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Chronic activation of AMP-activated protein kinase
leads to early-onset polycystic kidney phenotype
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OPEN ACCESS AMP-activated protein kinase (AMPK) plays a key role in the cellular response to low energy
stress and has emerged as an attractive therapeutic target for tackling metabolic diseases.
Whilst significant progress has been made regarding the physiological role of AMPK, its
function in the kidney remains only partially understood. We use a mouse model expressing
a constitutively active mutant of AMPK to investigate the effect of AMPK activation on kid-
ney function in vivo. Kidney morphology and changes in gene and protein expression were
monitored and serum and urine markers were measured to assess kidney function in vivo.
Global AMPK activation resulted in an early-onset polycystic kidney phenotype, featuring
collecting duct cysts and compromised renal function in adult mice. Mechanistically, the
cystic kidneys had increased cAMP levels and ERK activation, increased hexokinase | (Hk I)
expression, glycogen accumulation and altered expression of proteins associated with au-
tophagy. Kidney tubule-specific activation of AMPK also resulted in a polycystic phenotype,
demonstrating that renal tubular AMPK activation caused the cystogenesis. Importantly,
human autosomal dominant polycystic kidney disease (ADPKD) kidney sections revealed
similar protein localisation patterns to that observed in the murine cystic kidneys. Our find-
ings show that early-onset chronic AMPK activation leads to a polycystic kidney phenotype,
suggesting dysregulated AMPK signalling is a contributing factor in cystogenesis.

Introduction

AMP-activated protein kinase (AMPK) is a highly conserved heterotrimeric enzyme that plays a central
role in regulating metabolism. AMPK is composed of three subunits («, 3 and y), each with multiple iso-
forms [1]. The biological relevance of the existence of these multiple isoforms is currently unclear, however
there are substantial differences between isoforms in terms of tissue distribution [1,2]. In response to a
decrease in ATP, AMPK is activated leading to an increase in the phosphorylation of its downstream sub-
strates, with the net effect of restoring normal ATP levels within the cell. AMPK promotes ATP-generating
processes such as glycolysis, by increasing the expression of glucose transporters and hexokinase [3]. Con-
versely, AMPK generally inhibits ATP-utilising processes, for example AMPK inhibits mammalian target
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polycystic kidney disease (PKD), AMPK activation has been suggested to be a novel therapeutic strategy for PKD
treatment [13]. Pharmacological activation of AMPK has also been shown to have beneficial effects in a tubuloint-
erstitial fibrosis model [14] and to improve kidney function in diabetic nephropathy models [15,16]. More recently,
treatment with an AMPK activator has been shown to reduce renal disease severity in a model of TSC1 deletion [17].

In contrast with these short-term studies, the effect of chronic AMPK activation on renal function is largely un-
known. One study revealed that mice harbouring an activating mutation in AMPKY2 exhibit increased renal in-
flammation, cyst formation and impaired kidney function when fed a high-fat diet [18] suggesting long-term AMPK
activation could have detrimental effects. However, the effects of chronic activation of AMPKy1 on renal function
have not currently been explored. To investigate this, we utilised a genetic mouse model where AMPKYy1 is consti-
tutively activated. Here we show that chronic activation of AMPKY1 resulted in a striking polycystic kidney pheno-
type, featuring compromised renal function, glycogen accumulation and altered expression of proteins involved in
autophagy.

Materials and methods

Mice

All experiments involved in the generation of transgenic animals were approved by Gothenburg Ethics Committee.
All in vivo studies were performed in accordance with the UK. Animals Scientific Procedures Act (1986) and ap-
proved by the Animal Welfare and Ethical Review Board at Imperial College London. Gain-of-function and wildtype
mice were generated as described previously [19]. For widespread expression, mice were crossed with mice harbour-
ing Cre-recombinase under the control of a 3-actin promoter (Tmem163Tg(ACTB-cre)2Mrt), on a mixed bl6/129sv
background. A kidney tubule-specific model of AMPK activation was generated by crossing with mice harbouring
Cre-recombinase under control of the Cdh16 promoter (sometimes referred to as kidney-specific (Ksp)-Cre) [20,21].
Mice were maintained on a 12-h light/dark cycle at 22°C with free access to food (chow-standard breeding diet num-
ber 3 obtained from Special Diets Services) and water, group-housed in specific-pathogen free barrier facilities. Mice
referred to as 16 weeks old were between 15 and 17 weeks of age at the time of analysis. Unless stated otherwise, male
mice were used. Mice were terminally anaesthetised with either isoflurane or carbon dioxide followed by cervical
dislocation.

Human kidney sections

Five-micometre-thick paraffin-embedded sections, 4% paraformaldehyde-fixed, age-matched (36-44 years) autoso-
mal dominant polycystic kidney disease (ADPKD) and normal control human kidneys were provided by the PKD
Charity-sponsored Bioresource Bank housed at the Royal Free Centre for Nephrology. All nephrectomy samples were
collected at source according to Institutional Review Board/NIH approved protocols in U.S.A. and with Royal Free
NHS Foundation Trust ethics approval 20772.

