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Abstract

Kidney fibroblasts play a crucial role in dictating tubular cell fate and the outcome of acute kidney injury (AKI). The
underlying mechanisms remain to be determined. Here, we found that mTOR signaling was activated in fibroblasts from
mouse kidneys with ischemia/reperfusion injury (IRI). Ablation of fibroblast Rheb or Rictor promoted, while ablation of
fibroblast Tscl protected against tubular cell death and IRI in mice. In tubular cells cultured with conditioned media (CM)
from Rheb™~ or Rictor’~ fibroblasts, less hepatocyte growth factor (HGF) receptor c-met signaling activation or
staurosporine-induced cell apoptosis was observed. While CM from Tscl ™/~ fibroblasts promoted tubular cell c-met
signaling activation and inhibited staurosporine-induced cell apoptosis. In kidney fibroblasts, blocking mTOR signaling
downregulated the expression of peroxisome proliferator-activated receptor gamma (PPARY) and HGF. Downregulating
fibroblast HGF expression or blocking tubular cell c-met signaling facilitated tubular cell apoptosis. Notably, renal PPARy
and HGF expression was less in mice with fibroblast Rheb or Rictor ablation, but more in mice with fibroblast Tsc1 ablation
than their littermate controls, respectively. Together, these data suggest that mTOR signaling activation in kidney fibroblasts
protects against tubular cell death and dictates the outcome of AKI through stimulating PPARy and HGF expression.

Introduction back leak of glomerular filtrate from the tubular lumen to

the intersitium and kidney dysfunction. After injury, the

Acute kidney injury (AKI), caused by ischemia/reperfusion,
sepsis or nephrotoxins, is a worldwide health problem
[1, 2]. Regardless of the causes, tubular cell death or
detachment from the tubular base membrane will lead to the
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viable tubular cells may undergo dedifferentiation, migra-
tion, and proliferation to replace dead tubular cells [3-7].
Elucidating the mechanisms of tubular cell death and
exploring new strategy for promoting tubular cell survival
will benefit patients suffering from AKI [8].

Except for playing an essential role in kidney fibro-
genesis, fibroblasts resided between the capillaries and
tubule may regulate tubular cell survival, repair and
regeneration [9, 10]. Kramann et al. reported that loss
of fibroblasts/pericytes induces proximal tubular injury
[11]. Schiessl et al. found that renal interstitial PDGFRf
positive cells may promote proximal tubular cell regen-
eration [12]. Recently, Zhou et al. demonstrated that
fibroblast B-catenin signaling activation facilitates tubular
cell death through suppressing fibroblast Hepatocyte
growth factor (HGF) production [13]. Therefore, manip-
ulating intrinsic signaling pathways of kidney fibroblasts
may provide a new strategy for preventing tubular cell
death and AKI.

The mammalian Target of Rapamycin (mTOR) partici-
pates into forming two distinct complexes, named mTOR
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complex 1 (mTORC1) and mTOR complex 2 (mTORC?2)
[14-16]. Rheb, a small GTPase, is a crucial activator for
mTORCI signaling [17, 18]. Tscl, a stabilizer for Tsc2
which functions as a GTPase-activating protein for Rheb,
inhibits Rheb and mTORCI signaling activation [19, 20].
Rictor is an adapter protein and kinase regulator for
mTORC2 and deficiency of which results in reduced
mTORC?2 activity [21]. The published studies reported that
both mTORC1 and mTORC?2 activation in tubular cells
protect against tubular cell death and AKI [22, 23]. In
addition, activation of mMTORC1 or mTORC?2 in fibroblasts
promotes fibroblast activation and kidney fibrosis in mice
with unilateral ureter obstruction (UUO) nephropathy
[24, 25]. However, the role and mechanisms for fibroblast
mTORC1 and mTORC?2 activation in regulating tubular cell
survival and AKI are not clear.

In this study, we demonstrated that fibroblast mTORC1
and mTORC?2 signaling are crucial for protecting against
tubular cell death and ischemia/reperfusion injury (IRI)-
induced AKI through stimulating PPARy and HGF
expression. Our studies illustrate a novel role and
mechanism for fibroblast mTOR signaling in regulating
tubular cell survival and AKI.

Materials and methods
Mouse models

Rheb™ mice were provided by Dr. Xiao from Sichuan
University [26]. Tsc1¥ mice were ordered from Jackson
Laboratory (cat: 005680, Jackson Labs, Bar Harbor, ME).
Rictor™ mice were provided by Dr. Magnuson from
University of Vanderbilt. Mice with genotypes Glil-
Cre"”, Rheb™; Glil-Cre"’", Tsc1™; and Glil-Cre™'",
Rictor™® were generated by cross breeding Glil-CreERT2
transgenic mice (cat: 007913, Jackson Labs) [27] with
Rhebﬂ/ﬂ, Tsclﬂ/ﬂ, and Rictorf mice, respectively (all were
on C57BL/6J background). The same gender litters with
genotypes Glil-Cre”’~, Rheb™; Glil-Cre™~, Tsc1¥t;
and Glil-Cre ™=, Rictor™ were considered as littermate
controls, respectively. Male mice at 10 weeks of age were
intraperitoneally injected with tamoxifen (cat: T5648,
Sigma-Aldrich, St. Louis, MO) at 25 mg/kg for 5 con-
secutive days to induce target gene ablation. At day 2 after
the last injection, the left renal pedicles were clamped for
25 min and reperfused within 1 min. The right kidneys
were removed immediately after reperfusion. The mouse
body temperature was maintained at 36.5-37.5 °C during
I/R surgery [28].

Male CD-1 mice (18-20 g) acquired from the Specific
Pathogen-Free Laboratory Animal Center of Nanjing

Medical University were performed with left renal IRI and
right renal nephrectomy as described above.

All animals were maintained in the Specific Pathogen-
Free Animal Center of Nanjing Medical University
according to the guidelines of the Institutional Animal Care
and Use Committee at Nanjing Medical University.

