxl1 fl/fl, B1-Cre + intercalated cell conditional knockout mice was confirmed by end-point RT-PCR using F3 and R3 primers, specific 

for Dmxl1 exons 2 and 5, r especti v el y. Total RNA was isolated from four Dmxl1 fl/fl, B1-Cre − control and four Dmxl1 fl/fl, B1-Cre + mouse kidneys, reverse transcribed, and 
amplified by PCR. Primer pair F3/R3 amplified a 258 bp fragment within the wild-type Dmxl1 RN A tr anscript and a 107 bp fragment within the excised transcript. Both 
excised and non-excised Dmxl1 RNA are present in Dmxl1 fl/fl, B1-Cre + mice. 
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tions. 
 ere then inter crossed to generate Dmxl1 fl/fl homozygous mice 
long with Dmxl1 fl/ + and Dmxl1 + / + mice and esta b lish the Dmxl1 
oxed mouse colony. Dmxl1 fl/fl mice wer e via b le and fertile, with- 
ut gross anatomical or physiological abnormalities, suggesting 
hat the insertion of LoxP sites did not affect Dmxl1 gene func- 
ion. 

To study the role of Dmxl1 in kidney ICs, we generated 

ntercalated cell-specific Dmxl1 knockout mice by intercrossing 
mxl1 fl/fl and B1-Cre mice expressing Cre recombinase under the 
romoter of the B1 subunit isoform of the V -A TPase , whic h is
pecificall y expr essed in ICs in the kidney. 51 Efficiency and speci- 
city of Cre-mediated recombination using B1-Cre mice were 
v aluated pr eviousl y by cr ossing them with r e porter mice and
ere confirmed to be highly specific to ICs in the mouse kid- 
ey. 51 We intercrossed Dmxl1 fl/fl and B1-Cre mice to produce 
mxl1 fl/ + , B1-Cre + mice that were further crossed to generate 

ittermate Dmxl1 fl/fl, B1-Cre + knockout (or intercalated cell spe- 
ific Dmxl1 conditional KO) mice and Dmxl1 fl/fl, B1-Cre − con- 
rol mice. The genotyping was performed by PCR, using F1/R1 
 

′ LoxP- and Cre-specific primers (see “Methods”). Then, Dmxl1 
 ecombination w as ev aluated by end-point RT-PCR of RNA iso- 
ated from total kidney samples, using primer pair F3/R3. We 
er e a b le to detect the presence of excised Dmxl1 RNA in 
mxl1 fl/fl, B1-Cre + mice (lower band, Figure 1 D) by end-point 
CR, as well as the wild-type, non-excised RNA that was still 
resent in the kidneys of these mice (upper band, Figure 1 D). 
ow ever, w e could not detect significant Dmxl1 knoc kdown 

t the RNA or protein level, using total kidney samples of 
mxl1 fl/fl, B1-Cr e + compar ed to Dmxl1 fl/fl, B1-Cr e − mice by qPCR
r Western blotting ( Figure S1 ). Similar results were previously 
 e ported for the gene coding for the BK channel α subunit 
BK α) that was conditionally knocked down using B1-Cre medi- 
ted excision. 52 The inability to detect knockdown of BK α was 
xplained by the fact that BK α expression is not restricted to 
Cs. Ther efor e , mild knoc kdown in ICs, whic h constitute only
 v er y small pr oportion of all cells in the kidney, is masked
y the unaltered gene expression in the other cell types. 52 

imilarly, while Dmxl1 expression in the kidney is highest in 

Cs, it is not restricted to them. Dmxl1 is widely expressed 

n all tubules of mouse kidney 53 ( https://esbl.nhlbi.nih.gov/ 
RECA/Ne phr on/ ), which may explain the fact that we were not
 b le to detect its knockdown in Dmxl1 fl/fl, B1-Cre + mice using
otal kidney l ysate pr e par ations ( F igure S1 ). How ever, in subse-
uent experiments, we wer e a b le to show that Dmxl1 expres-
ion w as r educed in kidney ICs, as described in the next sec-

art/zqae025_f1.eps
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://esbl.nhlbi.nih.gov/MRECA/Nephron/
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
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Figure 2. Dmxl1 fl/fl, B1-Cre + mice hav e decr eased expr ession of Dmxl1 in intercalated cells (ICs) isolated by magnetic activated cell sorting (MACS) from total kidney. 
(A) Western blot of lysates from Cre − and Cre + mice prepared from a single cell suspension prepared from total kidney prior to MACS (input, Inp), from cells not 
bound to CD117/c-Kit beads (flow through, FT), and from ICs isolated by MACS using CD117/c-Kit microbeads (elution, Elu) probed with specific antibodies against 
Dmxl1 (top), B1 V -A TPase (middle), and β-Actin (bottom). (B) Quantification of Dmxl1 band intensity in Cr e − and Cr e + mice normalized to β-Actin band intensity 

shows significantl y r educed expr ession of Dmxl1 in ICs isolated fr om Cr e + mice. (C) Quantification of B1 V -A TPase band intensity in all mice normalized to β-Actin 
band intensity shows that B1-V -A TPase subunit, which is expressed mainly in ICs, was significantly enriched in eluted cells. Data wer e anal yzed by t -test with values 
r e ported as means ± SEM with P -values ≤ .05 considered significant, with ∗ denoting a P -value ≤ .05 and ∗∗∗ ≤ .0001. 
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mxl1 is Depleted in A-Intercalated Cells from 

mxl1 

fl/fl, B1-Cre + Mice 

ince w e w er e una b le to see a reduction in Dmxl1 in total kid-
ey lysates from Dmxl1 fl/fl, B1-Cre + mice ( Figure S1 ), likely due

o incomplete knockout and expression of Dmxl1 in other cells
n the kidney, we confirmed the reduction in Dmxl1 expression
t the protein level in isolated ICs from Dmxl1 fl/fl, B1-Cre + mice.
Cs were isolated from a single cell suspension prepared from
otal mouse kidney homogenate using MACS using c-kit/CD117
abeled beads, which is highly differentially expressed at the
lasma membrane of ICs. 54 We ran the input (before MACS sort-

ng), flow through (cells not attached to magnetic beads), and
lution (ICs isolated with c-kit beads) fractions on an sodium
odecyl-sulfate pol yacr ylamide gel electr ophor esis (SDS-PAGE)
el and performed western blotting with antibodies against
mxl1 and B1 V -A TPase ( Figure 2 A). This r ev ealed a significant
ecrease in the amount of Dmxl1 in the elution fraction, which

s made up of the c-kit labeled ICs, from the Cre + mice relative
o the Cre − mice, indicating that indeed there is a knockdown of
mxl1 in the ICs of these mice . How ev er, ther e is not a complete
nockdown, as shown by the continued presence of a Dmxl1
and in the Cre + elution fraction ( Figure 2 A and B). Importantly,

evels of the IC-specific B1 subunit of the V -A TPase were greatly
ncreased in the elution fractions indicating that w e w ere indeed
nriching ICs during our MACS pr e paration ( Figur e 2 A and C). 
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Figure 3. Dmxl1 fl/fl, B1-Cre + male mice demonstrate a reduced ability to maintain acid-base homeostasis after an ammonium chloride challenge. (A) Blood pH in 
Dmxl1 fl/fl, B1-Cre + male mice is not significantly different from Dmxl1 fl/fl, B1-Cre − control males on a standard rodent diet. Both Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1- 
Cr e − contr ol male mice developed acidemia after acid loading with 0.28 M NH 4 Cl for 3 d. Note, that acidemia is more pronounced in Dmxl1 fl/fl, B1-Cre + males and 
their blood pH is significantly lower than in Dmxl1 fl/fl, B1-Cre − controls. Blood pH did not change significantly after alkali loading with 0.28 M NaHCO 3 for 3 d in either 

Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males. (B) Blood HCO 3 − levels were similar in Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1-Cre − males maintained on a standard diet. 
After acid loading, blood HCO 3 − levels were significantly reduced in mice of both genotypes to a similar de gree . After alkali loading, b lood HCO 3 − lev els did not change 
significantly in either Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males. (C) Blood partial pressure of carbon dioxide (pCO 2 ) was similar in Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, 
B1-Cre − males maintained on a standard diet. After acid loading, blood pCO 2 levels were significantly reduced in Dmxl1 fl/fl, B1-Cre −, but not in Dmxl1 fl/fl, B1-Cre + males, 

suggesting that the r espirator y compensation to acidosis is weakened in Dmxl1 fl/fl, B1-Cre + in comparison with Dmxl1 fl/fl, B1-Cre − males. After alkali loading, blood pCO 2 
levels did not change significantly in either Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males. (D) Urine pH was significantly higher in Dmxl1 fl/fl, B1-Cre + males compared 
to Dmxl1 fl/fl, B1-Cr e − contr ols on a standard diet. Acid loading resulted in a more acidic urine pH in Dmxl1 fl/fl, B1-Cre + , but not in Dmxl1 fl/fl, B1-Cre − control males, 
nevertheless urine pH remained significantly higher in Dmxl1 fl/fl, B1-Cre + males than in controls. Alkali loading resulted in a significantly higher alkaline urine pH in 

Dmxl1 fl/fl, B1-Cre −, but not in Dmxl1 fl/fl, B1-Cre + males. Data were analyzed by t -test with v alues r e ported as means ± SEM with P -values ≤ .05 considered significant, 
with ∗ denoting a P -value ≤ .05, ∗∗ ≤ .01, ∗∗∗ ≤ .001, and ∗∗∗∗ ≤ .0001. NS = non-significant. The actual P -values and other details can be found in Ta b les 1 and 2 . The 
results comparing the same parameters in female mice are shown in Figure S2 and detailed in Tables S1 and S2 . 
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ntercalated Cell Specific Knockdown of Dmxl1 in 

ouse Kidney Results in Incomplete dRTA, Which is 
ore Severe in Male Than in Female Mice 

oth male and female Dmxl1 fl/fl, B1-Cre + mice were viable and 

ertile without obvious morphological or physiological abnor- 
alities. In spite of an incomplete knockdown of Dmxl1 in ICs 

f Dmxl1 fl/fl, B1-Cre + mice, urine pH w as significantl y higher in 

mxl1 fl/fl, B1-Cre + than in Dmxl1 fl/fl, B1-Cr e − contr ol mice even 

n a standard diet (pH 6.50 ± 0.09 vs. pH 5.96 ± 0.05 in males, 
igure 3 and Table 1 ; and pH 6.28 ± 0.08 vs. pH 5.92 ± 0.05 in
emales; Figure S2 and Table S1 ). For both males and females on 

he standard diet, there was no significant difference between 

mxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1-Cre − mice in venous blood 

H, HCO 3 
−, or pCO 2 levels ( Figure 3 , Table 1 , Figure S2 , Table S1 ).

n addition, on a standard diet, concentrations of Na + , Cl −, Ca 2 + , 
nd K 

+ were not significantly different between genotypes in 
ither male or female mice ( Figure 4 , Table 2 , Figure S3 , Table S2 ).
hus, Dmxl1 fl/fl, B1-Cre + mice did not develop acidemia on the 
tandard diet, despite their elevated urinary pH. These results 
re similar to data previously reported for V -A TPase B1 subunit 
noc kout mice . 55 

To study the ability of these mice to maintain systemic acid- 
ase homeostasis during both an acid and alkali c hallenge , they 
er e gi v en either 0.28 M NH 4 Cl or 0.28 M NaHCO 3 in their drink-

ng water for 3 d. When Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1-
r e − mice wer e challenged with NH 4 Cl, urine pH was reduced

n mice of both genotypes, as expected ( Figure 3 , Ta b le 1 ,
igur e S2 , Ta b le S1 ). Howev er, urine pH stayed significantly
igher in Dmxl1 fl/fl, B1-Cre + than in Dmxl1 fl/fl, B1-Cr e − contr ol
ice (pH 5.95 ± 0.05 vs. pH 5.81 ± 0.01 in males, Figure 3 and

a b le 1 ; and pH 5.85 ± 0.05 vs. pH 5.65 ± 0.06 vs. in females;
igure S2 and Table S1 ), suggesting an inability of Dmxl1 fl/fl, 
1-Cre + conditional KO mice to maximally acidify their urine 
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Table 1. Summary of NH 4 Cl—Loading of Male Mice 

Standard diet Acid load P 
(B1-Cre −

standard vs. 
B1-Cre −

acidified) 

P 
(B1-Cre + 

standard vs. 
B1-Cre + 

acidified) Dmxl1 fl/fl, 
B1-Cre −

Dmxl1 fl/fl, 
B1-Cre + 

P 
(B1-Cre −

vs. 
B1-Cre + ) 

Dmxl1 fl/fl, 
B1-Cre −

Dmxl1 fl/fl, 
B1-Cre + 

P 
(B1-Cre − vs. 

B1-Cre + ) 

Venous pH 7.33 ± 0.01 
( n = 13) 

7.32 ± 0.01 
( n = 12) 

0.4705 7.26 ± 0.02 
( n = 8) 

7.19 ± 0.02 
( n = 8) 

.0345 
( ∗) 

.0067 
( ∗∗) 

< .0001 
( ∗∗∗∗) 

pCO 2 , 
(mmHg) 

43.39 ± 1.15 
( n = 12) 

42.41 ± 1.09 
( n = 12) 

0.5404 39.28 ± 1.43 
( n = 8) 

43.5 ± 1.03 
( n = 8) 

.0307 
( ∗) 

.0370 
( ∗) 

0.4976 

HCO 3 
−( mM) 

22.40 ± 0.70 
( n = 13) 

21.11 ± 0.43 
( n = 12) 

0.1344 16.94 ± 0.66 
( n = 8) 

15.93 ± 0.85 
( n = 8) 

0.3638 < .0001 
( ∗∗∗∗) 

< .0001 
( ∗∗∗∗) 

Na + 

(mM) 
149.83 ± 0.61 

( n = 12) 
149.92 ± 0.4 

( n = 12) 
0.9103 155.37 ± 0.98 

( n = 8) 
161.00 ± 1.43 

( n = 8) 
.0058 
( ∗∗) 

< .0001 
( ∗∗∗∗) 

< .0001 
( ∗∗∗∗) 

K 

+ 

(mM) 
5.95 ± 0.21 

( n = 13) 
5.84 ± 0.26 

( n = 11) 
0.7406 5.76 ± 0.30 

( n = 8) 
5.75 ± 0.16 

( n = 8) 
0.9707 0.5905 0.7812 

Ca 2 + 

ionized 
(mg/dL) 

5.11 ± 0.03 
( n = 12) 

5.05 ± 0.05 
( n = 12) 

0.3396 5.44 ± 0.05 
( n = 8) 

5.72 ± 0.07 
( n = 8) 

.0039 
( ∗∗) 

< .0001 
( ∗∗∗∗) 

< .0001 
( ∗∗∗∗) 

