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ABSTRACT

The molecular mechanisms underlying renal growth and renal growth—induced nephron damage remain
poorly understood. Here, we report that in murine models, deletion of the tuberous sclerosis complex protein
1 (Tsc1) in renal proximal tubules induced strikingly enlarged kidneys, with minimal cystogenesis and occa-
sional microscopic tumorigenesis. Signaling studies revealed hyperphosphorylation of eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) and increased phosphorylation of ribosomal protein S6 (rpSé) in
activated renal tubules. Notably, knockin of a nonphosphorylatable rpSé in these Tsc1-mutant mice exacer-
bated cystogenesis and caused drastic nephron damage and renal fibrosis, leading to kidney failure and a
premature death rate of 67% by 9 weeks of age. In contrast, Tsc1 single-mutant mice were all alive and had far
fewer renal cysts at this age. Mechanistic studies revealed persistent activation of mammalian target of rapa-
mycin complex 1 (mTORC1) signaling causing hyperphosphorylation and consequent accumulation of 4E-BP1,
along with greater cell proliferation, in the renal tubules of Tsc1 and rpSé6 double-mutant mice. Furthermore,
pharmacologic treatment of Tsc1 single-mutant mice with rapamycin reduced hyperphosphorylation and
accumulation of 4E-BP1 but also inhibited phosphorylation of rpS6. Rapamycin also exacerbated cystic and
fibrotic lesions and impaired kidney function in these mice, consequently leading to a premature death rate of
40% within 2 weeks of treatment, despite destroying tumors and decreasing kidney size. These findings
indicate that Tsc1 prevents aberrant renal growth and tumorigenesis by inhibiting mTORC1 signaling, whereas
phosphorylated rpSé suppresses cystogenesis and fibrosis in Tsc1-deleted kidneys.
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Reduction in the number of functional nephrons  growth, and proliferation by integrating multiple
stimulates the residual functioning nephrons to  environmental and intracellular cues, including
undergo compensatory growth. Itis recognized that
compensatory renal growth occurs not only after
surgical renal ablation (due to renal trauma or  Received December 24, 2014. Accepted July 16, 2015.
tumor) but also occurs in virtually all kidney
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diseases that cause nephron damage and
consequently a reduction in functioning nephron
number.!-* However, excessive renal growth may
be a maladaptive response and has been implicated
in progressive nephron damage, leading to ESRD.>-¢

The mammalian target of rapamycin (mTOR) is
an evolutionarily conserved serine/threonine pro-
tein kinase that regulates protein synthesis, cell
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growth factors, nutrients, energy status, ox-
ygen and stress levels.”-8 mTOR forms two
structurally and functionally distinct multi-
protein complexes: mTOR complex 1
(mTORC1) and mTORC?2 in all mammalian
cells.” The regulatory-associated protein of
mTOR (Raptor) only exists in mTORCI1
while the rapamycin-insensitive companion
of mTOR (Rictor) is the key component of
mTORC2. mTORCI1 functions largely
through phosphorylation of two downstream
targets: the ribosomal protein S6 kinase 1
(S6K1) and eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1).
mTORCI1 phosphorylates and inhibits 4E-
BP1; meanwhile it phosphorylates S6K1 at
T389 to activate S6K1, which further phos-
phorylates multiple downstream targets, in-
cluding the ribosomal protein S6 (rpS6).°-12
Unlike mTORCI1, mTORC2 does not regu-
late the phosphorylation of 4E-BP1 or
S6K1.13

For a cell to grow in size or to proliferate, a
positive signal is required to drive increased
protein synthesis in the cell. In this regard, we
initially observed that mTORCI activationisa
positive signal that mediates increased protein
synthesis during uninephrectomy-induced
renal growth,'4 and our further studies iden-
tified increased amino acids (delivered into
the remaining kidney by increased renal
blood flow in response to uninephrectomy)
as molecular growth signals that initiate
mTORCI activation.!> In a previous study,
Bell et al. hypothesized that primary cilia pre-
vent renal cyst formation by suppressing
pathologic tubular cell hypertrophy and pro-
liferation, with the primary purpose of deter-
mining if hypertrophic signaling could
modify the rate of cystogenesis.'® Their
results demonstrated that uninephrectomy
induced mTORCI1 signaling and renal hyper-
trophy without cyst formation in wild-type
(WT) mice; however, uninephrectomy acti-
vated excessive mMTORCI1 signaling, triggered
increased renal hypertrophy and accelerated
renal cyst formation, leading to renal dys-
function in conditional ift88 knockout
mice.16 Of interest, mMTORCI activation
also mediates both diabetes-induced renal
growth!7-1° and phosphatase and tensin
homolog deletion-induced renal growth.!®

Homozygous knockout of S6K1 blunts both uninephrectomy-
and diabetes-induced renal growth,!” and phosphorylated
rpS6 is a major effector downstream of mTORCI activation
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Figure 1. Characterization of renal proximal tubule cell-specific Tsc1 knockout
(Tsc1P™O) mice. (A, B) Tsc1P*® mice (n=6) had significantly increased (A) kidney
weights and (B) kidney to body weight ratios, compared with their Tsc1<" littermates
(n=5). Data were from mice at 6 weeks of age and expressed as means*SEM,
**P<0.01. (C) Representative whole kidney sections with H&E staining from Tsc1P™C
and Tsc1<" mice at 1, 2, and 4 weeks of age, with Tsc1P*© mice showing increased
kidney size. (D) Higher magnification light microscopy revealed markedly enlarged
renal proximal tubules lined with hyperplastic (green arrows) and hypertrophic epi-
thelial cells (yellow arrow), with a few microscopic renal cysts and occasional renal
tumors (red arrow) in Tsc1P™® mice, compared Tsc1® mice. (E) Immunohisto-
chemical staining with an antibody specific for the proliferating cell marker Ki67
revealed markedly increased cell proliferation in Tsc1PH@ kidneys. (F) Immunoblot-
ting of kidney cortex homogenates indicated aberrantly upregulated protein ex-
pression of total 4E-BP1 and phosphorylation of both 4E-BP1 and rpSé in Tsc1P™?
kidneys. (G) Immunohistochemical staining localized the increased p-rpSé and p-4E-
BP1 to the epithelial cells of activated renal tubules in Tsc1P*© mice. Representative
blots shown were from at least three separate experiments with similar results. (Scale
bars: 2 mm in all images of C; 100 um in all images of D, E, and G.)

in mediating compensatory renal growth.2 Therefore, we hy-
pothesize that mTORCI is a master regulator that controls
kidney size and mTORC1 activation is a “common

J Am Soc Nephrol 27: 1145-1158, 2016



denominator” leading to renal growth, although the initiating
growth stimuli in different situations may not be the same.