Cell culture

Normal rat kidney fibroblasts (NRK-49F) and Normal rat
kidney tubular epithelial cells (NRK-52E) were ordered
from ATCC (Manassas, VA). Fibroblasts isolated from
kidney cortex of Rhebﬂ/ﬂ, Tsclﬂ/ﬁ, or Rictor™ mice were
cultured with EMEM containing 10% FBS and infected
with adenovirus carrying Cre recombinase gene to generate
fibroblast Rheb, Tscl, or Rictor ablation, respectively.
Tubular cells isolated from kidney cortex of wide-type mice
were cultured with DMEM/F12 supplemented with 10%
FBS (Invitrogen, Grand Island, NY). Fibroblasts were
treated with PP242 (cat: PO037, Sigma—Aldrich, St. Louis,
MO), Pioglitazone (Absin, Shanghai, China), PF-04217903
(T2676, Targetmol, Shanghai, China), or staurosporine
(S4400, Sigma—Aldrich, St. Louis, MO) as indicated. NRK-
49F cells were transfected with HGF siRNAs (Integrated
Biotech Solutions, Shanghai, China) using Lipofectamine
2000 reagent (Invitrogen, Grand Island, NY) according to
the manufacturer’s instruction.

Histology and immunohistochemical staining

Kidney tissues were fixed with 10% neutral formalin solu-
tion. For immunohistochemical staining, kidney sections at
3-um thickness were incubated with antibody against
PPARYy (cat: SAB4502262, Sigma—Aldrich, St. Louis, MO).

Immunofluorescent staining

Kidney cryosections at 3-um thickness were fixed with 4%
paraformaldehyde for 15 min, followed by permeabilization
with 0.2% Triton X-100 in 1x PBS for 5 min at RT. After
blocking with 2% normal donkey serum for 60 min, the
slides were immunostained with antibodies against Glil
(cat: 388516, RD Systems), Fspl (cat: NB100-55404,
Novus), PDGFRp (cat:14-1402, eBioscience), p-Akt
(Serd73) (cat: 3868, Cell Signaling Technology), p-S6
(cat: 4858, Cell Signaling Technology), Rheb (cat:
ab25873, abcam), Tscl (cat: 4906, Cell Signaling Tech-
nology), Rictor (cat: A300-459A, Bethyl Laboratories),
cleaved caspase 3 (cat: 9664, Cell Signaling Technology),
Ly6b (cat: MCA771G, AbD Serotec, Raleigh, NC), and
CD3 (cat: 555273, BD Pharmingen), respectively. Primary
cultured tubular cells and NRK-52E cells seeded on
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coverslips were fixed with methanol/acetone (1:1) for 10
min at —20°C. After three extensive washings with 1x
PBS, the coverslips were incubated with 2% normal donkey
serum for 40 min at RT, then incubated with anti-cleaved
caspase 3 overnight, followed by incubation with fluor-
escein isothiocyanate or tetramethylrhodamine-conjugated
secondary antibody. Cells were stained with 4/, 6-
diamidino-2-phenylindole and viewed with a Nikon
Eclipse 80i Epi-fluorescence microscope equipped with a
digital camera.

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling staining was employed to determine
apoptotic cells by using the apoptosis detection system
(Promega, Madison, WI).

Western blot analysis

Primary cultured tubular cells and NRK-52E cells were
lysed in 1x SDS buffer. Kidney tissues were lysed with
RIPA solution containing 1% NP40, 0.1% SDS, 100 pg/ml
PMSF, 1% protease inhibitor cocktail, and 1% phospha-
tase I and II inhibitor cocktails (Sigma, St Louis, MO) on
ice for 30 min. The supernatants were collected after
centrifugation at 13,000 g at 4°C for 30 min. Protein
concentration was determined by the bicinchoninic acid
protein assay (BCA Kit; Pierce Thermo-Scientific, Rock-
ford, IL) according to the manufacturer’s instruction.
Equal amount of protein for each sample was loaded into
sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and transferred onto polyvinylidene difluoride mem-
branes. The membranes were probed with antibodies
against: p-Akt (Serd73) (cat: 3868, Cell Signaling Tech-
nology), p-S6 (cat: 4858, Cell Signaling Technology),
cleaved caspase 3 (cat: 9664, Cell Signaling Technology),
PPARY (cat: SAB4502262, Sigma—Aldrich, St. Louis,
MO), p-c-met (cat: 3126, Cell Signaling Technology), p-
ERK1/2 (cat: 4370, Cell Signaling Technology), a-tubulin
(cat: T9026, Sigma, St. Louis, MO), and GAPDH (cat:
FL-335, Santa Cruz Biotechnology, Dallas, TX), respec-
tively. Quantification was performed by measuring the
signal intensity with the aid of National Institutes of
Health Image J software package.

Conditioned media (CM) from cultural fibroblasts

Fibroblasts were treated for 48 h as indicated, then cultured
with serum-free media for 24 h. Cultural media was har-
vested and centrifuged (3000 rpm for 10 min at 4 °C). The
supernatant was aliquot and stored at —80 °C for the sub-
sequent experiments.
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Real-time gRT-PCR

Total RNA was extracted with Trizol reagent (Invitrogen)
according to the manufacturer’s instruction. cDNA was
synthesized with 1pug of total RNA, ReverTra Ace
(Vazyme, Nanjing, China), and oligo (dT) 12-18 primers.
Real-time gRT-PCR assay was used to quantitate the
mRNA abundance with 7300 real-time PCR system
(Applied Biosystems, Foster City, CA). The relative amount
of mRNA to internal control was calculated using the
equation 2ACT, in which ACT = CTgene — CTcontrol.

Statistics

All data examined are presented as mean + s.e.m. Statistical
analyses were performed using the Graphpad Prism 6
(GraphPad Software, San Diego, CA). Comparison between
groups was made using one-way analysis of variance, fol-
lowed by the Student-Newman—Keuls test. P <0.05 was
considered as statistically significant.

