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Ectopic cAMP signaling is pathologicin polycystic kidney disease; however, its spatiotemporal actions are
unclear. We characterized the expression of phosphorylated Creb (p-Creb), a target and mediator of cAMP
signaling, in developing and cystic kidney models. We also examined tubule-specific effects of cAMP
analogs in cystogenesis in embryonic kidney explants. In wild-type mice, p-Creb marked nephron pro-
genitors (NP), early epithelial NP derivatives, ureteric bud, and cortical stroma; p-Creb was present in
differentiated thick ascending limb of Henle, collecting duct, and stroma; however, it disappeared in
mature NP-derived proximal tubules. In Six2cre;Frs2o™/ mice, a renal cystic model, ectopic p-Creb stained
proximal tubule—derived cystic segments that lost the differentiation marker lotus tetragonolobus lectin.
Furthermore, lotus tetragonolobus lectin—negative/p-Creb—positive cyst segments (re)-expressed
Ncam1, Pax2, and Sox9 markers of immature nephron structures and dedifferentiated proximal tubules
after acute kidney injury. These dedifferentiation markers were co-expressed with p-Creb in renal cysts in
Itf88 knockout mice subjected to ischemia and Six2cre;Pkd1™™ mice, other renal cystogenesis models. 8-
Br-cAMP addition to wild-type embryonic kidney explants induced proximal tubular cystogenesis and p-
Creb expression; these effects were blocked by co-addition of protein kinase A inhibitor. Thus p-Creb/cAMP
signaling is appropriate in NP and early nephron derivatives, but disappears in mature proximal tubules.
Moreover, ectopic p-Creb expression/cAMP signaling marks dedifferentiated proximal tubular cystic
segments. Furthermore, proximal tubules are predisposed to become cystic after cAMP stimulation.
(Am J Pathol 2018, 188: 84—94; https://doi.org/10.1016/]j.ajpath.2017.09.015)

Polycystic kidney disease (PKD) is characterized by expansion
of tubular-derived cysts and interstitial fibrosis that replace the
renal parenchyma, usually leading to end-stage kidney dis-
ease.” In human patients with autosomal-dominant PKD,
approximately 85% have mutations in the PKDI gene that en-
codes polycystin 1 and approximately 15% have mutations in
the PKD2 gene that encodes polycystin 2.>* In addition, there
have been many mouse models of cystic kidney disease,
including those with Pkd mutations as well as in genes that
encode for proteins that associate with cilia.” ' Our laboratory
also recently found that Six2cre-mediated conditional deletion of
Frs2a, a major docking protein for fibroblast growth factor

receptors, in mouse nephron progenitors (Six2creFrs2aKO),
leads to embryonic kidneys with a loss of nephron progenitors
and postnatal kidneys with rapid and progressive renal cyst
growth.'""'? Although the precise cellular and molecular
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Creb Signaling in Cystic Kidney Disease

mechanisms by which these mutations lead to cystogenesis are
unclear, these varied cystic models share many common fea-
tures, such as ectopic canonical Wnt activation, ectopic sonic
hedgehog  activation, and  inflammation/macrophage
infiltration." "’

Ectopic cAMP signaling, which activates multiple signaling
pathways including direct phosphorylation of the transcription
factor Creb by protein kinase A (PKA), is associated strongly
with cystogenesis in both human and mouse models; however,
the precise temporal and spatial actions of cAMP/Creb signaling
in cystic kidney disease are not completely clear.'® >” Whether
ectopic cAMP signaling has any role in Six2creFrs2aKO mice
also is unknown. The severity of cystogenesis in Pkdl mutant
mice is increased by concomitant deletion of phosphodiesterase
isoforms leading to higher levels of cAMP.”" Also, the addition
of 8-Br-cAMP, a cAMP analog, is sufficient to induce cyst
formation in wild-type rodent embryonic kidney explants.
Moreover, cyst formation in embryonic kidney explants
harboring Pkdl (or other cystogenic) mutations also requires
addition of cAMP agonists.22 In addition, 8-Br-cAMP—induced
cyst formation in wild-type explants can be partially rescued by
inhibiting PKA activity and its associated increase in Creb
phosphorylation.”** Together, these observations suggest a
critical role of cAMP/PKA/p-Creb axis in cystogenesis,
although its temporal and tubular-specific effectors of the
pathway that drive cyst formation are unclear in humans and
animal models of PKD, including in Six2creFrs2aKO mice.

Although cAMP/p-Creb signaling is known to play critical
roles in the development of retina, lung, central nervous system,
and neural crest—derived tissues, little is known about its role in
kidney development, particularly in nephron progenitors.”* **
Kidney development occurs via reciprocal signaling between
the metanephric mesenchyme (containing nephron and stromal
progenitors) and the ureteric bud.”” The ureteric bud gives rise to
collecting ducts and stromal progenitors generate vascular per-
icytes, vascular smooth muscle, subsets of endothelia, mesangial
cells, and interstitial cells.”’" Nephron progenitors first transi-
tion to immature epithelial structures (renal vesicles, comma-
shaped bodies, and S-shaped bodies) that finally develop into
mature nephron epithelia, the largest volume of which becomes
mature lotus tetragonolobus lectin (LTL)-expressing proximal
tubules.” A previous study has shown that cAMP/PKA
signaling regulates branching of the ureteric bud by modulating
bone morphogenetic protein signaling.”> PKA also has been
shown to regulate renal tubulogenesis in a Wnt-dependent
manner.”> However, a comprehensive assessment of p-Creb
expression (ie, CAMP signaling) in the early stages of kidney
development is unknown.