The tuberous sclerosis complex protein 1 (Tscl) is
considered a negative regulator of mTORCI,8 and renal prox-
imal tubules make up the bulk of the kidney.2:22 So we tested
the hypothesis that selectively deleting Tscl in proximal tu-
bules would be sufficient to activate mTORCI and induce
kidney growth. In addition, mTORCI activation is implicated
in the genetic disorder known as tuberous sclerosis complex,
caused by gene mutations in either TSCI or TSC2 (the human
homologs of mouse Tscl and Tsc2 genes, respectively).23-24
However, mTOR has multiple substrates,?>2¢ which might
underlie the many adverse effects of the clinically used
mTOR inhibitors.?” So in the present study, we also tested
the hypothesis that selectively blocking only rpS6 phosphorylation
might provide proof-of-concept evidence
for the development of an improved new
therapy to prevent renal growth-induced
nephron damage, given that rpS6 phos-
phorylation is implicated in cell growth
and proliferation.20-28-30

RESULTS

Tsc1 Deletion in Renal Proximal
Tubules Caused Striking Kidney
Growth

By crossing Tscl-floxed mice (Tsc1/"%)
with transgenic mice expressing Cre re-
combinase under the control of the gamma
glutamyl transpeptidase (yGT) pro-
moter,3! we generated a new line of proxi-
mal tubule-specific TscI gene knockout
(Tsc1P™©) mice, as illustrated in Supplemen-
tal Figure 1A. Gender-matched Tscl/ /",
yGT-Cre  littermates were used as
control mice (called Tsc1“™ mice hereaf-
ter). PCR genotyping identified Tsc1"™
and Tsc1P™© mice as those carrying only
Tscl-floxed alleles, while the heterozygous
floxed (Tsc1™**) mice harbored both the
Tscl-floxed allele and the WT allele; how-
ever, the yGT-Cre gene was only detected in
Tsc1P™© mice (Supplemental Figure 1B).
Immunoblotting of proximal tubule-enriched
renal cortex homogenates confirmed effec-
tive deletion of Tscl protein (Supplemental
Figure 1C).

Tsc1P™ mice showed significantly in-
creased kidney weights (Figure 1A) and
kidney to body weight ratios (Figure 1B),
with strikingly increased kidney size (Figures
1C and 4C). The large kidney phenotype
was caused by both cellular hypertrophy

J Am Soc Nephrol 27: 1145-1158, 2016

www.jasn.org | BASIC RESEARCH

and cell proliferation, which led to markedly enlarged proximal
tubules (some tubules were aberrantly lined with multiple lay-
ers of proliferating cells), with some small renal cysts (Figure
1D). Immunohistochemical staining for Ki67, a marker for
proliferating cells, confirmed markedly increased cell prolif-
eration (Figure 1E). By 4 weeks of age, Tsc1?*© mice devel-
oped occasional microscopic tumors, seemingly resulting
from dysregulated tubular epithelial cell proliferation filling
up the lumens of enlarged renal tubules (Figure 1D, Supple-
mental Figure 2).

Tsc1 Deletion in Renal Proximal Tubules Activated
Aberrant mTORC1 Signaling

The mTORCI phosphorylation target, 4E-BP1, migrates as at
least 4-5 bands, denoted «, B, v, 6, and & (Figure 1F),

Figure 2. Deletion of Tsc1 in renal proximal tubular epithelial cells caused cellular
hypertrophy and proliferation, consequently resulting in tubular hypertrophy. H&E-
stained kidney sections revealed that renal proximal tubule cell-specific Tsc1 knockout
(Tsc1P™©) mice had markedly enlarged renal proximal tubules lined with hyperplastic
and hypertrophic epithelial cells, compared with their gender- and age-matched litter-
mate control (Tsc1“™) mice at 1, 2, and 4 weeks of age. Shown are representative im-
ages from n of at least five animals/group with similar results. (Scale bar, 100 um.)
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representing 4E-BP1 phosphorylated to varying extents as
previously reported.!43233 The 4E-BP1 species with higher
apparent relative molecular mass (e- and 8-species), but not
the lowest a-species, were aberrantly upregulated in Tsc1P*
kidneys, indicating that persistent mTORCI activation in-
duced by genetic TscI deletion ultimately led to an accumula-
tion of the hyperphosphorylated species of 4E-BP1 (Figure
1F). This is consistent with the fact that the hyperphosphory-
lated species of 4E-BP1 are stable and refractory to degrada-
tion by the ubiquitin-proteasome pathway.3* When separated
well, band shift was also seen for the 2—3 species of rpS6, owing
to its phosphorylation to different degrees at multiple serine
residues.3%3> Immunoblotting with phospho-specific anti-
bodies confirmed that the phosphorylation levels of both
4E-BP1 and rpS6 were markedly increased in Tsc1P™© kid-
neys, thus confirming mTORCI activation (Figure 1F). Im-
munohistochemistry localized the increased phospho-rpS6
(p-rpS6) and phospho-4E-BP1 (p-4E-BP1) to the activated
proximal tubular epithelial cells in Tsc1P"° mice (Figure 1G).
In contrast, Tsc1“™ mice had very low basal levels of p-4E-
BP1 and p-rpS6 in proximal tubules and moderate levels in
distal nephron segments, in which a subset of cells express a
relatively high basal level of p-rpS6 (Figure 1G). Cellular
hypertrophy- and hyperplasia-caused proximal tubule enlarge-
ment was already striking enough by 1 week of age, as clearly
shown in Figure 2.