Renal phenotyping

Urine kidney injury molecule 1 (Kim-1) and neutrophil gelatinase-associated lipocalin (Ngal) concentrations were
determined by ELISA (mouse Kim-1 ELISA kit, Abcam, ab213477, mouse Ngal ELISA kit, R&D Systems, MLCN20).
Urine albumin concentration was measured by ELISA with antibodies and standards purchased from Bethyl Lab-
oratories. Creatinine was measured using a Siemens Dimension EXL Auto-analyser. Plasma blood urea nitrogen
(BUN) was determined using a commercial BUN assay kit (Invitrogen, EIABUN). Estimated glomerular filtration
rate (eGFR) was determined by multiplying the urine creatine concentration by the volume of urine produced per
unit time and dividing this value by the serum creatinine concentration. In some cases there was insufficient material
to carry out all the analyses on all the mice, so in these cases data shown are for all samples available for analysis.

Histological analysis

Paraformaldehyde (4%)-fixed sections were stained with Haematoxylin and Eosin (H&E). For Periodic Acid-Schiff
(PAS) staining, tissues were stained with Periodic Acid and Schiff’s reagent followed by counterstaining with Haema-
toxylin. Stained slides were imaged using an AxioScan slide scanner with 20 x magnification objective lens and im-
ages were processed using ZEN blue software. For immunofluorescence, slides were imaged using an Olympus IX70
fluorescence microscope with 20x magnification objective lens. Images were then processed using Fiji software.
The following antibodies were used for immunohistochemistry and immunofluorescence: anti-AMPK(31 (Abcam,
ab32112), anti-Aquaporin-1 (Abcam, ab15080), anti-Aquaporin-2 (Abcam, ab85876), anti-cleaved caspase 3 (Cell
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Signaling Technology, #9661), anti-Hexokinase I (Cell Signaling Technology, #2024), anti-Hexokinase II (Cell Sig-
naling Technology, #2867), anti-NCC (Millipore, AB3553), anti-NKCC2 (LS Biosciences, LS-C313275), anti-TFEB
(Bethyl Laboratories, A303-673A). All histological analyses described in the present study were performed blinded
with respect to the genotypes and were assessed by two independent researchers.

Cystic index

Cystic index quantification was performed using QuPath (version 0.2.3). Briefly, total tissue area was automatically
detected by thresholding, followed by additional thresholding to detect individual cyst candidate regions masked by
the total tissue area. Regions detected with an area less than 1500 um? were excluded. Identified regions were visually
verified to confirm correct cyst classification, or otherwise removed. Total cystic area was calculated and divided by
the total tissue area for calculation of the cystic index.

Measurement of blood pressure

Mice were anaesthetised using isoflurane (4% initially, reduced to 2% during recording) and blood pressure was
measured by left carotid telemetry using a fibre-optical pressure sensor (Fiso Technology, QC, Canada, Model
FISO-LS-PT9-10) connected to a signal conditioner (Fiso Technology, Model FPI-LS-10). Blood pressure record-
ings were acquired using Evolution software (Fiso Technology) and analysed using LabChart software to determine
systolic blood pressure and diastolic blood pressure. Mean arterial blood pressure was calculated as 1/3 systolic blood
pressure plus 2/3 diastolic blood pressure. At the end of the procedure, mice were killed by cervical dislocation.

RNA expression analysis

RNA was extracted from kidneys homogenates using an RNeasy mini kit (Qiagen) and used to synthesise cDNA for
analysis. Expression was normalised to Polr2a expression and values shown as fold-change. Oligonucleotide primers
used in the study: Avpr2 (forward: CCTGGCCATGACACTAGACC, reverse: CATCAAGGCGATCCAGGTGA, ex-
pected product size 247 bp), Pkdl (forward: TCTGGATGGGCTTCAGCAA, reverse: AGCGGGAAGGCAGTG-
GAT, expected product size 78 bp), Pkd2 (forward: AGACTTCTCGGTGTATAACGCAAA, reverse: CACC-
CGTTGCTGGGAACT, expected product size 77 bp), Pkhdl (forward: GAAAGTTAGCCGCCTTGCTG, reverse:
AGCTGCTGAGCAAGAGATCC, expected product size 99 bp), Polr2a (forward: CTTCTCTCCCAGTGCTGCAT,
reverse: GGGGATGTATGGGCTTGAGG, expected product size 115 bp); mt-CyB (forward: ATTCCTTCATGTCG-
GACGAG, reverse: ACTGAGAAGCCCCCTCAAAT, expected product size 228 bp) and H19 (forward: GTACC-
CACCTGTCGTCC, reverse: GTCCACGAGACCAATGACTG, expected product size 207 bp).

