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Abstract

SIRT7 is a NAD+-dependent deacetylase that controls important
aspects of metabolism, cancer, and bone formation. However, the
molecular targets and functions of SIRT7 in the kidney are currently
unknown. In silico analysis of kidney transcripts of the BXD murine
genetic reference population revealed a positive correlation
between Sirt7 and Slc12a7 mRNA expression, suggesting a link
between the corresponding proteins that these transcripts encode,
SIRT7, and the K-Cl cotransporter KCC4, respectively. Here, we find
that protein levels and activity of heterologously expressed KCC4
are significantly modulated depending on its acetylation status in
Xenopus laevis oocytes. Moreover, SIRT7 interacts with KCC4 in a
NAD+-dependent manner and increases its stability and activity in
HEK293 cells. Interestingly, metabolic acidosis increases SIRT7
expression in kidney, as occurs with KCC4. In contrast, total SIRT7-
deficient mice present lower KCC4 expression and an exacerbated
metabolic acidosis than wild-type mice during an ammonium chlo-
ride challenge. Altogether, our data suggest that SIRT7 interacts
with, stabilizes and modulates KCC4 activity through deacetylation,
and reveals a novel role for SIRT7 in renal physiology.
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Introduction

Sirtuins (SIRT1-7) are a conserved family of NAD+-dependent

deacetylases that differ in tissue expression, intracellular localiza-

tion, enzymatic activity, and target proteins (Sauve et al, 2001;

Houtkooper et al, 2012). Among the target proteins of the sirtuins

are histones, several transcription factors, and a variety of enzymes

involved in different cellular processes, such as proliferation, DNA

repair, antioxidant activity, mitochondrial function, and metabolism

(Baur et al, 2012). The role of sirtuins in renal physiology has begun

to be evaluated (Hao & Haase, 2010; Hershberger et al 2017; Morigi

et al, 2018). For instance, SIRT1 decreases sodium reabsorption and

thus regulates sodium and water handling (Zhang et al, 2009).

Moreover, an increase in SIRT1 activity, through a boost on NAD+

production, enhances mitochondrial function and protects the

kidney from acute injury (Katsyuba et al, 2018). Similarly, SIRT3

and SIRT6 protects against acute kidney injury (Morigi et al, 2015)

and kidney fibrosis (Cai et al, 2020), respectively. Although the

kidney is one of the tissues that express the highest levels of Sirt7

mRNA and protein (Ford et al, 2006), no role of SIRT7 has been

described in renal physiology. SIRT7 regulates transcription through

activation of RNA polymerase I (Ford et al, 2006), deacetylates

lysine 18 of histone H3 (Barber et al, 2012), and desuccinylates

lysine 122 of histone H3 promoting chromatin condensation and
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DNA double-strand breaks repair (Li et al, 2016). SIRT7-deficient

mice exhibit cardiac hypertrophy and inflammatory cardiomyopathy

due to hyperacetylation of p53 (Vakhrusheva et al, 2008) and a

multisystemic mitochondrial dysfunction (Ryu et al, 2014). Further-

more, recent studies have described a role for SIRT7 in adipogenesis

(Cioffi et al, 2015; Fang et al, 2017), bone formation (Fukuda et al,

2018), and lipid metabolism (Shin et al, 2013; Ryu et al, 2014;

Yoshizawa et al, 2014). In fact, SIRT7 modulates mitochondrial

function through the deacetylation of the transcription factor

GABPb, a key regulator of the expression of mitochondrial proteins

(Ryu et al, 2014).

Notably, SIRT7-deficient mice display age-dependent hearing

loss, suggesting a malfunction in ion transport in the ear (Ryu

et al, 2014). The hearing loss phenotype resembles that observed

in mice lacking the K-Cl cotransporter KCC4 (Boettger et al, 2002).

KCC4 belongs to the SLC12 family of electroneutral cation-

chloride-coupled cotransporters that are critical for several physio-

logical processes, such as cell volume regulation, modulation of

intracellular Cl� concentration, and transepithelial ion flux, which

is critical for blood pressure and acid–base homeostasis (Arroyo

et al, 2013). These transporters are regulated by phosphorylation/

dephosphorylation (Pacheco-Alvarez et al, 2006; Richardson et al,

2008; Glover et al, 2010) and ubiquitylation mechanisms (Ko et al,

2010; Arroyo et al, 2011; Gamba, 2012), but thus far, none have

been shown to be regulated by acetylation/deacetylation

processes. In the kidney, KCC4 is expressed in the proximal

convoluted tubule, and the thick ascending limb of Henle’s loop

(TAL), where it constitutes a pathway for cellular exit of K+ and

Cl�, and in the a-intercalated cells of the collecting duct (Melo

et al, 2013a), where its activity is important for proton secretion

to the tubular fluid (urine), thereby maintaining the acid–base

balance (Gamba, 2005). Accordingly, KCC4 expression is increased

during metabolic acidosis (Melo et al, 2013a), and mice deficient

in KCC4 develop renal tubular acidosis (Boettger et al, 2002).

Given the similar deafness phenotype observed in the SIRT7- and

KCC4-deficient mice, and the fact that both proteins are highly

expressed in the kidney, we hypothesized that SIRT7 might be

involved in KCC4 regulation. Here, using Xenopus laevis oocytes,

HEK293 cells, a mouse model of metabolic acidosis, and total and

renal tubular-specific SIRT7-deficient mice, we demonstrate that

SIRT7 interacts with, stabilizes and modulates KCC4 activity

through deacetylation, and therefore reveal a role for SIRT7 in

renal physiology.

Results and Discussion

KCC4 acetylation decreases KCC4 protein abundance and activity
in X. laevis oocytes

As a first approach, we performed an in silico analysis of the

GeneNetwork database (www.genenetwork.org) in the kidneys of

41 recombinant inbred mouse strains of the BXD genetic reference

population (Andreux et al, 2012), to evaluate whether Sirt7 mRNA

abundance correlates with that of Slc12a7. We confirmed that

the kidney is one of the tissues that exhibit the highest levels of

Sirt7 mRNA expression (Fig 1A). Interestingly, Sirt7 expression

significantly correlated (Pearson’s r = 0.597, P = 4.6E-05) with

Slc12a7 expression (Fig 1B), suggesting that the proteins encoded

by these transcripts may have a functional interaction. Interest-

ingly, KCC4 has been found to be acetylated at the putative acety-

lation site lysine 114 (K114) by high throughput proteomic

analysis (Lundby et al, 2012), reinforcing the hypothesis that

KCC4 activity could be modulated by acetylation. Thus, to evalu-

ate whether acetylation is a post-translational modification that

affects KCC4, X. laevis oocytes injected with KCC4 were incubated

with NAM, a deacetylase inhibitor, or NAD+, a sirtuin co-substrate

and co-activator. KCC4 was acetylated after 4 h of incubation with

NAM and remained deacetylated when incubated with NAD+

(Fig 1C). We then measured KCC4 protein levels after different

incubation times with NAM and observed that KCC4 protein levels

decreased more than 70% after 48 h of incubation with NAM

(Fig 1D, upper panel). The decrease in KCC4 protein levels was

paralleled by changes in KCC4 activity since incubation with

NAM decreased KCC4 activity in a time-dependent manner, reach-

ing an 88% reduction after 48 h (Fig 1D, lower panel). The

decrease in KCC4 protein levels was not attributed to a gradual

decline in the expression system, as KCC4 expression increased in

a time-dependent manner in untreated oocytes (Fig 1E). Unfortu-

nately, we were unable to confirm the acetylation site of KCC4 by

mass spectrometry since the amount of immunoprecipitated KCC4

was not enough to identify a sufficient number of peptides. The

difficulty to evaluate acetylation in membrane proteins has been

previously reported (Griffin & Schnitzeer, 2011). However, the

expression of a mutant KCC4 protein, in which the K114 lysine

residue was replaced by glutamine (KCC4 K114Q) to mimic the

charge of the hyperacetylated KCC4, was lower than wild-type

KCC4 and exhibited lower activity. In contrast, a second mutant,

in which the K114 lysine residue was replaced by an arginine

(KCC4 K114R) to mimic the hypoacetylated KCC4, exhibited

higher expression and activity (Fig 1F). These results demonstrate

that the activity of heterologously expressed KCC4 in X. laevis

oocytes is modulated through acetylation and confirm that K114

is a key acetylation site.