Genetic Deletion of rpS6 Phosphorylation in Tsc1P™C
Mice Transiently Inhibited Cell Proliferation and Kidney
Growth but Subsequently Exacerbated Cystogenesis

A mutated rpS6 allele was knocked into the locus of mouse
pS6 gene to generate rpS6 knockin mice expressing nonphos-
phorylatable rpS6 (rpS6" "), in which all five phosphorylatable
serine residues encoded by the exon 5 of rpS6 were
replaced with alanine residues, as depicted in Figure 3A.30
By crossing these knockin mice with our new Tsc1?™° mouse
line, we generated Tscl and rpS6 double gene-deficient mice,
which express nonphosphorylatable rpS6 throughout the
whole body but their TscI gene was knocked out only in renal
proximal tubules (Tsc1P™?;rpS6” ), as depicted in Figure 3B.
Immunoblotting confirmed complete deletion of 5235/236-
phosphorylated rpS6 (Figure 3C) and S240/244-phosphory-
lated rpS6 (data not shown) in Tsc1P*;rpS6¥~~ mice and
Tsc1°™rpS6”~~ mice while Tsc1P™° mice had markedly in-
creased rpS6 phosphorylation, compared with Tsc1“'™ mice
(Figure 3C).

Within 1 week of age, Tscl knockout-induced kidney
growth was completely prevented in Tsc1P™*9;rpS6”~~ mice,
as indicated by normalized kidney to body weight ratios (Fig-
ure 4A), with indistinguishable body weights (Figure 4B) and
similar proliferating cell numbers outside of proximal tubules
(Figure 5A) but a significantly inhibited proliferating cell
number in the proximal tubules (Figure 5B), compared with
Tsc1P™© mice. Surprisingly, by 2 weeks of age, Tsc1P*;rpS6™ "~
mice had a significantly rebounded and sustained rate of
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Figure 3. Generation of Tsc1 and rpSé double gene-deficient

mice. (A) Strategy for making rpSéP‘/‘ knockin mice expressing
nonphosphorylatable ribosomal protein rpS6, in which all five
phosphorylatable serines (5235, S236, 5240, S244, and S247) were
replaced with alanines by site-directed mutagenesis. (B) A sche-
matic depicting genetic deletion of rpSé phosphorylation in the
whole animal on the background of renal proximal tubule-specific
Tsc1 knockout (Tsc1P™©) mice, resulting in Tsc1 and rpSé double
gene—deficient (Tsc1P™;rpS6™) mice and TSCTCt";rp56P’/’ litter-
mates, used as control for genetic rpSé phosphorylation deletion
alone. (C) Immunoblotting of renal cortices confirmed complete
deletion of rpS6 phosphorylation in rpS6”~ knock-in mice (Tsc1<™;
rpS6777) as well as the double gene-deficient Tsc1P™?;rpS6P~~
mice by 1 and 4 weeks of age. Shown are representative blots from
at least three separate experiments with similar results.

cell proliferation in the proximal tubules (Figure 5, A and B)
and their kidneys outgrew those of Tsc1?*© mice (Figure 4A),
with more pronounced renal cysts (Figure 4D). By 4 weeks of
age, TsclPtKO;rpS6P_/_ mice developed much more severe
cystic kidneys (Figure 4D, Supplemental Figure 3) and tubu-
lointerstitial fibrosis revealed by Masson’s trichrome staining
(Figure 6A) and immunohistochemical staining for fibronectin
(Figure 6B), with occasional glomerular cysts in the most se-
vere cystic areas (Supplemental Figure 4). These pathologic

J Am Soc Nephrol 27: 1145-1158, 2016
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Figure 4. Genetic deletion of rpSé phosphorylation transiently prevented Tsc1 deletion-
induced kidney growth within 1 week of age but subsequently exacerbated cystogenesis
in Tsc1-deleted kidneys. (A) Kidney to body weight ratios and (B) body weights of all four
genotypes of mice at the indicated age. Data are expressed as means*SEM; *P<0.05,
**P<0.01 for Tsc1P™© mice versus Tsc1P™©;rpS6™"~ mice at 1, 2, and 4 weeks of age,
respectively. (C) Representative kidney images of indicated four genotypes of mice at 4
weeks of age. (D) H&E staining demonstrated transient inhibition of kidney growth and
cystogenesis in Tsc1PC;rpS mice compared with Tsc1P™© mice within 1 week of
age, but compared with Tsc1P™© mice, Tsc1P™C;rpS6""~ mice developed worsening
cystogenesis after 1 week of age. In contrast, both TSCYC"’;rpS mice as well as
Tsc1<"! mice exhibited normal kidney histology. (Scale bars: 2 mm in all images of D1-8
and D13-16; 100 um in all images of D9-12 and D17-20). n=5 mice per genotype group
at each time point. Ain D19 indicates an artery; V in D10 and D19 indicates veins; the red
arrow in D12 indicates papillary tumorous growth inside a renal cyst.
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changes caused a pale appearance of the enlarged kidneys (Fig-
ure 4C) and a retardation of the animal growth, as shown by
significantly lower body weights (Figure 4B) and consequently
much higher kidney to body weight ratios (Figure 4A). Tsc1P*©
mice developed enormous kidneys (Figure 4C) due to cellular
hypertrophy— and hyperplasia—caused enlargement of proximal

J Am Soc Nephrol 27: 1145-1158, 2016

by increased S65-hyperphosphorylated 4E-BP1 in Tsc
rpS6” "~ mice by 4 weeks of age (Figure 8B). Immunohisto-
chemistry localized the hyperphosphorylated 4E-BP1 to the ep-
ithelial cells lining the enlarged/dilated renal tubules and renal
cysts (Figure 8C) and also localized to the cells forming micro-
scopic renal tumors (Supplemental Figure 7).
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tubules (Figures 1D and 2), with only a few
focal microscopic renal cysts (Figure 4D,
Supplemental Figure 5). There was no cystic
kidney lesion in Tsc1“";rpS6°~'~ mice (Fig-
ure 4D). Tsc1P*9;rpS6”~7~ mice developed
significantly increased BUN by 2 weeks of
age, indicating impaired renal function (Fig-
ure 6C), with 67% premature death by 9
weeks of age when Tsc1P™™© mice were all
alive (Figure 6D).