Cl −

(mM) 
110.25 ± 0.74 

( n = 12) 
110.92 ± 1.13 

( n = 12) 
0.6267 117.13 ± 1.33 

( n = 8) 
123.00 ± 1.41 

( n = 8) 
.0090 
( ∗∗) 

.0001 
( ∗∗∗) 

< .0001 
( ∗∗∗∗) 

Urine pH 5.96 ± 0.05 
( n = 17) 

6.50 ± 0.09 
( n = 17) 

< .0001 
( ∗∗∗∗) 

5.81 ± 0.01 
( n = 8) 

5.95 ± 0.05 
( n = 8) 

.0124 
( ∗) 

0.0574 .0005 
( ∗∗∗) 

Notes: Venous blood gases, blood pH, major electrolytes, and urine pH of Dmxl1 fl/fl, B1-Cre + conditional knockout and Dmxl1 fl/fl, B1-Cre − control male mice on a standard 
rodent diet and after acid loading with 0.28 M NH 4 Cl for 3 d. All values are means ± SEM. ∗ is for P -value ≤ .05, ∗∗ is for P -value ≤ .01, ∗∗∗ is for P -value ≤ .001, ∗∗∗∗ is 
for P -value ≤ .0001; data analyzed by t -test. 

Table 2. Summary of NaHCO 3 —Loading of Male Mice 

Alkali load P 
(B1-Cre − standard 

(fr om Ta b le 1 ) vs. B1-Cr e −

alkalinized) 

P 
(B1-Cre + standard 

(fr om Ta b le 1 ) vs. B1-Cr e + 

alkalinized) 
Dmxl1 fl/fl, 
B1-Cre −

Dmxl1 fl/fl, 
B1-Cre + 

P 
(B1-Cre −

vs. 
B1-Cre + ) 

Venous 
pH 

7.34 ± 0.04 
( n = 4) 

7.35 ± 0.01 
( n = 3) 

0.8963 0.8417 0.2799 

pCO 2 

(mmHg) 
44.98 ± 2.72 

( n = 4) 
45.47 ± 1.41 

( n = 3) 
0.8916 0.5375 0.2094 

HCO 3 
−

(mM) 
23.85 ± 2.03 

( n = 4) 
24.10 ± 1.00 

( n = 3) 
0.9254 0.3933 .0092 

( ∗∗) 
Na + 

(mM) 
153.25 ± 0.85 

( n = 4) 
152.00 ± 1.53 

( n = 3) 
0.4776 .0117 

( ∗) 
0.0706 

K 

+ 

(mM) 
6.6 ± 0.43 

( n = 4) 
5.78 ± 0.19 

( n = 3) 
0.1878 0.1655 0.9137 

Ca 2 + 

ionized 
(mg/dL) 

5.04 ± 0.11 
( n = 4) 

5.23 ± 0.04 
( n = 3) 

0.2473 0.4414 0.1336 

Cl −

(mM) 
109.00 ± 1.91 

( n = 4) 
108.67 ± 0.88 

( n = 3) 
0.8942 0.4649 0.3575 

Urine 
pH 

7.08 ± 0.32 
( n = 5) 

6.74 ± 0.21 
( n = 5) 

0.4026 < .0001 
( ∗∗∗∗) 

0.2396 

Notes: Venous blood gases, blood pH, major electrolytes, and urine pH of Dmxl1 fl/fl, B1-Cre + conditional knockout and Dmxl1 fl/fl, B1-Cre − control male mice on a standard 
rodent diet and after alkali loading with 0.28 M NaHCO 3 for 3 d. All values are means ± SEM. ∗ is for P -value ≤ .05, ∗∗ is for P -value ≤ .01, ∗∗∗ is for P -value ≤ .001, ∗∗∗∗ is 
for P -value ≤ .0001; data analyzed by t -test. 
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nder acid challenged conditions, a hallmark of dRTA. 13 In
ddition, after the NH 4 Cl challenge both Dmxl1 fl/fl, B1-Cre + and
mxl1 fl/fl, B1-Cre − male mice developed acidemia and hypobi-
arbonatemia and there was a significant difference between
enotypes in blood pH (pH 7.19 ± 0.02 in Dmxl1 fl/fl, B1-Cre + 

ales vs. pH 7.26 ± 0.02 in Dmxl1 fl/fl, B1-Cr e − males, Figur e 3
nd Ta b le 1 ). After tr eatment with NH 4 Cl, Dmxl1 fl/fl, B1-Cr e − but
ot Dmxl1 fl/fl, B1-Cre + male mice had significantly lower pCO 2 

evels when compared to the untreated controls (39.28 ± 1.43 vs.
3.39 ± 1.15 mmHg), suggesting r espirator y compensation for
cidosis occurr ed onl y in the Cr e − mice ( Figur e 3 and Ta b le 1 ).
nlike in male mice, ther e w as no significant difference in blood
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Figure 4. Dmxl1 fl/fl, B1-Cre + male mice demonstrate a r educed a bility to maintain Na + , Cl −, and Ca 2 + homeostasis when challenged with ammonium c hloride , while 

K + homeostasis is pr eserv ed. (A) Na + concentration in Dmxl1 fl/fl, B1-Cr e + male mice is not significantl y differ ent fr om Dmxl1 fl/fl, B1-Cr e − contr ol males on a standard 
rodent diet. Both Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1-Cre − control male mice developed hypernatremia after acid loading with 0.28 M NH 4 Cl for 3 d, and it was more 
pronounced in Dmxl1 fl/fl, B1-Cre + males than in Dmxl1 fl/fl, B1-Cre − controls. After alkali loading with 0.28 M NaHCO 3 for 3 d, Na + concentration was significantly 
increased in Dmxl1 fl/fl, B1-Cre −, but not in Dmxl1 fl/fl, B1-Cre + males. (B) Cl − concentration in Dmxl1 fl/fl, B1-Cre + male mice is not significantly different from Dmxl1 fl/fl, 

B1-Cr e- contr ol males on a standard r odent diet. Both Dmxl1 fl/fl, B1-Cr e + and Dmxl1 fl/fl, B1-Cr e − contr ol male mice dev eloped hyper c hloremia after acid loading with 
0.28 M NH 4 Cl for 3 d, and it w as mor e pr onounced in Dmxl1 fl/fl, B1-Cr e + males than in Dmxl1 fl/fl, B1-Cr e − contr ols. Cl − concentr ation did not c hange significantly after 
alkali loading with 0.28 M NaHCO 3 for 3 d in either Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males. (C) Free Ca 2 + concentration in Dmxl1 fl/fl, B1-Cre + male mice is not 
significantl y differ ent fr om Dmxl1 fl/fl, B1-Cr e − contr ol males on a standard r odent diet. Both Dmxl1 fl/fl, B1-Cr e + and Dmxl1 fl/fl, B1-Cr e − contr ol male mice dev eloped 

hypercalcemia after acid loading with 0.28 M NH 4 Cl for 3 d, and it was more pronounced in Dmxl1 fl/fl, B1-Cre + males than in Dmxl1 fl/fl, B1-Cr e − contr ols. Fr ee Ca 2 + 

concentration did not change significantly after alkali loading with 0.28 M NaHCO 3 for 3 d in either Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males. (D) K + concentration in 
Dmxl1 fl/fl, B1-Cre + male mice is not significantly different from Dmxl1 fl/fl, B1-Cre − control males on a standard rodent diet. K + concentration did not change significantly 

