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One Sentence SummaryTuberows sclerosis complekSC) patients develop renal cysts by a
novel induetion'mechanism.

Abstract. Tuberous sclerosis complex (TS€gatumor predisposition syndrome with significant
renal gstic and solid tumor disease. While the most common renal tumdarSC the
angiomyolipoma, exhibits a loss of heterozygosity associated with diseadeve discovered
that the renal_cystic epitheliurm composed of type A intercalated cellst have an intacfsc
genethat havebeen induced to exhibitsc-mutantdiseasghenotype. Although this mechanism
appears to.beifferent than that for ADPKD, it still is mTORCL1 inhibitor responsive. The
murine models_@scribed here closely resemble the hunthsease ah both appearto be
MTORCL1 inhibitor responsiv&@he inductiorsignalingdriving cystogenesisay be mediated by

extracellular vesiclérafficking.
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Introduction:

Tuberous sclerosis complex (TSC)caused bymutations in either th@SC1 or TSC2
genesand @affects over one million patients woerldde (24, 33, 73).0Over 80% of young patients
andall postmortemsamplegmean age 30 yea(89)) were found to haveenal diseaseRenal
cystic disease is detected by MRI~B0% of TSC patientsthough the pathogenessnot well
studied. Premature decline of glomerular filtration rate (GFR) occurd0fo of patients with
TSC (8) and.can occumn the absence of overt angiomyolipomata bleeding or interventions and
is, at least in‘part, due to renal cystic disease.

TSC renal cystic disease exhibits falistinctpatterng6, 7) and involvesthe mechanistic
target of rapamycin complex 1 (mTORGignaling pathway. The mTORC1 signaling pathway
integratessintra and extracellular information teegulate cellular metabolism, translation,
growth, proliferation, autophagy, and survivahd is critical for organogenesis and organ
maintenanceThe TSC proteindirectly regulatenTORC1 activity andinfluence downstream
processes,_including renal development, homeostasis naldjnancy. Althoughthe TSC
proteins play*aypivotal role of in cell biology, hahar regulation of thenTORC1 pathwayis
involvedin-eystogenesis igot known.

The etiology of another commo SC renalesion, angiomyolipomatas thoughtto rely
on a somatie®mutation mechanism that disables the functoomglof the affectedTSC locus
leading t@ clonal proliferation of cells lacking T$&ediated regulation of the mTORC1
pathway (57) There are multiple interactions between mTORC1 signaling and candidate
cystogenic, mechanisms. Investigation of bd#del- or Tsc2-associatedenal cystic disease
mouse models directlf1, 61, 101)or indirectly (21) demonstrateé that cystogenesis is
attributable tospecific nephron segments, aadl tubular segments have been implicatedso
cyst formation(95). The identification of the cell of origin for renal cystsc@mplicated by the
tubular epithelial capacity to undergo dedifferentiation during repaéiergtion, andestorative
processes that“recapitulate renal developmemtadesse$30). Interestingly, all mouse model
studies that examined both mTORC1 activity andet#d) cellsexhibit a mismatch beveen
exhuberantystic phosph&s6 expressiorand the much lowgrsercentage ofells exhibiting loss
of Tsc expressiofil, 61, 101).
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Published mousé&scmodels are commonly reported to be born with normal kidneys but
cystogenesis progresses with age. One such nmedebeen reported to lassociated with a
potassium excretion defe@1). Early investigation revealed that the majority of reryats
maintain theirTsc locus integrity (61, 98) as loss of heterozygosity was found in a striking
minority of_eysic epithelial cells. This is similar to human TSC renal cystic disedsere
human cysts _continue to express tuberin and hamartin, and this contrasts withddfermyt
mechanismin‘the formation of angiomyolipomata, which show an inactivating omugatd loss
of Tsc gene“expressiofll3). Such a low percentage of loss of heterozygosity is seen also in
PKD1 associated autosomal dominant polycystic kidney disease, suggesting that stich cy
disease maysepresent a unique disease mechéd)iddh) .

To buildon these initial studies dc-associated renal cystic disease in the mouse model
system, we employed two newllevelopedmouseTsc-renal cystic disease models, one that
disrupts thel'sc2 gene in renal principal cells, and the other that disrupt3dtiegene in renal
pericytes. These models suggest that, similar to renal development, a tissue induction or
reprograming=phenomenon occurs such that oatts an irtact Tsc gen@doptTsc mutant cell
phenotypes, “defining a new and distinct mechanism of disease from that reported for
angiomyolipomata development. These finding help explain the discrepanciesrbeisasse
tissue architecture and persistence of TS@egm expression and demonstrate thanetically
normal, TSGintactcells are induced in large part to participate in cystogenesis.

Results:

Mouse Models.of Tsc Cystic Kidney Disease

The most severe forms of human TSC cystic disease inphlgeystic \ariety associated
with the contiguous gene syndron(@6, 48)and microcystic diseasgb). There is a well
established, association between primary cilia defects and the development of rewal cysti
diseaseTao. create a mouse model that would phenocopy theszes@ SC renal diseases, we
targeted thesprimary cilia expressing renal collecting duct principal cell. To achievewhis
disrupted the floxed'sc2 gene in the kidney usingy aquaporin2 (Agp2) promoterto driveCre-
recombinase AQp2Cre) expression. By crossing thesgp2Cre transgenic mice with floxed
Tsc2 mice, we generated thgp2CreTsc2 mouse. These mice have relatively normal kidneys at

birth but develop florid cystic disease by week 11 (Figure 1A). At 11 weeks, mice that do not
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harbor theAgp2Cre have kidneys that are 1 cm long, while mice that do express the recombinase
(AgpCreTsc?2) have kidneys that are twice this length and have visible cysts on the surface
(Figure 1A).

Coronal sections of the diseased kidney (FiguBerevealed a cortical cyst pattern. The
cortical cysts.were not matched by medullary cysts over time, despite the fact that thalprincip
cell density_increases along the collecting duct into medulla. Adp2CreTsc2 mice had a
reduced'median survival of 147 days and did not develop angiomyolipomata.

Werposited that thens a causal relationship between angiomyolipomata and TSC renal
cystic disease, 'so our second model focused on cystic disease caused bpglibreipsc axis
in a putatives, cell of origin of angiomyolipomata. Recent evidence suggests that
angiomyolipomata arise from a subpopulation of renal vascular peri(8igstherefore,we
used theRenlcCre to disrupt the floxedTscl allele RenlcCreTscl). Although RenlcCre
recombinase_is expressed in the renal pericyte compartment, the animalsfterosievelop
cystic disease. The disease appe&wdsk more commonly unilateral, without a side preference.
These micepalso had a 25% reduction in their litter sizes (p=0.02 via Fighexts Test),
suggestingthat bilateral disease compromised surviVak affected kidney in these animals
was largerthan the grossly unaffected contralateral kidney (Figi@e Histologically the
affected kidney exhibited significant renal cyst epithelial cell enlargement, someapithiela
were hyperplastic, and occasional prominent nucleoli were identified (FigureTi®@se mice
grew at a normal rate, with normal body weight and no apparent grosspmlaeetal defects,
but showedlethality at a median of 85 days, essentially during adolescence.