Immunofluorescence staining with the
proximal tubule marker, Lotus-tetragonolobus
Lectin (LTL), and the distal tubule/collecting
duct marker, Dolichos biflorus Agglutinin
(DBA), confirmed that all renal cysts origi-
nated from proximal tubules (Figure 7A).
Some epithelial cells lining the larger
cysts seen in Tsc1P™© mice, and especially
in TsclPtKO;rpS6P_/_ mice, by 4 weeks of
age did not show cross-reactivity to LTL (Fig-
ure 7B), suggesting that these cells have lost
their differentiated characteristics as the
cysts enlarge further; consistent with this de-
differentiation was that virtually all the Ki67-
positive (proliferating) cells lining these
larger cysts were negative for L'TL, although
not all LTL-negative cyst-lining cells were
captured for Ki67 positivity (Figure 7B).

Genetic Deletion of rpSé6
Phosphorylation in Tsc1P™© Mice
Transiently Inhibited Phosphorylation
of both S6K1 and 4E-BP1, with
Subsequent Accumulation of
Hyperphosphorylated 4E-BP1

By 4 weeks of age, the phosphorylation of
both S6K1 and 4E-BP1 in Tsc1P™° mice
markedly declined compared with that of
1-week-old Tsc1P™© mice, but was still el-
evated compared with that of Tsc1" mice
(Figure 8, A and B). Genetic deletion of
rpS6 phosphorylation in Tsc1P™° mice in-
hibited both S6K1 and 4E-BP1 phosphor-
ylation within 1 week of age (Figure 8A),
but such an inhibition was lost subse-
quently, with a marked accumulation of
hyperphosphorylated species of 4E-BP1,
as evidenced by nearly all 4E-BP1 bands
being shifted to the top band and confirmed

tKO
1P,

Tsc1 and rpSé in Renal Growth 1149
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Figure 5. Genetic deletion of rpSé phosphorylation on the back-
ground of Tsc1P™® mice transiently inhibited but subsequently
stimulated cell proliferation in renal proximal tubules. (A,B) Triple
immunofluorescence staining with LTL to label renal proximal tu-
bules, a Ki67 antibody to label proliferating cells and DAPI to label
nuclei detected similarly abundant proliferating cells outside of
proximal tubules in both Tsc1P™ and Tsc1P*;rpS6”"~ mice at 1-2
weeks of age (A); however, Tsc1PC mice exhibited significantly
increased Kié7-positive cells in the proximal tubules compared with
other groups of mice at and after 1 week of age, but Tsc1P*C;
10567~ mice had a higher percentage of Ki67-positive cells in the
proximal tubules than that in Tsc1P™© mice by 2 weeks of age and
remained elevated even by 4 weeks of age (B). The percentage of
Ki67-positive cells was calculated from 25 randomly captured im-
ages for each group (five images per mouse, five mice per group) at
each time point at the original magnification of 400X from the LTL-
positive region. Only Ki67-positive nuclei within LTL-positive tubules
were counted for the numerator, which was divided by the sum of
Ki67-positive nuclei and DAPI-positive nuclei within the LTL-positive
tubules and then multiplied by 100%. Data are expressed as
means=SEM, *P<0.05 for Tsc1P*© versus Tsc1P™;rpS6"™~ at both
1 week and 4 weeks of age. **P<0.001 for Tsc1P*©;rpS6™~ versus
Tsc1PC mice at 2 weeks of age as well as Tsc1P versus Tsc1<™
and Tsc1<";rpS6P"~ mice at 1, 2, and 4 weeks of age, respectively.

Rapamycin Inhibited Tsc1 Deletion-Induced mTORC1
Activation and Kidney Growth but Exacerbated Cystic
Kidney Lesions

Treating Tsc1?™° mice with the mTORCI inhibitor rapamycin
markedly inhibited S6K1 and rpS6 phosphorylation; it also sup-
pressed hyperphosphorylation and accumulation of total 4E-BP1
(Figure 9A). This dramatically reduced Tscl deletion-induced
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Figure 6. Genetic deletion of rpSé phosphorylation on the
background of Tsc1P™© mice exacerbated interstitial fibrosis,
impaired kidney function, and caused premature animal death.
(A) Masson’s trichrome staining and (B) immunohistochemical
staining for fibronectin revealed markedly more severe interstitial
fibrosis in Tsc1P™©;rpS67~ mice than in Tsc1P*© by 4 weeks of
age. Shown are representative images from n of five mice per
genotype with similar results. (Scale bars, 200 um.) (C) Statistically
significant increases in BUN in Tsc1P™9;rpS67~~ mice indicated
a decline of renal function. Data are expressed as means+SEM
*P<0.05, **P<0.01 for Tsc1P*;rpS6P~~ compared with other
three genotypes of mice at 2 and 4 weeks of age, respectively;
n=5 mice/group. (D) Tsc1P™C;rpS6"~~ mice displayed an in-
creased mortality after 4 weeks of age (n=7 for Tsc1P™© mice,
n=9 for Tsc1P™C;rpS6F~~ mice).