after acid loading with 0.28 M NH 4 Cl for 3 d or after alkali loading with 0.28 M NaHCO 3 for 3 d in either Dmxl1 fl/fl, B1-Cre + or Dmxl1 fl/fl, B1-Cre − males and there was no 
statistically significant difference between genotypes. Data were analyzed by t -test with values reported as means ± SEM with P -values ≤ .05 considered significant, 
with ∗ denoting a P -value ≤ .05, ∗∗ ≤ .01, ∗∗∗ ≤ .001, and ∗∗∗∗ ≤ .0001. NS = non-significant. The actual P -values and other details can be found in Ta b les 1 and 2 . The 
results comparing the same parameters in female mice are shown in Figure S3 and detailed in Tables S1 and S2 . 
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H betw een acid-c hallenged Dmxl1 fl/fl, B1-Cre + and Dmxl1 fl/fl, B1- 
re − female mice, although blood pH was slightly, but signifi- 
antl y, r educed onl y in Dmxl1 fl/fl, B1-Cr e − females in r esponse to
H 4 Cl treatment (pH 7.33 ± 0.02 vs pH 7.25 ± 0.03) ( Figure S2 
nd Ta b le S1 ). Mor eov er, neither Dmxl1 fl/fl, B1-Cr e − nor Dmxl1 fl/fl,
1-Cre + female mice de veloped h ypobicarbonatemia and there 
as no change in pCO 2 levels in response to the acid challenge 

 Figure S2 and Table S1 ). 
The NH 4 Cl-induced acidemia was accompanied by signifi- 

ant increase of Na + and Cl − in the blood of male, and to a 
esser de gree , female mice of both genotypes ( F igur e 4 , Ta b le 1 ,
igure S3 , Table S1 ). The increase in these electrolytes in mice in 

esponse to NH 4 Cl treatment is a known phenomenon, which 

e hav e observ ed pr eviousl y. 56 The differ ence between geno- 
ypes was significant only in male mice with Dmxl1 fl/fl, B1-Cre + 

ales having a higher concentration of Na + (161.00 ± 1.43 vs. 
55.37 ± 0.98 mM, Figure 4 and Ta b le 1 ) and Cl − (123.00 ± 1.41 vs.
17.13 ± 1.33 mM, Figure 4 and Ta b le 1 ) than Dmxl1 fl/fl, B1-
re − males. After NH 4 Cl treatment, the ionized (free) Ca 2 + was 
lso significantl y incr eased in the b lood of males of both geno-
ypes (5.44 ± 0.05 vs. 5.11 ± 0.03 mg/dL in Dmxl1 fl/fl, B1-Cre −

ales; and 5.72 ± 0.07 vs. 5.05 ± 0.05 mg/dL in Dmxl1 fl/fl, B1- 
r e + males; Figur e 4 and Ta b le 1 ), but not female mice ( Figure S3
nd Ta b le S1 ). In addition, the Ca 2 + concentration in the blood
 as significantl y higher in acid-treated Dmxl1 fl/fl, B1-Cre + than 

n acid-treated Dmxl1 fl/fl, B1-Cre − male mice (5.72 ± 0.07 vs. 
.44 ± 0.05 mg/dL, Figure 4 and Table 1 ). The observed hyper- 
alcemia in males was probably a consequence of significant 
cidemia and calcium leakage from bones under lower-than- 
ormal blood pH. Lastly, we did not detect a significant effect 
f NH 4 Cl treatment on the K 

+ concentration in blood of either 
ale or female mice of either genotype ( Figure 4 and Table 1 ,

igure S3 and Table S1 ). Finally, treatment with 0.28 M NaHCO 3 

or 3 d as an alkali loading challenge did not r ev eal any signifi-
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ant differences in the measured par ameters betw een Dmxl1 fl/fl,
1-Cre + and Dmxl1 fl/fl, B1-Cre − control mice in either males
r females ( Figures 3 and 4 , Figure S2 and S3 , Tables 2 and
2 ). 

In summary, the NH 4 Cl challenge revealed a phenotype of
ncomplete dRTA in both male and female Dmxl1 fl/fl, B1-Cre + 

ice, although it was more severe in male than in female mice.
n Dmxl1 fl/fl, B1-Cre + males, acidemia was also accompanied by
ignificantl y elev ated lev els of Na + , Cl −, and Ca 2 + in b lood r el-
ti v e to Dmxl1 fl/fl, B1-Cre − males suggesting that they are less
apa b le of maintaining their acid-base and electr ol yte home-
stasis. 

xpression of the Intercalated Cell-Specific B1 Subunit 
f the V-ATPase is Decreased in Dmxl1 

fl/fl, B1-Cre + Mice

ere , w e focused on A-ICs, since dysfunction of these cells
esults in acidosis, 13 which is what we observe in our Dmxl1
nockdown mice ( Figures 3 and S2 ). To visualize expression of
mxl1 protein in A-ICs, we performed indirect immunofluores-
ence using specific antibodies against Dmxl1 and the B1 V-
TPase. A-ICs wer e positi v el y identified by their expression of B1
 -A TPase and their localization to the renal medulla. As shown

n Figure 5 A, Dmxl1 colocalizes with the B1 subunit of the V-
TPase at the apical pole of A-ICs in Dmxl1 fl/fl, B1-Cr e − contr ol
ice. This is perhaps not surprising gi v en our pr evious findings

hat Dmxl1 interacts with the B1 subunit by coimm unopr ecipita-
ion from total mouse kidney lysates. 14 Furthermore, immunos-
aining showed that indeed there was a specific depletion of
mxl1 in B1-positi v e A-ICs fr om kidneys fr om Dmxl1 fl/fl, B1-Cr e + 

ice r elati v e to Cre − littermate controls, although some fluores-
ent signal is still apparent in the knockout ICs ( Figure 5 A). This
emaining signal could be explained by incomplete recombina-
ion or excision of the LoxP sites flanking the Dmxl1 gene by Cre
ecombinase. This aligns with our PCR results showing incom-
lete recombination in the Dmxl1 fl/fl, B1-Cre + mice ( Figure 1 D),
hic h w ould suggest incomplete penetr ance of Cre function, as
ell as our MACS experiments, which showed an incomplete
nockdown of Dmxl1 protein in ICs ( Figure 2 ). This interpreta-
ion is further supported by our analysis of Dmxl1 and B1 flu-
rescence intensity by immunofluorescence. When quantifying 
v era ge cellular fluorescence intensity by animal, we observe a
light, but not significant, trend to war d decreased Dmxl1 expres-
ion in the A-ICs from Cre + animals ( Figure S4 A). On the other
and, we do see a significant reduction in B1 fluorescence inten-
ity in the A-ICs from Cre + animals relative to controls, which
e do not observe in B-ICs ( Figure S4 B and C). Importantly, how-

ver, when we performed a single cell analysis of A-ICs from
he same images, the fluorescence intensity of Dmxl1 per cell
howed a str ong negati v e linear correlation with the fluores-
ence intensity of B1 ( R 2 = 0.72 for Cre − and 0.82 for Cre + ). Thus,
hen there is decreased Dmxl1 intensity in a gi v en cell, ther e

s a corresponding and proportionate decrease in B1 intensity
n the same cell in both control and Dmxl1 knockdown A-ICs
 Figur e 5 B). Furthermor e, wher eas mor e than 80% of A-ICs from
ontrol animals had a B1 intensity of more than 1.0 × 10 5 rel-
ti v e fluor escence units (RFU), 60% of A-ICs fr om knockdown
nimals had B1 fluorescence below this threshold level ( Figure
 B, shaded area). We did not observe a similar difference in the
istribution of B1 fluorescence intensity by cell in pendrin posi-
i v e B-ICs fr om contr ol v ersus knoc kdown animals ( F igure S4 C).
his str ongl y suggests that the r eduction in B1 fluor escent inten-
ity in A-ICs as seen by imm unofluor escence is indeed due
o decreased Dmxl1 expression and is variable from cell to
ell. 