Western blotting

Following incubation with primary and secondary antibodies, blots were visualised using the Odyssey Imaging Sys-
tem (LI-COR Biotechnology). Ratio of intensity of the protein of interest was normalised relative to expression of
a housekeeping protein. Antibodies used for Western blotting (all at 1:1000 dilution): rabbit anti-P-ACC S79 (Cell
Signaling Technology, #3661), rabbit anti-ACC (Cell Signaling Technology, #3676), mouse anti-Akt (Cell Signaling
Technology, #2920), rabbit anti-P-Akt S473 (Cell Signaling Technology #3787), rabbit anti-Aldolase A (Cell Signal-
ing Technology, #8060), rabbit anti-AMPKo (Cell Signaling Technology, #2532), mouse anti-ERK1/2 (Cell Signal-
ing Technology, #4696), rabbit anti-P-ERK1/2 T202/Y204 (Cell Signaling Technology, #9101), rabbit anti-Glycogen
synthase (Cell Signaling Technology, #3893), rabbit anti-Hexokinase I (Cell Signaling Technology, #2024), rab-
bit anti-Hexokinase II (Cell Signaling Technology, #2867), rabbit anti-LC3 (Abcam, ab51520), rabbit anti-mTOR
(Cell Signaling Technology, #2983), rabbit anti-P70 S6 kinase (Cell Signaling Technology, #2708), rabbit anti-Pgclx
(Abcam, ab54481), rabbit anti-Phosphofructokinase (Cell Signaling Technology, #8164), rabbit anti-Pyruvate de-
hydrogenase (Cell Signaling Technology, #3205), rabbit anti-PKM2 (Cell Signaling Technology, #4053), mouse
anti-S6 (Cell Signaling Technology, #2317), rabbit anti-P-S6 $235/236 (Cell Signaling Technology, #4858), rabbit
anti-P-S6 5240/244 (Cell Signaling Technology, #5364), rabbit anti-V-ATPase A (Thermo Scientific, PA5-29191),
mouse anti-vinculin (Sigma, V9131-100).

cAMP measurement

Kidneys were analysed for cAMP content using a commercial cAMP assay kit (Abcam, ab65355). The concentration
of cAMP in each sample was calculated from a standard curve generated from known cAMP concentrations and
normalised to wet tissue weight to determine the concentration of cAMP per milligram of tissue.
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Mitochondrial content analysis

Mitochondrial content was determined by quantifying the relative amount of mitochondrial to nuclear DNA. DNA
was extracted from frozen kidneys using a DNeasy Blood and Tissue DNA Extraction kit (Qiagen). Fifty nanograms of
DNA was used per reaction to quantify the expression level of the mitochondrial gene mt-CyB (encoding cytochrome
b) and nuclear gene H19.

Glycogen assay
Glycogen content was quantified using a glucose oxidase kit (Sigma-Aldrich, GAGO20-1KT) and plotted relative to
wet tissue weight.

Statistical analysis

All data are presented as mean (£ SEM). Differences were analysed by two-tailed Student’s ¢ test or two-way ANOVA,
followed by a Bonferroni’s multiple comparisons test to determine statistical significance between groups based on
one variable. All statistics were performed using GraphPad Prism 8 software.

Results
AMPK activation leads to a polycystic kidney phenotype

We previously reported on a genetic mouse model expressing a gain-of-function mutation in the AMPKy1 subunit
[19,22]. A global model of AMPK activation (hereafter referred to as D316A-Tg) was generated by crossing mice
harbouring the floxed D316Avy1 allele with (3-actin-Cre mice. This results in widespread tissue expression of the
transgenic AMPKY1 protein [22]. As a control, mice expressing the wildtype y1 transgene (WT-Tg) were used. An
increase in phosphorylation of acetyl-CoA carboxylase (ACC), a downstream substrate of AMPK, confirmed AMPK
activation in the kidney (Supplementary Figure S1). Increased expression of total ACC protein was also evident in
kidney lysates from mice expressing the D316A mutant, suggesting compensation in response to ACC inactivation.
Consistent with our previous studies, there was no change in the overall expression of total AMPK, as judged by ex-
pression of the ol and &2 subunit isoforms. Upon dissection, it was evident that kidneys from the D316A-Tg mice
were larger than kidneys for WT-Tg mice and had numerous macroscopic cysts that were not present in WT-Tg mice
(Figure 1A). This polycystic kidney phenotype was dramatic in D316A-Tg mice aged 3 weeks and was still present
in mice aged approximately 16 weeks, although with a significantly reduced cystic index (Figure 1B). Kidney weight
relative to total bodyweight was significantly higher in D316A-Tg mice compared with WT-Tg mice from 11 days
of age onwards (Figure 1C), and consistent with the reduction in cystic index, 16-week-old mice had lower relative
kidney weights compared with 3-week-old mice. Both male and female mice showed a similar kidney phenotype
(Figure 1D). Daily urine production was increased in the D316A-Tg mice, together with markers of kidney function
(Figure 1E). Kim-1, Ngal, plasma creatinine and BUN were all significantly increased in D316A-Tg mice compared
with WT-Tg (Figure 1E). The eGFR was modestly reduced in the D316A-Tg mice although this did not reach statis-
tical significance (Supplementary Figure S1). Together, these data indicate that D316A-Tg mice show signs of kidney
damage and impaired renal function, but no change in GFR. It should be noted that GFR was estimated using creati-
nine clearance, an approach that is known to have limitations in rodent models of kidney disease, and so care should
be taken when interpreting these results. To further explore the impact of the kidney damage we measured blood
pressure in the mice. As shown in Supplementary Figure S1, mean arterial blood pressure is significantly increased
in the D316A-Tg mice at 16 weeks of age.