In the current study, we ascertained the developmental
expression patterns of p-Creb to determine temporal and specific
sites of cAMP signaling in normal embryonic and postnatal
renal tissues. We then determined whether aberrantly activated
cAMP signaling appears in Six2creFrs2aKO mice and
compared these findings with other established models of cystic
kidney disease. Finally, we determined which renal tubular
segments become cystic in wild-type embryonic kidney explants
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treated with exogenous cAMP analogs. Collectively, these data
suggest that ectopic cAMP-mediated signaling through Creb
activation contributes to cyst development and progression by
causing dedifferentiation of proximal tubules.

Materials and Methods
Mice

Six2creEGFP;Frs20/™ [Six2creFrs2a knock-out (KO)] mice
were generated by breeding Frs2¢/" mice with transgenic
Six2creEGFP mice, as previously described,''*** on a mixed
genetic background (predominantly Friend leukemia virus B).
Pkd ™" mice were bred with transgenic Six2creEGFP mice to
generate Six2creEGFP;Pkd ™ (Six2crePkd]KO) mice on a
mixed 12951 and CD1 background.” Cre-negative littermates
were used as controls for both Six2creFrs2aKO and Six2-
crePkd]KO mice. As described, 1188 ™" mice were bred with
CAGG-CreER™ transgenic mice to generate CAGG-CreER-
T2;1t88 J4 animals and were maintained on a C57BL/6J
background; induction of Cre and thus global deletion of /fi88 in
adult CAGGcreER:Ifi88 ™ (Ii88KO) was achieved by once-
daily injection of tamoxifen (6 mg/40 g body weight) for 3
consecutive days.”’ ft88KO and Cre-negative littermates were
subjected to 30 minutes of left renal ischemia by pedicle
clamping followed by 3 weeks of reperfusion (IR). Right sham
kidneys underwent identical treatment without clamping of the
renal pedicle.”” Six2creEGFP transgenic mice were bred with
Ai9 (RCL-tdTomato) mice (stock 007909; The Jackson Labo-
ratory, Bar Harbor, ME), which were maintained on a C56BL/6J
background to generate Six2cre’ "t CAG-tdTomato™ . Animals
used in all of the experiments were maintained and euthanized
according to the principles and procedures described in the NIH
Guide for the Care and Use of Laboratory Animals.”® All animal
experiments were conducted with approval by the University of
Pittsburgh Institutional Animal Care and Use Committee.

Immunofluorescence Microscopy

Immunofluorescence microscopy approaches used in the cur-
rent study were described previously.'''***" Briefly, 4-um,
paraformaldehyde-fixed, paraffin-embedded kidney sections
were deparaffinized, rehydrated, and subjected to antigen
retrieval in citrate buffer (10 mm citrate, 0.1% Tween-20, pH
6.0) at 95°C for 30 minutes and then kept at room temperature
for 30 minutes. The sections were blocked for 1 hour in donkey
serum at room temperature and incubated for 12 to 18 hours
with primary antisera or lectins as follows: aquaporin-1 (1:500,
AQP11-A; Alpha Diagnostic Intl. Inc., San Antonio, TX), p-
Creb (1:500, 9188; Cell Signaling, Danvers, MA), Creb
(1:1000, 82630; Cell Signaling), Ncaml (1:2000; Sigma-
Aldrich, St. Louis, MO), Pax2 (1:1000, 71-6000; Thermo
Fisher, Rockford, IL), Six2 (1:1000, 11562-1-AP; Protein
Tech, Rosemont, IL), Sox9 (1:500, 9104; Cell Signaling),
Tamm-Horsfall Protein (1:500, MAB5175; R&D Systems,
Minneapolis, MN), LTL (1:500, FL-1321; Vector Biolab,
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Control E18.5

— | Six 2creFrs 20 KO E18.5

Figure 1  In control and Six2crefrs2a knock-out (KO) embryos, phos-
phorylated Creb (p-Creb) signal is present in nephron progenitors and early
epithelial derivatives but absent in mature proximal tubules. A and B:
Representative co-immunofluorescence images for p-Creb (red) and Ncam1
(green) in embryonic day (E)14.5 control (A) and Six2crefFrs2«KO (B) kid-
neys shows p-Creb expression in Ncaml-positive nephron progenitors
(concave arrowheads) and their immature epithelial derivative S-shaped
bodies (arrows), as well as in Ncam1-negative ureteric bud epithelia (ar-
rowheads). C and D: Co-immunofluorescence for p-Creb (red) and lotus
tetragonolobus lectin (LTL) (green) in E18.5 control (C) and Six2creFrs2aKO
(D) kidneys shows that p-Creb signal is absent in LTL-positive mature
proximal tubules (concave arrowheads), but persistent in LTL-negative
ureteric bud/collecting duct cells (UB) and stromal-derived interstitial
cells (arrows). E and F: Co-immunofluorescence for p-Creb (red) and
dolichos biflorus agglutinin (DBA) (green) in E18.5 control (E) and Six2-
creFrs2aK0 (F) kidneys confirms a persistent p-Creb signal in the DBA-
positive ureteric bud (arrowheads). Scale bars: 50 um.

Burlingame, CA), or dolichos biflorus agglutinin (DBA)
(1:500, FL-1031; Vector Biolab). Alexa Fluor 594 and Alexa
Fluor 488 secondary antibodies were used and nuclei were
stained with 4'6’-diamidino-2-phenylindole. Staining was
detected using a Leica DM 2500 fluorescence microscope
(Leica, Wetzlar, Germany). Immunofluorescence images
shown from Six2creFrs2aKO and CAGGCreER;Ifi88 ™
strains are representative from at least three kidneys isolated
from three mice of each genotype, whereas for Six2crePkd1KO
four kidneys, each isolated from two control and two mutant
mice, were analyzed. Immunofluorescence images of explants
generated from the wild-type or Six2cre”®"CAG-tdTomato™
are representative of at least three kidneys per treatment group.