Tsc Genesin.Cystic Epithelium Remain Intact

Because previous murine models T&C renal cystic diseasdo not showconvincing
‘second shit=mechanism for thésc renal disease(61, 98) and human TS@ssociatedysts
express hamartin and tuber{a3), we wished to ascertain thEsc gene integrityin cystic
epitheliumin our models. To assess if the cystshbited theloss g heterozygosityas described
in the angiomyolipomata, wesedimmunohistochemistras wel as a genetic analysis fosc2
recombinationn' the cysts from thé\gp2CreTsc2 mice. To validate the results, avusedtwo
differentcommercially available antibodies with publicly available validation for tulq@n 70)
western blot analysis aral polymerase chain reaction assay to probe for recombination by the
maintenance of hoxP2 site We assayed one of the antibodied by western blot to assure that we
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got similar results to reported data (Cell Signaling,Tsd@de ). To generate target ceihes, we
used a parental cdihe from mouse inner medullary collecting ducts (IMCD), and isogenic cell
lines that were modified to disrupt eith®&cl(T1H andT1J) or Tsc2 (T2H and T2) using
CRISPR/CAS9 _technology (Figure 2A)Yhe effect of harmartinexpression on tuberin
expressionhas previously been repor{®&l. We identified tuberin expression in cystic
epithelium with'both antibodies. Furthermore, we found that theessionof tuberin was not
seen in‘the“less common cell that expressed aquad@Figure B). The cortical expression and
cysts was distinct from the expression in the medulla, where again tuberin @owdgGZa
expression were mutually exclusive, bufjuaporin-2 expressing cells were much more
numerous.s Tongenetically ass@ss2 gene recombination, we used a PCR approach to see if the
loxP2 site was'retained. The cystic epitheium demonstrated the same size band comparing DNA
from liver and cyst wall eithelium (Figer2C). Sequencing these bands demonstrated that they
retain thesequence and had not undergone Cre-mediated recombiragare@D).
These results lead us to probe for recombination in the cysts BettieCreTscl mice.

The cysticsdisease in thieenlcCreTscl model has more numerous and smaller cysts (Fighre 1
and D), sodirectly obtaining cystic tissue would be more prone to contamibgtiONA from
non-cysticxcells Instead, we probed fdRenlcCreTscl cystic Tscl deletion by breeding the
RenlcCrelscl onto the ‘confetti’ reporter background (Figure3A-D). We utilized this
technique to evaluate genetic status of the cysRemicCreTscl affected kidneys. While we
identified clear fluorescence in arterigl@sdicating Cremediated recombinatiomve could not
identify fluoreseencen the cysic epitheliumin any of the slides screenetdhus,like in the
Agp2CreTse2.model, the genetic evidence corroboratesitimaundistochemical evidence that
Tsc genes were tact inthe cystan these models.
Cellular Composition of Tsc Cystic Epithelium

To characterize the renal cystic epithekald gain insight into thecystogenic pathways
and/or mechanismet play in these models, we used both lectiniammdunofluorescent staining
Multiple cystic epithelia histochemically stained diffusely wiflo/ichos biflorusagglutinin
(DBA), whiech, predominanyl labels the collecting ductvhile a few cysts were not stained
(Figure 4A). To identify the nephron segmésijt and the cell types comprising the cyst
epithelium, single and double immunofluorescence labeling experiments eréoened using

antibodies against transporters, channels or molecules with specific nephgorense
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distribution. We first probed for rcipal cellslabeling in renal collecting ducts of wilgpe

(left panel) and Agp2CreTsc2 mice (right panel) using antraquaporin2z (AQP-2)
immunofluorescent stainin@Figure 4B). AQP-2 expression was present in poystic tubules

but surprisingly was aent in cyst epithelial cells ikqp2CreTsc2 mice (Figure4B, right panel).

The labeling.in wildtype kidney is consistent with AGQP expression in principal cells (Figure
4B, left panel)s A double immunofluorescence labeling with ARQRyreen) and HATPase
(red), a"marker of intercalated cells, in a normal mouse kidney smmlple principal cells
(AQP-2 positive) interspersed with intercalated cell$-ATPase positive) in wildype cotical
collecting| ducts (Figure4C). Using AQP2 and H-ATPase double immunofluorescence
stainingin theAgp2CreTsc2 kidney revealed an agiependent chang€igure4D demonstrates
double immunofluorescent labeling with A@P(green) and HATPase B subunit (red) in
kidneys of 5 weeks (left panel) and 11 weeks algh{rpanel)Agp2CreTsc2 mice. As shown, 5
weeks oldAgp2CreTsc2 mice exhibit early signs of cyst development in their kidneys (depicted
with the letter “C”). Several principal cells and numerous intercalated cells are present in cyst
epitheliumsas~verifig¢ by the expression of AQP (green) and HATPase (red), respectively, in
distinct cells.=interestingly, the "HATPasepositive cells (white arrows) are more abundant
compared«to. AQR positive cells (yellow arrows) in cyst epithelium. Kidneys of 11 wex#s
Agp2Crelse2 mice (Figure 40 right panel)showmore frequent and larger cysts in the cortex
and display robust and almost uniform expression ‘eAHPase along the apical membrane of
cyst epithelium. There are very few AQPpositive cells in cyst @melia in 11 weeks old
Agp2CreTse2'mice (Figure4D, right panel). These changes are consistent with the proliferation
of A-intercalated cells and gradual disappearance of principal cells in cyst epithelium.