kidney growth (Figure 9B), decreased kidney to body
weight ratio (Figure 9C), increased the size of renal cysts (Fig-
ure 9B), elevated BUN levels (Figure 9D), and caused signif-
icant premature death within 2 weeks of treatment (Figure
9E). Renal histology confirmed that rapamycin markedly in-
creased the size of renal cysts in the shrunken kidneys (Figure
10A) and exacerbated tubulointerstitial fibrosis as confirmed
by Masson trichrome staining (Figure 10B) and immunobhis-
tochemistry for fibronectin (Figure 10C). Higher magnifica-
tion light microscopy revealed that vehicle-treated Tsc1?**©
mice consistently showed enlarged renal tubules and focal
microscopic cysts lined with multilayers of proliferating cells
and microscopic renal tumors consisting of aberrantly
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mice originated from proximal tubules. (A) Immunofluorescence
staining with the proximal tubule marker LTL (green) or the distal
tubule/collecting duct marker DBA (green), respectively con-
firmed that all renal cysts originated from proximal tubules (red
arrows), but not from DBA-positive tubules (yellow arrows). (B)
Triple immunofluorescence staining with LTL (green), DAPI (blue,
labeling nuclei), and an antibody against Ki-67 (red, labeling
proliferating cells) revealed loss of LTL staining (yellow arrow-
heads), indicative of dedifferentiation, in some but not all epi-
thelial cells, particularly those lining the larger cysts in Tsc1P™©;
PSP~ mice, by 4 weeks of age, with virtually all Ki67-positive
cyst-lining cells being negative for LTL. (Scale bar, 100 um.)

proliferating cells (Figure 11A, top panels), similar to those
seen in untreated Tsc1?® mice (Figure 1D). Notably, rapa-
mycin treatment caused sloughing off and death of the multi-
layers of proliferating cells lining the enlarged renal tubules
(thus seemingly enlarging cyst size) and also caused death of
the cells forming the center of the microscopic renal tumors
and resulted in a lesion appearing as central liquefaction ne-
crosis (thus seemingly “turning” the tumors into cysts), as
indicated in the lower panels of Figure 11, A and B.

DISCUSSION

In Drosophila, both dS6K and d4E-BP regulate cell growth
(increase in cell size) and cell proliferation (increase in cell
number).3¢:37 In mammals, different mechanisms might
have been evolved to regulate cell growth and proliferation
separately.38-3° It has been demonstrated that 4E-BPs mediate
mTORCI effects to promote cell proliferation, but not growth,
in mammalian cells.4® Here we provide evidence that both
cellular hypertrophy and hyperplasia contribute to the en-
largement of renal proximal tubules, with a few small cysts
and occasional microscopic tumors, consequently resulting in
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strikingly enlarged kidneys in Tsc1?**© mice. These findings

unveil an essential role for Tscl in controlling the normal size
and homeostasis of the kidneys. Mechanistic studies con-
firmed markedly activated mTORC1, supporting our hypoth-
esis that mTORCI is a “common denominator” mediating
kidney growth.

Phosphorylation of rpS6 is implicated in the regulation of
cell growth and proliferation in multiple cell types.”-20,25.29,30
Surprisingly, genetically blocking rpS6 phosphorylation in
Tsc1P'®© mice only transiently inhibited cell proliferation
and kidney growth as the kidneys of rpS6” 7 Tsc1P™° mice
soon developed aberrantly rebounded cell proliferation and
outgrew the kidneys of Tsc1?® mice, causing exacerbated
cystogenesis and fibrosis. This might suggest a previously un-
appreciated role of rpS6 phosphorylation in suppressing renal
cystogenesis and fibrosis. Genetically blocking rpS6 phos-
phorylation in Tsc1?'™*© mice only transiently inhibited
mTORCI1 signaling, through an unknown mechanism, possi-
bly suggesting the existence of a previously unrecognized
positive-feedback loop exerted by S6K1-mediated rpS6 phos-
phorylation on mTORCI1 activity. Thus, deleting such a regu-
latory loop reduced mTORCI signaling to phosphorylation of
both S6K1 and 4E-BP1. This hypothesis certainly deserves fur-
ther investigation in future studies to delineate the detailed
molecular signaling steps.

Unlike 4E-BP1, no accumulation or upregulation of total
S6K1 and total rpS6 was observed in any of the four genotypes
of mice used in the current study, although we could not
completely rule out whether nonphosphorylatable rpS6 could
have a nonphysiologically relevant dominant negative effect in
the setting of Tscl deletion-induced mTORCI1 activation.
Furthermore, studying Tsc1“";rpS6°”~ mice confirmed that
deletion of rpS6 phosphorylation in the quiescent kidneys of
WT control mice (Tsc1°™) neither upregulated total 4E-BP1
nor altered mTORCI signaling. Tsc1“™;rpS6”~~ mice did not
develop renal cysts or tumors, either. However, in the face of
genetic Tscl deletion—induced persistent mTORCI1 activation,
complete loss of the S6K1-phosphorylating sites in the mutant
substrate rpS6 appeared to ultimately result in an accumula-
tion of hyperphosphorylated 4E-BP1. Such signaling altera-
tions might be the mechanism of aberrantly rebounded cell
proliferation, consequently leading to increased cystogenesis
and exacerbated fibrosis. This would be consistent with the
demonstration that mTORC1-mediated cell proliferation, but
not cell growth, is controlled by the 4E-BPs.40 Of interest, 4E-
BP1 is the most abundant isoform of the 4E-BPs in the ma-
jority of tissues (with some exceptions, such as brain).4!

Pharmacologic treatment of Tsc1?'™®® mice with the
mTORCI1 inhibitor rapamycin nearly completely blocked
mTORCI signaling to phosphorylation of 4E-BP1, S6K1,
and rpS6, consequently causing cell death, especially the ab-
errantly proliferating cells lining the renal tubules or forming
the center of microscopic renal tumors, thus manifesting as
enlarged cystic lesions and worsened renal fibrosis, conse-
quently resulting in significantly impaired renal function
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mTORCI activation (as in the kidneys of
both Tsc1P**© mice and Tsc1P*;rpSe"~
mice due to permanent deletion of the
Tscl gene), elF4E is being actively engaged
in the e[F4F complex, and thus is hardly
available for binding to the scarce hypo-
phosphorylated 4E-BP1. Further, recent
studies have demonstrated that the hyper-
phosphorylated species of 4E-BP1 is stable
and refractory to degradation (and thus tends
to accumulate) while the elF4E-unbound
hypophosphorylated 4E-BP1 is unstable and
readily degraded by the ubiquitin-proteasome
pathway3* Hence, such a hyperphosphorylation-
dependent molecular mechanism of 4E-BP1
stability might be responsible for the up-
regulation of 4E-BP1 abundance, particularly
the hyperphosphorylated species of 4E-BP1
but not the hypophosphorylated a-species
of 4E-BP1 seen in Tsc1?;rpS6™ "~ mice by
4 weeks of age. Given the previously demon-
strated role of 4E-BPs in mediating
mTORCI1-dependent cell proliferation,*° it
would be interesting to test whether selectively
targeting 4E-BPs could block Tscl deletion—
induced proliferative and cystic kidney le-
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(5235/236)