Embryonic Kidney Explant Culture

Kidneys were harvested from wild-type or Six2cre’® " CAG-
tdTomato" E13.5 embryos and cultured at liquid—air interface

86

on hydrophilic polycarbonate nucleopore filters floating on
Dulbecco’s modified Eagle’s medium/F12 medium for 5 days
either in the presence or absence of the cAMP agonist, 8-Br-
cAMP (100 umol/L). Media with and without 8-Br-cAMP were
replaced every 24 hours. Wild-type kidney explants were pho-
tographed with a Leica M 165 FC stereo microscope every 24
hours, and after 5 days were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections (4 pm) were subjected to
immunofluorescence microscopy analysis and imaging as
described earlier. Embryonic kidney explants cultured from
Six2cre”™ " CAG-tdTomato™ were fixed with 4% para-
formaldehyde for 30 minutes and embedded in OCT, and 8-pim
cryosections were obtained and images were captured on a Leica
DM 2500 fluorescence microscope.

Results

Normal p-Creb Expression in Control and
Six2creFrs2aKO Embryonic Kidneys

The temporal and spatial expression of p-Creb (as a readout of
cAMP signaling) was determined in developing kidneys and it
was ascertained whether perturbations in p-Creb expression pat-
terns preceded cystogenesis in Six2creFrs2o KO mice. Sections
obtained from control and Six2creFrs2a KO mice at embryonic
day 14.5 (E14.5) were co-immunostained with p-Creb and
Ncaml, a marker of nephron progenitors and immature de-
scendants (Figure 1). In E14.5 control and Six2creFrs2aKO
mutant kidney sections, p-Creb and Ncam1 were co-expressed in
nephron progenitors and immature epithelial derivatives such as
S-shaped bodies (Figure 1, A and B). p-Creb signal also was
present in ureteric bud epithelia that did not express Ncaml.
Similar results were observed when comparing p-Creb immu-
nofluorescence in serial E14.5 control or mutant sections with
Six2, a nephron progenitor—specific marker, and Sox9, which
marks both immature epithelial NP derivatives and ureteric bud
(Supplemental Figure S1). At E18.5, p-Creb staining was absent
in LTL-expressing mature proximal tubules in both control and
Six2creFrs20KO kidneys (Figure 1, C and D), whereas p-Creb
expression persisted in DB A-positive ureteric epithelia/collecting
ducts (Figure 1, E and F) and in the interstitial cells derived from
stromal progenitors in both genotypes. Thus, in both control and
Six2creFrs20KO embryonic kidneys, p-Creb is expressed in
nephron progenitors and early epithelial derivatives, but is absent
in mature proximal tubular cells (suggesting physiologic cAMP
signaling in nephron progenitors and immature derivatives).
Conversely, ureteric and stromal derivatives persistently express
p-Creb. Finally, in precystic Six2creFrs2aKO embryonic kid-
neys, cCAMP signaling appears normal.

Ectopic p-Creb Expression in LTL-Negative Segments of
Proximal Tubule—Derived Cysts in Postnatal
Six2creFrs2aKO Kidneys

To determine whether Creb phosphorylation is mis-regulated in
the cystic kidneys of Six2creFrs2a KO mice, we co-stained
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Figure 2  P7 and P21 Six2creFrs2a knock-out (KO) kidneys ectopically
express phosphorylated Creb (p-Creb) in lotus tetragonolobus lectin (LTL)-
negative segments of proximal tubule—derived cysts. A—D: Representative
co-immunofluorescence images for p-Creb (red) and LTL (green) in P7 and
P21 control and Six2crefrs2aKO kidneys. In P7 and P21 controls (A and C),
p-Creb signal is present in stromally derived interstitium (I) and glomeruli
(G) and in nondilated LTL-negative tubules (arrows), but is absent in
LTL-positive proximal tubules (A and C, arrowheads). B and D: In Six2-
creFrs2aK0 kidneys, p-Creb is absent in LTL-positive cells in both non-
dilated tubules and in cysts (arrowheads); however, it is expressed
ectopically in LTL-negative cystic segments (concave arrowheads) and
present in many nonproximal tubular cells (likely interstitium and col-
lecting ducts). Scale bars: 50 pum.

kidney sections obtained from postnatal day 7 and postnatal day
21 control and Six2creFrs2oKO mice with p-Creb antibody and
markers of mature renal tubular segments. In control kidneys, p-
Creb signal was present in a few glomerular cells, DBA-positive
collecting ducts, subsets of Tamm-Horsfall protein—positive
thick ascending limbs of the Henle Loop and stroma, but was
never observed in LTL-positive mature proximal tubules,
similar to E18.5 kidneys (Figure 2, A and C, Supplemental
Figure S2, A and C, and not shown). In both P7 and P21 Six2-
creFrs2aKO kidneys, nondilated LTL-positive tubules and
LTL-positive cells within cysts were p-Creb negative (similar to
controls); however, many cysts contained segments that had lost
LTL expression and had become p-Creb—positive (Figure 2, B
and D). The other mutant tubular segments examined (thick limb
and collecting ducts) expressed p-Creb as in controls, and none
of the cysts in Six2creFrs2aKO mice were Tamm-Horsfall
protein— or DBA-positive (Supplemental Figure S2, B and
D). Finally, immunofluorescence with an antibody that recog-
nizes nonphosphorylated (total) Creb showed expression
throughout all segments of control and Six2creFrs2aKO kid-
neys, including mutant cyst lining cells (Supplemental
Figure S3). Together, these data show that the cysts in Six2-
creFrs2aKO mice arise from proximal tubules and that seg-
ments of the cyst lining cells that had lost LTL staining
expressed p-Creb ectopically.