Our initial studies indicated that kidney cysts appear in neonatal mice, so we examined kidneys from mice at 8,
11 and 14 days postpartum. H&E-stained kidney sections from D316A-Tg and WT-Tg mice aged 8 days did not
reveal any significant changes, and cysts were not observed (Figure 1F). At 11 days postpartum, tubular dilations are
apparent in the cortical region of the kidney and by 14 days of age tubular dilations and cysts were present in cortical
and medullary regions of D316A-Tg kidneys. No glomerular cysts were observed in any of the sections examined. To
characterise the origin of the cysts, sections were stained with markers for collecting ducts, proximal tubules, thick
ascending limbs of the Loop of Henle and distal convoluted tubules (Figure 1G). Cysts were predominantly formed
in the collecting ducts of D316A-Tg kidneys. We did not detect cysts in any other tissues examined, including liver,
pancreas and spleen (data not shown).

Altered signaling pathways in kidneys following AMPK activation
To investigate possible mechanisms of how chronic AMPK activation causes renal cystogenesis, expression of genes
implicated in PKD pathogenesis was assessed by RT-qPCR. In humans, autosomal dominant (AD) PKD is most
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Figure 1. Chronic activation of AMPK leads to a polycystic kidney phenotype

(A) H&E staining of kidneys isolated from WT-Tg and D316A-Tg mice at 11 days, 3 and 16 weeks of age. A representative image of
each genotype at each time-point is shown. (B) Cystic index of kidneys and (C) kidney weights expressed as a percentage of total
bodyweight harvested from p-actin WT-Tg and B-actin D316A-Tg mice at different ages (n>4 mice per genotype and age, male
and female mice). (D) Kidney to body weight in mice aged 3 weeks separated according to sex is shown (same data as shown in
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panel C). Data are presented as mean + SEM and statistical significance determined by Student’s t test for each age (*P<0.05,
**P<0.01, **P<0.001). (E) Daily volume of urine production (n=18 for WT-Tg and n=22 for D316A-Tg), urine Kim1 and Ngal levels
plotted relative to creatinine concentration (=8 per genotype), together with plasma creatinine concentration (n=9 for WT-Tg and
n=10 for D316A-Tg) and BUN concentration (n=13). In all cases, data are presented as mean + SEM and statistically significant
differences between genotypes were determined by Student’s t test (*P<0.05, **P<0.01, ***P<0.001). (F) H&E staining of kidney
sections taken from WT-Tg and D316A-Tg mice at 8, 11 days and 2 weeks of age. Representative images of four mice per genotype
are shown. (G) Immunofluorescence staining of kidney sections from mice at 3 weeks of age. Sections were stained with antibodies
against either aquaporin 2 (Agp2), aquaporin 1 (Agp1), Na-K-Cl cotransporter (NKCC2) and thiazide-sensitive Na-Cl cotransporter
(NCC) (shown in red) and nuclei counterstained with DAPI (blue). Cysts are indicated with ‘cy’ and scale bar represents 50 um. A
representative image for each genotype at each age is shown. Similar data were obtained using sections isolated from kidneys
from at least three other mice.

2398

commonly associated with mutations in PKD1 or PKD2 [23-25] and autosomal recessive (AR) PKD is caused by
mutations in PKHD]1 [26,27]. Expression of Pkdl, Pkd2 and Pkhdl was not changed in kidneys from D316A-Tg
mice relative to WT-Tg (Supplementary Figure S2). We next investigated the possible involvement of dysregulated
cAMP-Erk and Akt-mTOR signalling, as these pathways have previously been shown to be involved in PKD patho-
genesis [28-32] and AMPK is known to negatively regulate mTOR signalling [4,5]. There was an increase in the ratio
of phosphorylated Erk1/2 (T202/Y204) to total Erk1/2, together with a modest increase in the ratio of phospho-Akt
(5473) to total Akt in D316A-Tg kidneys at 11 days of age (Figure 2A,B), a stage when tubule dilations are evident.
Moreover, increased cAMP levels were detected in D316A-Tg kidneys at 11 days of age, and by 3 weeks of age (in
highly cystic kidneys) this difference was dramatically amplified (Figure 2C). Increased expression of the vasopressin
receptor (V2R), encoded by Avpr2, has been reported in PKD models and hyperactivation of V2R is believed to
be responsible for elevated renal cAMP levels in PKD [30,33-36]. A significant decrease in Avpr2 expression was
observed in kidneys taken from D316A-Tg mice at 11 days old. However, by 3 weeks of age, Avpr2 expression was
significantly up-regulated in D316A-Tg relative to WT-Tg kidneys (Figure 2D). Although mTOR and p70 S6 kinase
protein expression were elevated in D316A-Tg kidneys aged 11 days, no differences in phosphorylated S6 (a down-
stream target of mMTOR) were observed compared with WT-Tg kidneys (Supplementary Figure S3), suggesting that
increased mTOR activity may not be a contributing mechanism to the PKD phenotype.