Results

Both mTORC1 and mTORC2 signaling are activated
in kidney fibroblasts after IRI

A mouse model with ischemia/reperfusion-induced AKI
was employed in this study (Fig. 1a). Western blot assay
showed that the abundance of p-Akt (Ser473) and p-S6 was
largely increased at 6 and 24 h after IRI, indicating the
activation of both mTORC1 and mTORC?2 signaling in the
kidney tissues (Fig. 1b, c). To examine whether mTOR
signaling was activated in kidney fibroblasts, we costained
the kidney tissues with antibodies against Glil and p-Akt
(Serd473), Fspl and p-Akt (Ser473), Glil and p-S6, or Fspl
and p-S6, respectively. The results showed that p-S6 and p-
Akt (Serd73) were detected in Glil as well as Fspl-positive
cells within the IRI kidneys (Fig. 1d, e). Therefore, the
results suggest that both mTORC1 and mTORC?2 signaling
are activated in kidney fibroblasts after IRI.

Blockade of mTORC1 signaling with Rheb ablation
in fibroblasts aggravates kidney IRI in mice

To explore the role for fibroblast mMTORC1 activation in IRI-
induced AKI, we generated a mouse model with inducible
ablation of Rheb in fibroblasts. After several times of cross
breeding of Rheb floxed mice and Glil-CreERT2 mice, we
obtained mice with genotype Glil-Cre™~, Rheb™ (Supple-
mental Fig. 1a, lane 1). Mice were injected intraperitoneally
with tamoxifen to induce Rheb ablation in fibroblasts. The
same gender litters with genotype Glil-Cre™'~, Rheb™™ were
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Fig. 1 Both mTORC1 and mTORC?2 signaling are activated in kidney
fibroblasts after IRI. a The graph showing the blood urea nitrogen
(BUN) level in CD-1 mice at day 1 after UNx or IRL. *P<0.05,n=3
(left). Kidney histology as shown by periodic acid-Schiff (PAS)
staining. Scale bar = 20 pum (right). b, ¢ Western blot analyses showing
the induction of p-Akt (Ser473), and p-S6 in the kidneys after

injected with tamoxifen and treated as littermate controls
(Fig. 2a). Body weight, kidney weight, kidney weight /body
weight ratio, and the level of blood urea nitrogen (BUN)
were similar between the knockouts and littermate controls
(Supplemental Fig. 1b). Mice were operated with left renal
IRI and right renal nephrectomy and killed at 1 day after
surgery (Fig. 2a). Immunostaining results showed that Rheb
abundance was largely reduced in fibroblasts from the
knockouts compared to those from littermate controls
(Fig. 2b). The knockouts developed more severe kidney
dysfunction and morphological injury after IRI compared to
their littermate controls (Fig. 2c, d, f).

We then assessed the inflammatory response in the IRI
kidneys. The kidney tissues were immunostained with
antibodies against Ly6b and CD3 to identify neutrophil and
T lymphocyte, respectively. At 1 day after IRI, much more
neutrophil and T lymphocyte infiltration was observed in
the knockout kidneys compared to their littermate controls
(Fig. 2d, g, h). Real-time qRT-PCR assay showed that the
mRNA abundance for Rantes, Mcp-1, and Tnf-a was largely
upregulated in the knockout kidneys compared to their lit-
termate controls (Fig. 2i).

To determine tubular cell apoptosis, we costained
kidney tissues with antibodies against cleaved caspase 3
and laminin. At 1 day after IRI, the number of cleaved
caspase 3 positive tubular cells was significantly increased
in the knockout kidneys compared to their littermate
controls (Fig. 2e, j). TUNEL staining revealed the similar
results (Fig. 2e, k). Together, it is concluded that ablation
of Rheb in fibroblasts promotes tubular cell death and
AKI in mice.

Gli1/p-S6/DAPI Fsp1/p-S6/DAPI

ischemia-reperfusion injury (IRI). The numbers indicate each indivi-
dual animal within the given group (b). The samples were pooled from
three animals within each group (c). d Representative images showing
the induction for p-Akt (Ser473) and p-S6 in Glil- or Fspl-positive
fibroblasts from the IRI kidneys. White arrows indicate the co-staining
positive cells. Scale bar = 20 um

Activation of mTORC1 signaling with Tsc1 ablation
in fibroblasts protects against kidney IRl in mice

The above data demonstrated that ablation of Rheb in
fibroblasts promotes tubular cell death and AKI, we then
want to know  whether activating fibroblast
mTORCI1 signaling can protect against tubular cell death
and AKI. In light of the role of Tsc1/2 in inhibiting Rheb
activity and mTORCI signaling, we generated a mouse
model with genotype Glil-Cre™~, Tsc1¥® (Supplemental
Fig. Ic, lane 3). The mice were injected with tamoxifen to
induce Tscl ablation in fibroblasts as described above
(Fig. 3a). No difference for body weight, kidney weight,
kidney weight/body weight ratio or BUN level was
observed between the knockouts and their littermate
controls (Supplemental Fig. 1d). Costaining of antibodies
against Glil and Tscl demonstrated the ablation of Tscl
in fibroblasts from the knockouts (Fig. 3b). At 1 day after
IRI, less BUN level or morphological injury was observed
in the knockouts compared to those in their littermate
controls (Fig. 3c, d, f). Neutrophil and T lymphocyte
accumulation, mRNA abundance for Rantes, Mcp-1, and
Tnf-a in the knockout kidneys were largely decreased
compared to their littermate controls after IRI (Fig. 3d,
g-1i).

In Glil*-Tsc1™/~ kidneys, the number of cleaved cas-
pase 3 or TUNEL staining positive cells was remarkably
reduced compared to those in their littermate controls after
IRI (Fig. 3e, j, k). Together, these results reveal that acti-
vation of Rheb/mTORCI1 in fibroblasts protects against
tubular cell death and AKI in mice.