We were intrigued by thel*-ATPase in the intercalated cells because in the kidney, the
prorenin receptor (PRR) docalizes with H-ATPase in intercalated cells and functions as
a receptor.for.renin. Proenin, a critical chaperone for the assembly 6fATPase subunits,
regulates ieell=proliferain via the mitogen activated protein kinases ERK1/2 caseadeis a
crucialcomponent oiVnt pathways 19 , 25, 52, 68, 74, 75,,82). There is robust and uniform
PRR expression on the apical membrane of cyst epithelium in 11 wiekkgp2CreTsc2 mice
(Figure 4E, right panel)and parallelsthe H-ATPase expression pattern, as does the PRR
expression in the-week oldAgp2CreTsc2 mice (Figure4E, middle panel).PRR expression in

control animalss shown for comparison (Figud&, left panel).
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To determine whether other nephron segments or tubular cells contribute to cyst
epithelium, we performed double labeling with the IN&COs™ cotransporter NB@1 (red
fluorescence), which primarily labels the basolateral membrane of prouiimale and thick
ascending limb of Henle (TALH), and "HATPase (green fluorescence), which is strongly
expressed._in.intealated cells. NB&1 (Figure &, right panel) was detected in normal, Ron
cystic nephronssegments, but was completely absent irgigkelial cells in adulAqp2CreTsc2
mice. The"H=ATPase showed a very strong and uniform labelingyst epithelial cells (Figure
4F, left panel):"The NI cotransporter NCC, a marker of distal convoluted tubule, and pendrin,
a marker of Bintercalaed cells, did not show any labeling in cyst epithellatG no shown
Additional staining for the sodiwhydrogen exchanget, a marker of proximal tubule and thick
ascendingimb of Henle, failed to identify this transporter in the cystic epitheata (ot
shown. The Na-K* ATPase showed normal expression in 4egatic nephrons but displayed
minimal basolateral labeling in cyst epithelial celaa not shown Cystic epithelium does
express type A intercalated cell localization dfATPase on the apical surface and-ABn the
basolateralsurface (figuds).

Because=we identified a new cystogenic mechanism, we wished to compare Tsc renal
cystic disease t®kdl renal disease.Kidney sections from &kdl mutant mouse (generated
usinga PAX8 cre mouse and a generous gift from Dr. Stephen Somlo) were examineel for t
expression of HATPase and AQR. Double immunofluorescence studies demonstrate that in
Pkd1l mutant mice, cysts originating from the cortical collecting duct contain both principal cells
and intercalated cells (Figuréit

We usesfemale mice and-¢hromosome inactivation to assess if type A intercalated cells
in cystic epithelia results from expansion of single cell (i.e monoclonal) or multiple cells
(polyclonal). Figuredl shows a greater than 25% reduction in methykagd locus on the X
chromosme, in cortical tissues of wild type and cystic epitheliaAgh2CreTsc2 female mice,
more stronglysupporting apolyclonal nature of the cystic epithelium

The absence of labeling with A@E pendrin, NBGel, NCC or NHE3 antibodies in renal
cystic epithelium of7sc2specificknockout mice indicated that the cysts were not comprised of
the targeted principal cells, nor tBeintercalated cellsproximal tubué cells, thick ascending
limb of Henle cells or distal convoluted tubule cells. THeATPase apical location correlated

very well with the cyst fluid pH that ranged fronb%, and was mostompatible with the cystic
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epithelium exhibiting an Aintercalate cell phenotypeThis cell of origin is also important as
the intercalated cells do not express a primary cilia, and the cysts in out model also fail to
express significant cilia (Figues).

Because of the novel cystogenic process inAge2CreTsc2 model, conducted similar
studies inthe'lRenlcCreTscl model As with theAgp2CreTsc2 mouse model, the DBA staining
was detected«in.most but not all cysts in RemlcCreTscl model (Figure6A). Similar to
Agp2CreTsc2 mice, theRenlcCreTscl mice did not show any expression of AQmPn the apical
membrane of cyst #pelia (Figure6B, right panel). The expression of AEPin cortical
collecting'ductin a normal kidney is shown for comparison (Figieleft panel). The double
labeling with/NBGel andH*-ATPase revealed strong and uniform expression df-ATPase
on the apical membrane of cyst epithelia but did not demonstrate any labeling wite INBC
marker of proximal tubule and thick ascemgliimb of Henle cells (Figur6C, right panel). The
expression.of.NBCel in normal kidneyFigure6C, left pane) and in norcystic kidney tubules
in RenCrerlscds shown (FiguresC, right panel). The cystic epithelia showed a strong and
uniform expression of PRR aeir apical membrane (Figu@D). The double dbeling with
Na'-K* ATPase and NB@1 indicates basolateral expression of -K&ATPase in multiple
nephron sements in normal kidney (FigugE, first and third panels). IRenCre7scinice, the
Na'-K*-ATPase exhibits strong basolateral expressiammcystic tubules and mild expresai
in cystic epithelia (FiguréE, fourth panel) The basolateral NaHCO;™ cotransporter NB@1
shows no_expression in cystic epithelia but shows normal expression -eystan epithelia
(Figure 6E"secend panel). There was no labeling with NCC, pendrin, or-BlldB&tibodies in
renal cysts;mindicating the lack otfiBtercalated cells, principal cells, distal convoluted tubule
cells, proximal tubule cells or thick ascending limb of Henle cells in epghelium adult
RenlcCreTscl mice.

To better establish the role of intercalated cells in cyst epithelia proliferation inTdese
knock out-mice, we performed double labeling withATPase and proliferating cell nuclear
antigen _(-PCNA) in kidneys ofAgp2CreTsc2 and RenlcCreTscl mice (Figure 6F). Similar
staining was performed on kidneys frd?kdl mice (Figure6F, fourth panel). For comparison,
PCNA labeling in wild type mice is shown (Figu8E, first panel).

As observed in multiple high magnificatiamages, wild type mice showed very few

PCNA positive cells per each fieldi¢fre6F, first panel). However, the ' HATPaseexpressing
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epithelial cells lining the cysts iAgp2CreTsc2 mice showed numerous PCNA positive cells
(Figure6F, second pangl Similarly, the cyst epithelium iRenCreTscl mice showed many H
ATPase expressing cells that also displayedtipesstaining for PCNA (FiguréF, third panel),
a pattern very similar t&qp2CreTsc2 mice. The cells lining the cysts PPkdl mice showed a
relative increase in the number of PCNA positive cells in cyst epithelium as compared to wild
type mice (FiguréF, fourth panel). However, the number of PCNA positive cellBkail mice
was significantly less than that Agp2CreTsc2 or RenlcCreTscl mice. Futher, only a minority
of PCNA-expressing cells showed-tabeling with H+ATPase (FiguréF, fourth panel).
Our results consistently indicate thatimtercalated cells with an unrecombin@st gene are
induced orreprogramed to form cysts in batp2CreTsc2 or RenlcCreTscl models. Basically,
the loss of‘heterozygosity in the small number of cells would be combined with a gain of
function mechanism that affects the surrounding genetically unrecombingdiéltissue. The
significant_difference inA-intercalated cell expansion ifsc knockout mice vsPkdl mice
(results above) highlights the difference in the role a@ht&rcalated cells in these two kidney
cystic models:
mMTORCL1 Inhibition Response of Genetically Normal Cystic Cells

The.examinatio of thesdwo very different murine models of real cystic disease suggest
the presence ch common mechanism involving theoption of aTsc mutant phenotype in
genetically normal cells that is induced by the los§soffunction in a small number of adj@nt
cells. These observations have important implications as far as mechanism of disease and
possible respense to mMTORC1 inhibitarg® concerned Such inhibitorsare effective and are
approved forsthe treatment of T&Ssociated renal angiomyolipomd& 10) subependymal
giant cell astrocytoma5), and lymphangioleiomyomatogj$0, 60) and possiblysmall cysts in
humans (85) However, unlike the angiomyolipomata in human, these murine models of cystic
renal disease.involve nanutant epitheliun{36).