Metabolic changes in the kidney in response to AMPK activation

We previously reported a significant increase in mitochondrial biogenesis in white adipose tissue in the D316A-Tg
model [22]. At 11 days of age there was no change in expression of peroxisome proliferator activated receptor-y
co-activator 1o (Pgclo), a transcription factor known to regulate mitochondrial biogenesis [37] in kidney lysates
from D316A-Tg mice compared with WT-Tg (Supplementary Figure S4). Consistent with Pgcl« expression, no dif-
ferences in kidney mitochondrial content were observed between genotypes at 11 days, however at 3 weeks of age mi-
tochondrial content in D316A-Tg kidneys was significantly reduced compared with WT-Tg (Supplementary Figure
S4). Recently, metabolic reprogramming has emerged as an important feature in renal cystogenesis [38] with reduced
mitochondrial metabolism and increased aerobic glycolysis being reported in cystic kidneys [39-41]. As AMPK is
known to play an important role in regulating glucose metabolism, we studied the expression of glycolytic enzymes
in this model. Expression of hexokinase I (Hk I), but not hexokinase II (Hk II), was significantly up-regulated in
D316A-Tg compared with WT-Tg kidneys at 11 days of age (Figure 3A-C). Hk I was expressed in the cyst-lining
cells of D316A-Tg kidneys and localised to the distal tubules and collecting ducts, whereas Hk II was primarily ex-
pressed in the proximal tubules, and was not detected in cells lining the cysts in D316A-Tg kidneys (Figure 3C). No
significant changes in expression of other glycolytic enzymes were detected, apart from a modest increase in pyruvate
dehydrogenase in D316A-Tg kidneys compared with WT-Tg (Supplementary Figure S5).

A consequence of chronic AMPK activation is increased glycogen accumulation in heart and skeletal muscle [2]
and interestingly there was a significant increase in glycogen levels in kidneys from 14-day-old D316A-Tg mice com-
pared with WT-Tg mice (Figure 3D). Furthermore, PAS staining for glycogen revealed accumulation in cells near
the dilating tubules of kidneys from 11-day-old D316A-Tg mice, which was not apparent in WT-Tg mice (Figure
3E). Despite the increase in glycogen content, there was no difference in glycogen synthase expression between geno-
types (Supplementary Figure S6). The autophagy-lysosomal pathway plays an important role in the breakdown of
glycogen, as highlighted by the expansion of glycogen-filled lysosomes in lysosomal storage disorders [42]. Increased
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Figure 2. AMPK activation leads to increased ERK and Akt signalling and increased cAMP levels

(A) Phospho-Akt (S473), total Akt, phospho-Erk1/2 (T202/Y204) and total Erk1/2 levels in kidney lysates from mice aged 11 days
were determined by Western blot analysis. Expression of vinculin was used as a loading control. A representative blot showing
lysates isolated from three WT-Tg mice and four D316A-Tg is shown. (B) In each case, quantification of expression was determined
and phospho-Akt and phospho-Erk1/2 levels expressed relative to total Akt/Erk1/2 levels, respectively (in each case n>7 per
genotype). Data are presented as mean + SEM and statistically significant differences determined by Student’s ¢t test (*P<0.05,
**P<0.01). (C) cAMP levels in kidneys from WT-Tg and D316A-Tg mice at 11 days and 3 weeks of age were determined (n>6
mice per genotype and age). Data are presented as mean + SEM and statistically significant differences between genotypes were
determined by Student’s t test (**P<0.01, **P<0.001). (D) Avpr2 gene expression in kidneys isolated from mice aged 11 days or 3
weeks (n=6 per genotype and age). Expression levels are plotted relative to the expression of housekeeping gene (Polr2a). Data are
presented as mean + SEM and statistical significance determined by Student’s t test for each age group (*P<0.05, ***P<0.001).