It was unclear why these LTL-negative mutant cystic seg-
ments lost LTL expression and gained p-Creb expression. Loss
of LTL expression in proximal tubules is seen in cells that have
undergone dedifferentiation after acute kidney injury.”' To
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examine the possibility that the mutant LTL-negative/
p-Creb—positive cells represented a population of dediffer-
entiated proximal tubular cells, p-Creb and LTL
co-immunofluorescence was compared on P21 control and
mutant kidney serial sections with Ncam1, Pax2, or Sox9 (three
markers of immature/dedifferentiated nephron derivatives) and
LTL (Figures 3 and 4). As expected, LTL-expressing control
P21 proximal tubules were p-Creb and Ncaml negative
(Figure 3, A and C). In contrast P21 Six2creFrs20KO kidneys
had LTL-negative regions within proximal tubule—derived
cysts that expressed both p-Creb and Ncaml ectopically,
whereas all LTL-positive cells, including cystic cells, remained
p-Creb and Ncam1 negative (Figure 3, B and D). Co-staining of
P21 kidney sections with Pax2/LLTL showed that control LTL-
positive proximal tubules were Pax2 negative, whereas non-
dilated LTL-negative tubules (presumably collecting ducts)
expressed Pax2 (Figure 4A). In contrast, mutant P21 kidneys
showed ectopic Pax2 staining in LTL-negative cystic cells as
well as normal Pax2 expression in what are likely collecting
ducts, but no staining in LTL-positive cells, including those
within cysts (Figure 4B). Similarly, co-staining of P21 kidney
sections with Sox9/LTL showed that control LTL-positive
proximal tubules were Sox9 negative (Figure 4C), whereas
mutant P21 kidneys showed ectopic Sox9 staining in cystic
segments with reduced or absent LTL (Figure 4D). The same
p-Creb, Ncam1, and Pax2 staining patterns were observed in P7

Six2creFrs20KO P21

Figure 3  Ectopic Ncam1 expression in lotus tetragonolobus lectin (LTL)-
negative/phosphorylated Creb (p-Creb)—positive proximal tubule—derived
cyst segments in P21 Six2creFRS2« knock-out (KO) kidneys. A—D: Co-
immunofluorescence for p-Creb (red) and LTL (green) or Ncam1 (red) and
LTL (green) on serial sections obtained from P21 control and Six2crefrs2aKO
kidneys. A: In controls, p-Creb signal is present in LTL-negative cells that
likely include collecting ducts (arrows), but absent in LTL-positive proximal
tubules (arrowheads). B: In Six2crefrs2aKO kidneys, p-Creb is absent in LTL-
positive segments of nondilated tubules and cyst cells (arrowheads), but is
expressed ectopically in LTL-negative cystic segments (concave arrowheads)
and is present in many nonproximal tubule—derived cells similar to controls
(arrow). C: In controls, Ncam1 staining is absent, including in LTL-positive
proximal tubules (arrowhead). D: In Six2crefrs2aKO kidneys, Ncaml
expression is absent in LTL-positive nondilated tubules and LTL-positive
cystic cells (arrowheads), whereas it is expressed ectopically in the LTL-
negative cystic segments, overlapping with p-Creb (concave arrowheads)
(compare B and D). Scale bars: 50 pum.
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Figure 4  Ectopic Pax2 and Sox9 expression in lotus tetragonolobus
lectin (LTL)-negative proximal tubule—derived cystic segments in P21
Six2creFRS2a knock-out (KO) kidneys. A and B: Co-immunofluorescence for
Pax2 (red) and LTL (green) in P21 control and Six2creFrs2oK0 kidneys. Az In
controls, Pax2 expression is absent in LTL-positive proximal tubules
(arrowhead) and present in LTL-negative tubules (likely collecting ducts)
(arrow). B: In Six2crefrs2aKO kidneys, Pax2 again is absent in all LTL-
positive segments, both in nondilated tubules and cysts, but is expressed
ectopically in LTL-negative cystic segments (concave arrowheads) and
expressed in nondilated LTL-negative tubules (likely collecting ducts)
(arrowheads). Arrow indicates Pax2 expression in LTL-negative tubules
(likely collecting ducts). € and D: Co-immunofluorescence for Sox9 (red)
and LTL (green) in P21 control and Six2crefrs2aKO kidneys. C: In controls,
Sox9 expression is absent in LTL-positive proximal tubules (arrowhead). D:
In Six2creFrs2aK0 kidneys, Sox9 is absent in nondilated tubules and cyst
lining cells that robustly express LTL (arrowheads), but is expressed
ectopically in cystic segments with reduced or absent LTL staining (concave
arrowheads). Scale bars: 50 pm.

control and Six2creFrs2aKO kidneys (not shown). Together,
p-Creb is co-expressed ectopically with Ncam1, Pax2, and Sox9
in regions of proximal tubule—derived cysts that were losing
LTL expression, consistent with dedifferentiation of these
epithelial cells.