To determine if MTORCL1 activation was involved in this new cystogenic mechamesm
first examined the phospH®t staining in thé\qp2CreTsc2 cystic tissue. There was a uniform
increase v phosphB6 staining ofthe cystic epithelium (FigurgA). There was also a
significant increase staining for pmhoS6 in theRenlcCreTscl cystic epithelium(Figure 7B).
These results support the involvement of the mTORC1 pathway in this maaflanism of

cystogenesis, even though fhe& genes are intact. To test whether inhibiting the mTORCL1 axis
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could be therapeutic, we treated anisnfabm both models with rapamycin and used survival as a
readout of etct. Administration of rapamycin for th&qp2CreTsc2 and theRenlcCreTscl
significantly prolonged the animal surviy&igure7C and D).

Implications for Human Disease

The polycystic and the microcystic kidney variety of TSC lead to lossnaf fanction
by adoleseence“or young adulthood. These forms of TSC renal cysticediseas the most
need of therapeutic intervention. Given the unexpected results reported here, we wished t
determineif human disease exhibited a similar pathology and resgponsEQRC1 inhibition.
To test thesstaining characteristics of human TSC renal cystic disease associateddissae, w
a nephrectomy specimen for the polycystic kidney disease phenotype @Agur8imilar to the
mouse maodels, the apical epithelivevealed H-ATPase staining (Figur@B) and demonstrated
findings again_consistent with cystogenic participation a@ht&rcalated cells. A similar finding
was also revealed in the staining of the wigstic disease biopsy (Figure )8C

Whilethe Aintercalated cells appear to be involved in human TSC renal cystic disease,
therapeutic response to mMTORCL1 inhibition is not clear. Although one publicatiorswajge
possible response of mild TSC cortical cystic disease to mMTORCL1 inhibitor tH{8Epy is not
clear that MTORCL1 inhibition is useful for severe forms of TSC renal cyseask. We
examined=patients with théocal and cortical cysticvariantsof TSC (7) who were on an
MTORCL1 inhibitor clinically and found that they also respond to mTORC1 inhibitors by
reducing theireystic burdefigure 8 D&E). Five TSC ptiens were identified that were placed
on an mTORC1 inhibitor with either focal or cortical cystic kidney disease feast one year.
Total renal cystic aant of the cysts were performed prior to therapy and after at lest one yea
and a significant reduction (p<0.025 ratio pairadst)of cystic burden was identified (Figure
8F).

Possible Role of Extracel lular Vesicles in Disease Phenotype Induction

To begin'to explore possible mechanisms for the phenotypic induction that we described
in this manuscript, we tested the probability that extracellular vesicles may be involved. This
explorationwas based on several reasons. First, such extracellular vesieles prominent
component of renal pathophysiolo@9), and their release is stimulated by ER st{é43 such
as that which occurs in cells with a disrupted T86). Second, extracellular vesicle release as
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well as fusion are known to be increased in an acidic extracellular enviro(B8eBR) and the
cyst fluid in the Agp2CreTsc2 model has a pH=5.0, likely as a result of increasédFPase
expression and activity in the luminal aspect of the cyst. Lastly, increased releasacslletdr
vesicles has also been shown to occur in states of hypoxia or conditionseased HIF4
production 65s) such as that seen with increased mTORC1 activity driving increased: HIF1
(27). In early.eysts we were able to identify extracellular Mesi the cyst lumen (FiguB8A),

and could also detect either vesicle shedding or fusion withptical epithelial cell (FiguréB).

To test if these vesicles could mediate the increased mTORC1 activity, we developed a cell
culture experiment usingMCD conditioned media by itselfyr isolatedextracellular vesicles
from eitheronétor threanmilliliters of conditioned media in experiments usingercalated cells
(M1 cortical collecting ductell line) as a targefFigure 9C). This cell linedoes not express
primary cilia,and morphologically this cell is most compatible with an intercalated cel{9de

We used western blot analysis of phospho-S6 as a read out of mMTORCL1 activity.

We used a parental IMCDPells and isogenic cell lines that were modified to disrupt
either Tsclror Tsc2 using CRSPR/CAS9technology (Figure 2A To examine thepossible
transfermTORC1 pathwayctivity from theIMCD cellsto the intercalated cells by extracellular
vesicles wexdeterminedthe phosphorylation of S6 kinasé M1 cell lysates after 24 hours of
exposureto”isolaed extracellular vesicle@-igure 9D). Comparing thgohosphoS6 band to the
S6 band, there is a significant increase in phesphoSGS6 ratiowith the higher dose of

extracellular.vesiclederived from the Tsc2 deficiet1CD cells (FigureQD).

Discussion:

We reporta new cellular crosgalk mechanism resulting in tuberous sclerosis renal
cystogenesis. A fundamental feature of this mechanism involves a small tpopwhTsc
mutant renal principal epithelial celts pericyteghat induce or ngrogram genetically normal-A
intercalated.eells to upregudaiheir mTORCL1 activity, proliferate, and form renal cysts (Figure
10). Similar microenvironmental effects that increase malignpotential hawe implicated
extracellular vesicke (102) Extracellular vesicles derived froifscl-null cells transform the
phenotype of neighboring witype cellsin vivo such that the wildype cells became

functionally similar to Tscl-null cells (64), a phenomenon sometimes ternigdhenotypic
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spreadin). Suchextracellulavesicles have beedemonstrated taffect renaltubular changes in
avon Hippel Lindawzebrafish mode(96). Thisextracellular vesicle initiating event has appeal
because as the cyst develops, the tubular lumen insriead@ameterand exponentially reduse
the flow, thusincreass the time for theextracellular vesicleso interact with intercalated cells
As the cystsenlarge, they detach from the tubi#), potentiallyentraping the extracellular
vesiclesin the closed cystic spacelhe intercalated cells with the increased mMTORC1 activity
likely also"participate in the process both in shedding and uptake of the védsexffect also
may bemediatedthrough a cellular reprogramming mechanism that indaesstained change
in cellular activityin a paracrindike (principal or pericyte to intercalated cetl) autocrindike
fashion {(ntercalated to intercalated cel(§)1). Such a programing effect has been shawwitro
using cells'derived from a TSGient angiofiboromd49).