expression of vacuolar-ATPase A (V-ATPase A), a component of the V-ATPase transporter protein known to be ex-
pressed on autophagosomes and lysosomes, was observed in kidneys from 11-day-old D316A-Tg mice compared
with WT-Tg mice (Figure 3EG). The LC3II/LC3I ratio was also decreased in D316A-Tg mice (Figure 3EG), sug-
gesting impaired autophagy, which has been observed in other PKD models [43,44]. Lysosomal gene expression is
regulated by the MiTF/TFE family of transcription factors, of which transcription factor EB (TFEB) is a member
[45,46]. Cytoplasmic—nuclear translocation of these factors enables their transcriptional activity and promotes lyso-
somal biogenesis [45,47]. Nuclear TFEB staining was observed in the dilating collecting ducts in D316A-Tg kidneys,
whereas WT-Tg kidney sections showed cytoplasmic TFEB staining (Figure 3H). These data suggest differences in
lysosomal function could be a mechanistic feature of the PKD phenotype in this model. There was no evidence for
increased apoptosis, as determined by expression of cleaved caspase 3 in the kidney sections (Supplementary Figure
S6).
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Figure 3. AMPK activation leads to increased Hk | expression and glycogen accumulation in kidney

(A) Kidney lysates from mice aged 11 days were probed with antibodies against Hk |, Hk Il and vinculin (used as a loading control).
A representative blot showing lysates isolated from three mice per genotype is shown. (B) In each case, expression is plotted
relative to vinculin expression (n>6 mice per genotype). Statistical significance between genotype was determined by Student’s
t test (**P<0.001). (C) Immunohistochemical staining of kidney sections from mice aged 11 days. Sections were stained with
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antibodies against Hk | (upper panel) and Hk Il (lower panel). (D) Glycogen content of kidneys harvested from mice aged 2 weeks
expressed as micrograms of glycogen per milligram of tissue (=8 mice per genotype). Statistical significance was determined by
Student’s t test (**P<0.001). (E) PAS-stained kidney sections from mice aged 11 days showing glycogen accumulation (magenta).
Black arrows indicate glycogen staining near cysts forming in kidneys from D316A-Tg mice that are not detected in kidneys from
WT-Tg mice. Insert shows magnified regions of interest indicated by the thick blocked black arrows. (F) Kidney lysates from mice
aged 11 days were probed with antibodies against vacuolar ATPase A (V-ATPase A), LC3 and vinculin (used as a loading control).
A representative blot showing lysates isolated from three mice per genotype is shown. (G) Protein expression is plotted relative
to vinculin expression (n>6 mice per genotype and age group). Data are presented as mean + SEM and statistical significance
determined by Student’s t test for each age group (*P<0.05, ***P<0.001). (H) Immunohistochemical staining of kidney sections
with antibodies against TFEB from mice at 11 days of age. Black arrows mark regions that are shown magnified in the inset and
reveal increased nuclear staining in sections from D316A-Tg mice. For the histological data, in each case a representative image is
shown for each genotype. Similar data were obtained using sections isolated from at least three other mice. Abbreviation: TFEB,
transcription factor EB.

Kidney tubule-specific AMPK activation causes the polycystic kidney

phenotype

Studying the global AMPK activation model raises the possibility that the PKD phenotype could arise because of
AMPK activation in cell types outside the kidney. To examine this possibility, we crossed mice carrying the D316A
transgene (or the WT transgene) with Ksp-Cre mice generating D316A-Tg P mice (and WT-Tg"*? controls). Kidneys
isolated from D316A-Tg"*P mice were significantly heavier than those from WT-Tg*® mice and cysts were clearly
evident, with a significant increase in cystic index (Figure 4). These findings strongly suggest that the PKD phenotype
occurs due to AMPK activation within renal tubules. Similar to the global AMPK activation model, plasma creati-
nine and BUN levels were significantly raised in the kidney-specific D316A-TgX*P mice (Supplementary Figure S7).
Subsequent analysis showed increased Hk I expression in D316A-Tg"*P mice compared with WT-Tg**P control mice
(Figure 4D,E), consistent with observations in the global AMPK activation model. Furthermore, glycogen content
was significantly elevated in kidneys from D316A-TgX? mice aged 3 weeks and glycogen accumulation was observed
in cells lining, or near, the cysts (Figure 4F,G). However, in contrast with the global model, there was no significant
increase in cAMP levels in kidney lysates isolated from D316A-Tg"*? mice aged 3 weeks (Supplementary Figure S7),
suggesting that changes in cAMP are not essential for the cystic phenotype driven by kidney-specific AMPK activa-
tion.

Expression of AMPK, Hk | and TFEB in human kidneys from ADPKD

patients

The kidney phenotype observed in the AMPK gain-of-function mouse model shares similarities with that seen in
ADPKD patients. We investigated the localisation of AMPK expression in the human kidney by staining for AMPKf31,
which is the most highly expressed 3 isoform in the kidney [15]. Figure 5 shows that AMPKf31 is highly expressed
in the collecting ducts (co-stained with Aqp2, as previously reported) [48]. Interestingly we found that, similar to
the mouse, Hk I was also predominantly expressed in collecting ducts in human kidneys (Figure 5 and Supplemen-
tary Figure S8). Moreover, nuclear TFEB staining was observed in collecting duct-derived cysts in kidney sections
from patients with ADPKD, whereas sections from an unaffected individual showed mainly cytoplasmic Tfeb stain-
ing (Figure 5), consistent with observations from the AMPK gain-of-function mouse model. These data highlight
the possible relevance of altered AMPK, Hk I and TFEB activity to collecting duct cystogenesis in ADPKD. Finally,
staining with PAS showed glycogen accumulation in cells lining, or near, the cysts in kidney sections from ADPKD
patients (Figure 5 and Supplementary Figure S8) similar to the findings from the AMPK gain-of-function mouse
model. Importantly, this finding provides further support for the potential role of AMPK in cystogenesis in human
ADPKD.