Ectopic p-Creb Expression in LTL-Negative Proximal
Tubule—Derived Cystic Cells in Ift88 Conditional KO
Mice Subjected to Ischemia/Reperfusion

To determine whether the aberrant p-Creb/cAMP signaling
observed in Six2creFrs2aKO occurred in other cystic kidney
disease models, kidneys of mice in which /ft88, a gene encoding
for primary ciliary intraflagellar transport and ciliary biogenesis
is inducibly deleted throughout the kidney at P30, were exam-
ined. The kidneys were subjected to 30 minutes of unilateral
renal ischemia-reperfusion injury (IRI) and allowed to recover
for 3 weeks. Although deletion of Ift88 in P30 kidneys results in
loss of cilia, it is only after IRI that the kidneys develop rapid and
severe cystic kidney disease (as is true for postnatal deletion of
many PKD-associated genes).”’ As expected, cysts were
observed only in the [ff8§8KO/IRI kidneys (and not in controls
subjected to IR or sham surgery or in [ft{§8§KO subjected to
sham surgery). In all conditions, p-Creb immunostaining was
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observed in both collecting ducts and interstitium, and Pax2
staining was observed in collecting ducts (Figure 5 and not
shown). Similar to Six2creFrs2aKO mice, immunofluorescence
in /ft88KO/IRI kidneys also showed many cysts that had LTL-
positive and LTL-negative regions; LTL-negative segments
expressed p-Creb, Pax2, Ncaml, and Sox9 (Figure 5, J—L and
Supplemental Figure S4D). In control mice subjected to IR,
Pax2 (Figure 5E), Ncaml (Figure 5F), or Sox9 (Supplemental
Figure S4B) were not observed in LTL-positive proximal tu-
bules. Rare LTL-expressing proximal tubules that also had
p-Creb staining were observed (Figure 5D; this was consistent
with fading p-Creb/cAMP signal in proximal tubular cells that
have been redifferentiating after IRI). Sham-operated control
and Ift88KO mice had no p-Creb, Pax2, Ncaml, or Sox9
expression in LTL-positive proximal tubular cells (Figure 5,
A—C and G—TI and Supplemental Figure S4, A and C).

Ectopic p-Creb Expression in LTL-Negative Proximal
Tubule—Derived Cysts in Six2crePkd1KO Kidneys

P-Creb expression then was interrogated in another bona fide
PKD model, in which Six2cre was used to conditionally delete
Pkdl, the gene encoding for polycystin 1, which is the most
frequently mutated gene seen in patients with autosomal-
dominant PKD.**** Hematoxylin and eosin staining of the
kidneys of Six2crePkd KO mice showed earlier onset and more
rapid progression of cysts than Six2creFrs2aKO mice; some
cysts were observed at E15.5, cysts virtually replacing the renal
parenchyma by P1, and larger cysts throughout the kidney at P5
(Supplemental Figure S5). Immunofluorescence in P1 Six2-
crePkdIKO mice showed proximal tubule—derived cysts with
ectopic p-Creb staining, mostly in regions that lost LTL
expression, but in occasional cells with reduced LTL staining; as
predicted, control LTL-positive proximal tubules never stained
for p-Creb (Figure 6, A and B). Immunostaining for Pax2,
Ncaml, and Sox9 in Six2crePkd]KO mutants also showed
ectopic expression in proximal tubule—derived cysts, mostly in
LTL-negative regions, but in some cells with reduced LTL
expression (Figure 6, C—F and Supplemental Figure S6). Thus,
(re)-expression of p-Creb in dedifferentiating cells of proximal
tubule—derived cysts is a feature in Six2crePkd KO kidneys, as
is true for the other two cystic models.

Wild-Type Embryonic Kidney Explants Treated with
8-Br-cAMP Develop Proximal Tubular—Derived Cysts
with Ectopic p-Creb and Pax2 Staining

Treatment of wild-type embryonic kidney explants with cAMP
analogs including 8-Br-cAMP is known to result in cysto-
genesis.”” To determine whether 8-Br-cAMP stimulation
induced dedifferentiation and stimulated p-Creb expression in
proximal tubules, E13.5 kidney explants were cultured with
100 pmol/L 8-Br-cAMP. We first noted cysts/dilatations in
cAMP analog-treated explants on day 3 that increased in size
and number by day 5, whereas explants cultured with vehicle
alone developed no cysts (Supplemental Figure S7). To
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Figure 5  Ectopic phosphorylated Creb (p-Creb), Pax2, and Ncam1 expression in proximal tubule—derived cystic segments with decreased or absent lotus tet-
ragonolobus lectin (LTL) staining in adult Ift88 knock-out (KO) kidneys 3 weeks after ischemia-reperfusion (IR). A, D, G, and J: Representative co-immunofluorescence
images for p-Creb (red) and LTL (green) in control and Ift88K0, 3 weeks after IR injury or sham surgery. A: No p-Creb signal is present in control kidneys subjected to
sham surgery (arrowhead), but it is presentin non—LTL-positive cells that are likely interstitium (I) and collecting ducts (arrow). D: In control kidneys subjected to IR
injury, p-Creb signalis observed in few LTL-positive proximal tubules (concave arrowheads) and in LTL-negative tubules (likely collecting ducts) (arrow), but absentin
most LTL-positive proximal tubules (arrowheads). G: In Ift88KO0 kidneys subjected to sham surgery, no p-Creb signal is observed in LTL-positive proximal tubules
(arrowhead), but is present in LTL-negative interstitium (I) and tubules (likely collecting ducts) (arrow). J: In Ift88K0/IR kidneys, p-Creb is absent in LTL-positive
tubules and cystic cells (arrowheads), but is expressed ectopically in cystic segments with reduced or absent LTL staining (concave arrowheads). Arrow indicates p-
Creb expression in interstitial cells. B, E, H, and K: Representative co-immunofluorescence images for Pax2 (red) and LTL (green). In the kidneys of control mice
subjected to sham or IR injury surgery and Ift88KO0 kidneys subjected to sham surgery, Pax2 expression was seen only in LTL-negative tubules (likely collecting ducts)
(arrows) and not in any LTL-positive tubules (arrowheads) (B, E, H). K: In Ift88KO0/IR injury kidneys, Pax2 is absent in LTL-positive nondilated tubules and cystic cells
(arrowheads), but is expressed ectopically in LTL-negative regions of cysts (concave arrowheads). Arrow indicates Pax2 expression in LTL-negative tubule (likely
collecting duct). C, F, I, and L: Representative co-immunofluorescence images for Ncam1 (red) and LTL (green). In the kidneys of control mice subjected to sham or IR
injury surgery and Ift88K0 kidneys subjected to sham surgery, Ncam1 is not expressed in any LTL-positive tubules (arrowheads) (C, F, I). L: In Ift88KO/IR kidneys,
ectopic Ncam1 signal is observed in LTL-negative regions of proximal tubule—derived cysts (concave arrowhead). Inset: Magnified view of the Ncam1-positive cell
from boxed area. Ncam1 is not expressed in any LTL-positive tubules (arrowhead). Scale bars: 50 pm.