Our mouse models and human samples demonstaatesignficantly increasd
preponderance of HATPase positive Antercalated cells and disappearance of principal and B
intercalated_cells in the cystic epithelium (figs 4 and §. The vacuolar FFATPase is
ubiquitouslyyexpressed in the membranes of intracellular organelles, inclysasgpies, where
it plays a“crucial role in their acidificatiohe H-ATPase is also found in the plasma
membranes, of certain specialized cell types, including kidaaytercalated cellsepididymis,
osteoclastsand certairtumor cells (11, 15, 17, 22, 37, 58)."HATPase plays an important role
in stimulating chloride secretion viaiapl chloride channels in theollecting duct(34). These
results support the presence of a mechanism that drives the progressive expansion of A
intercalated*cells and the disappearance of principal cells similar to what is described for the
differentiatien-of ionocytes and keratinocyte maintenance in zebra fish esn(g).

Communicationbetween H-ATPase and mTORC1 implicated inreciprocalamplification
of their functions. A sigfiicant role for H-ATPase in mTORC regulation and translocation to
the lysosomal_membrane has been demonstiatsgveral condition§103). The H-ATPase
undergoes._amino acid dependent interactions with the Ragulator complex, whiclts recrui
MTORCL1 torthe lysosomal menaime duringamino acidsensing %4 ) Genetic deletion of
structural ¢emponents of ‘HATPase suppressed amino aitiduced S6K phosphorylation in
Drosophila and mammalian cell@03). Functional inhibition of FFATPase activity by chemical
inhibitors or by RNAI abrogated mTOR translocation to lysosomes apwno acidstimulation

(103. These results demonstrate tranino acid activate mTORC1 by stimulating its
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translocation to the lysosomal membrane wherfrins a supecomplex involving the B
ATPase(103), suggesting that HATPase is part of thamino acidinduced signaling pathway
that culminates in mTORC1 activatig®y/).

The reciprocal effect omTORC1regulating H-ATPase also has been identified because
mTORC1up+egulated the expression of ATPases inmmortalized mouse embryo fibroblast
(MEF) cells fromTsc2”” mice (67). In addition, mTORC1 facilitates the assembly of VO and V1
domainsof*H+-ATPase. These result§54, 66, 67, 79, 103ndicate that TSC gene deletion
enhances”HATPase expression via mTORC1, which, requiresAMPase for sustained
activity. This amplification loop may play a significant rolethre dysregulation of cell growth,
expansionsbA=intercalated cells and cystogenesis subsequenitial signals by TSC mutant
cells Interestingly our resultsdemonstrate that, despite this new disease mechanism, mTORC1
inhibition can lead to improvement in the patients suffering from TSC renal cystic disease.

TSC_cystogenesis has some significant differences with reported pag@en
ADPKD, wherekidney cysts may originate from multiple nephron segments but predominantly
arisesfromythecollecting duct39, 41). Fluid accumulatio in ADPKD cysts is caused by active
chloride secretion via AVBtimulated cAMPmediated CFTR activation(26, 91) A
prostaglandin E2 RGE2-induced chloride secretiomechanismin collecting duct cells
involving.6éAMP-CFTR- and/or calciunrdependen CI' channel alschas been identified72).
Within cysts originating from collecting dtin ADPKD, bothintercalated and principal cebse
present angbrincipal cellsplay an important role in fluid secreti¢g®6, 91) Contrary to cysts in
ADPKD, ourstudies using two disparate models demonstrate that cyst epithalialtifisel-
and Tsc2-KQumice is almost exclusively comprised ofidtercalated cells, with verfew or no
principal ¢ells.As such, intracellular cAMRctivation by AVP may not be a dominant driving
force in cyst fluid accumulation and expansion in TSC. Further, whereas our stledidy
demonstrate a uniform and strong expression of apical PRReinystepithelia inTsc-2 KO
mice, PKD.cysts show a basolateral localization of PRR in principal ¢&ls The cystic
MTORCL1 activated\DPKD cell could still utilize the activation loop involving thdasolateral
H*-ATPase"but the cells involved and HATPaselocation would be different than that for the
TSC cystogenesis

The mTORC1 activation manvolve the cystoprotein polycystih (PG1) in explainng
cystogenesisand mayhelp explainwhy the PKD1/TSC2 contiguous gene syndronmas such a
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severe phenotypenTORCL1 activity negatively regulates the biogenesis of-P@nd proper
trafficking of the PGL/2 complex to cilia (Figure 7B). While PCis locatedon the cilia of
principal cells, it is alsodund on other cell membranes including intercalated (&8s80) and

is strongly expressed on extracellular vesi¢s. Genetic interaction studies have revealed that
PC-1 downregulation by mTORC1 leads to cystogenesitsith mutants (65) These findings
potentially, explain the severe renal manifestations of BKD1/TSC2 contiguous gene
syndrome:*This mechanism also helps explain the Eker rat model described by the Walker
laboratory; that'developed severe cystic disease and gave rise to theecBKT2(18). It is
intriguing, given the inputs of von Hippel Lindgwotein (31, 83)and folliculin (42) proteins

into MTORC4anactivity, to posit that these phakomatoses may also arise from a similar
mechanismfas‘TSC renal cystic disease.

The diseasphenotypic adaptiomechanism identified in our animal models complicates
the mechanistic understanding of autosomal dominant disease expression. For &utosoma
dominant polycystic kidney disease, both somatic mutation (seconcgh@haploinsufficiency
mechanismsrhave be@ut forward. For TSC renal disease, somatic mutation has been favored
and has beensshown for angiomyolipomata (43)tHsitisnot present in the brain tubersrenal
cysts (13;%44) Human TSC cystic epithelium continues to express the TSC gene products,
hamartin.and tuberirfl3). In TSC renalcystic diseaseboth loss of heterozygosity in the
inciting cell, and an induced or reprogramed gain of function in the geneticaltyahcoy4
forming epithelium, is involved. The cystic phenotype may depend omrdeence ofA-
intercalated”cedl The Agp2CreTsc2 renal melullary collecting duct cells are devoid of cysts
despite theirslack of tuberin expressioifhe cystic disease may require the intercalated cell
plasticity for disease phenotype manifestatibn). This novel mechanism better explains the
TSC brain tubers. ffle genetically abnormal giant cell coultse extracellular vesicles to
reprogramnormal cells to participate in the tuber formation, as supported by detaileticgene
analysis of tuber¢23) It is intriguing that mutant pericytes that likely give rise to the TSC
associatedsrenal angiomyolipon{87) wuld also be involved in TSC renal cystogenesis.
Pericytesthat.have lost TSC gene functiomay be responsible for altered blood brain barrier
function giving rise to the tensor weighted imaging findingsTSC (2, 32, 50) ad may
participate ininducing subependymal giant cell astrocytoma formatiean TSC tumor also

sometimes identifiedwithout loss of heterozygositf12, 63, 76) possibly through this
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extracellulawisicle mechanismrhe expansion of Antercalated cell as well as potential role for
extracellular vesicles in many aspects of TSC renal cystic disease manifestation offers new

therapeutic opportunities for intervention in this disease.