Several studies using in vitro and in vivo models have demon-

strated that the activity of electroneutral cation-chloride cotrans-

porters from the SLC12 family is regulated by post-translational

modifications such as phosphorylation and ubiquitylation (Gamba,

2012). On the one hand, phosphorylation mediated by with-

no-lysine (WNK) serine/threonine kinases family in conjunction

with the downstream Ste20-related proline/alanine-rich kinase

(SPAK) or oxidative stress response 1 (OSR1) kinase plays a key role

in the regulation of these cotransporters. Specifically, WNKs/SPAK

phosphorylate and activate the Na+:Cl�-coupled (NCC) members of

the SLC12 family, NCC and NKCC1-2 (Kahle et al, 2005; Rinehart

et al, 2005; Chavez-Canales et al, 2014), and inhibit the K+:Cl�-
coupled members, KCC1-4 (de Los Heros et al, 2006; Garzon-Muvdi

et al, 2007; Rinehart et al, 2011). On the other hand, NCC and

NKCC2 have been shown to be modulated by ubiquitylation through

the homologous to E6-AP C-terminal (HECT)-ligase neural precursor

cell-expressed developmentally downregulated gene 4 (NEDD4)-2

(Arroyo et al, 2011; Ronzaud et al, 2013; Wu et al, 2013). To our

knowledge, this is the first description of acetylation as a post-

translational modification that modulates the activity of an

SLC12 cotransporter member, and our data suggest that SIRT7 may

modulate this process.
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Figure 1. KCC4 expression correlates with SIRT7 expression, and KCC4 activity is modulated by acetylation.

A In silico analysis of Sirt7 mRNA expression in different tissues of the BXD genetic reference population (www.genenetwork.org). Adr: Adrenal Gland mRNA, Bla: Bladder
mRNA, Bone: Bone Tibia mRNA, CNS: CNS mRNA, Cec: Cecum mRNA, Epi: Epididymis mRNA, Eso: Esophagus mRNA, Eye: Eye mRNA, Fat: Peritoneal Fat mRNA, GI: GI
Track mRNA, Hea: Heart mRNA, Kid: Kidney mRNA, Liv: Liver mRNA, Lung: Lung mRNA, Mus: Gastrocnemius Muscle mRNA, Ova: Ovary mRNA, Pro: Prostate mRNA, Sal:
Salivary Gland mRNA, Skin: Skin Back mRNA, Sn: Sciatic Nerve mRNA, Spl: Spleen mRNA, Tes: Testis mRNA, Thy: Thymus mRNA, Ton: Tongue mRNA, Tra: Trachea
mRNA, and Ute: Uterus mRNA.

B Correlation plot for kidney mRNA expression of Sirt7 and Slc12a7 that codifies KCC4 in the mouse BxD genetic reference population (www.genenetwork.org).
C Oocytes injected with cRNA encoding KCC4 were incubated with NAD+ 200 lM and NAM 10 mM for 4 h. Lysates were immunoprecipitated with an anti-KCC4

antibody and then analyzed by SDS–PAGE/immunoblotting using an anti-acetylated–lysine (AcK) or anti-KCC4 antibody. Non-injected oocytes (UI) were used as a
control.

D Oocytes expressing KCC4 were incubated with NAM for the indicated times, and KCC4 protein levels (upper panel), and activity (lower panel) were analyzed by SDS–
PAGE/immunoblotting or Cl�-dependent 86Rb+ uptake under hypotonic conditions.

E Oocytes injected with H20 or KCC4 were incubated for the indicated times, and KCC4 protein levels were analyzed by SDS–PAGE/immunoblotting.
F Oocytes were injected with either WT, K114R, or K114Q KCC4 and incubated with vehicle (V), NAD+ or NAM for 48 h, and KCC4 protein levels (upper pannel), and

activity (lower pannel) were analyzed as in (D).

Data information: Data are presented as mean � SEM. RU: relative units. Depicted blots are representative of three independent biological replicates and values shown
are the mean of the three experiments. To evaluate KCC4 activity, we performed three independent biological experiments with oocytes obtained from different frogs
and each experiment included at least 4 replicates. * Indicates a significant difference versus time 0, at P < 0.05 by Student’s t-test.
Source data are available online for this figure.
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SIRT7 interacts with and increases KCC4 activity and protein
levels in X. laevis oocytes and HEK293 cells

To evaluate whether SIRT7 modulates KCC4 activity, Xenopus

oocytes were coinjected with KCC4 and SIRT7 cRNA and incu-

bated with NAD+. KCC4 activity increased in a time-dependent

manner when the oocytes were incubated with NAD+ in the pres-

ence of SIRT7, reaching a 30% increase in activity at 48 h

(Fig 2A). The change in KCC4 activity was associated with an

increase in KCC4 protein levels (Fig 2B), which suggests that

SIRT7 may increase KCC4 stability or synthesis. Notably, a SIRT7

mutant, in which the catalytic histidine H188 was replaced by

tyrosine (SIRT7 H188Y), had no effect on KCC4 activity (Fig 2C).

Neither 24-h incubation with NAD+ modified the expression of

KCC4 K114R or K114Q mutants (Fig 2D). We then tested the capa-

bility of SIRT7 to deacetylate the K114 lysine residue of KCC4 by

injecting oocytes with the cRNA of KCC4 WT, KCC4 K114R, or

KCC4 K114Q mutants, with or without SIRT7, and incubating with

NAM for 4 h after 48 h of KCC4 cRNA injection. Interestingly,

SIRT7 reduced global acetylation of oocytes incubated with NAM

(Fig EV1), and most importantly, when we evaluated the acetyla-

tion status of KCC4 by immunoprecipitation, KCC4 WT was

remarkably acetylated after incubation with NAM and remained

deacetylated in the presence of SIRT7 (Fig 2E). Furthermore, the

KCC4 K114R and KCC4 K114Q mutants were barely acetylated,

and neither their acetylation status nor their expression was modi-

fied by the presence of SIRT7. These results confirm that K114 is

the key acetylation site of KCC4 and that SIRT7 is able to deacety-

late this site. To evaluate whether the effect of SIRT7 on KCC4 is

conserved in mammalian cells, we co-transfected SIRT7 and FLAG-

KCC4 in HEK293 cells and evaluated KCC4 protein levels. KCC4

protein levels increased by 50% after 24 h of incubation with

NAD+ (Fig 2F), and decreased 80% after incubation with NAM

(Fig 2G). Immunoprecipitation analysis using a FLAG antibody to

immunoprecipitate KCC4 revealed that SIRT7 and KCC4 interact

with each other after 24 h of incubation with NAD+, and the inter-

action was reduced after 4 h of incubation with NAM (Fig 2H).