W W <€ p-SBK1
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B-actin
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Figure 8. (A) Genetic deletion of rpSé6 phosphorylation in Tsc

1 ptKO

sions in future studies; 4E-BP1 knockout
mice are viable and fertile with normal life
span.40-41

mice transiently

inhibited Tsc1 knockout-activated mTORC1 signaling to phosphorylation of both
S6K1 and 4E-BP1 within 1 week of age, (B) but subsequently accumulated the hy-
perphosphorylated species of 4E-BP1, as revealed by nearly all 4E-BP1 bands being
shifted to the top band and further confirmed by increased S65-hyperphosphorylated
4E-BP1 species, consequently increasing the level of total 4E-BP1, in Tsc1P™©;
rpS677~ mice by 4 weeks of age. *Denotes a nonspecific band. (C) Immunohisto-
chemistry localized Tsc1 deletion-induced 4E-BP1 hyperphosphorylation to the epi-
thelial cells lining the enlarged or dilated renal tubules and renal cysts. Shown are
representative immunoblots and immunohistochemical staining images from at least

Of patients with autosomal dominant
polycystic kidney disease (ADPKD),
around 85% are caused by mutations in
the PKDI gene,** whereas most of the re-
maining 15% result from mutations in the
PKD?2 gene.*> However, typically the pa-
tients with ADPKD only develop a few re-

five mice per genotype with similar results. (Scale bar: 100 um.)

and premature animal death, despite markedly decreasing kid-
ney size and destroying tumors. Thus, monitoring whole kid-
ney volume alone for therapeutic efficacy could be misleading.

An intriguing question is: which is possibly the more detailed
mechanism responsible for the markedly upregulated total
4E-BP1 in both Tsc1P*X© and TsclptKO;rpS6P7/f kidneys? In
this regard, the abundance of the eukaryotic translation initi-
ation factor 4E (eIF4E) is much lower than other translation
factors and thus eIF4E is a rate-limiting factor in translation
initiation.4?43 Activation of mTORCI mediates hyperphos-
phorylation of 4E-BP1,!2 consequently leading to its dissocia-
tion from eIF4E.!! The released eIF4E binds to the 5'-cap
structure of mRNAs and, together with eIF4G and eIF4A, as-
sembles the translation initiation complex eIF4F, thus
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nal cysts within the first two decades of life
but numerous renal cysts can be found by
the fifth decade. A “two-hit” hypothesis has
been proposed to explain the focal and slow progressive fea-
ture of cyst formation and the significant heterogeneity of
phenotypes within the same family with ADPKD. This
“two-hit” model proposes that a germline mutation in one
allele of a PKD gene as the first hit is not sufficient to cause
cyst formation until a somatic mutation in another allele of the
PKD gene has also occurred as the second hit later in life in a
single cell, thus resulting in clonal proliferation of the cell
into a cyst.46-48 Germline homozygous deletion of PkdI or
Pkd2 in mice causes perinatal lethality with numerous renal
cysts. 4920 Of interest, inactivation of Pkdl in adult mice
causes a slow onset of cystic kidneys.>!->3 Inactivation of the
ciliogenic gene Kif3a in adult mice did not cause rapid cyst forma-
tion despite the loss of primary cilia; however, ischemia-reperfusion
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many cellular and molecular signaling
events,®%-°! not merely any single event,
but our data support the notion that aber-
rantly activated cell proliferation is a major
cellular mechanism that actively drives cys-
togenesis.

To date, there is no Food and Drug
Administration-approved curative treat-
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Figure 9. Rapamycin treatment inhibited mTORC1 signaling and kidney growth but
caused renal failure and premature death in Tsc1P™C mice. (A) Rapamycin treatment
(1 mg/kg body wt by intraperitoneal injection once every other day for 2 weeks starting
from 2 weeks of age) inhibited S6K1, rpSé6 and 4E-BP1 phosphorylation and decreased
total 4E-BP1 levels in Tsc1P*© mice. *Denotes a nonspecific band. (B-E) Rapamycin
inhibition of MTORC1 signaling in Tsc1P™® mice (B) decreased kidney size but in-
creased cyst size, indicated by red arrows, (C) reduced kidney to body weight ratio, (D)
increased BUN level, and (E) caused premature animal death. The representative im-
munoblots (A) and kidney images (B) are from n of 7-10 mice per group with similar
results. Data in (C) and (D) are expressed as means*SEM; **P<0.01 compared
rapamycin-treated Tsc1 PO mice (n=10) to vehicle-treated Tsc1P™® mice (n=7).

ity of human patients with ADPKD. Fur-
ther, mTOR inhibitors (rapamycin and
everolimus) have been shown to increase
apoptosis of cyst-lining cells, reduce cyst
growth, inhibit renal fibrosis, decrease kid-
ney size, and preserve renal function in
both mouse and rat models of polycystic
kidney disease (PKD).%4-7! In our present
study, we also observed that rapamycin in-
hibition of the mTOR pathway markedly