Materials and.Methods

Animal Procedures

Ren-1c-Cre mice weregenerated in the laboratory of K.W. Grd88). FloxedTscl
mice (stock #005680(56)) and Floxed Tsc2 mice (stoclh27458)were dtained from The
Jackson Laboratory AgpCre mice and ‘Confetti’ mice were also obtained flemJackson
Laboratory. The'Confetti'reporter usethe Brainbow?2.1 cassette insertetbitheRosa26 locus,
where it is driven by th&CAGG strong promoter. Theeporter system is activated by excision of
a floxed stop sequence by the Cre recombinase. The Brainbow reporttiecesstains two
inverted repeatsf fluorescent reporter genes: GFP paired with inverted YFP, and RFHM paire
with inverted=@P. The loxPsites within he construct are in direchd inverted orientation®
facilitate loss of the lbxed stop mdule and expression ofne of the reorter pairs. The
remaining reporter pair can cornig to 'flip' into the active orientation for one of theo
inverted reporters while Cre activity remains present, resulting-éolbred cells, and will be
locked into.one.or the other orientation when Cre activity stops (88).

All animal research was done in adherance td\filht Guide for the Care and Use of

Laboratory Animals These mice were crossed to geneodtepring that were hetrozygous for

the floxed allele, and were either heterozygous or-tyjie at theCre allele. These mice were
then intercrossed to generate knockout mieel!™; Ren-1c-Cre™™), wild-type mice Tsc1™*;
Ren-1c-Cre”™) and controls for the floxedllele (Tscl”™: Ren-1c-Cre™*), Cre allele (Tsc1**;
Ren-lc—CreTg’*). A similar strategy was used for the AgpCre lineages. Animals weredhoua

12 hour darKlight cycle according to protocols approved by the University of Tennesseth Heal
Science @nter Institutional Animal Care and Use Committee. For rapamycin injections, drug
was dissolved in vehicle (5.2% PEG 400/Tween 80) and injected at 3 mg/kg thregeimes
week starting at weaning (21 days of age).

Perfusions
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Three clear plastic tubes wecennected by threway stopcock to a peristalic pump.
The ends of two tubes were placed in either 0.9% saline or 10% neutral buffenatiforA 30
% G needle was attached the the end of the third tube. The formalin tube was filled to the
stopcock andhe_saline tube was allowed to flow from the needle at a rate of 0.01 mids.toPr
perfusion, mice were anesthetized twice, first with isoflurane in a drop uniil tbartbeat
slowed to'l beat per second, followed by an intraperitoneal injectio® ofld20g body weight
of Avertini~Once there was no reaction to painful stimuli (e.g. toe pinch) ht#s¢ cavity was
opened and“the diaphragm cut. With the heart exposed, the apex of the left vensical wa
punctured with the 30 ¥2 G needle attached to the perfusion liquid tubing and the aorta was cut.
Mice weresperfused with 0.9% saline, followed by 10% neutral buffered formalid(12
minutes eachs Dissected tissues were stored in formalin overnight, then in 70% ethanol
(PharmaceAaaper) until proessing.

Histol ogy and“mmunohistochemistry staining

Tissues*were processed with the following washes: 30 min in 75% ethanol, 2 x 75 min in
95% ethanol, 3. x 1h in 100% ethanol, 2 x 30-60 min in Citrosolv (Fisher Scientific) and 2 x 1hin
Paraplast XTRA(SigmaAldrich), with an additional final incubation overnight in Paraplast
XTRA undersvaccuum). Tissues were embedded into blocks using Paraplast XTRAn paraff
(SigmaAldrich), in a Thermo Shandon Histocentre 3 paraffin embedding station. For
Immunohistobemistry, the kidneys from the knockout midaedl""; Ren-1c-Cre™*) and wild
type miceswere: prepared in 10% formalin fixed, paraffin embedded. Tissue bloekswieo
8um sections. Immunohistochemical stains were carried out using the The VECTASTAIN
Elite¢ ABC HRP Kit (Vector Laboratories, Burlingame, CA, USA) with DAB 3,3
diaminobenzidine) as the chromogen (Vector Laboratories, Burlingame, CA). UFr
antibodies used, please see tabléll)the sections were counterstained with Gill2 Hematoxyl
(Fisher Scientific, Hampton, NH).In every case, forméileed tissue was subjected to heat
induced antigen retrieval. Endogenous peroxidase activity was blocked with &%%. H
Avidin/Biotin| Blocking Kit (Vector Laboratories, Burlingame, CA, USA) wadgo block all
endogenous biotin, biotin receptors, and avidin binding sites present in tissresll
immundistochemicaktudies, more that 95% of the slide had the reported pattern of staining.

I mmunofluorescence labeling
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Single and double immunofloscence labeling was performed using established
protocols (4, 97, 99,100. Briefly, animals were euthanized with an overdose of pentobarbital
sodium, and kidneys were perfused with saline followed by 4% paraformaldehnyoeecs cut
in tissue hlocks, and fixed in 4% paraformaldehyde solution overnightaffe tissue samples
were preserved in 70% ethanol, paraffin embedded Sapdh sections. For staining, after
rehydrationand sodium citrate antigen retrieval sections were incubated overnigi@ atith
the primary-antibodies (Table 1). Sections were then washed in PBS and incubatetexath A
Fluor conjugated secondary antibodies (Invitrogen, Eugene, OR) for one houomat ro
temperature. Sections were washed in PBS, dried and cover slips were appjedegtashield
Mounting Medium (Vector Labs, Burlingame, CA).

Immunofluorescence microscopic analysis of tissue sections was performed on a Zeiss
Axio Imager.M2 Microscopelmages were acquired using Ziess Axiocam 506C digital camera.
Images were _processed using Zeiss Zen 2012 software. For each figure, the seteagh f
panel were_identicakor all immunofluorescence studies, more that 95% of the slide had the

reportel pattern of staining.
Multispectral imaging of kidney tissue

Kidney.from Ren-1c-Cre, fl-Tscl or fl-Tsc2, Confetti were excised immediately after
euthanasia of the mice. Otf@rd part of both kidneys were cut into ~1mm thick sections.
Individual_sections were squashed to ~20 nm thickness between two glass slidesuEhedss
imaged on an inverted Nikon Eclipse Ti fluorescent microscope equipped withreeNEX
multispectral camera. The four fluorescent proteins encoded by Confetti were identified in th
tissue basedson reference spectra for each proteins. The remaining kidney partsedere fix
paraformaldehyde, embedded in OCT and cut in a cryotome ipta fhick sections. The

sections were analyzed by multispectral imaging as done for the frash siguashes.