We assayed KCC4 stability to understand how SIRT7 increases

KCC4 protein levels. For this purpose, we transfected KCC4 plas-

mids in the presence or absence of SIRT7 in HEK293 cells and

blocked protein synthesis with cycloheximide 24 h after transfec-

tion. In the presence of SIRT7, KCC4 levels remained constant

when cells were incubated with cycloheximide. However, when

we used a shRNA against SIRT7, KCC4 stability was significantly

reduced in the presence of cycloheximide when compared with

cells transfected with a scramble shRNA (Fig 2I). Altogether, these

observations suggest that SIRT7 interacts with and stabilizes KCC4

in a NAD+-dependent fashion, increasing KCC4 protein levels and

thus activity. Notably, this is the first report implicating a sirtuin

in the regulation of a renal cotransporter activity, which may have

implications in the modulation of acid–base homeostasis. Previ-

ously, it was demonstrated that SIRT1 might modulate Na+ balance

by transcriptional repression of the epithelial Na+ channel a-
subunit (a-ENaC) in the apical membrane of collecting duct princi-

pal cells (Zhang et al, 2009). However, the inhibition of a-ENaC
by SIRT1 is independent of its deacetylase activity (Zhang et al,

2009), which implies a different mechanism that the one exerted

by SIRT7. Our results suggest that the mechanism by which SIRT7

increases KCC4 protein levels is through enhanced KCC4 stability.

Proteins are degraded in the cell by two processes: a general

process that involves lysosomal proteolysis (Sakamoto, 2002) and

a selective process that eliminates specific proteins in an ubiquitin-

dependent manner by the proteasome (De Strooper et al, 2010).

Although further research is required to evaluate whether the

SIRT7-mediated deacetylation of KCC4 directly modifies its ubiqui-

tination, a recent report shows that SIRT7 modulates the ubiquitin-

proteasome pathway by binding the ubiquitin ligase complex,

thereby inhibiting the ubiquitination and degradation of other

proteins, such as the testicular orphan nuclear receptor, TR4

(Yoshizawa et al, 2014). Consistent with our observations of the

role of protein acetylation and protein stability in KCC4 regulation,

a previous report also linked the deacetylation of the SAM pointed

domain-containing ETS transcription factor (SPDEF) by SIRT1,

with an increase in SPDEF stability (Lo Sasso et al, 2014).

▸Figure 2. SIRT7 interacts with, stabilizes, and increases KCC4 activity and protein levels.

A, B KCC4 activity (A), and protein levels (B) were evaluated in Xenopus oocytes expressing SIRT7 and KCC4 that were incubated for the indicated times with NAD+. Non-
injected oocytes (UI) were used as a control.

C KCC4 activity was evaluated in Xenopus oocytes injected with cRNA encoding KCC4 and coinjected with either wild-type (SIRT7 WT) or the catalytically inactive
SIRT7 (SIRT7 H188Y) for 48 h.

D Oocytes were injected with either KCC4 WT, K114R, or K114Q for 48 h and then incubated with vehicle (V), NAD+ or NAM for 24 h, and KCC4 and SIRT7 protein
levels were analyzed by SDS–PAGE/immunoblotting.

E Oocytes were injected with either KCC4 WT, K114R, or K114Q with and without SIRT7 for 48 h and then incubated with vehicle (V) or NAM for 4 h. After lysis,
KCC4 was immunoprecipitated using an anti-KCC4 antibody, and the acetylation status of KCC4 was determined by SDS–PAGE/Western blotting using and anti-
acetyl lysine antibody.

F, G FLAG-KCC4 and SIRT7 were transfected into HEK293 cells and treated for the indicated times with NAD+ (F) or NAM (G) and then analyzed by SDS–PAGE/
immunoblotting using an anti-KCC4 or anti-SIRT7 antibody. Non-transfected cells (UT) were used as a control.

H FLAG-KCC4 and SIRT7 were transfected into HEK293 cells and treated for the indicated times with NAD+ and NAM. After lysis, KCC4 immunoprecipitation using an
anti-FLAG antibody was performed, and the interaction with SIRT7 was determined by SDS–PAGE/Western blotting.

I HEK293 cells expressing KCC4 were incubated with NAD+ 200 lM and cycloheximide (CHX) for 0, 3, 6, and 9 h. KCC4 protein levels are shown at the indicated
times in cells transfected with a scramble shRNA (+SIRT7) or a shRNA against SIRT7 (�SIRT7).

Data information: Data are presented as mean � SEM. Depicted blots are representative of three independent biological replicates and values shown are the mean of
the three experiments. To evaluate KCC4 activity, we performed three independent biological experiments with oocytes obtained from different frogs and each
experiment included at least 4 replicates. *Indicates a significant difference versus time 0 or versus KCC4 WT or versus + SIRT7 at P < 0.05 by Student’s t-test. #P < 0.05
when compared to Vehicle by Student’s t-test.
Source data are available online for this figure.
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SIRT7 regulates KCC4 activity during a decrease in external pH in
X. laevis oocytes and HEK293 cells

We have previously shown that KCC4 activity is increased when the

extracellular pH decreases or in response to acidosis (Bergeron et al,

2003; Melo et al, 2013a). To evaluate whether the increase of KCC4

activity by pH modification is related to changes in its acetylation

status, X. laevis oocytes or HEK293 expressing KCC4 were incu-

bated in media with different pH values, and KCC4 acetylation

was evaluated. Interestingly, KCC4 acetylation levels were reduced

A

D

E

I

F

G

H

B C

Figure 2.
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when the extracellular pH decreased in both X. laevis oocytes

(Appendix Fig S1) and HEK293 cells (Fig 3A). To confirm that

SIRT7 regulates KCC4 activity during a decrease in external pH, we

transfected HEK293 cells with shRNA against SIRT7 to abolish

SIRT7 expression and evaluated KCC4 activity. Accordingly,

increased KCC4 activity was observed when the extracellular pH

was decreased and when SIRT7 was overexpressed. However, the

increased KCC4 activity was not observed when shRNA against

SIRT7 was co-transfected (Fig 3B). Because SIRT7 has been

described as a nucleolar protein (Michishita et al, 2005; Ford et al,

2006), the mechanism for its effect on a plasma membrane cotrans-

porter, such as KCC4, is surprising. However, SIRT7 localization

was recently demonstrated to be not only restricted to the nucleoli,

but it was also shown to be a highly dynamic nuclear protein (Ryu

et al, 2014); in addition, evidence suggests that there may be a cyto-

plasmic isoform of SIRT7 (Kiran et al, 2013). Interestingly, SIRT7

translocated from the nucleus to the cytoplasmic fraction when the

extracellular pH was decreased (Fig 3C). These results suggest that

SIRT7 modulates KCC4 protein levels and activity during variations

in extracellular pH, and this may occur as SIRT7 translocates to the

cytosol and gains access to KCC4.

SIRT7 distribution along the nephron and SIRT7 expression
increases during metabolic acidosis in the kidney of
C57BL6 male mice

In the kidney, no information is available about the cellular distribu-

tion of SIRT7 along the nephron. Cortex and medulla presented

similar levels of SIRT7 expression (Appendix Fig S2). In microdis-

sected tubules, Sirt7 mRNA was detected in the proximal convoluted

tubule (PCT), the proximal straight tubule (PST), the distal convo-

luted tubule (DCT), the connecting tube (CNT), the cortical collect-

ing duct (CCD), and the outer medullary collecting duct (OMCD)

and to a lesser extent in both the medullary and the cortical thick

ascending limb (mTAL and cTAL) (Fig 4A). Our expression data are

supported by recent single cell transcriptomic analysis of the mouse

kidney showing Sirt7 expression in the different identified cell types

(Park et al, 2018), and in a comparable level than Slc12a7

expression (Appendix Fig S3). Western blot analysis of microdis-

sected tubules, which were previously validated (Spirli et al,

2019), showed that SIRT7 protein was present at highest level in

the proximal tubules (PT), followed by DCT-CNT, TAL, and CCD

(Fig 4B). We then performed immunofluorescence to further charac-

terize the cellular localization of SIRT7 in the nephron. With this

technique, SIRT7 was mainly detected in the glomerulus (Fig 4C).