Discussion

In the present study, we report that chronic AMPK activation in a mouse model leads to an early-onset PKD phe-
notype that shows similarity with human ADPKD. This phenotype was not anticipated, since previous reports in-
dicate that AMPK activity is decreased in PKD models [49,50]. However, these studies investigated AMPK activity
in the context of heavily cystic kidneys, rather than at the initiation of cystogenesis. Moreover, other studies have
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Figure 4. Kidney-specific activation of AMPK leads to a polycystic kidney phenotype

(A) H&E staining of kidneys harvested from D316A-Tgs? and WT-TgKSP mice at 3 weeks of age. A representative image of each
genotype is shown. (B) Cystic index and (C) kidney weight as a percentage of total bodyweight from mice (male and female) aged
3 weeks (n>4 per genotype). (D) Kidney homogenates from mice aged 11 days were probed with antibodies against Hk | and
vinculin (used as a loading control) and (E) quantification of Hk | expression relative to vinculin (n=6 per genotype). (F) Kidney
glycogen content in mice aged 3 weeks expressed as micrograms of glycogen per milligram tissue (n=8 mice per genotype). In all
cases, data are presented as mean + SEM and statistically significant differences between groups were determined by Student’s
t test (**P<0.01,*P<0.001). (G) PAS-stained kidney sections from mice aged 3 weeks with glycogen staining shown in magenta.
Black arrows indicate the region magnified in the inset and show glycogen staining in cells lining, or near, cysts present in the
D316A-Tg"P mice. A representative image for each genotype is shown.
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Figure 5. AMPK(31, Hk I, TFEB and glycogen levels in human kidney sections

Images of sections from nephrectomies of a patient with late-stage ADPKD stained with antibodies against aquaporin-2 (AQP2),
AMPKB1, Hk | and TFEB or stained with PAS to reveal glycogen accumulation are shown next to corresponding images of sections
from an individual without ADPKD. The black arrows in the sections stained for TFEB and PAS indicate regions that are shown
magnified in the insets, and show increased nuclear staining of TFEB and glycogen accumulation in cells lining, or near, the cyst,
in the ADPKD patient.
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suggested that activation of AMPK might slow renal cystogenesis, providing a potential therapeutic approach for
PKD [13,51-54]. Of note, in these studies non-specific approaches were used to activate AMPK (e.g. metformin,
2-deoxyglucose), so it is possible that AMPK-independent mechanisms could have contributed to the reported effects.
For example, metformin has been shown to inhibit cAMP production in hepatocytes independently of AMPK [55].
A recent study compared the effects of metformin, canagliflozin and salsalate, together with combined metformin
treatments in an adult-onset mouse model of PKD [56]. Treatment with salsalate alone resulted in the greatest degree
of protection. Whilst salsalate is the prodrug of salicylate, a direct activator of AMPK, it has AMPK-independent
effects and so interpreting the results of the present study is complicated. Nonetheless, it is possible that activation of
AMPK following the onset of cyst development could reduce cyst progression. This could potentially offer an expla-
nation for the reduction in cystic index that we observed in older mice (Figure 1B). How AMPK activation reduces
cyst development in adult mice once cystogenesis has been initiated is unclear, but could potentially involve increased
cyst drainage. Further studies investigating this mechanism could have important clinical implications for slowing
PKD progression.

A previous study described a kidney phenotype featuring cyst formation and impaired renal function in a mouse
model expressing an activating mutation (R528G) in the y2 subunit of AMPK [18]. Most of the cysts that were iden-
tified in our current study originated from collecting ducts, consistent with the AMPKy2RS model [18]. The time
course of cystogenesis was not studied in the Y28 model, however cysts were reported in mice aged 26 weeks when
fed a high-fat diet [18]. In contrast, the Y1 model has a more dramatic phenotype, with earlier onset PKD that is
present from less than 2 weeks postpartum. Other y2 knock-in models expressing activating N485I or R299Q mu-
tations did not lead to a detectable kidney phenotype or a kidney phenotype was not reported [18,57]. The difference
in the kidney phenotype in these models is unclear, however, one possibility could be related to different levels of
AMPK activity in the models. The y2R¢ mutant was reported to have higher AMPK activity compared with the y2N!
mutant [18]. Furthermore, AMPKYy1-containing complexes contribute approximately 80% of total AMPK activity in
rodent kidneys [58] so the y2 knock-in models would be predicted to have considerably less AMPK activity com-
pared with the y1 model. These observations imply that a threshold level of AMPK activation is required to initiate
renal cystogenesis. Moreover, the y2RS mutant had increased kidney glycogen accumulation similar to our model,
whereas the Y2N! mutant did not [18]. This is consistent with the hypothesis that glycogen accumulation may be a
contributing factor in cystogenesis, supported by previous observations that renal glycogen accumulation is sufficient
to induce cystogenesis [59,60]. Our preliminary data showing glycogen accumulation in kidney sections from patients
with ADPKD suggests that the AMPK activation mouse may be a useful model for understanding the progression of
ADPKD, particularly the potential for changes in metabolic pathways contributing to the disease.