SPRINGER NATURE
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Fig. 2 Ablation of fibroblast Rheb aggravates kidney ischemia/reper-
fusion injury in mice. a The strategy for inducing fibroblast Rheb gene
ablation in Glil-Cre"’~, Rheb™ mice and renal IRI surgery.
b Representative micrographs showing the ablation of Rheb in Glil™*
cells from Glil*-Rheb ™'~ kidneys at day 1 after IRL The kidney tis-
sues were immune stained with Abs against Glil and Rheb. The
asterisk indicates both Glil- and Rheb-positive cells in Rheb™* kid-
neys. The white arrow indicates Glil-positive but Rheb-negative cells
in the knockout kidneys. Scale bar = 10 pm. ¢ The graph showing the
blood urea nitrogen (BUN) level in Glil *-Rheb™* and Glil "-Rheb ™/~
mice at 1 day after IRI. *P<0.05, n=11. d Kidney histology as
shown by PAS staining. Representative immunofluorescent staining
images for Ly6b and CD3 among groups as indicated. Scale bar =
50um. e Representative immunofluorescent staining images for
cleaved caspase 3 and TUNEL staining for apoptotic cells among

Blockade of mTORC2 signaling with Rictor ablation
in fibroblasts aggravates kidney IRl in mice

The above data demonstrated that mTORCI signaling
activation in fibroblasts plays a pivotal role in protecting
against tubular cell death and AKI in mice. To explore the
role for fibroblast mTORC2 signaling activation in reg-
ulating tubular cell death and AKI, we generated a mouse

SPRINGER NATURE

groups as indicated. Scale bar = 50 um. f The graph showing the injury
scores among groups. *P <0.05 versus Rheb*’™ mice, n = 3-6; *P <
0.05 versus Rheb*’* mice after IRI, n=6. Each dot represents the
average of five HPFs from each mouse. g, h Quantitative determina-
tion of Ly6b* and CD3" cells among groups as indicated. *P <0.05
versus Rheb™* mice, n=23-6; *P<0.05 versus Rheb™* mice after
IRI, n=6. Each dot represents the average of five HPFs from each
mouse. i Real-time qRT-PCR analysis showing the mRNA abundance
for Rantes, Mcp-1, and Tnf-a in kidneys at day 1 after IRI. *P <0.05
versus Rheb™’* mice after IRI, n = 6. j, k Quantitative determination
of cleaved caspase 3" cells and TUNEL" cells in kidneys among
groups. *P<0.05 versus Rheb™'* mice, n=3-6; *P<0.05 versus
Rheb™* mice after IRI, n = 5-6. Each dot represents the average of
five HPFs from each mouse

model with genotype Glil-Cre*’~, Rictor™® (Supplemental

Fig. le, lane 3) and the mice were injected with tamoxifen
to induce fibroblast Rictor ablation (Fig. 4a). The same
gender litters with genotype Glil-Cre™'~, Rictor™® were
used as littermate controls (Supplemental Fig. le, lane 4).
No significant difference was found for body weight, kid-
ney weight, kidney weight/body weight ratio or BUN level

between the knockouts and their littermate controls
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Fig. 3 Ablation of fibroblast Tscl protects against kidney ischemia/
reperfusion injury in mice. a The strategy for inducing fibroblast Tscl
gene deletion in Glil-Cre™’~, Tsc1™ mice and renal IRI surgery. b
Representative immunostaining images for Glil and Tscl in the kid-
neys at day 1 after IRI. The kidney tissue was stained with Abs against
Glil and Tscl. The asterisk indicates both Glil- and Tscl-positive
cells in Tsc1™* kidneys. The arrow indicates Glil-positive but Tscl-
negative cells in the knockout kidneys. Scale bar = 10 um. ¢ The graph
showing the BUN level within groups at 1 day after IRL. *P <0.05,
n=10. d PAS staining showing that the kidney injury was attenuated
in the KO mice compared to their littermate controls at day 1 after IRL
Immunofluorescent staining revealing a decreased infiltration of Ly6b™*
neutrophils and CD3" T lymphocytes in the kidneys at day 1 after IRI.
Scale bar =50 um. e Representative micrographs showing the apop-
totic cells detected by immnuostaining for cleaved caspase 3 and

(Supplemental Fig. 1f). Mice were operated with left renal
IRI and right renal nephrectomy (Fig. 4a). Costaining
results demonstrated the ablation of Rictor in fibroblasts
from Glil *-Rictor '~ mice (Fig. 4b). At 1 day after IRI, the
knockouts developed more severe kidney dysfunction and
morphological damage compared to their littermate controls
(Fig. 4c, d, f). Similar to those in Glil*-Rheb ™"~ mice,
neutrophil and T lymphocyte infiltration, mnRNA abundance
for Rantes, Mcp-1, and Tnf-a, the number of cleaved cas-
pase 3 and TUNEL staining positive cells were all largely

TUNEL staining among groups. Scale bar =50um. f The graph
showing the injury scores among groups. *P <0.05 versus Tscl™+
mice, n=3-6; *P<0.05 versus Tscl1** mice after IRL, n = 6. Each
dot represents the average of five HPFs from each mouse. g, h
Quantitative determination of Ly6b™ and CD3" cells among groups as
indicated. *P <0.05 versus Tsc1™* mice, n=3-6; *P <0.05 versus
Tscl™* mice after IRI, n=5-6. Each dot represents the average of
five HPFs from each mouse. i Real-time qRT-PCR analysis showing
the mRNA abundance for Rantes, Mcp-1, and Tnf-a in Tsc1*'" and
knockout kidneys at day 1 after IRL. *P <0.05 versus Tscl1** mice
after IRI, n=26. j, k Quantitative determination of apoptotic cells
among groups. Data are presented as the number of apoptotic cells per
HPF (400x). *P < 0.05 versus Tsc1** mice, n = 3-6; *P < 0.05 versus
Tsc1™* mice after IRI, n = 6. Each dot represents the average of five
HPFs from each mouse

increased in Glil™-Rictor '~ kidneys compared to their
littermate controls after IRI (Fig. 4d, e, g-k). Together,
these results suggest that ablation of Rictor in fibroblasts
aggravates tubular cell death and AKI in mice.