The observed signal was specific since it was not observed in

SIRT7-deficient mice (Appendix Fig S4). Failure to observe expres-

sion in other nephron segments (as shown by Western blot) may be

due to a lower sensitivity of the immunofluorescence technique.

Notably, during alterations of acid–base homeostasis, such as in meta-

bolic acidosis, we observed that both KCC4 and SIRT7 expression

increased in the kidneys of mice with metabolic acidosis (Fig 4D),

without changes in Sirt7 or Slc12a7 mRNA (Appendix Fig S5).

KCC4 protein levels are reduced in the kidneys of total and
inducible renal tubule-specific SIRT7-deficient mice, and this
reduction is associated with an exacerbated metabolic acidosis
in the total SIRT7-deficient mice

We then evaluated KCC4 expression in the kidneys of SIRT7-

deficient mice to determine whether SIRT7 regulation of KCC4

protein levels was maintained in vivo. Consistent with our in vitro

results obtained in SIRT7 loss-of-function cell models, KCC4 protein

levels were also significantly reduced in the kidneys of SIRT7-defi-

cient mice (Fig 5A). This was not associated with a reduction in

Slc12a7 mRNA abundance (Appendix Fig S6), supporting the idea

that SIRT7 regulates KCC4 through a post-transcriptional mecha-

nism. Moreover, the increase in KCC4 expression detected in

kidneys from wild-type mice during ammonium chloride challenge

was not observed in SIRT7-deficient mice (Fig 5B). Notably, the

decrease in KCC4 expression was accompanied by an increase in

KCC4 acetylation in the SIRT7-deficient mice (Fig 5B). We then

performed an immunofluorescent staining of kidney sections from

SIRT7+/+ and SIRT7�/� mice during control or acidosis conditions to

evaluate whether KCC4 localization was affected by the absence of

SIRT7. Interestingly, KCC4 was widely localized in the basolateral

membrane of tubules in the kidney cortex and also in the basolateral

membrane of intercalated cells (identified by H-ATPase staining).

KCC4 subcellular localization was not affected by SIRT7 deficiency.

Nevertheless, we observed that the percentage of KCC4+ cells among

the H-ATPase+ cells increased in wild-type mice treated with ammo-

nium chloride (Fig 5C). However, this increase was not observed in

SIRT7-deficient mice, supporting the idea that SIRT7 may be impor-

tant to modulate KCC4 acetylation level and stability in response to

an acid load. We next assessed the acid–base status of the SIRT7-

deficient mice by measuring urinary pH to explore the physiological

relevance of SIRT7 modulation of KCC4. Unexpectedly, the urinary

pH and electrolytes were not modified in SIRT7-deficient mice at

normal conditions, nor even during ammonium chloride chal-

lenge, except for Na+ that was lower in SIRT7-deficient mice

(Table 1). Furthermore, we performed a blood chemistry analysis

to evaluate systemic acid–base parameters beyond urinary pH in

▸Figure 3. SIRT7 regulates KCC4 activity during a decrease in external pH.

A KCC4 acetylation at the indicated pH in HEK293 transfected with KCC4. After lysis, KCC4 was immunoprecipitated using an anti-FLAG antibody and then analyzed by
SDS–PAGE/Western blotting using an anti-acetylated–lysine (AcK) or anti-KCC4 antibody. Non-transfected cells (UT) were used as a control.

B HEK293 cells were transfected with KCC4 together with SIRT7 with a scramble shRNA (�) or a shRNA against SIRT7 (+), and KCC4 activity and protein level were
determined at the indicated pH. SIRT7 expression in these conditions is presented in (C).

C Nuclear and cytoplasmic SIRT7 levels at different pH values in HEK293 cells. At a lower pH, SIRT7 appears to translocate to the cytoplasm.

Data information: Data are presented as mean � SEM. Depicted blots are representative of three independent biological experiments and values shown are the mean of
the three experiments. To evaluate KCC4 activity, we performed three independent biological experiments and each experiment included at least 3 replicates. * Indicates
a significant difference versus pH = 7.7 at P < 0.05 by Student’s t-test. # Indicates a significant difference versus KCC4 at pH = 6.2 at P < 0.05 by Student’s t-test.
Source data are available online for this figure.
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SIRT7-deficient mice that were exposed to ammonium chloride chal-

lenge for 8 days. Interestingly, SIRT7-deficient mice had lower

pH, HCO3
�, and tCO2 than the wild-type controls, indicating that an

acid challenge is enough to unmask a metabolic acidosis-prone

phenotype in SIRT7-deficient mice (Table 1). To further study the

lack of renal tubular acidosis during basal conditions, we evaluated

the expression of other members of the SLC12 family that are

known to be involved in acid–base metabolism. Interestingly, the

distal tubule NaCl and the ascending loop of Henle Na-K-2Cl

cotransporters, NCC and NKCC2, respectively, were also reduced in

A

C

B

Figure 3.
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the kidney of SIRT7-deficient mice (Fig 5D). Moreover, we gener-

ated inducible renal tubule-specific SIRT7-deficient mice using a

combination of the inducible Tet-On and Cre-loxP systems that

would lack adaptation during basal conditions because the loss-of-

function mutation would be induced for only a few weeks, as previ-

ously described (Arroyo et al, 2011; Ronzaud et al, 2013). Briefly,

double-transgenic Sirt7flox/flox/Pax8-rTA/LC1 (Sirt7Pax8/LC1) and

control mice were treated with doxycycline to induce renal tubule-

specific Cre-mediated recombination that led to SIRT7 deletion. Both

the Sirt7Pax8/LC1 and control mice were treated with doxycycline to

exclude any confounding effects produced by doxycycline on mito-

chondrial function (Moullan et al, 2015). Real-time PCR and

Western blot analysis 2 days after induction revealed a decrease in

SIRT7 transcript and protein levels in both kidney and liver

(Appendix Fig S7A). However, SIRT7 expression was regained in

the liver 4 weeks after doxycycline induction (Appendix Fig S7B),

while SIRT7 expression remained suppressed in the kidney

(Fig EV2A). Notably, inducible renal tubule-specific SIRT7-deficient

mice had a reduction in KCC4 protein levels (Fig EV2A), and a mild

increase in urinary pH (Fig EV2B). Thus, these results indicate that

SIRT7 modulates renal KCC4 expression in vivo.

Interestingly, SIRT7-deficient mice show an age-related hearing

loss (Ryu et al, 2014), which is consistent with the phenotype

observed in KCC4-deficient mice, which develop sensorineural

A C

D

B

Figure 4. Characterization of renal SIRT7 expression in C57BL6 mice.

A, B Sirt7 mRNA (A) and protein (B) abundance in microdissected renal tubules normalized to Rpl26 or Ponceau, respectively. Enrichment for each segment was
previously validated by immunoblotting against segment-specific markers as indicated in material and methods (Spirli et al, 2019).

C Immunolocalization of SIRT7 and ATPase in the kidneys of C57BL6 mice with metabolic acidosis (SIRT7, red; ATPase, green; DAPI, Blue). Scale bar: 20 lm. Controls of
the specificity of antibodies using kidney of SIRT7-deficient mice are provided in Appendix Fig S4.

D KCC4 and SIRT7 protein levels in kidneys from control mice or mice with metabolic acidosis. Values are the mean � SEM.