There was no evidence for changes in the expression of Pkdl, Pkd2 or Pkhdl, the primary genetic defects in
PKD in humans. However, the possibility of AMPK activation affecting post-translational modification of the protein
products of these genes was not studied, so this cannot be ruled out as a potential mechanism. Increased Akt and Erk
signalling have previously been implicated in PKD pathogenesis [61-64] and both of these pathways were activated by
11 days of age in the D316A-Tg mice, when tubule dilations were evident. Increased cAMP levels were also detected in
kidneys from the global D316A-Tg model, which was strikingly evident by 3 weeks of age, consistent with the notion
that cAMP levels rise in parallel with PKD severity [65]. However, there was no significant change in cAMP levels in
the kidney-specific AMPK model, suggesting that changes in cAMP signalling are not essential for AMPK-mediated
cystogenesis.

Following AMPK activation, we observed increased renal expression of Hk I but not Hk II. This is consistent with
a previous study showing that Hk I, but not Hk II, gene expression is up-regulated in PKD tissues [50]. Interestingly,
immunohistochemical studies revealed that Hk I was expressed predominantly in the distal nephron of the mouse
kidney, whereas Hk II expression was most prominent in the proximal tubules. The renal expression pattern of Hk
has been incompletely delineated [66], however this proximal tubular pattern of Hk II staining has been reported
previously [67]. We noted a similar pattern of HK I staining in human kidney sections. AMPK activation has been
shown to lead to increased glucose uptake [68] which would be consistent with an increase in Hk expression. Cystic
kidneys have also been reported to have an increased dependence on glycolysis, as inhibiting glucose metabolism
alleviates PKD progression [49,50,54,69]. Localisation of Hk I expression to the cyst-forming tubules in the D316A-Tg
model and the known glycolytic dependence of PKD could indicate that increased Hk I expression may contribute
to the mechanism of cystogenesis.

Altered expression of autophagic proteins and nuclear expression of TFEB in the dilating tubules was noted in
D316A-Tg kidneys. Nuclear TFEB staining was also observed in collecting duct cysts in human ADPKD kidney sec-
tions. To our knowledge, this is the first report indicating increased nuclear TFEB expression in ADPKD cyst-lining
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cells. Previous studies have reported that activation of AMPK increases nuclear translocation of TFEB [70-73]. In-
creased nuclear Tfe3 expression has been observed in a folliculin (Flcn) knockout mouse model, which presents
with a PKD phenotype [74-76]. Furthermore, a PKD phenotype featuring collecting duct cysts was reported in a
kidney-specific TFEB overexpression model, suggesting that dysregulated TFEB/Tfe3 signalling is sufficient to drive
renal cystogenesis [77]. Very recently, constitutive activation of TFEB was reported to be a key driver of kidney abnor-
malities in a mouse model of Birt-Hogg-Dube syndrome [78] including increased kidney cystogenesis. In the future
it will be interesting to investigate whether AMPK-mediated regulation of the TFEB/Tfe3 pathway has a mechanistic
role in PKD pathogenesis.

There is growing interest in the role of metabolism in PKD pathogenesis, and the potential it brings for identify-
ing therapeutic targets [79]. Previous reports have highlighted the possibility of activating AMPK pharmacologically
to treat PKD. This idea was predicated on reports of lower levels of AMPK activity in cystic kidneys coupled with
the antagonistic effect of AMPK on mTOR signalling, a major driver of cyst progression [4,5,49,79]. Consequently,
the metabolic changes that occur in PKD have been suggested to be due primarily to up-regulated mTOR signaling
[50,80]. In this study, we show that chronic AMPK activation per se causes a PKD phenotype in mice. It will be im-
portant to determine whether established genetic mutations that cause PKD result in AMPK activation and whether
this is required for the metabolic reprogramming seen in PKD to drive cystogenesis.

Clinical perspectives

e The role of AMPK in regulating kidney function is incompletely understood and in the present study
we used a genetic gain-of-function AMPK mouse model to investigate the effect of chronic AMPK
activation in the kidney.

e Our findings reveal that chronic activation of AMPK leads to an early-onset PKD, with striking simi-
larity to human ADPKD.

e These findings have significant implications not only for future studies aimed at mechanistic under-
standing of human kidney disease, but also for potential therapeutic intervention.
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