Fibroblast mTORC1 and mTORC2 activation protects
against staurosporine-induced tubular cell apoptosis

The above data demonstrated that both mTORCI and
mTORC?2 signaling in fibroblasts are crucial for protecting
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Fig. 4 Ablation of fibroblast Rictor aggravates kidney ischemia/
reperfusion injury in mice. a The strategy for inducing fibroblast
Rictor gene deletion in Glil-Cre*’~, Rictor™ mice and renal IRI
surgery. b Representative micrographs showing the ablation of Rictor
in Glil™ cells in IRI kidneys from Glil*-Rictor '~ mice. The asterisk
indicates both Glil- and Rictor-positive cells in Rictor™"* kidneys. The
white arrow indicates Glil-positive but Rictor-negative cells in the
knockout kidneys. Scale bar = 10 um. ¢ The graph showing blood urea
nitrogen (BUN) level in Glil*-Rictor™"* and Glil*-Rictor’~ mice at
1 day after IRL. ¥*P <0.05, n=10. d Kidney histology as shown by
PAS staining. Representative immunofluorescent staining images for
Ly6b and CD3 among groups as indicated. Scale bar=50pum.
e Representative immunofluorescent staining images for cleaved cas-
pase 3 and TUNEL staining for apoptotic cells among groups as

against tubular cell death and AKI in mice. To further
investigate the role and mechanisms for fibroblast mTOR
signaling in regulating tubular cell survival, we generated a
coculture system of tubular cells which were incubated with
CM from fibroblasts, followed by staurosporine treatment to
trigger cell death (Fig. 5a). Primary cultured kidney fibro-
blasts from Rheb™, Tsc1™ and Rictor™ mice were infected
with adenovirus carrying Cre recombinase for 48 h to induce

SPRINGER NATURE

indicated. f The graph showing the injury scores among groups. *P <
0.05 versus Rictort’* mice, n = 3-6; *P <0.05 versus Rictor™’* mice
after IRI, n=6. Each dot represents the average of five HPFs from
each mouse. g, h Quantitative determination of Ly6b+ cells and CD3"
cells among groups as indicated. *P <0.05 versus Rictor'’* mice,
n=3-6; "P<0.05 versus Rictort"* mice after IR, n = 5-6. Each dot
represents the average of four HPFs from each mouse. i Real-time
qRT-PCR analysis showing the mRNA abundance for Rantes, Mcp-1,
and Tnf-a in Rictor™" and the knockout kidneys at day 1 after IRI.
*P <0.05 versus Rictor™" mice after IRI, n=6. j, k Quantitative
determination of cleaved caspase 37 cells and TUNEL™ cells.
*P <0.05 versus Rictor™’* mice, n =3-7; *P<0.05 versus Rictor™™"
mice after IRI, n = 6-7. Each dot represents the average of five HPFs
from each mouse

target gene ablation. The cells were infected with adenovirus
carrying GFP and treated as control fibroblasts (Fig. 5b—d).
Western blot assay showed that much more caspase 3 clea-
vage was detected at 1h after staurosporine treatment in
tubular cells incubated with CM from Rheb '~ and Rictor '~
fibroblasts compared to those incubated with CM from con-
trol fibroblasts (Fig. Se, g). Less staurosporine-induced cas-
pase 3 cleavage was observed in tubular cells incubated with



Fibroblast mTOR/PPARY/HGF axis protects against tubular cell death and acute kidney injury 2781
a b L c d E
S & NN & S
kba & & kDa A% <& ka < &

16 - qup - -Rheb 150_wa—Tsc1

200 - == &% - Rictor

Fibroblasts ~ Conditioned media Tubular cells 45 - === -Actin  45- -Actin 37 - @ eme - GAPDH
(CM)
e Rheb ** Rheb - (CM) f Tsct1 Tsc1* (CM) g Rictor ** Rictor (CM)
kDa 0 1 3 6 0 1 3 6 STS(h) kDa 0 1 3 6 0 3 6 STS(h) kba 0 1 3 6 0 1 3 6 STS(h)

17- R - ccrs

17 - (RS SR - cCcP3 7.

S B e e s - CCP3

35 - > o eun e o= o= e=m === - Caspase3 35 - s w—— e - w— = ... - Caspase3 35 - — s < ————— - CASpase3

- - Tubulin 55 - —— - Tubulin

55 - S SN A S S S Sue &= - Tubulin 55 - &=

h Rheb **
Vehicle

Rheb (CM)

Vehicle

€d00

Idvd

j Rictor ** Rictor * (CM)