Data information: Data are presented as mean � SEM. For each segment, tubules isolated from different animals were pooled (PT n = 3, TAL n = 5, DCT/CNT n = 5, and
CCD n = 5). The Western blot was performed with the pooled samples and repeated to assure reproducibility. Each lane of the Western blot depicted in D is a biological
replicate as each lane represent one mouse. The blot was repeated with three other mice, and the quantification showed is the average of the seven mice. * Indicates a
significant difference versus control at P < 0.05 by Student’s t-test.
Source data are available online for this figure.
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deafness (Boettger et al, 2002). Thus, the loss of KCC4 activity

could, at least in part, contribute to the deafness in SIRT7-deficient

mice by altering K+ recycling in hair and Deiters’ cells. Of note, the

KCC4-deficient mice deafness is present since birth, suggesting that

a complete lack of KCC4 has more severe consequences that a

reduction in KCC4 expression. In this regard, SIRT7-deficient

mice did not exhibit renal tubular acidosis as was observed in the

KCC4-deficient mice. The absence of renal tubular acidosis in

SIRT7-deficient mice could be explained by at least two mecha-

nisms. The SIRT7-deficient mice exhibited reduced expression, but

not a complete absence of KCC4. Hence, it is possible that, as might

occurred with deafness, although lower, the expression level of

KCC4 in SIRT7-deficient mice is sufficient to prevent renal tubular

acidosis. Second, the elimination of SIRT7 during development

A C

B

D E

Figure 5.
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could lead to compensatory adaptations by activating other path-

ways to avoid renal tubular acidosis. This hypothesis is supported

by the fact that inducible renal tubule-specific SIRT7-deficient

(Sirt7Pax8/LC1) mice displayed mild renal tubular acidosis, as they

have insufficient time to compensate for the loss of SIRT7. We have

previously observed a similar compensatory mechanism in the regu-

lation of NCC by NEDD4-2 since the total NEDD4-2-deficient mice

show no increase in NCC expression, whereas the inducible

nephron-specific NEDD4-2-deficient mice have an increase in NCC

protein levels leading to the development of hypertension (Arroyo

et al, 2011; Ronzaud et al, 2013). In this regard, we observed a

reduced expression of NCC and NKCC2 in the kidney of global

SIRT7-deficient mice. Reduction in NCC and NKCC2 is known to

produce metabolic alkalosis (Simon et al, 1996; Casta~neda-Bueno

et al, 2014), which could counteract the renal tubular acidosis

produced by the reduction of KCC4 in basal conditions. Although at

this point, we cannot determine whether the reduction in NCC and

NKCC2 is a result of a direct regulation of SIRT7, it helps to explain

the lack of renal tubular acidosis in SIRT7-deficient mice during

basal conditions. Another limitation of our study is that at this point

we cannot exclude that the metabolic acidosis observed in the

SIRT7-deficient mice is of non-renal origin caused by the dysfunc-

tional mitochondria in liver and heart (Ryu et al, 2014).

Our proposed model of KCC4 function (Melo et al, 2013a) under-

scores possible implications of SIRT7 in acid–base regulation

(Fig 5E). In the basolateral membrane of a-intercalated cells of the

collecting duct, KCC4 maintains a low intracellular Cl� concentra-

tion to assure that the basolateral Cl�/HCO3
� exchanger remains

◀ Figure 5. KCC4 protein levels in the kidneys and metabolic acidosis status of SIRT7-deficient mice and renal tubule-specific SIRT7-deficient mice.

A KCC4 protein levels were determined in the kidneys of wild-type (SIRT7+/+) and SIRT7-deficient mice (SIRT7�/�). SIRT7 protein expression are absent in the kidneys of
SIRT7-deficient mice.

B KCC4 protein levels, acetylation status of KCC4, and interaction with SIRT7 in kidneys of SIRT7+/+ and SIRT7�/� mice under normal conditions (Control) or with
metabolic acidosis.

C Immunolocalization of KCC4 and H-ATPase in the kidneys of SIRT7+/+ and SIRT7�/� mice under normal conditions (Control) or with metabolic acidosis (NH4Cl).
(KCC4, red; H-ATPase, green). Scale bar: 20 lm. Cell count was performed automatically using the Gen5 software to report the percentage of KCC4 + cells among
H-ATPase + cells (lower panel).

D NCC and NKCC2 protein levels in the kidney of SIRT7+/+ and SIRT7�/� mice under basal conditions.
E Scheme illustrating the proposed mechanism by which SIRT7 regulates KCC4 in the kidney. Briefly, KCC4 maintains a low intracellular Cl� concentration to ensure

that basolateral Cl�/HCO3
� exchange remains active to allow extrusion of HCO3

� from the cell, specifically in a-intercalated cells of the collecting duct, and therefore
warranting a constant production of H+ that are secreted through the apical membrane to be eliminated in the urine. During stress, such as metabolic acidosis, SIRT7
levels increase in the cytoplasm, promoting the interaction and stability of KCC4. This interaction induces an increase in KCC4 protein levels and activity and
therefore contributes to the increase of basolateral Cl� efflux, which decreases the intracellular Cl� concentration, thus maintaining the gradient for the Cl�/HCO3

�

exchanger to eliminate bicarbonate from the cells and increase the secretion of H+ to reestablish acid–base homeostasis.

Data information: Data are presented as mean � SEM. Depicted blots are representative of two different Western blot analysis performed with six mice in total. The
values presented are the mean of the seven mice. Depending on availability actin, tubulin or GAPDH were used as control. * Indicates a significant difference versus
SIRT7+/+ at P < 0.05 by Student’s t-test.
Source data are available online for this figure.

Table 1. Blood gasometry and urine pH and electrolytes of mice exposed to 280 mM NH4Cl solution for 8 days.

Control NH4Cl

SIRT7+/+ SIRT7�/� SIRT7+/+ SIRT7�/�

Blood

pH 7.37 � 0.03a 7.37 � 0.05a 7.29 � 0.04*,a,b 7.23 � 0.05*,#,b

HCO3
� (mM) 17.5 � 3.16a,b 18.1 � 1.78a 15.3 � 2.83a,b 12.7 � 1.21#,b

PCO2 30.5 � 5.29 31.7 � 4.24 31.2 � 3.10 31.9 � 3.13

tCO2 (mM) 18.2 � 3.35a,b 19.0 � 1.79a 16.2 � 2.86a,b 13.8 � 1.47#,b

K+ (mM) 3.78 � 0.44 4.03 � 0.16 3.74 � 0.27 3.88 � 0.35

Na+ (mM) 148 � 1.79a,b 147 � 1.86b 151 � 2.05*,a 151 � 1.17*,a

Urine

pH 6.06 � 0.21b 6.05 � 0.19b 5.33 � 0.29*,a 5.42 � 0.16*,a

K+/creatinine 19.1 � 6.28a,b 21.4 � 3.68a 12.3 � 3.14*,b 11.9 � 3.36*,b

Na+/creatinine 17.7 � 11.4a 16.9 � 6.34a 9.90 � 2.62a,b 5.79 � 3.60*,#,b

Cl�/creatinine 17.3 � 12.2b 17.4 � 5.34b 43.2 � 5.85*,a 38.6 � 2.76*,a

Values are the mean � SEM (n = 5).
Letters, where a > b > c, indicate a statistically significant difference at P < 0.05 when analyzed with one-way ANOVA followed by Tukey’s post hoc test.
*P < 0.05 when compared to control by Student’s t-test.
#P < 0.05 when compared to SIRT7+/+ by Student’s t-test.