renal (IRI) injury induced cyst formation in adult Kif3a mutant
mice.>* Thus, renal injury has been proposed to be a “third hit”
that promotes rapid cyst formation in adult PkdI-inactivated
mouse kidneys.>>>¢ Nephrotoxin-induced renal injury also sig-
nificantly accelerated cyst formation in PkdI-deleted mice.>”
IRI induces significant dilation of renal tubules and develop-
ment of microcysts even in PkdI-heterozygous mice but not in
their WT control mice.>® Moreover, uninephrectomy also ac-
celerates renal cyst formation in adult mice without cilia due to
conditional knockout of the primary cilia gene ift88.16->° This
study observed that genetic elimination of rpS6 phosphoryla-
tion in conditional TscI knockout mice ultimately activated
aberrant cell proliferation and promoted cyst formation.
Therefore, it seems likely that after the homozygous deletion
of a cyst-suppressing gene, including Tscl, activated cell pro-
liferation is a key common event that accelerates cyst formation
and expansion. However, future studies are required to confirm
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induced cell death and drastically reduced
kidney size. However, in contrast to previ-
ous results, we surprisingly found that rapamycin increased
the size of renal cysts, exacerbated renal fibrosis, and impaired
renal function, as demonstrated in Figures 9-11. The reason
(s) behind these conflicting findings is not immediately clear,
even only compared with mouse PKD models. The major dif-
ferences are that the conditional TscI knockout mice in our
present study were generated by using the yGT promoter-
driven Cre to delete the Tscl gene in the proximal tubules
(thus induced cellular hypertrophy and proliferation causing pri-
marily proximal tubular hypertrophy, with some LT'L-positive
small renal cysts and microscopic hamartomatous renal
tumors; no DBA-positive cysts were seen), whereas the con-
ditional PkdI knockout mice in the previous study were gen-
erated by using the Nestin promoter-driven Cre to delete the
Pkdl gene and induced numerous renal cysts predominantly
originated from collecting duct/distal tubules (no LTL-positive
cysts were evident).%> Furthermore, the genetic background
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A Vehicle

Rapamycin

tubule—derived cysts are different from distal

tubule- or collecting duct-derived cysts in
their response to rapamycin treatment.

CONCISE METHODS

Reagents and Antibodies
Sheep anti-Tscl antibody and rabbit anti-sheep

secondary antibody were purchased from R&D
Systems (Minneapolis, MN). Antibodies against

Vehicle

Rapamycin

Figure 10. Rapamycin treatment of Tsc1P™® mice exacerbated cystic and fibrotic kidney

B-actin, phospho-S6K1 (p-S6K1), S6K1, p-rpS6,
rpS6, p-4E-BP1, 4E-BP1, horse anti-mouse
secondary antibody, and goat anti-rabbit
secondary antibody were purchased from Cell
Signaling Technology (Beverly, MA). Rabbit
anti-Ki67, fluorescein-labeled LTL, fluorescein-
labeled DBA, Dylight 549 anti-rabbit IgG, and
Vectastain ABC Kit were purchased from Vector
Labs (Burlingame, CA). Fibronectin antibody
and other reagents were purchased from
Sigma-Aldrich (St. Louis, MO).

lesions. (A,B) Renal histology confirmed that rapamycin treatment (as indicated in the
legend of Figure 9A) (A) markedly increased cyst size, despite decreasing kidney size, and

exacerbated tubulointerstitial fibrosis, which was confirmed by (B) trichrome staining and
(C) increased fibronectin deposition revealed by immunohistochemistry. (Scale bars:
2 mm in upper panel of A; 500 um in lower panel of A; and 200 um in B and C.)

of our conditional Tscl knockout mice is not identical to
that of the conditional Pkdl knockout mice. Moreover, the
conditional Pkd1 knockout mice in the previous study were
able to tolerate daily treatment with 5 mg/kg rapamycin
(starting at 28 days of age and ending at 49 days of age);
however, treatment of our conditional TscI knockout mice
with 1 mg/kg once every other day for 2 weeks (starting from
2 weeks of age) already caused 40% premature death within
2 weeks.

Finally, it is noteworthy that although not all of the previous
studies characterized the sensitivity of different nephron
segment-derived cysts to rapamycin treatment, a more recent
study by Shillingford et al. reported that after treatment with
folate-conjugated rapamycin, which was demonstrated to be
as effective as unconjugated rapamycin, only the DBA-positive
(distal and collecting tubule) cysts diminished but the LTL-
positive (proximal tubule) cysts increased in bpk mice, another
commonly used mouse model of PKD that normally has a
small percentage of proximal tubule cysts, as clearly demon-
strated in their supplemental figure 3.7 This observation is
consistent with the inhibitory effect of rapamycin on cysto-
genesis in another mouse model that conditionally inactivated
Tscl in the distal convoluted tubules, but not in the proximal
tubules, using EmxI-Cre mice, as reported by Armour et al.”!
and is also consistent with the worsening effect of rapamycin
on cystogenesis in proximal tubule—specific Tsc1 knockout mice
demonstrated in this study (Figures 9—11). Apparently, future
studies are required to confirm and understand why proximal

1154 Journal of the American Society of Nephrology

Generation of Proximal Tubule-Specific
Tsc1 Gene Knockout Mice and

Tsc1-rpS6 Double Gene-Mutant Mice
Animals were housed at the Georgia Regents

University veterinary facility (CA Building). Animal care and all
experimental procedures were approved by Georgia Regents Univer-
sity’s Institutional Animal Care and Usage Committee, and complied
with the guidelines of National Institutes of Health. Renal proximal
tubule cell-specific homozygous Tscl gene knockout (Tsc1P*°) mice
were generated by crossing Tsc1™*/°* mice with a transgenic mouse
line expressing Cre recombinase under the control of the gamma-
glutamyl transpeptidase promoter (yGT-Cre).>! The yGT-Cre mouse
line has been used to successfully delete different genes of interest
selectively in the renal proximal tubule.31:72 Tsc1™¥°* Jittermates
lacking the yGT-Cre transgene (Eclﬂ"“/ﬂ“";yGT—Cre’) were used as con-
trol (Tsc1“™) mice, as depicted in Figure 1A.