Vehicle Vehicle

Fig. 5 Fibroblast mTORC1 and mTORC?2 activation protects against
staurosporine-induced tubular cell apoptosis. a The coculture system
of tubular cells and kidney fibroblasts. b—d Western blot assay
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infected with adeno-GFP were used as control fibroblasts. e-g Western
blotting analyses showing the abundance of cleaved caspase 3 in
primary cultured tubular cells incubated with CM from various pri-
mary cultured kidney fibroblasts as indicated. Tubular cells were
treated with staurosporine (1 uM) for different duration. h—j Repre-
sentative immunofluorescent staining images for cleaved caspase 3
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CM from Tscl ™'~ fibroblasts compared to those incubated
with CM from control fibroblasts (Fig. 5f). Immunostaining
for cleaved caspase 3 further confirmed these results
(Fig. 5h-m). Together, these results reveal that fibroblast
mTORC1 and mTORC?2 signaling activation protect against
staurosporine-induced tubular cell death.
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among groups as indicated. Tubular cells were treated with staur-
osporine (1 uM) for 3 h. Scale bar = 20 um. k-m Quantitative deter-
mination of cleaved caspase 3" cells among groups as indicated. Data
are presented as the percentage of the counted cells. *P <0.05 versus
vehicle-treated Rheb™* fibroblasts, n=4; *P<0.05 versus
staurosporine-treated Rheb ™" fibroblasts, n = 4. n =4 refers to four
independent repeats (k); *P<0.05 versus vehicle-treated Tsclt/*
fibroblasts, n=3; *P<0.05 versus staurosporine-treated Tsclt/*
fibroblasts, n =3. n =3 refers to three independent repeats (I); *P <
0.05 versus vehicle-treated Rictor™* fibroblasts, n=3; *¥P<0.05
versus staurosporine-treated Rictor™* fibroblasts, n=3. n =3 refers
to three independent repeats (m). CM conditioned media

Fibroblast mTOR/PPARyY/HGF axis promotes tubular
cell survival

Previous studies demonstrated that PPARY functions as one

of the major downstream molecules of mTOR signaling
[29]. In addition, the published studies showed that PPARYy
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upregulates HGF expression, which protects against tubular
cell death and AKI [30-33]. Therefore, we predicated that
fibroblast mTOR signaling activation may promote tubular
cell survival through PPARY/HGF induction. To verify
this, we examined PPARy and HGF abundance in Rheb™’ -,
Tscl™'~, and Rictor~ fibroblasts, respectively. Comparing
to control fibroblasts, PPARy and Hgf expression were
largely downregulated in Rheb™'~ and Rictor '~ fibroblasts,
and upregulated in Tscl '~ fibroblasts (Fig. 6a, b). Western
blot assay showed that the abundance of p-c-met (Y 1234/
Y1235) and p-ERK1/2 (T202/Y204) was markedly
decreased in tubular cells cultured with CM from Rheb /=
or Rictor ™'~ fibroblasts, but largely increased in those cul-
tured with CM from Tscl '~ fibroblasts compared to con-
trol fibroblasts (Fig. 6¢—e).

To evaluate the role for fibroblast PPARY/HGF produc-
tion in regulating tubular cell survival, we treated NRK-49F
cells with Pioglitazone, a PPARYy agonist, and found that
Pioglitazone could upregulate Hgf expression (Fig. 6f).
Western blot assay showed that staurosporine-induced
tubular cell apoptosis was largely attenuated in NRK-52E
cells incubated with CM from Pioglitazone-treated fibro-
blasts (Fig. 6g). We also transfected NRK-49F cells with
HGF siRNAs to downregulate Hgf expression (Fig. 6h).
The results showed that more tubular cells incubated with
CM from HGF siRNA transfected fibroblasts underwent
apoptosis compared to those incubated with CM from
scramble siRNA transfected fibroblasts after staurosporine
treatment (Fig. 6i). To further decipher the role for HGF
produced by fibroblasts in protecting against tubular cell
death, we treated tubular cells with PF-04217903, an inhi-
bitor of HGF receptor c-met, to block HGF signaling. The
results showed that PF-04217903 enhanced staurosporine-
induced tubular cell apoptosis (Fig. 6j). Immunostaining for
cleaved caspase 3 confirmed these results (Fig. 6k—n).

In addition to ablation of mTOR signaling molecules by
genetic method, we treated NRK-49F cells with PP242 to
pharmacologically block mTOR signaling in the fibroblasts.
PPARYy and Hgf expression were markedly downregulated
after PP242 treatment in NRK-49F cells (Fig. 7a, b). The
abundance for p-c-met (Y1234/Y1235) and p-ERKI1/2
(T202/Y204) was decreased, and more tubular cell apop-
tosis was detected in tubular cells cultured with CM from
PP242-treated fibroblasts compared to those from vehicle-
treated fibroblasts (Fig. 7c, d). Moreover, Pioglitazone
could antagonize PP242-suppressed Hgf expression in
NRK-49F cells (Fig. 7e). In NRK-52E cells, comparing to
those incubated with CM from control fibroblasts, much
more cell apoptosis was detected in the cells incubated with
CM from PP242-treated fibroblasts, which was largely
reduced in those incubated with CM from Pioglitazone-
treated fibroblasts (Fig. 7f, g). Thus, it is clear that fibroblast
mTOR dependent PPARY/HGF production facilitates
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tubular cell survival through activating tubular cell c-met
signaling.

MTOR upregulates PPARyY/HGF expression in kidney
fibroblasts in mice

In cultured kidney fibroblasts, blocking mTOR signaling
could suppress PPARY/HGF production. In mouse models,
PPARy and Hgf expression were largely suppressed in
Glil*-Rheb’~ or Glil"-Rictor /= kidneys compared to
their littermate controls at 1 day after IRI, and markedly
increased in Glil*-Tsc1™~ kidneys compared to their
littermate controls (Fig. 8a—f).

We then stained the kidney tissues with antibody against
PPARYy and the results showed that PPARy was majorly
expressed in kidney interstitial cells from the littermate
controls, which was much less in Glil*-Rheb~’~ and Glil*-
Rictor /™ kidneys after IRI. Costaining results showed that
PPARy abundance in fibroblasts from Glil"-Rheb™'~ and
Glil *-Rictor ’~ mice was decreased compared to their lit-
termate controls after IRI (Fig. 8g, h). In Glil*-Tscl ™/~
kidneys, PPARy expression was largely upregulated in
fibroblasts compared to those in their littermate control
kidneys (Fig. 8i). Taken together, these results suggest that
mTOR signaling activation in fibroblasts is able to upre-
gulate PPARY/HGF expression in the mouse kidneys.