To confirm that knockdown of Dmxl1 in ICs affects the pro-
ein expression levels of the B1 V -A TPase , w e performed SDS-
AGE electr ophor esis followed by Western blotting of total kid-
ey lysates. This revealed a significant decrease in B1 V -A TPase
xpression in both males ( Figure 5 C and D) and females ( Figure
5 B). Inter estingl y, we saw a significant decr ease in the ubiqui-
ous A subunit of the V 1 domain in males, but not in females
 Figure 5 C-D and S5B), and not in the IC-specific V O subunit
4, other ubiquitous V -A TPase subunits, or carbonic anhydrase
n either sex ( Figure S5 ). This is intriguing since the B1 and A
ubunits are part of the cytosolic V 1 domain, while a4 is part
f the membrane bound V O domain. This suggests that the
wo domains of the V -A TPase are not affected equally by the
oss of Dmxl1. However, the decrease in B1 expression alone
ould explain the inability of these mice to properly acidify their
rine. 

-ATPase is Localized Intr acellularl y in A-Intercalated 

ells Lacking Dmxl1 

n A-ICs, the V -A TPase traffics between a pool of subapical vesi-
les and the apical plasma membrane in response to physiologi-
al cues, thereby adjusting the amount of V -A TPase holoenzyme
t the cell surface, and thus regulating proton secretion into the
rine. To examine whether loss of Dmxl1 affects the apical local-

zation of the V -A TPase we used indirect immunofluorescence
o examine the r elati v e localization of the IC-specific B1 and a4
ubunits of the V -A TPase in A-ICs from Dmxl1 fl/fl, B1-Cre − and
mxl1 fl/fl, B1-Cre + littermate mice ( Figure 6 ). We quantified the
ercent apical localization of the V -A TPase subunits using a line

ntensity scan in FIJI. This r ev ealed a significantly greater intra-
ellular distribution with v er y little apical localization of both
he B1 and a4 subunits of the V -A TPase in A-ICs from knock-
own mice r elati v e to control mice, which had a higher percent-
ge of apically localized V -A TPase ( Figure 6 A and B). Of note, we
id not observe a significant change in the localization of the B1
ubunit of the V -A TPase in pendrin-positi v e B-ICs ( Figur e S6 A).
urthermore , when w e quantified colocalization of the B1 and
4 subunits in A-ICs using the Pearson’s coefficient of correla-
ion we observed a significant decrease in colocalization of the
1 subunit, which is part of the V 1 domain of the V -A TPase, and
4, which is part of the V O domain in Cre + mice relative to Cre −

ice ( Figure 6 C). These data show that Dmxl1 is likely required
or the assemb l y of the V O and V 1 domains of the V -A TPase, sim-
lar to what has been r e ported in yeast with the Dmxl1 homo-
ogue, Rav1p. 17 

oss of Dmxl1 Prevents Assembly of the V-ATPase 
oloenzyme 

o confirm that loss of Dmxl1 pr ev ents assemb l y of the V O and
 1 domains of the V -A TPase we used high speed centrifugation

o pr e par e cytosolic and membr ane fr actions from whole kid-
ey l ysates fr om male Dmxl1 fl/fl, B1-Cr e − and Dmxl1 fl/fl, B1-Cr e + 

ice ( Figure 7 A). We examined the distribution of the cytosolic
1 subunit (V 1 domain), which must translocate to the mem-
rane and assemble with the membrane-bound a4 subunit (V O 

omain). We observed a significant decrease in the amount of B1
ubunit in the membr ane fr action (mem) r elati v e to the cytoso-
ic fraction (cyto) from the Dmxl1 fl/fl, B1-Cr e + kidney l ysates indi-
ating that less of the V 1 -associated B1 is assembling with the

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
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Figure 5. Dmxl1 fl/fl, B1-Cre + male mice hav e decr eased expr ession of Dmxl1, the IC-specific B1, and the ubiquitous A subunit of V -A TPase in A-type intercalated cells 
(A-ICs). (A) Imm unofluor escence ima ges taken fr om the outer medulla of kidneys fr om Cr e − (top) and Cr e + (bottom) mice stained with specific antibodies a gainst 

Dmxl1 (left) and the B1 V -A TPase (center). Both B1 and Dmxl1 staining are apically polarized in IC from Cre − mice, whereas they are distributed throughout the 
cytoplasm of IC from Cre + mice. Some background fluorescence, including an apparent nucleolar pattern, is seen when using the Dmxl1 antibody, which is likely due 
to heat-mediated antigen r etriev al in a low pH citrate buffer. B1 staining was used to identify A-ICs. Nuclei ar e la beled with DAPI (right). Tubule lumen indicated with 
an asterisk ( ∗). Scale bars = 10 μm. (B) X – Y plot of corrected total cell fluorescence (CTCF) of Dmxl1 and B1 by cell with a linear r egr ession anal ysis showing that B1 

CTCF has a linear correlation with Dmxl1 CTCF. Shaded area represents a B1 intensity of less than 1.0 × 10 5 r elati v e fluor escence units (RFU), which encompasses 
60% of A-ICs from knockdown animals and only 20% of A-ICs fr om contr ol animals. (C) Western blots of total kidney lysates prepared from Cre − and Cre + male mice 
probed with specific antibodies against the B1 and A subunits of the V -A TPase and β-Actin. (D) Quantification of B1 and A V -A TPase band intensities normalized to 

β-Actin band intensity shows a significant reduction of B1 and A subunit expression in total kidney lysates from Cre + male mice. Data were analyzed by t -test with 
v alues r e ported as means ± SEM with P -v alues ≤ .05 consider ed significant, with ∗ denoting a P -v alue ≤ .05. 

art/zqae025_f5.eps
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Figure 6. The B1 and a4 subunits of the V -A TPase ar e localized intracellularl y and ar e less colocalized in A-type intercalated cells (A-ICs) from Dmxl1 fl/fl, B1-Cre + mice. 
(A) Imm unofluor escence ima ges taken from the outer medulla of kidneys from Cre − (top) and Cre + (bottom) mice stained with specific antibodies against the V 1 
domain-associated B1 subunit of the V -A TPase (left) and the V O domain-associated a4 subunit of the V -A TPase (center). B1 and a4 are apically polarized in cells from 

Cre − mice but show a more diffuse intracellular distribution in A-ICs from Cre + mice. V -A TPase staining was used to identify A-ICs. Nuclei are labeled with DAPI (right). 
Tubule lumen is indicated with an asterisk ( ∗). Scale bars = 5 μm. (B) Quantification of % apical localization of B1 and a4 subunits r elati v e to total cell localization 
shows significantly less apical polarization in Cre + A-ICs. (C) Pearson’s coefficient of colocalization of the B1 and a4 subunits, as an estimate of domain assemb l y, 

shows significantly less colocalization in A-ICs from Cre + mice. Data were analyzed by t -test with values reported as means ± SEM with P -values ≤ .05 considered 
significant, with ∗ denoting a P -value ≤ .05, ∗∗∗ ≤ .0001, and ∗∗∗∗ ≤ .00001. 