10 of 16 EMBO reports 22: e50766 | 2021 ª 2021 The Authors

EMBO reports Lilia G Noriega et al



active. This low intracellular Cl� concentration allows the extrusion

of HCO3
� from the cell, warranting a constant production of H+ ions

that are secreted through the apical membrane to be eliminated in

the urine, which typically has lower pH than plasma, thus maintain-

ing the acid–base homeostasis in the organism. Supporting this

hypothesis, loss of KCC4 function in mice is associated with the

development of renal tubular acidosis (Boettger et al, 2002), and

metabolic acidosis is associated with an increase in KCC4 expression

in the basolateral membrane of the a-intercalated cells of the collect-

ing duct (Melo et al, 2013a). Our in vitro data suggest that this

process requires SIRT7-mediated deacetylation of KCC4. For

instance, during stress, such as a decrease in external pH, SIRT7

levels increase in the cytoplasm, promoting its interaction with

KCC4. The SIRT7/KCC4 interaction induces an increase in KCC4

protein stability that leads to enhanced KCC4 protein levels and

activity and therefore could contributes to an increase in the baso-

lateral Cl� efflux, decreasing the intracellular Cl� concentration,

thus maintaining the gradient for the Cl�/HCO3
� exchanger to elimi-

nate bicarbonate from the cell. However, our in vivo data do not

show a marked defect in acid–balance in the SIRT7-deficient mice,

which could be due to fact that KCC4 activity is not completely

impaired or to the altered activity of other renal transporters that

may produce a phenotype with a more complex etiology, suggesting

that SIRT7 may have a more complex role in renal physiology.

In conclusion, we demonstrate that SIRT7 interacts with,

deacetylates, and stabilizes the K-Cl cotransporter KCC4 and

promotes its activity. Through these actions, SIRT7 impacts the

regulation of a renal transporter, and hence, we reveal a renal physi-

ological process that is controlled by SIRT7. In addition, our results

demonstrate that acetylation is a post-translational modification that

modulates the function of KCC4 and provide a model that may be a

paradigm for the regulation of other transport proteins (e.g., of the

many SLC type transporters). Thus, targeting protein acetylation

could provide a potential new therapeutic approach to manage prob-

lems of acid–base homeostasis.

Materials and Methods

Functional expression of KCC4 and SIRT7 in Xenopus
laevis oocytes

We assessed the effect of SIRT7 upon the activity of wild-type KCC4

using the heterologous expression system of Xenopus laevis oocytes

as previously described (Mount et al, 1999; Mercado et al, 2006;

Cruz-Rangel et al, 2011; Melo et al, 2013a; Melo et al, 2013b). In

brief, stage V to VI oocytes were injected with wild-type KCC4 cRNA

at 5 ng/oocyte alone or coinjected with wild-type SIRT7 cRNA at

10 ng/oocyte. 48 h later, the activity of the cotransporter was deter-

mined by assessing the Cl�-dependent 86Rb+ uptake in hypotonic

conditions. Oocytes were pre-incubated in a Na+-free, Cl�-free
medium (in mM: 50 N-methyl-D-glucamine-gluconate, 10 K+-gluco-

nate, 4.6 Ca2+-gluconate, 1 Mg+-gluconate, and 5 HEPES/Tris, pH

7.4) with 1 mM ouabain for 30 min at 32°C and then transferred to

a KCl-containing Na+-free medium (in mM: 40 N-methyl-D-gluca-

mine-Cl�, 10 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES/Tris, pH 7.4)

with 1 mM ouabain and 1 lCi/ml of 86Rb+ and uptake continued for

60 min at 32°C. Chloride was substituted by gluconate for uptakes

assays in the absence of this anion. At the end of the uptake period,

cells were washed five times in the respective ice-cold Na+-free

medium without isotope to remove extracellular fluid tracer. 86Rb+

uptake tracer activity was determined using a Beckman b-scintilla-
tion counter. Ouabain prevents the activation of the Na+:K+-ATPase,

while the absence of extracellular Na+ and the hypotonicity prevents

the 86Rb+ uptake via the endogenous Na+:K+:2Cl� cotransporter

NKCC1 that is present in oocytes. For those assays in the presence

of NAM or NAD+, the injected oocytes were incubated either with

10 mM NAM or 200 lM NAD+ right after the injection and the activ-

ity of the cotransporter was assessed 2, 4, 12, 24, or 48 h later. In

another set of experiments, oocytes were injected with either the

wild-type KCC4 or with a K114R or K114Q mutant, and KCC4 activ-

ity was assessed as described above. The response of KCC4 to the

medium acidification was determined under hypotonic conditions

using similar preuptake and uptake solutions that were pH titrated

from 6.0 to 8.0. cRNAs for injection were transcribed in vitro from

WT, K114R or K114Q KCC4, and SIRT7 cDNAs linearized at the 30

using the T7 RNA polymerase mMESSAGE kit (Ambion). At the end

of the uptake assay, oocytes were lysed in 300 µl of ice-cold lysis

buffer [in mM: 50 Tris–HCl (pH 7.5), 1 EGTA, 1 EDTA, 50 sodium

fluoride, 5 sodium pyrophosphate, 1 sodium orthovanadate, 1%

(w/v) Nonidet P40, 0.27 sucrose, 0.1% 2-mercaptoethanol, 5 NAM,

1 sodium butyrate, and protease inhibitors (1 tablet per 50 ml,

Sigma). All experimental data are based on a minimum of 3 dif-

ferent experiments. The SIRT7 commercial vector (MC206249,

Origene) was subcloned to the pGEMHE vector to obtain cRNA.

Construction of mutant cDNAs

We used the QuikChange mutagenesis system (Agilent Technolo-

gies) to construct the mutant cDNAs of KCC4 and SIRT7 used in this

work. All of the cDNA constructs were confirmed by sequencing

and subcloned in the Xenopus laevis expression vector pGEMHE

(Mercado et al, 2006; Melo et al, 2013b). The full-length mouse Sirt7

sequence in mammalian vector pcDNA3 was subcloned into

pGEMHE using enzymes KpnI-NotI. Then, its catalytic histidine

H188 was replaced by tyrosine (SIRT7 H188Y) using the sense

primer 50-ACCGCCATCTCAGAGCTCTATGGGAATATGTATATTGA-30

and the antisense primer 50-TCAATATACATATTCCCATAGAGCTCT
GAGATGGCGGT-30. The lysine 114 from KCC4 was replaced by argi-

nine (K114R) to mimic a hypoacetylated KCC4 using the sense primer

50-GGCGAGAGGTCAGAGCCCCACGC-30 and the antisense primer

50-GCGTGGGGCTCTGACCTCTCGCC-30. In addition, the lysine 114

from KCC4 was replaced by glutamine (K114Q) to mimic a hyper-

acetylated KCC4 using the sense primer 50-GGCGAGAGGTCCAG
GCCCCACGC-30 and the antisense primer 50-GCGTGGGGCCTGGACC
TCTCGCC-30.