Interactions between Tsc1/Rheb/mTORC1 and
mTORC2 signaling in kidney fibroblasts

The above data demonstrated that both mTORCI1 and
mTORC?2 signaling in fibroblasts protect against ischemia/
reperfusion-induced tubular cell death and AKI via PPARYy/
HGEF induction. We then want to know whether mTORC1
and mTORC2 may interact with each other for regulating
PPARY/HGF expression in kidney fibroblasts. In primary
cultured kidney fibroblasts with Rheb or Tscl gene abla-
tion, western blot assay showed that p-Akt (Ser473) abun-
dance was not changed compared to those in control
fibroblasts (Fig. 9a, b). In the kidneys from Glil *-Rheb ™'~
or Glil™-Tscl1™~ mice, at 1 day after IRI, no significant
difference was found for p-Akt (Ser473) abundance
between the knockouts and littermate controls (Fig. 9c, d).
We transfected NRK-49F cells with Raptor siRNAs to
downregulate Raptor expression (Fig. 9e). In NRK-49F
cells transfected with Raptor siRNAs, p-S6 abundance was
remarkably reduced compared to those transfected with
scramble siRNA (Fig. 9f). The abundance for PPARy and
Hgf expression, p-c-met (Y1234/Y1235) and p-ERK1/2
(T202/Y204) was decreased and more tubular cell apoptosis
was observed in tubular cells incubated with CM from
Raptor siRNA transfected fibroblasts compared to those
transfected with scramble siRNA (Supplemental Fig. 2).
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Fig. 6 Fibroblast mMTOR/PPARY dependent HGF production promotes
tubular cell survival. a Western blot analyses showing the abundance
of PPARY in primary cultured Rheb™'~, Tsc1~'~, and Rictor~ kidney
fibroblasts, respectively. b Real-time qRT-PCR analysis showing the
mRNA abundance for Hgf in primary cultured kidney fibroblasts. *P
<0.05 versus cells infected with adenovirus carrying GFP, n =4. n =
4 refers to four independent repeats. c—e Western blotting analyses
showing the abundance of p-c-met (Y1234/Y1235) and p-ERK1/2
(T202/Y204) as indicated. GAPDH was probed to show the equal
loading. f Real-time qRT-PCR analysis showing the mRNA abun-
dance for Hgfin NRK-49F cells. *P < 0.05 versus vehicle-treated cells,
n=3. n=73 refers to three independent repeats. NRK-49F cells were
pretreated with Pioglitazone for 24 h. g NRK-52E cells were treated
with staurosporine (1 pM) for different duration as indicated. Western
blot analyses showing the abundance of cleaved caspase 3. h Real-
time qRT-PCR analysis showing the mRNA abundance Hgf in NRK-
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49F cells transfected with scramble or HGF siRNA as indicated. *P <
0.05 versus cells transfected with scramble siRNA, n = 3. n = 3 refers
to three independent repeats. i, j NRK-52E cells were treated with
staurosporine (1 uM) for different duration as indicated. Western
blotting analysis showing that knocking down Hgf in NRK-49F cells
(i) or blockade of tubular cell c-met signaling (j) could aggravate
staurosporine-induced NRK-52E cell apoptosis. k, 1 NRK-52E cells
were treated with staurosporine (1 uM) for 3 h. Representative
immunofluorescent staining images for cleaved caspase 3 among
groups as indicated. Scale bar =20 um. m, n Quantitative determi-
nation of cleaved caspase 3" cells among groups as indicated. Data are
presented as the percentage of the counted cells. *P <0.05 versus
vehicle-treated cells, n=3; *P<0.05 versus staurosporine-treated
cells, n = 3. n = 3 refers to three independent repeats. CM conditioned
media
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Fig. 7 Pharmacological blockade of fibroblast mTOR signaling
represses HGF expression and aggravates tubular cell apoptosis. a
Western blot analyses showing the reduction of PPARy in NRK-49F
cells treated with PP242. b Real-time qRT-PCR analysis showing the
mRNA abundance for Hgf in NRK-49F cells. *P<0.05 versus
vehicle-treated cells, n = 4. n = 4 refers to four independent repeats. ¢
Western blot analyses showing the abundance of p-c-met (Y1234/
Y 1235) and p-ERK1/2 (T202/Y204) as indicated. GAPDH was probed
to show the equal loading. d NRK-52E cells were treated with staur-
osporine (1 uM) for different duration as indicated. Western blot
analyses showing the abundance of cleaved caspase 3 in NRK-52E
cells incubated with CM from PP242-treated NRK-49F cells. e Real-
time qRT-PCR analysis showing that Pioglitazone could restore the

We treated NRK-49F cells with rapamycin to pharma-
cologically block mTORCI signaling. The results showed
that rapamycin could largely reduce S6 phosphorylation,
whereas the abundance for p-Akt (Ser473) remained
unchanged (Fig. 9g). Rapamycin could markedly decrease
PPARy and Hgf expression in NRK-49F cells (Supple-
mental Fig. 3a, b). The abundance for p-c-met (Y 1234/
Y1235) and p-ERK1/2 (T202/Y204) was decreased and cell
apoptosis was enhanced in tubular cells incubated with CM
from rapamycin-treated fibroblasts compared to vehicle-
treated fibroblasts (Supplemental Fig. 3c—f). Put all

SPRINGER NATURE

mRNA abundance of Hgf suppressed by PP242 administration. *P <
0.05 versus vehicle-treated cells, n = 4, #P <0.05 versus PP242-treated
cells, n = 4. n =4 refers to four independent repeats. f NRK-52E cells
were treated with staurosporine (1 uM) for 3 h. Representative
immunofluorescent staining images for cleaved caspase 3 among
groups as indicated. Scale bar =20 um. g Quantitative determination
of cleaved caspase 3" cells among groups as indicated. Data are
presented as the percentage of the counted cells. *P <0.05 versus
vehicle-treated cells, n = 3; *P < 0.05 versus staurosporine-treated cells
that were incubated with CM from vehicle-treated fibroblasts, n = 3;
$P <0.05 versus staurosporine-treated cells that were incubated with
CM from PP242-treated fibroblasts, n = 3. n =3 refers to three inde-
pendent repeats. CM conditioned media

together, it is concluded that Tsc1/Rheb/mTORC1 does not
affect mTORC2 signaling activation in kidney fibroblasts.