art/zqae025_f6.eps
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Figure 7. The V 1 and V O domains of the V -A TPase are less assembled in the kidneys of Dmxl1 fl/fl, B1-Cre + mice. (A) Western blots of subcellular fractionation experiments 

showing decreased membrane (mem) accumulation of the cytosolic V 1 -associated B1 subunit of the V -A TPase in Cre + mice relative to Cre − mice (top). The membrane- 
bound V O -associated a4 subunit is only detected in the membr ane fr action, as expected, confirming the purity of the pr e paration (bottom). (B) Quantification of the 
membrane: cytosol ratio of the cytosolic V 1 -associated B1 subunit of the V -A TPase. (C) Imm unofluor escence ima ges taken fr om the outer medulla of kidneys fr om Cr e −

(top) and Cre + (bottom) mice after performing a proximity ligation assay (PLA, spots, center) using specific antibodies against the B1 and a4 V -A TPase and post-staining 

with a specific antibody against AE1 (left). Association of B1 with a4 is r e pr esented by the increased number of spots in A-type intercalated cells (A-ICs) from Cre −

mice . Basolater al AE1 staining w as used to identify A-ICs (indicated with arr owheads). Nuclei ar e la beled with DAPI (right). Scale bars = 10 μm. (D) Quantification of 
total area of PLA signal per A-IC shows a significant decrease of B1/a4 association in Cre + mice. Values for 25 cells were averaged per animal. Data were analyzed by 
t -test with values reported as means ± SEM with P -values ≤ .05 considered significant, with ∗ denoting a P -value ≤ .05, and ∗∗ ≤ .001. 
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embrane bound a4 from the V O domain ( Figure 7 B). The pres- 
nce of the membrane bound a4 subunit only in the mem- 
r ane fr action confirms the purity of pr e par ation ( F igure 7 A,
ottom). Furthermore , w e performed a proximity ligation assay 

PLA) that detects interactions of two antibody-labeled proteins 
f they are within 40 nm of each other ( Figure 7 C). We labeled kid-
ey sections with specific antibodies against the B1 (V 1 ) and a4 

V O ) subunits of the V -A TPase. Thus, a successful PLA reaction, 
hich appears as a distinct punctum, should only be seen when 

he two domains are assembled. We quantified the area of PLA 

uncta per A-IC, which we identified by basolateral staining with 

n AE1 antibody ( Figure 7 C and D). As expected, we observed 

ignificantl y mor e ar ea of PLA puncta in the Cr e − mice r elati v e
o the Cre + mice. Taken together, these results demonstrate that 
mxl1 acts as an assemb l y factor for the two domains of the
 -A TPase. 

oss of Dmxl1 Leads to Changes in A-Intercalated Cell 
ize and Morphology 

hen analyzing the localization of the V -A TPase in Dmxl1 
nockdown A-ICs by imm unofluor escence we observ ed A-ICs 
hat appeared much smaller than the average A-IC as well as, A- 
Cs that appeared much larger than the av era ge A-ICs that ar e
een in control animals ( Figure 8 A). We quantified cell size by
easuring cell area ( μm 

2 ) using FIJI and compared the cumula- 
i v e distribution of cell sizes using a Kolmogoro v–Smirno v test

art/zqae025_f7.eps
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Figure 8. A-type intercalated cell (A-IC) size is affected in Dmxl1 fl/fl, B1-Cre + mice. 
(A) Imm unofluor escence ima ges taken fr om the outer medulla (top) and inner 

medulla (bottom) of kidneys from Cre − and Cre + mice stained with specific anti- 
bodies against the B1 V -A TPase (left) and a4 V -A TPase (center). Nuclei are labeled 
with DAPI (right). Scale bars = 10 μm. (B) Histogram of A-IC size distribution 
in Cre − and Cre + mice. Data wer e anal yzed by Kolmogoro v–Smirno v test with 

a P -value of ≤ .05 considered significant. Smaller cells in Cre + animals (found 
principally in the inner medulla) are indicated with a number sign, while larger 
cells in Cre + animals (found principally in the outer medulla) are indicated with 
arr owheads. Ther e ar e r educed n umbers of cells of “normal” size (60-80 μm 

2 ) in 

the Cre + mice. 
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Figure 9. A-type intercalated cells (A-ICs) from Dmxl1 fl/fl, B1-Cre + kidne ys ha ve 
intracellular vacuoles and phalloidin-negati v e, cortactin-positi v e apical pr otru- 

sions. Imm unofluor escence ima ges taken fr om the outer (top) and inner medulla 
(bottom) of kidneys from Cre + mice labeled with specific antibodies against the 
B1 V -A TPase (left) and with (A) the actin cytoskeleton labeled with Rhodamine- 
phalloidin (center) or (B) stained with a specific antibody against cortactin (cen- 

ter). Apical protrusions, indicated with arrowheads, are phalloidin-negative (A), 
but cortactin-positi v e (B). Large, perin uclear v acuoles ar e often pr esent (B). 
Nuclei ar e la beled with DAPI (right). Tubule is lumen indicated with an asterisk 

( ∗). Scale bars = 2 μm (A) and 5 μm (B). 
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 Figure 8 B). This analysis revealed a significantly different dis-
ribution of A-IC size in the Dmxl1 fl/fl, B1-Cre + mice relative to
he Dmxl1 fl/fl, B1-Cre − mice. There were more A-ICs with a very
mall area ( ∼40 μm 

2 , indicated with #), as well as more A-ICs
ith a v er y large ar ea ( ≥100 μm 

2 , indicated with arr owheads)
n the Cre + mice relative to the Cre − mice ( Figure 8 B). Of note,
her e wer e no A-ICs with an area ≥ 140 μm 

2 in the control ani-
als, while 12% of the A-ICs quantified in the Dmxl1 fl/fl, B1-/Cre + 

ice were ≥ 140 μm 

2 in area. Surprisingly, even though we saw
o difference in B1 fluorescence intensity or localization in B-ICs
e saw a significantly smaller population of B-ICs in the knock-
own animals, but no population of B-ICs that were bigger in
nockdown animals, r elati v e to control animals ( Figure S6 B). 

Intriguingly, the populations of ICs at either size extreme
howed unusual morphological characteristics. The cells that
ere ∼40 μm 

2 in the Cre + mice, found primarily in the
nner medulla, had only a narrow band of perinuclear cyto-
lasm and were very rounded in appear ance , muc h like a
eutrophil, rather than adopting the more elongated, tapered
hape typically seen with epithelial ICs ( Figure 8 A, bottom).
espite this, they appeared to be polarized as demonstrated
y anion exchanger 1 (AE1) staining, which localizes specif-
cally to the basolater al membr ane of A-ICs under normal
onditions ( Figure S7 A). On the other hand, the cells ≥ 140
m 

2 often exhibited r emarka b le V -A TPase positi v e apical pr o-
ections, protrusions, and ruffling ( Figure 9 and Figure S7 B),
lthough ther e w as a v er y small subpopulation of the ∼40 μm 

2 

ells that also presented with apical protrusions ( Figure S7 C).
ntriguingl y, la beling the F-actin cytoskeleton with Rhodamine-
halloidin r ev ealed that these apical projections were not F-
ctin based ( Figure 9 A). However, when we stained the same
issues with an antibody against cortactin, which has been
 e ported to colocalize with the a3 subunit of the V -A TPase at the
eading edge of metastatic breast cancer cells, 57 we saw that the
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pical pr otrusions wer e cortactin-positi v e ( Figur e 9 B). We did
ot observe these morphological anomalies in B-ICs. We con- 
rmed that these morphological changes were occurring at the 
pical domain, by co-staining with an antibody against anion 

xchanger 1 (AE1), which specifically localizes to the basolateral 
embrane of A-ICs ( Figure S7 D). Furthermore, these unusual 

ells, also, fr equentl y had large intracellular v acuoles ( Figur e 
 B). These unusual apical morphologies and vacuolization were 
 eadil y appar ent by TEM, but the identity of, and mechanism 

y which these unusual structures form is at present unknown 

 Figure 10 and Figure S 7 E and F) and will be the subject of future
tudies. 