HEK293 cell culture and treatments

The full-length mouse KCC4 tagged with FLAG (Melo et al, 2013b)

and SIRT7 cDNAs were subcloned into the mammalian expression

vector pCMV5. For detection of SIRT7, a commercial primary anti-

body was used (sc-365344, SCBT). To generate the transient cell

lines, HEK-293 cells underwent passages every 2–3 days to keep the

cells in their exponential growth phase. Two hours before transfec-

tion, the cell suspension was centrifuged (300 g for 5 min),
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resuspended in fresh medium at 5 × 106 cell/ml, and seeded in T25

flasks (25 cm2 and 80% confluence). Then cells were transfected at

37°C with 800 ng of each full-length KCC4 and SIRT7 cDNA or

empty vector using lipofectamine-2000 (Invitrogen) following the

manufacture’s recommendations. After 30 min at room tempera-

ture, the mixture was incubated with the cells for 6 h at 37°C,

washed twice with 1 × phosphate buffered saline (PBS), and placed

in Dulbecco’s modified Eagle medium (DMEM) supplemented with

50 U/ml penicillin, 50 µg/ml streptomycin, 10% FBS (Gibco), and

1 mg/ml G418 (Calbiochem, Merck Millipore) in a humidified atmo-

sphere containing 95% air and 5% CO2 at 37 °C (Cruz-Rangel et al,

2012; Melo et al, 2013b). Two days after transfection, cells were

exposed to either isotonic or hypotonic Na+-free medium (in mM:

100 N-methyl-D-glucamine-Cl�, 10 KCl, 1.8 CaCl2, 1 MgCl2, 5

sucrose, and 5 HEPES/Tris, pH 7.4) for 30 min with or without

NAD+ 200 lM or NAM 10 mM for 0, 4, 12, 24, or 48h or with

medium at pH of 6.2, 6.8, 7.2, or 7.7 for 16 h. The extracellular Na+

removal prevents the activation of the endogenous NKCC1 cotrans-

porter. Following the treatment, to collect cell homogenates, cells

were harvested in ice-cold lysis buffer (in mM: 20 Tris–HCl pH 7.4,

1 EDTA, 50 NaCl, 1 EGTA, 0.5 Na3VO4, 1–2 b-glycerophosphate,
and 1% Triton X-100), incubated for 10 min and then scraped. Cells

homogenates were centrifuged (20 min at 11,000 g), and finally the

supernatants were collected. Nuclear and cytosolic fractions were

prepared using the NER-PER Nuclear and Cytoplasmic Extraction

reagents (78833, Thermo Scientific) following the manufacturer’s

recommendations. For stability assay, HEK293 cells were trans-

fected with 50 ng of KCC4, 100 ng of SIRT7, and 200 ng of a scram-

ble shRNA or shRNA against SIRT7 (sc-63031-sh, Santa Cruz

Biotechnology). After 24 h, cells were incubated with NAD+ 200 lM
and 75 lg/ml of cycloheximide (C7698, Sigma-Aldrich), and cell

homogenates were obtained at 0, 3, 6 y 9 h as described above.

86Rb+ Uptake assay in HEK-293 cells transfected with wild-type
Flag-mKCC4 and mSIRT7

K+:Cl� cotransport was assessed on HEK-293 cells 80% confluent by

measuring Cl� -dependent 86Rb+ uptake (PerkinElmer) under isotonic

or hypotonic conditions (300 or 250 mOsm, respectively). In brief, cells

were transfected with 800 ng of each wild-type FLAG-mKCC4 and

mSIRT7, and the uptake assay was performed 48 h post-transfection.

Cells were pre-incubated in a Na+-free, Cl�-free medium (in mM: 100 N-

methyl-D-glucamine-gluconate, 10 K+-gluconate, 4.6 Ca2+-gluconate,

1 Mg+-gluconate, 5 sucrose, and 5 HEPES/Tris, pH 7.4) containing

1 mM ouabain for 30 min at 37°C. Cells were then transferred to a Na+-

free medium (in mM: 100 N-methyl-D-glucamine-Cl�, 10 KCl, 1.8 CaCl2,
1 MgCl2, 5 sucrose, and 5 HEPES/Tris, pH 7.4) containing 1 mM

ouabain and 1 lCi/ml of 86Rb+ and uptake continued for 10 min at

37°C. At the end of the uptake period, cells were washed three times in

the respective ice-cold Na+-free medium without isotope to remove

extracellular fluid tracer and then lysed in 300 µl of ice-cold lysis buffer

(in mM: 50 Tris–HCl (pH 7.5), 1 EGTA, 1 EDTA, 50 sodium fluoride, 5

sodium pyrophosphate, 1 sodium orthovanadate, 1% (w/v) Nonidet

P40, 0.27 sucrose, 0.1% 2-mercaptoethanol and protease inhibitors (1

tablet per 50 ml, Sigma-Aldrich). 86Rb+ uptake tracer activity was deter-

mined by Beckman b-scintillation counter. To reach the isotonic condi-

tions for HEK-293 cells (~300 mOsm), mediums were supplemented

with 1.7 g/100 ml sucrose. Removal of extracellular Na+ prevents 86Rb+

uptake by the endogenous NKCC1 cotransporter and the addition of

ouabain prevents the activation of the Na+:K+-ATPase. The Cl�-depen-
dent 86Rb+ uptake due to KCC4 was obtained by subtraction of uptake

in Cl�-free medium.

Metabolic acidosis model, and total and renal tubule-specific
SIRT7-deficient mice

All animal procedures were performed in accordance with the Mexi-

can Federal Regulation for Animal Experimentation and Care (NOM-

062-ZOO-2001) and approved by the Animal Ethics Research

Committee of the Instituto Nacional de Ciencias M�edicas y Nutrici�on

Salvador Zubir�an (Approval number 1560) or by the Swiss Federal

Veterinary Office (Approval number VD3013b) and carried out in

accordance with the local animal welfare act.

For the metabolic acidosis model, male C57B6 mice, weighing

20–25 g, were provided by the animal facility of the Instituto

Nacional de Ciencias M�edicas y Nutrici�on Salvador Zubir�an. Mice

were housed in regular polypropylene cages, with four-five animals

per cage, with light/dark cycles of 12/12 h at constant temperature

and humidity of 20°C and 65%, respectively, during 2 days before

the experimental period. To determine renal function mice were

placed in metabolic cages the first and last day of the experiment to

collect daily urine. Body mass and water intake were also deter-

mined. To induce metabolic acidosis, mice were fed with regular

chow and were given free access to a solution with 280 mM ammo-

nium chloride (NH4Cl) for 8 days. The control animals consisted of

mice that were simultaneously carried through all procedures and

fed the same diet and had free access to tap water. After the treat-

ment period, animals were anesthetized with isoflurane, a blood

sample was taken through cardiac puncture to perform a blood

chemistry analysis. Blood gases were determined using i-STAT

ECG6 + cartridges and an i-STAT1 Handheld Analyzer (Abaxis).

Cortex and medulla from the kidney were rapidly removed and

frozen in liquid nitrogen for further analysis. After the sacrifice,

serum electrolytes, creatinine, and osmolarity were also determined.

Total SIRT7 deficient mice has been previously described (Ryu

et al, 2014) and were bred on a pure C57BL/6J background. Mice of

9 weeks of age were placed in metabolic cages to collect 24-h urine.

Urine pH analysis was performed as previously described (Ronzaud

et al, 2013). Kidney was dissected for mRNA and protein analysis.

In another experiment, wild-type and SIRT7-deficient mice were

fed with regular chow and were given free access to a solution

with 280 mM ammonium chloride (NH4Cl) for 8 days to generate

metabolic acidosis.

The inducible renal tubule-specific SIRT7-deficient mice were

generated using a doxycycline (a tetracycline analog)-inducible

renal tubule-specific Cre-mediated recombination as previously

described (Arroyo et al, 2013; Ronzaud et al, 2013). The Sirt7-floxed

mice used have been previously described and were bred on a pure

C57BL/6J background (Ryu et al, 2014). Briefly, double-transgenic

Pax8-rtTA/TRE-LC1 mice (Pax8/LC1), which allow doxycycline (a

tetracycline analog)-inducible renal tubule-specific Cre-mediated

recombination, were bred with mice homozygous for the Sirt7

floxed allele to obtain Sirt7flox/flox/Pax8-rTA/LC1 inducible knockout

mice (Sirt7Pax8/LC1) and maintained in a mixed background. To

induce the deletion of SIRT7, three- to 4-week-old Sirt7wt/wt. Pax8/LC1,

Sirt7wt/fl. Pax8/LC1 (controls) and Sirt7flox/flox Pax8/LC1 animals were
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treated with doxycycline (0.5 mg/ml in drinking water with 2%

sucrose) for 12 days. For further experiments, Sirt7Pax8/LC1 and single

transgenic Sirt7Pax8 or Sirt7LC1 animals (controls) were treated with

doxycycline and the experiments started 4–6 weeks after the induction.