determine the origin of the cysts and whether proximal tubu-
le—derived cysts lost differentiation markers, co-
immunofluorescence was performed in serially sectioned ex-
plants with Aqpl (proximal tubule marker) and DBA lectin
(ureteric/collecting duct marker) (Figure 7, A and B) or Aqp2
(collecting duct marker) and LTL lectin (proximal tubular
marker) (Figure 7, C and D). Similar to Six2creFrs2aKO and
the other PKD models tested, cAMP-treated kidney explants
had cysts with both LTL-positive and LTL-negative segments
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(Figure 7D), and LTL-negative segments have reduced Aqpl
(Figure 7B) staining as well, suggesting that 8-Br-cAMP
induced dedifferentiation of proximal tubules. Surprisingly,
most of the cysts induced by 8-Br-cAMP had segments that
were Agpl or LTL positive (Figure 7, B and D), and that none
of the cysts were DBA or Aqp2 positive (Figure 7, B and D);
this suggests that the majority of the cysts originated from
nephron-derived proximal tubules and not from ureteric
bud—derived collecting ducts.
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Figure 6 Ectopic phosphorylated Creb (p-Creb), Pax2, and Ncaml
expression in proximal tubule—derived cystic segments with decreased or
absent lotus tetragonolobus lectin (LTL) staining in P1 Six2crePKD1 knock-
out (KO) kidneys. A—F: Representative co-immunofluorescence images for
p-Creb (red) and LTL (green) (A and B), Pax2 (red) and LTL (green) (C and
D), or Ncam1 (red) and LTL (green) (E and F) in control and Six2crePkd1KO
kidneys. Az In controls, p-Creb signal is absent in all LTL-positive proximal
tubules (arrowhead) and is present in LTL-negative interstitium (I) and
tubules (likely collecting ducts) (arrow). B: In Six2crePkd1KO kidneys, p-
Creb is absent in most cells with strong LTL staining, but is expressed
ectopically in proximal tubule—derived cystic segments with reduced or
absent LTL expression (concave arrowheads) and in LTL-negative inter-
stitium (arrow). C: In controls, Pax2 is absent in LTL-positive proximal
tubules (arrowhead) and present in LTL-negative tubules (likely collecting
ducts) (arrow) (yellow-labeled cells are red blood cells). D: In Six2-
crePkd1KO kidneys, Pax2 is expressed ectopically in cystic cells with low or
absent LTL expression (concave arrowhead). E: In controls, Ncam1 is
present in early epithelial nephron derivatives (arrow), but absent in LTL-
positive proximal tubules (arrowhead). F: In Six2crePkd1KO kidneys, Ncam1
is expressed ectopically in cystic tubules that have reduced or absent LTL
staining (concave arrowheads), and present in normal early epithelial
nephron derivatives (arrow). Scale bars: 50 pum.

Although a minority of cysts induced by 8-Br-cAMP were
Aqgpl/LTL negative (and Aqp2/DBA-negative), we suspected
that the cysts may have originated from proximal tubules that
had completely lost both differentiation markers. To clarify
whether the cysts originated from nephron progenitors (which
give rise to proximal tubules) a Six2cre’®" CAG-tdTomato™
mouse strain was generated in which Six2cre-mediated recom-
bination permanently labels nephron progenitors and their de-
rivatives with tdTomato. Cryosections from vehicle and
8-Br-cAMP—treated kidney explants isolated from this trans-
genic line showed that all but a few of the cysts labeled with
tdTomato (Figure 8). None of the of the cysts (including the
tdTomato-negative cyst lining cells) labeled with DBA (not
shown). Taken with the earlier data, virtually all of the cysts
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induced by exogenous cAMP originate from nephron pro-
genitors (and likely are proximal tubule in origin).

It then was ascertained whether 8-Br-cAMP—induced prox-
imal tubule—derived cystic segments ectopically expressed
p-Creb or Pax2 (Figure 9). The cystic segments with reduced or
no LTL staining expressed p-Creb and Pax2 (Figure 9, B and D).
Few subpopulations of vehicle-treated explant proximal tubules
(mostly LTL-negative segments) that also expressed p-Creb and
Pax2 also were observed, consistent with tubular segments that
had not yet fully differentiated in culture (Figure 9, A and C).
Together with the data showing loss of proximal tubule differ-
entiation markers, the ectopic p-Creb and Pax2 staining in seg-
ments of the cysts are consistent with dedifferentiation of these
cystic segments.