iscussion 

o examine the role of the V -A TPase interacting protein, Dmxl1, 
n the biology of this important proton pumping enzyme, we 
ev eloped a nov el Dmxl1 floxed mouse model, which is critical to 
nderstanding the function of this protein in mammals. A global 
mxl1 knockout mouse model was previously reported in an 

 bstract fr om the American Society of Human Genetics meeting 
n 2009 50 to examine the proposed role of Dmxl1 missense muta- 
ions in the pathogenesis of Pr ader-Willi-like syndrome . How- 
ver, the authors reported that “homozygous knockout mice are 
mbryonic lethal, while heterozygous mice were noted to have 
yperactivity and deficits in social memory.” 50 This has not been 

tudied further, and these r esults wer e not published in a peer- 
e vie w ed journal. We , ther efor e , gener ated our own Dmxl1 global
nockout mouse model and confirmed that these mice are not 
ia b le, as detailed in the Methods section a bov e. To assess the
ole of Dmxl1 in acid-secreting, kidney ICs, we then generated 

 kidney IC knockout mouse line using a mouse line in which 

r e r ecombinase is dri v en by the B1-V -A TPase subunit promoter,
hich is specific to ICs in the kidney. The floxed Dmxl1 mice that 
 e gener ated also hav e the potential to be br ed with mouse lines

xpr essing Cr e r ecombinases dri v en by di v erse pr omoters, thus
llowing futur e r esear c hers to interrogate the role of Dmxl1 in 

pecific cells, tissues, or organs, in vi v o. Using these mice, our 
ain finding is that Dmxl1 is a mammalian V -A TPase assem- 
 l y factor in vi v o, similar to its yeast homolog, Rav1. 17 Although 

her e ar e r e ports of assemb l y factors in mammals that r egulate
he assemb l y of the V O domain 

38–44 our new data now identify 
mxl1 as a mammalian factor that catalyzes the assemb l y of the 

wo domains of the V -A TPase into a functional proton pumping 
oloenzyme, a role that had been pr eviousl y suggested based 

n data from cell culture work using lysosomal acidification to 
onitor V -A TPase activity . 14 , 36 

While Dmxl1 global knockout mice were not via b le as dis- 
ussed a bov e, A pt6v1b1 (the V -A TPase B1 catalytic subunit) 
lobal knockout mice are viable, and generally healthy, due to 
unctional compensation by the B1-subunit homologue, B2, the 
econd isoform of the V -A TPase B subunit, Atp6v1b2 . 58 In con- 
rast, despite high similarity, the Dmxl1 homologue Dmxl2 is 
ppar entl y una b le to compensate for the loss of Dmxl1 in mice.
hus, the Dmxl1 gene is essential in mice and pr oba b l y other
ammals, while Apt6v1b1 is not. The Dmxl1 global knockout 

henotype is, however, as sev er e as the knockout of ubiquitously 
xpressed subunits of the V -A TPase , suc h as Atp6v0c , whic h is,
lso, embryonic lethal. 59 Urine pH in Apt6v1b1 knockout mice 
eached pH 7.17 ± 0.08 and remained at pH 6.4 after an acid load 

ith 0.28 M NH 4 Cl, while in Dmxl1 conditional knockout mice 
rine pH was pH 6.50 ± 0.09 (pH 5.95 ± 0.05 after acid load). 55 This 
 elati v el y mild phenotype of incomplete renal tubular acidosis 
n Dmxl1 conditional knockout mice can be explained by the 
ncomplete excision of the Dmxl1 flo xed e xons by the B1-dri v en
r e r ecombinase, r esulting in the incomplete Dmxl1 knockout in 

Cs. While the specificity of B1-Cre recombinase localization is 
 er y high, as was confirmed by us and others, its efficiency is
ppar entl y r elati v el y low as observed in the current study and
lsewhere. 51 , 52 The future development and use of more effi- 
ient Cr e-r ecombinases may r esult in a str onger phenotype in
he Dmxl1 conditional knockout mice. 

In our previous proteomics studies, we identified Dmxl1 
s a novel B1 V -A TPase interacting protein using co- 
mm unopr ecipitation and mass spectr ometr y. We also detected 

ovel interactions of the V -A TPase with Dmxl2, the other 
ammalian Rbc3A isoform, and WDR7/Rabcn3b, the other 

ubunit of the Rabconnectin-3 complex. Moreover, we demon- 
trated a functional role for Dmxl1 and WDR7 in regulating 
he acidification of lysosomes in cultured kidney cells, which 

s likely due to an impairment of holoenzyme assemb l y at the
ysosomal membr ane . 14 , 36 In the case of Dmxl1 knockdown in 

idney ICs, assemb l y of the V -A TPase holoenzyme is impaired
t the apical plasma membr ane , as shown by the increased 

ntracellular localization of the V -A TPase and decreased colo- 
alization of the two domains in our imm unofluor escence and 

LA studies. These results suggest that pr ev enting assemb l y of
he holoenzyme negati v el y impacts targeting of both subunits 
f the V -A TPase to the apical surface, which would explain why
oth B1 and a4 are more intracellular, although future studies 
ould be necessary to confirm this. Overall, this would pr ev ent 
r otons fr om being extruded into the urine, thus explaining the 

nability of these mice to properly acidify their urine. 
Although WDR7/Rbcn3b has been identified as another 

tructural homolog of Rav1, and Sethi et al. 60 and our lab 14 

ave demonstrated that it is r equir ed for V -A TPase activity in
ammalian cells, future studies will be needed to determine 
hether this is due to impaired V -A TPase assemb l y. Intriguingl y,
DR72, the closest human homolog of WDR7, shows strong 

issue-specific expression, with high levels in the kidney and 

 ladder. 61 At pr esent, ther e is no indication that WDR72 inter-
cts with the V -A TPase or the Rbcn3 complex, but mutations in
DR72 have been shown to lead to the development of dRTA 

n humans. 62 This suggests a role in regulating the V -A TPase, 
otentially by acting as a functional homolog of Rbcn3b, but this 
emains to be determined. This and the fact that ther e ar e two
bcn3a isoforms (Dmxl1 and Dmxl2) in humans and mice while 
here is only one isoform in some other eukary otes, suc h as in
rosophila, raises the possibility that a variety of Rbcn3 com- 
lexes could be formed in humans with tissue, cell, or subcellu- 

ar specificity in their function. 
In this study, we analyzed both male and female mice and 

ound that several of the physiological parameters that we mea- 
ur ed wer e not statisticall y differ ent in Dmxl1 fl/fl, B1-Cr e + vs.
mxl1 fl/fl, B1-Cre − female mice in contrast to male mice. Of note, 
re − male mice had a significantly lower pCO 2 after being acid 

hallenged, while there was no apparent change in Cre + male 
ice and this phenomenon was not seen in female mice. This 

ould be due to an impaired ability of the Cre + mice to use res-
iratory compensation to overcome their metabolic acidosis. It 