Total and renal tubule-specific SIRT7-deficient mice were

adapted for 3 days under standard diet in metabolic cages to collect

urine for 24 h. Urine pH analysis was performed as previously

described (Ronzaud et al, 2013). After urine collection, kidneys

were dissected for mRNA, and protein analysis and immunofluores-

cence as described below.

Immunofluorescence

Mice kidneys from wild-type and SIRT7-deficient mice with metabolic

acidosis were perfused with 40 ml PBS followed by 50 ml 4%

paraformaldehyde in PBS. After perfusion, tissues were incubated in

4% formaldehyde in PBS for at least 3 h and then incubated in 30%

sucrose in PBS overnight at 4°C. The kidneys were mounted in OCT

(Tissue-Tek), and 5-lm frozen sections were prepared. Antigen

retrieval was performed in 100 mM citrate buffer, pH 6. Sections were

blocked for 1 h in TBS-tween 0.1% with 10% BSA and then incubated

overnight at 4°C with primary antibodies diluted in 1% BSA in

TBS-tween against the B1 subunit of the H-ATPase (Santa Cruz

Biotechnologies sc-21206, 1:100), SIRT7 (Santa Cruz Biotechnologies

sc-365344, 1:50) or KCC4 (Melo et al, 2013b, 1:200). For KCC4

immunofluorescence, antigen retrieval was performed by heating

2 min at 90°C in 100 mM citrate buffer. After incubation, sections

were washed, incubated with secondary antibodies at room tempera-

ture for 1 h, then washed again. Secondary antibodies used were

Alexa Fluor 488, donkey anti-goat (1:400); Alexa Fluor 594, donkey

anti-mouse (1:400); Alexa Fluor 594, donkey anti-rabbit (1:400) from

Life Technologies. Tissue specimens were mounted on coverslips with

20 ll of Vectashield (Vector Labs). Slides were examined, and images

were obtained with a 40× oil-immersion objective mounted on a

confocal inverted microscope (LSM 710 Duo, Carl Zeiss) or Cytation 1

(Biotek). Cell count was performed automatically using the Gen5 soft-

ware. We first identified and counted H-ATPase+ cells (green fluores-

cence) based on its size and fluorescence intensity, which was above a

stabilized threshold determined by the background of the image.

Then, we performed a subpopulation analysis by counting the cells

that were positive for the red fluorescence (KCC4+ cells).

Western blot and coimmunoprecipitation analysis

Whole kidney, cortex, or medulla fractions were homogenized in

lysis buffer (Tris–HCl 50 mM, NaCl 150 mM, EDTA 1 mM, NP-40

1%) supplemented with protease inhibitors (Complete mini, Roche),

phosphatase inhibitors (NaF 50 mM, NaP2O7 5 mM, Na3VO4 1 mM,

or PhosSTOP (Roche)), and deacetylase inhibitors (NAM 5 mM,

Sodium butyrate 1 mM). Homogenates were centrifuged 10,000 g,

10 min at 4°C, and supernatants were used in further analysis.

Protein extracts from oocytes, HEK293 cells, and kidney were quan-

tified by Bradford. Western blot was performed using 10–20 lg of

total protein. Proteins were separated using a 7.5, 10, or 12%

SDS–PAGE and transferred to nitrocellulose or PVDF membrane.

KCC4 was identified using a previously characterized antibody

(Karadsheh et al, 2004). To evaluate KCC4 acetylation, 500 lg of

total protein of oocytes or HEK293 or kidney homogenates were

immunoprecipitated using the KCC4 antibody. Western blot was

performed using an antibody against acetylated lysines (#9441, Cell

signaling), KCC4 or SIRT7. Detection was performed using ultra-

sensitive horseradish peroxidase chemiluminescence (Pierce). To

determine the interaction between SIRT7 and KCC4, 500 lg of total

protein of HEK293 or kidney homogenates were immunoprecipi-

tated using anti-SIRT7 antibody (Santa Cruz Biotechnology) or anti-

KCC4 antibody using magnetic beads coupled to protein G/A

(Pierce), followed by a Western blot to identify both, SIRT7 and

KCC4. Depending on availability, actin (Sigma), GAPDH (Abcam),

or tubulin (Sigma) antibodies were used for normalization.

Microdissection of mouse renal tubule segments and analysis

For RNA extraction, glomeruli and nephron segments were

microdissected from male 8–10-week-old C57BL6 mice (Charles

River Breeding Laboratories). RNA extraction and real-time PCR and

validation of the micro dissected nephron segments are described

here (Cheval et al, 2011). The following primers were used for real-

time PCR analysis: Sirt7 FW 50-AGAAGGCAGCCACAGTAGGA-30,
Sirt7 RV 50-TTTCTTCCTTTTTGCACGCT-30; Rpl26 FW 50-GCTA
ATGGCACAACCGTC-30, Rpl26 RV 50-TCTCGATCGTTTCTTCCTTGT
AT-30. For protein extraction, kidneys from 10-to 12-week-old male

C57BL6 mice (Charles River Breeding Laboratories) were perfused,

and nephron segments were microdissected as described previously

(Christensen et al, 2011) and resuspended directly in loading buffer.

For each segment, tubules isolated from different animals were

pooled (PT n = 3, TAL n = 5, DCT/CNT n = 5 and CCD n = 5) and

used for Western blotting. Enrichment for each segment was vali-

dated by immunoblotting against segment-specific markers as previ-

ously reported (Spirli et al, 2019). The proteins were transferred to

nitrocellulose membrane and incubated with the SIRT7 antibody

(sc-365344, SCBT).

RNA extraction and Real-Time PCR

For KCC4 mRNA expression, total RNA was prepared from homoge-

nized kidneys using TRIzol (Invitrogen). cDNAs were prepared by

reverse transcription of 1,000 ng of total RNA using the MMLV

enzyme (Invitrogen). KCC4 cDNA was amplified in 96-well plates

using a SYBR green PCR kit (Qiagen) in a LC480 cycler (Roche)

using the following primers: fwd 50-CACTGCATCCCATACCACAG-30

and rvs 50-GAACTACGCCGTTGAGCTTC-30. Data were normalized

to b2-microglobulin and 36B4 using the Pfaffl method. For Sirt7

mRNA expression in inducible renal tubule-specific SIRT7-deficient

mice, total RNA was extracted using TRIzol (Invitrogen) and RNasy

kit (Qiagen). 1 ug of RNA was reverse transcribed using Superscipt

II (Invitrogen) and random hexamers. Real-Time PCR analysis was

performed in 7500 Fast Real-Time PCR System (Applied Biosys-

tems), using TaqMan gene expression assay (Applied Biosystems)

for Sirt7 and Gapdh. The following TaqMan probes were used:

Mm01248607_m1-Sirt7 and Mm99999915_g1-Gapdh. The data were

normalized to Gapdh and relative mRNA expression is shown.

Statistical analyses

All data are presented as mean � SEM. The results were considered

statistically significant when P-values were < 0.05 using an unpaired
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two-tailed Student’s t-test when comparing two groups, or a one-way

ANOVA followed by Bonferroni multiple comparison test when

comparing more than two groups. Data were analyzed using

GraphPad Prism (GraphPad Software, version 7.0).

Data availability

No data were deposited in a public database.

Expanded View for this article is available online.
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