Development of Tsc mutant cell lines

We disrupted either thescl or Tsc2 genes in principal cells using CRISPR/Cas9 genome editing
as previously describe(B4). A CRISPR plasmid with constitutive green fluorescent protein
(GFP) expression and containing guide RNA sequences was constructed bynd¢hmaadi
Children’s Hospital Medical Center (CCHMC) Transgenic Animal Genome rgdiGCore

Facility. The guide RNA sequences were selected using algorithms in Bepcbin for on

This article is protected by copyright. All rights reserved



target(28, 29)and accounting for offarget(46) sites. For both thé&scl andTsc2 genes, exon 4
was targeted. We used Lipofectamine 3000 (TheFmsber Scientific) to transfect mIMGB
cells with these plasmids. At 2 days after transfection, singlegBRve cells were sorted into
separate wells _for expansion (FACSAria Il, BD Biosciences, San Jose, CA, locateel at t
CCHMC Research Flow Cytometry Core). After expansion, extracted genomic DNA (GeneJET
Genomic DNA/Purification Kit, catalog no. KO721, Thermo Fisher Scientifiay wsed in a
polymerase“chain reaction (PCR; Phusion Hot Start 1| DNA polymeratdpgano. F549,
Thermo Fisher' Scientd) to amplify the targeted region. The resulting PCR products were
screened for loss of th&flll restriction site for Tscl, and Sphl restriction site for Tsc2. PCR
products of restriction site mutants were purified (GeneJet PCR Purification Kit, Theshes F
Scientific) ‘andsequenced (CCHMC DNA Sequencing and Genotyping Core). Rayezag; we
selected clones that had, in both alleles, a frahiiéing mutation that resulted in an early stop

codon.

Clonality assay

A modified clonality assay was used @®viously described (PMID: 1510436@MNA
wasextractedfrom cortical tissues of wilgpe and cyst walls of }WeekAqp2CreTsc2 female
mice using_ cemmercial kit (PureLink, Thermo Fisher Scientific, USA). ITait®0ng of DNA
were digestedirst with 1.7U of Bfal for 1-hr followed by heat inactivation. This was followed
by digestion with either 2U of methgkensitive Hpall or 4U methyhsensitive Mspll as a
control in total of 15ul reaction. Similar protocol followed for undigested sample in which no
Hpal or Mspl was added. Total of 2ul of undigested , Hpall and Mspl digestion produet we
used to amplify: the"7CpG island of mouse Xnked pgk-1 promoter with following primers:
CGCTGTFTCTCCTCTTCCTCA (forward) and GGACGCAGAAABCAAACTC (reverse).

PCR products were separated in 1% agarose gel.

Extracellular-vesicle isolation

Cells were serum starved fowenty-fouor hours Serum free media were replaced and
harvested aftemwenty-fouor hourincubation. The conditioned media weentrifugedat 2@0g,
4°C for 30min to remove cells and debrihe supernatants wenahsfeedto new tubesvith a
half volume of total Exosome Isolation reagent (Cat. # 4478359, Thermofisher Sqgiehtiéic

tubes were mixed well and incubated overnighCatdd ¢ entrifuged at 10,000gor one hour
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at 4°C. The supernatant was aspirated and discarded, and the pelleted extracellular vesicles were
resuspended in phosphate buffered saline.
Human Imaging Sudies

Following IRB approval, sequential d@entified patient imaging was evalulated for cystic

burden by cyst count.
Satistics

All‘statistical analyses were performed using the R package version(82).0 Cox
proportional hazard models were performed using the Survival package (versied; 2933
94)). Animals that died due tsacrifice or diseaseelated death were censored from the

analyses.
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Figure 1. Tscrenal cystic disease(A) AgpCreTsc2 kidneys at 11 weeks with significant renal
cydic disease. (B) Coronal sections of the kidney in figure A. (C) Mouse kidneys from
RenCreTscl mouse with unilateral cystic disease. These are on the same size scale as in A. (D)

Coronal section of kidney in figure C.

Figure 2. Cystic epithelium expressuberin and have not undergone Cre mediated
recombination. (A) Western blot of hamartin and tuberin expression in IMCD cells and derived
hamartin (T1G and T1H) and tuberin-knockdown cells (T2H ad T2J). Knock-down of hamartin
is known tosreduce tuberin expression (4). (B) Section of mutantykimbréex and medulla.

While the prineipal cells should express aquaporin-2 and not tuberin, other cells that do not
express aguaporin-2 should maintain tuberin expression. Cystic epithelium tniateceto the
cortex and._continued to express tuberin (yellow arrows). At higher magnificé@i@®xysome
aguaporin_expressing cells were identified (white arrows). The medo#isy believed to be
medullaryseollecting ducts, robustly expressed aquapbr{) Cystic epithelium exhibits a

PCR bandthasithe correct size for the neacombinedoxP2 site. (D) Sequencing these bands
reveal that they,contain tthexP2 site indicating that they did not undergo Cre mediated

recombination.

Figure 3. The Tscl gene has not undergone recombination in the cystic epithelium of the
RenlcCrefiscl model. (A) Brightfield of Ren-1c-CreTscl kidney arteriole, denoted by ‘v’, and
cysts, denaoted by ‘c’. (B) Fluorescence of the same tissue in panel A demogstaatular
pericyte derived fluorescence, while cysts are akwbsignal. (C) Brightfield of arteriole and

cysts. (D)Fluorescence of tissue in C with only vessel fluorescing.

Figure 4. €yst epithelial phenotypes ilAgpCreTsc2 mice. (A) DBA staining in cyst epithelia

in AgpCreTse2(Tsc2 KO) mice. (B) Expressiorof AQP-2 in kidneys of WT (left) and
AgpCreTse2«(TFsc-2 KO) mice (right)(C) Double immunofluorescence labeling with AQP-2
(green) and'®ATPase (red) antibodies in normal kidney (merged image). (D) Double
immunofluoreseent labeling with AQP-2 (green) andATPase (red) in kidneys of 5 weeks
(left panel) and 11 weeks old (right pangtjpCreTsc2 mice (merged image). (E) Expression of
prorenin receptor (PRR) in kidneysAdpCreTsc2 mouse. Left panel: normal kidney; Middle
panel: 5 weeks olAgpCreTsc2 mice. Right panel: 1veeks oldAgpCreTsc2 mice. ) Double
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immunofluorescent labeling with NBC-el (right panel) afiddTPase B subunit (left panel) in
kidneys of 11 weeks oldgpCreTsc2 mice. (G)Cyst double labeling with HATPase (green
arrow) and AE1 (red arrow), additional evidence that cystic epithelium consists of type A
intercalated cells(H) Double immunofluorescence labeling with-ATPase and AQR in
kidneys ofPkdl mouse (merged image). (I) PCR products of female mugis& promoter
region on the X chromosome, for undigested sample, U, méépgndenHpall digested, H,
and methylindependenispl digested samples from WT aAdpCreTsc2 mice. Cystic cell
DNA is not¢clonal as band intensity is diminished by > 25% when input DNA idigested
with Hpall. C: cyst, G: Glomerulus

Figure 5. AgpCreTsc2 cystic epithelium exhibit much fewer primary cilia than adjacent
tubules. (A).Immunofluorescence of acetylated tubulin (yellow arrow) easéwtifly primary
cilia in a medullary collecting duct. (B) Cystic epithelium exhibit a significant suppression of

primary cilia“(white arrow) but does exhibit occasional cilia (yellow arrow).