s possible that Dmxl1 regulates the assembly of the V -A TPase 
oloenzyme in the B1 V -A TPase expressing cells of the small 
irways of these animals where the V -A TPase is required for 
cidification of the airway surface liquid, 63 which is r equir ed for 
ormal r espirator y function. This raises the interesting possi- 
ility that Dmxl1 regulates V -A TPase assemb l y in a variety of
issues that contain specialized V -A TPase rich cells, such as ICs 
n the kidney, clear cells in the epididymis, or ionocytes in the 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae025#supplementary-data
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Figure 10. Transmission electron micrographs showing ultrastructural details of morphological differences between A-type intercalated cells (A-ICs) from Dmxl1 fl/fl, 
B1-Cr e − and Dmxl1 fl/fl, B1-Cr e + medullar y collecting ducts. Low magnification overview of representative collecting ducts from Cre − (A) and Cre + (C) mice. The black 

boxes in (A) and (C) indicate the area magnified in (B) and (D), respectively. High magnification images showing morphological appearance of A-ICs from Cre − (B) and 
Cre + (D) mice. Note that the Cre + ICs (arrowhead in C) have large intracellular vacuoles and large, electron dense intracellular vesicles (D, inset). Scale bars = 8 μm (A, 
C) and 2 μm (B, D). 
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ung. 64–66 Intriguingly, the physiological differences we observe
etween the male and female mice correlate with our cell bio-

ogical observations. For example, the apical projections and
he intracellular localization of V -A TPase subunits were more
 eadil y appar ent and mor e dramatic in Cr e + male mice than
n females, and in male mice (but not females), the ubiquitous
-subunit of the V -A TP ase was also do wnregulated, in addition

o the B1 subunit. However, it is unclear why Dmxl1 fl/fl, B1-Cre + 

emale mice have a less sev er e phenotype than Dmxl1 fl/fl, B1-
re + male mice in comparison with their corresponding B1-Cre −

ontr ols. But appar entl y upon acid c hallenge , both Dmxl1 fl/fl,
1-Cr e + and Dmxl1 fl/fl, B1-Cr e − female mice ar e less susce pti-
le to developing acidosis than male mice and can maintain
heir acid-base and electr ol yte homeostasis better than males.

e r ecentl y r e ported that upon dehydration, wild-type female
ice maintain their water homeostasis better than wild-type
ale mice, but intriguingly, this adv anta ge w as lost in knock-

ut Atp6v1b1 −/ − females, which behaved the same as knockout
tp6v1b1 −/ − males with respect to water homestasis. 67 These
 esults impl y a complex relationship between water homeosta-
is and acid base balance and underscore the importance of
tudying kidney function in both male and female mice because
her e ar e clear sex-de pendent differ ences in r esponse to v arious
hysiolog ical challeng es. 

Of note, in this study, we observed a specific depletion of
he intercalated cell enriched V 1 -associated B1 subunit of the V-
TPase in both sexes, and of the A subunit in males, but not of
ny other intercalated cell-specific or ubiquitous V -A TPase sub-
nits. We and others have reported that protein expression of
 -A TPase subunits can be differ entiall y r egulated. 58 , 68 Further-
ore , in y east the RAVE complex binds specifically to the V 1 

omain befor e catal yzing the r ecruitment to the membrane and
ssemb l y with the V O domain. 17 In the absence of RAVE, or in
ur study Dmxl1, the V 1 domain would not be bound and stabi-

ized and likely would be targeted for de gr adation, whic h could
xplain why we see a consistent r eduction onl y in V 1 -associated
1 expression. It is possible we are unable to see a reduction

n most other V 1 -associated subunits because they are ubiqui-
ousl y expr essed, thus the change in expr ession in ICs would be

asked by expression in other cell types in the kidney. However,
e did see a significant decrease in the V 1 -associated A subunit

n males, but not females, suggesting that indeed the expres-
ion of the subunits making up the V 1 domain is more affected
y loss of Dmxl1 than those in the V O domain. 

We also observed obvious morphological changes in the
mxl1 knockout A-intercalated cells, including many cells with
 v er y small size and r educed cytoplasmic v olume , as w ell as
arger cells with unusual cortactin-positive apical protrusions.

any studies have reported the direct binding of the V -A TPase
o filamentous (F) actin and found that loss of V -A TPase activ-
ty resulted in a reorganization of the actin cytoskeleton. Fur-
hermore, cortactin has been associated with the V -A TPase posi-
i v e leading-edge pr otrusions of metastatic br east cancer cells. 57 

ntriguingly, we did not observe F-actin in the apical protrusions
n Dmxl1 knockout ICs, even though they wer e positi v e for cor-
actin and the V -A TPase , whic h can both bind to F-actin. How
he absence of Dmxl1 leads to changes in cell morphology is a
uestion to be addressed in future studies, perhaps using a more
fficient Cre recombinase to allow a more severe knockout to be
eveloped. 

Finally, the phenotype resulting from loss of Dmxl1 in B-type
Cs was less obvious relative to A-type ICs. Whereas, the A-ICs
howed decreased V -A TPase fluorescence intensity , increased
ntracellular localization, decreased colocalization of subunits

art/zqae025_f10.eps
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1 and a4, and dramatically altered cell size and morphology, 
e observed a significant decrease only in cell size of B-ICs. 
lthough, by RNA sequencing, Dmxl1 is expressed at similar 

evels in both A- and B-ICs, the B1 subunit of the V -A TPase is
ess expressed in B-ICs. 54 Thus, it is likely that the B1 promoter 
s mor e acti v e in A-ICs and would dri v e higher Cr e expr ession
eading to more robust excision of the floxed Dmxl1 gene and 

ecr eased pr otein expr ession r elati v e to B-ICs. Mor eov er, Dmxl2
xpression is much higher in B-ICs than A-ICs by RNA sequenc- 
ng, which could play a partial compensatory role in the absence 
f Dmxl1. The lack of any detecta b le effect of Dmxl1 depletion 

n V -A TPase localization in B-ICs is reflected in the acid/base 
hallenge studies in which we were unable to re veal an y differ- 
nces resulting from HCO 3 

− loading between Dmxl1 fl/fl, B1-Cre + 

nd Dmxl1 fl/fl, B1-Cre − mice, in either males or females. B-ICs 
r e r esponsib le for distal HCO 3 

− excretion in the kidney and 

ppear to maintain this function in our mice, a gain possib l y due 
o reduced Cre expression and Dmxl1 excision in B-ICs. 

In conclusion, w e gener ated a new floxed Dmxl1 mouse 
hat successfull y pr oduced conditional kidney intercalated cell 
nockout mice when crossed with mice expressing Cre driven 

y the B1 V -A TPase subunit promoter in ICs. This allowed us 
o demonstrate that Dmxl1, the mammalian homolog of Rav1, 
cts as a V -A TPase holoenzyme assemb l y factor, the first to be
unctionally described in mammals in vivo. In the future, our 
ovel mouse model can be used to generate conditional knock- 
ut mice in other organs, such as the brain. Both Dmxl1 and 

mxl2 ar e expr essed in brain, and while Dmxl2 is known to 
lay a role in brain function and mutations result in neurologi- 
al diseases 27 , 29 this remains to be determined for Dmxl1. Fur- 
hermore, our model could be harnessed to understand whether 
abconnectin complexes formed with Dmxl1 show tissue, cell, 
r compartment specific function, which could be mediated by 
inding of the complex to particular subunit isoforms of the 
 -A TPase, similar to the yeast RAVE complex. 69 These insights 
ould allow specific subpopulations of V -A TPases to be tar- 
eted, thus providing the groundwork for developing therapeu- 
ics against cancer and glaucoma, both of which have been 

inked to Dmxl1 dysfunction. 
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