To genetically delete phosphorylation of the ribosomal protein S6
(rpS6), an exon 5-mutant allele of the rpS6 gene, in which the codons
for all phosphorylatable serines were mutated to code for alanines (as
depicted in Figure 4A), was knocked into the locus of WT rpS6 gene
by homologous recombination in 129Sv/J ES cells, as previously de-
scribed.?® The resultant homozygous rpS6 knockin mice
expressing nonphosphorylatable rpS6 (rpS6°~'") were further crossed
with Tsc1P™© mice to generate Tscl and rpS6 double gene-mutant
(Tsc1?™%;rpS6™~~) mice, which were compared with the Tscl
single knockout mice (Tsc1PO), with gender-matched Tsc11ox/flox.
'yGT—Cref;rpS6P '~ littermates (called Tsch“l;rpS6P7/7 mice hereafter)
as double control mice.

PCR Primers and Genotyping
Genomic DNA was isolated from mouse ear or tail biopsy samples

for PCR genotyping. PCR primers used for the floxed-Tscl allele
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Figure 11. Rapamycin treatment caused death of proliferating epithelial cells in
Tsc1PO mice. (A,B) Tsc1P™® mice were treated with vehicle alone or rapamycin
(1 mg/kg body wt) by intraperitoneal injection once every other day for 2 weeks
starting from 2 weeks of age. Renal histology revealed that vehicle-treated Tsc1P™©
mice consistently exhibited enlarged renal tubules and focal microscopic cysts lined
with multilayers of proliferating cells and microscopic renal tumors consisting of ab-
errantly proliferating cells, marked by green asterisks (A, top panels), similar to those
seen in untreated Tsc1P™© mice (Figure 1D). Rapamycin treatment caused sloughing
off and death of the muiltilayers of proliferating cells lining the enlarged renal tubules
(red arrows), thus seemingly enlarging cyst size (A, lower panels and B). Rapamycin also
caused death of the cells forming the center of the microscopic renal tumors (red ar-
rows) and destroyed the center of the tumors, causing a central liquefaction necrosis-
like lesion in the microscopic renal tumors (seemingly “turning” the tumors into cysts,
as indicated by red arrows (B). (Scale bars: 200 um in A; 100 um in B.)

are: 5'-GTCACGACCGTAGGAGAAGC-3" and 5'-GAATCAACCC-
CACAGAGCAT-3', while 5'-AGGTGTAGAGAAGGCACTTAGC-3’
and 5'-CTAATCGCCATCTTCCAGCAGG-3" were used to detect
the yGT-Cre transgene. PCR conditions for both floxed-TscI and
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yGT-Cre are: 94°C for 1 min followed by 94°C
for 10 s, 65°C for 30 s, and 72°C for 60 s for 30
cycles, with an additional 7-min extension at 72°C.
For mutant rpS6, 5'-GTCATCCAGCATGGG-
TGCTG-3" and 5'-GGCTGATACCTTTTGGGA-
CAG-3' were used as primers under the following
PCR conditions: 95°C for 2 min followed by 94°C
for 30 s, 52°C for 30 s, and 72°C for 60 s for 35
cycles, with a final extension at 72°C for 10 min,
and the PCR products were digested by EcoR V at
37°C for 1 h to detect mutant rpSé.

Administration of Rapamycin to
Tsc1P™© Mice and Examination of its

Effects on the Kidneys
Rapamycin was purchased from LC Laboratories

(Woburn, MA) and was administrated to Tsc1P*©
mice at 1 mg/kg body wt by intraperitoneal in-
jection every other day for 2 weeks (starting from
2 weeks of age). Fourteen days after rapamycin
treatment when the survived mice were 4 weeks
of age, the mice were sacrificed to harvest blood
samples for measuring BUN, and kidneys were
harvested for calculating kidney to body weight
ratios and examining renal pathology by hema-
toxylin and eosin (H&E) staining, Masson’s tri-
chrome staining, immunohistochemistry staining
for fibronectin and immunoblotting analysis for
mTORCI signaling to phosphorylation of S6K1,
rpS6, and 4E-BP1, compared with Tsc1? KO mice
treated with vehicle alone.

Histologic Examination,
Immunohistochemistry,
Immunofluorescence, and

Immunoblotting Analysis
Mouse kidneys were fixed in 4% paraformalde-

hyde for paraffin-embedded kidney sections
(5 um), which were then deparaffinized and re-
hydrated for the following staining techniques.
For histologic examination, H&E staining was
performed using the standard methods.”® Im-
munohistochemistry and immunofluorescence
staining were performed as described previ-
ously.”>74 Briefly, rehydrated kidney sections
were subjected to antigen retrieval using the An-
tigen Unmasking Solution purchased from Vec-
tor, followed by blocking with 2% normal goat
serum. The sections were then incubated with
primary antibodies (indicated in the respective
figures) at 4°C overnight, washed three times in

PBS, incubated with appropriate secondary antibodies, and washed
with PBS again. For immunohistochemistry, the signals were visual-
ized using VECTASTAIN ABC kits (Vector), followed by counter-
staining with hematoxylin and capturing images using a CX31
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microscope with a DP73-1-51 digital camera (Olympus). For immu-
nofluorescence staining, after incubation with the primary antibodies
indicated and washing with PBS, the sections were incubated with
Dylight 549-conjugated secondary antibodies and either DBA or LTL
for 1 h, and images were captured using the OLYMPUS IX73 inverted
2-deck platform IX73 microscope system running on the CellSens
Standard software. Immunoblotting analyses were performed as we
previously described.”3-75

Measurement of Kidney Function
BUN levels were measured as we previously described.!”-20 Briefly,

blood samples were collected from mice at different ages indicated in
the corresponding figures and BUN levels were immediately mea-
sured according to the instruction of the commercially available kit,
Liquid Urea Nitrogen Reagent Set (Pointe Scientific).

Masson Trichrome Staining
Kidney sections (5 wm) were deparaffinized, rehydrated, and stained

with the Trichrome Stain (Masson) Kit according to the manufactur-
er’s instructions (Sigma-Aldrich, St. Louis, MO).

Statistical Analyses
Data are presented as means*SEM for at least three separate experi-

ments (each in triplicate). An unpaired ¢ test was used for statistical
analysis, and ANOVA and Bonferroni ¢ tests were used for multiple
group comparisons using GraphPad Prism 6. A P value <0.05 com-
pared with control was considered statistically significant.
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