Inhibition of PKA Blocks 8-Br-cAMP—Mediated
Cystogenesis and Creb Phosphorylation in Kidney
Explants

To determine whether 8-Br-cAMP—induced cystogenesis
and Creb phosphorylation is mediated by PKA, the effect of
concomitant addition of the PKA inhibitor H-89 with 8-Br-
cAMP in kidney explants (Supplemental Figure S8) was
Vehicle 8-Br-cAMP

&

*

Figure 7  Exogenous 8-Br-cAMP in embryonic kidney explants results in
cysts that are derived mostly from proximal tubules. Co-immunostaining
with Agpl (red) and dolichos biflorus agglutinin (DBA) (green) or Agp2
(red) and lotus tetragonolobus lectin (LTL) (green) in serial sections of
vehicle or 8-Br-cAMP—treated embryonic day (E)13.5 kidney explants
cultured for 5 days. A: Explants cultured in media and vehicle have normal
Agp1 (proximal tubule marker) and DBA (ureteric/collecting duct marker)
staining with no cysts. B: Explants cultured in media and 8-Br-cAMP
develop cysts that frequently co-label with Aqpl (asterisks); although
some cysts have partial loss of Agp1l staining (concave arrowheads) and
many Agpl-expressing tubules are not dilated (arrowheads). None of the
cysts in the 8-Br-cAMP—treated explants label for DBA (arrows). C: Ex-
plants cultured in media and vehicle have normal Agp2 (collecting duct
marker) and LTL (proximal tubule marker) staining with no cysts. D: Ex-
plants cultured in media and 8-Br-cAMP develop cysts that frequently co-
label with LTL (asterisks), although some cysts have partial loss of LTL
staining (concave arrowheads) and many LTL-expressing tubules are not
dilated (arrowheads). None of the cysts in the 8-Br-cAMP—treated explants
label for Agp2 (arrows). Scale bars: 100 pm.
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Figure 8  Lineage tracing shows that virtually all cysts induced by 8-Br-
cAMP in embryonic kidney explants come from nephron progenitors. A—F:
Fluorescent (A and B), brightfield (C and D), and merged images (E and F)
of cryosections obtained from embryonic day (E)13.5 Six2cre™ ™ CAG-
tdTomato™ kidney explants treated with vehicle or 8-Br-cAMP. A, C, and E:
Vehicle-treated explants have no cysts. B, D, and F: Explants cultured in 8-
Br-cAMP—containing media develop cysts, almost all of which express td-
Tomato (red, asterisks). Scale bar = 100 um.

examined. Stereomicroscopic imaging (Supplemental
Figure S8, A and B) of the whole explants and hematoxy-
lin and eosin staining of the sections (Supplemental
Figure S8, C and D) showed that H-89 blocked 8-Br-
cAMP—induced cystogenesis. Co-immunofluorescence of
the sections with p-Creb and LTL (Supplemental Figure S8,
E and F) showed that H-89 addition clearly blocked both
cyst formation and ectopic p-Creb staining in LTL-positive
tubules (above the limited baseline p-Creb/LTL co-staining
seen in vehicle-treated explants: compare Figure 9A with
Supplemental Figure S8F). Together, these data suggest that
8-Br-cAMP activates PKA to phosphorylate Creb and drive
cystogenesis.

Discussion

In the current study, the expression pattern of p-Creb, which
likely reflects cyclic AMP/PKA signaling in the normal
developing kidney and in several cystic kidney disease
models, was first evaluated. p-Creb staining was present in
nephron progenitors and early differentiating nephron
structures and was absent in mature LTL-positive proximal
tubular nephron derivatives in both wild-type and Six2-
creFrs2aKO embryos. Notably, temporal activation of
cAMP/p-Creb signaling is known to regulate development
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in other systems, including myogenesis and somite devel-
opment.”’”%** Based on our study, cAMP/p-Creb signaling
appears to have a role in the development or differentiation
of nephron progenitors and other early developing renal
tissues.

Our study also showed insights into temporal and spatial
expression and actions of cAMP in models of renal cysto-
genesis. In the Six2creFrs2aKO model, ectopic p-Creb
expression was observed in the LTL-negative regions of
proximal tubule—derived cysts. This appears largely true in
the Ift88KO/IRI and the Six2crePkdIKO mice as well.
Several lines of evidence have suggested that these
p-Creb—positive cells mark dedifferentiation of the prox-
imal tubule—derived cells, including: i) as noted, p-Creb is
expressed in nephron progenitors and their early derivative
structures but is absent in mature proximal tubules, ii) p-
Creb—positive proximal tubular—derived cysts have either
dramatically reduced or absent LTL staining indicative of a
partial or complete loss of the brush border, a microvilli-
covered surface (ie, a well-defined marker of differentia-
tion), and iii) co-immunoflourescence of serial sections
obtained from kidneys of all three models showed that p-
Creb—positive cells express Pax2, Ncam1, and Sox9, which
also are expressed in nephron progenitors and/or immature
derivatives and are well-established markers of dedifferen-
tiation in proximal tubules subjected to acute kidney injury