Figure 6. Cyst epithelial phenotypes irRen1cCreTscl mice. (A) DBA staining in cyst
epitheliain Ren=1c- CreTscl (Tsc1l KO) mice. 8) Expressiorof AQP-2 in kidneys of WT and
RenlcCreTselsmice (C) Double immunofluorescence labeling (merged image) witAFPase
(green) and NB&&1 (red) antibodies in normal kidney (left) and a&ettlcCreTscl mice
(right). (Dy'Expression of PRR in kidneys &enlcCreTscl mice. (E)Double
immunofluoreseence labeling witha'-K* ATPase (green) and NBEL (red) in normal kidney
(first and third panels) anigenlcCreTsc mice (second and fourth panel@y) Double
immunofluorescence labeg with H-ATPase (redand PCNA (Proliferating Cell Nuclear

Antigen).antibedies (merged image) in kidneys WT, AgpCreTRe2CreTscl andPkdl1 mice.

Figure 7. mTORC1 involved in cystic diseas€A) AgpCreTsc2 cysts stain robustly for
phosph@eS6 (bar is 50 um). (BrenCreTscl cysts also stain robustly for phosp86-(bar is
1000 pm). (C) mTORCL1 inhibition significantly prolonggpCreTsc2 survival compared to
sham treated (p=0.0293) (n=5 mice each group). (DPRIC1 inhibition also significantly

prolongsRenCreTscl survival compared to sham treated animals (p<0.0001) (n=10 mice each

group).
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Figure 8. Human Polycystic variety of TSC renal Diseas¢A) Human polycystic kidney
variety of TSC renal disease at negttomy. (B) Cyst epithelium from kidney in panel A
exhibiting apical staining with HATPase antibody (bar is 100 um). (C) Biopsy specimen from
patient with TS€related microcystic disease exhibiting apical staining wittAfIPase antibody
(bar is 100"pm): (D) MRI imaging (T2 fast spin echo with fat suppression) froentsatvith

TSC cystic disease (white lesions in solitary left kidney) before mTORCL1 inhibitor thd&py, (
Patient in{panel ‘D’ after one year on drug. (F) Analysis of total kidnetyooymt from 5

patients with gortical cystic disease and focal cystic disease before and after mTORCL1 therapy.

Figure 9. Inner medullary collecting duct (principal) cells produce extracellular vesicle that
induce intercalated cell mMTORCL1 signaling(A) Microscopic cyst containing extracellular
vesicles inilumen (arrow). (B) Extracellular vesicles either budding froimsorg with apical
epithelial cellssurface (arrow). (C) Diagram of experimental design. Intercalatedvesis
exposed torprincipal cell derigeconditioned media or isolated extracellular vesicles. (D)
Western blet of phosph86 and S6 in cultured intercalated cells. To calibrate experiment,
intercalated cells were exposed to FBS or serum starvation)FB$solated extracellular
vesicles fom 1 ml (EC\1) or 3 ml (EVG3) of the corresponding conditioned media.  **
Student t testRalue <0.01.IMCD cells, derived hamartin- (T1G and T1H) and tuberin-
knockdowpreells (T2H ad T2J). Bar diagram shows optical density of three independent

experiments«(Meatt SEM).

Figure 10,Model of TSC CystogenesisCortical collecting duct contains three types of
intercalated.cells (see color key) and principal cells that express cilia (blue). Stimulation initiated
from eitherthesmutant principal cells tietmutant vascular pericytes (arrows), drive the type A

intercalated-cells to adopt a mutant phenotype and proliferate (dashed arrows).

Table 1: List of antibodies used in the study.
Antibody Dilution ~ Source Catalog Number
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Alexa Fluor Donkey
antiGoat IgG
Alexa Fluor Goat
antiMouse IgG
Alexa Fluor__Goat
antirabbit 1gG

Anti-Hamartin

Anti-Na'/K*ATPase
Anti-phosphe
P70S6Kinase
(Thr389)
Anti-Tuberin
Anti-Tuberin
BiotinylatedDolichos
biflorus agglutinin
(DBA)
Biotinylated/™ Lotus
Tetragonolobus
Lection (LTL)

Goat polyclonal Anti
PRR
HMB-45
Mouse monoclona
Anti-AQP2

Mouse monoclona
Anti-H+ATPase
Mouse _monoclona
Anti-PCNA
PhospheS6
Ribossoma Protein
Rabbit polyclenal
Anti-H*ATPase
Rabbit polyclonal
Anti-NBCel
Rabbit

Anti-NCC

polyclonal

1:200

1:200

1:200

1:1,000

1:1,000

1:5,000

1:2,000

1:300

1:2,000

1:50

1:40

1:5,000

1:25

1:100

1:5,000

1:100

1:40

1:60

Invitrogen; Eugene, OR

Invitrogen; Eugene, OR

Invitrogen; Eugene, OR

Cell Signaling Technology, Inc. Danvers, MA

ProteinTech Rabbit Polyclonal

Dr. Jerry Lingrel, University of Cincinnati

Cell Signaling Technology, Inc. Danvers, MA

Cell Signaling Technology, Inc. Danvers, MA

ProteinTech Rabbit Polyclonal

Vector Laboratories, Burlingame, CA, USA

Vector Laboratories, Burlingame, CA, USA

Origene Technologies; Rockville, MD

Thermo Scientific, Waltham, MA

Dr. A. Blanchard, Pari®escartes University

Dr. S. Holliday, University of Florida

Santa Cruz Biotechnologies; Dallas, TX

Cell Signaling Technology, Inc. Danvers, MA

Dr. M. Soleimani, University of Cincinnati

Dr. M. Soleimani, University of Cincinnati

Stressmarq Biosciences; Victoria, BC, Canada
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A-11055

A-11001

A-11008
4906
209988I-AP

9205
3612
200041-AP

RL-1032

B-13252

MA5-16712

SC56

2211

SPG402



Rabbit polyclonal 1:60 Dr. Alicia McDonough, University of California at Lo
Anti-NHE3 ' Angeles

Rabbit polyclonal ] )
i . 1:15 Generated by Soleimani
Anti-Pendrin
S100 1:100 Abcam, Cambridge, MA ab52642
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