8-Br-cAMP

Vehicle

Figure 9  Ectopic phosphorylated Creb (p-Creb) and Pax2 expression in
proximal tubule—derived cysts induced by 8-Br-cAMP in wild-type kidney
explants. Representative co-immunofluorescence images for p-Creb (red)
and lotus tetragonolobus lectin (LTL) (green) (A and B) or Pax2 (red) and
LTL (green) (C and D) on sections obtained from embryonic day (E)13.5
kidney explants cultured in media and vehicle or media and 8-Br-cAMP for 5
days. A: In vehicle-treated explants, p-Creb largely is absent in LTL-positive
proximal tubule (arrowheads), although it is expressed in few LTL-positive
tubules (concave arrowheads), in nephron progenitors (arrow), and a
glomerulus (G). B and D: In 8-Br-cAMP—treated explants, p-Creb—positive
(B) and Pax2-positive (D) cells are found in patterns similar to vehicle-only
explants, but also are expressed ectopically in proximal tubule—derived
cystic cells with decreased or absent LTL staining (concave arrowheads). C:
Pax2 also largely is absent in LTL-positive tubules (arrowheads), but is
found in a few LTL-positive cells (concave arrowhead) and in LTL-negative
tubules (likely collecting ducts) (arrow). Scale bars: 50 pum.
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(AKI).45 4% Given that aberrant/ectopic cAMP/PKA
signaling is known to have a pathogenic role in PKD pro-
gression, it appears likely that in nephron-derived cysts, this
pathway has a pathogenic role in driving dedifferentiation in
segments of the cysts.

Interestingly, reactivation of p-Creb appears necessary for
regeneration of muscle after acute injury may physiological
roles after acute kidney injury.”” Dedifferentiated proximal
tubular cells in mice subjected to AKI are known to re-
express genes that are crucial during kidney development
such as Pax2, Ncaml, and Sox9. p-Creb also is activated in
distal tubules of the kidneys subjected to AKI and in a
cultured proximal tubule cell line incubated with
cisplatin.***” Phosphorylation of Creb in proximal tubules
may promote dedifferentiation and expansion of proximal
tubular cells after exposure to these injury stimuli (followed
by redifferentiation). Although phosphorylation of Creb has
not been defined as a feature of dedifferentiation after AKI,
p-Creb was detected in LTL-positive proximal tubules of
the kidney of control mice 3 weeks after the induction of
AKI; this suggests that Creb is phosphorylated during the
recovery phase of AKI. In the context of [ft88 deletion,
persistent p-Creb expression correlates with a dedifferenti-
ation phenotype that has been identified as a feature of PKD
that contributes to its pathogenesis™ ' Further studies are
required to determine whether inhibition of Creb phos-
phorylation in proximal tubules in Six2creFrs2aKO or
Six2crePkdKO mice would attenuate cyst progression.

Impaired terminal differentiation of proximal tubular cells
also may be responsible for the LTL-negative/p-Creb—
positive segments in Six2creFrs2aKO mice; however, some
observations argue against this possibility. First, despite
exhaustive efforts, no LTL-positive/p-Creb—positive cells
were detected in E18.5 Six2creFrs2aKO mice, implying
that normal differentiation of Frs2a-deficient nephron pro-
genitors into proximal tubules occurred. In addition,
Ift88KO/IRI mice have normal proximal tubular differenti-
ation before the induced deletion of Ift88 at P30, and yet
develop LTL-negative/p-Creb—positive segments in the
renal cysts. Moreover, most patients with autosomal-
dominant PKD develop cysts postnatally, making it
unlikely that there are early renal tubular developmental/
differentiation defects in these patients.”” Finally, Pkd
mouse models do not appear to have defects in differenti-
ation of tubular segments and yet Six2crePkd/KO mice
have ectopic p-Creb expression in cells with reduced or
absent LTL expression.””””* It remains to be determined
whether the appearance of LTL-negative/p-Creb—positive
segments in cysts in different models of PKD share under-
lying mechanisms and stimuli.

Finally, we show that exogenous 8-Br-cAMP, which is
known to be sufficient to cause cyst formation in wild-type
embryonic kidney explants, induces the loss of LTL (and, to
a lesser degree, Agpl) and the re-expression of p-Creb in
cystic proximal tubules; this indicates that Creb is one of the
direct or indirect downstream targets of cAMP signaling in
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proximal tubules. Pax2 expression also was observed in
cystic proximal tubules of embryonic kidney explants
treated with 8-Br-cAMP. Notably, cAMP stimulation is
known to increase in Pax2 expression in epithelial cells of
the collecting duct.”” The cysts induced in explants stimu-
lated with 8-Br-cAMP appeared to be derived from prox-
imal tubules whereas, as expected, but surprisingly, no
dilatations/cysts were observed in DBA- or Agp2-positive
ureteric/collecting duct cells. Although there were a few
cysts in the cAMP-treated explants that did not label for
either proximal tubule or collecting duct markers, virtually
all of the cysts were marked by tdTomato, in the Six2cre’®*
CAG-tdTomato™ lineage tracing studies, suggesting that the
proximal tubules as the main target of 8-Br-cAMP induced
cystogenesis in embryonic kidney explants. Notably, our
results contrast to the previously reported findings in which
the 8-Br-cAMP stimulation of Pkdl KO explants led to cyst
development that originated from both LTL and DBA
expressing epithelium.”” One possibility for the differences
is that wild-type explant collecting ducts may have a
different threshold for cystogenic response than those
lacking Pkdl. The apparent differential cystic response of
proximal tubules versus ureteric epithelia to cAMP analog
in wild-type mice may be owing to differences in their
endogenous level of Creb activation. Although p-Creb is
absent in mature proximal tubules, it persists in mature
collecting duct cells. Thus, the collecting duct may be more
resistant to cystogenesis driven by cAMP. Perhaps with age,
normal p-Creb levels may decrease, rendering aged col-
lecting ducts more susceptible to cAMP-mediated cysto-
genesis in patients with PKD or other mutations. Whether
collecting duct cystogenesis, as occurs in autosomal-
dominant PKD, is less dependent on cAMP than in other
regions of the kidney such as the proximal tubule remains to
be determined.
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