In the primary cultured kidney fibroblasts with Rictor
gene ablation, western blot assay showed that ablation of
Rictor could largely reduce p-S6 abundance (Fig. 10a). In
Glil *-Rictor /= mouse kidneys, at 1 day after IRI, p-S6
abundance was markedly decreased compared to their lit-
termate controls (Fig. 10b). We costained the kidney tissues
with antibodies against PDGFRP and p-S6. The p-S6
abundance was decreased in the fibroblasts from the
knockout kidneys after IRI (Fig. 10c). These results suggest
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Fig. 8 MTOR regulates PPARY/HGF expression in kidney fibroblasts
in mice. a, ¢, e Western blot analyses showing the PPARy abundance
in the sham and IRI kidneys from the knockouts and littermate con-
trols. Numbers indicate each individual animal within each group
(left). The graphs showing the quantification of the PPARY in the IRI
and sham kidneys. *P <0.05 versus littermate controls, *P<0.05
versus littermate controls after IRI, n =5. b, d, f Real-time qRT-PCR

that mTORC2  signaling is indispensable  for
mTORCI signaling activation in the kidney fibroblasts.

Discussion

We report here that fibroblast mTORCI and
mTORC?2 signaling are crucial for protecting against tubular
cell death and AKI, which is through upregulating PPARYy
and HGF expression. To our knowledge, this study deci-
phers a unique role and mechanism for fibroblast mTOR
signaling in regulating tubular cell survival and AKI.
Although several molecules such as Glil, Fspl, and
PDGFRf have been reported to be expressed in
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analysis showing the mRNA abundance for Hgf in the knockout and
littermate control kidneys. *P <0.05 versus WT mice, n =5-6. g-i
Immunostaining showing PPARy in the interstitial cells among groups
as indicated. The asterisk indicates both Glil- and PPARYy-positive
cells in the Rheb™*, Rictor™*, and Tscl ™~ kidneys. The arrow
indicates  Glil-positive but PPARy-negative cells in the
Rheb ™", Rictor’~, and Tsc1™* kidneys. Scale bar =20 um

fibroblasts/pericytes, there is no specific biomarker that
can distinguish interstitial fibroblasts from capillary
pericytes. Therefore, “fibroblasts,” a broad term including
both interstitial fibroblast and pericyte was used in
this study. In IRI-induced AKI model, Glil™ fibroblast
loss induces capillary rarefaction and proximal tubular
injury, suggesting a crucial role for Glil™ fibroblasts in
the pathogenesis of AKI [11]. We demonstrated here that
Glil* fibroblast mTOR signaling is vital for promoting
tubular cell survival in IRI-induced AKI based on several
lines of evidence. First, both mTORC1 and mTORC2
were activated in kidney fibroblasts after IRI. Second,
ablation of fibroblast Rheb or Rictor aggravated tubular
cell death and IRI. While ablation of fibroblast Tscl
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Fig. 9 Tsc1/Rheb/mTORCI does not affect mTORC?2 signaling acti-
vation in kidney fibroblasts. a, b The primary cultured kidney fibro-
blasts generated from Rhebﬂ/ﬂ, or Tsc1¥ mice were infected with
adeno-Cre virus to induce Rheb, or Tscl gene deletion. Western
blotting assay showing that ablation of Rheb or Tscl could not affect
the p-Akt (Ser473) abundance. ¢, d Western blot analyses showing p-
Akt (Ser473) abundance in the Sham and IRI kidneys. Numbers
indicate each individual animal within each group. e Real-time qRT-

protected against tubular cell death and IRI. Third, CM
from Rheb ™'~ or Rictor /™ kidney fibroblasts aggravated
staurosporine-induced tubular cell apoptosis, and CM
from Tscl™~ kidney fibroblasts promoted tubular cell
survival. It should be pointed out that the protective effect
of fibroblast mTOR signaling on tubular survival may be
underestimated because only 43% of the kidney inter-
stitial cells are Glil-positive after IRI [11, 13].

Upon kidney injury, fibroblasts undergo proliferation,
activation, and migration toward the injury area, where they
may support tubular cell dedifferentiation, proliferation, and
regeneration [12, 34, 35]. After injury, activated fibroblasts
may be eliminated through death, senescence and
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PCR analysis showing Raptor mRNA abundance in NRK-49F cells
transfected with scramble or Raptor siRNA as indicated. *P <0.05
versus cells transfected with scramble siRNA, n = 3. n =73 refers to
three independent repeats. f Western blotting analyses showing that
knocking down Raptor expression inhibited S6 phosphorylation but
not Akt phosphorylation at Ser473. g Western blot analyses showing
the abundance of p-S6 and p-Akt (Ser473) in NRK-49F cells after
rapamycin treatment

dedifferentiation. However, sustained activation of fibro-
blasts in the kidney tissue may lead to interstitial extra-
cellular matrix deposition and kidney fibrosis [36, 37]. The
mTOR kinase is an evolutionarily conserved member of the
phosphatidylinositol-3-OH  (PI-3)-kinase-related  kinase
(PI3KK) family, which plays an essential role in various
biological processes, including cell survival, proliferation
and metabolism [38]. In this study, we found that fibroblast
mTOR signaling activation protected against IRI-induced
tubular cell death and AKI. Previous studies demonstrated
that continuous mTOR signaling activation in fibroblasts
may lead to fibroblast differentiation and kidney fibrosis
[24, 25]. Therefore, it may be concluded that fibroblast
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Fig. 10 mTORC?2 is indispensable for mTORC1 signaling activation
in kidney fibroblasts. a Western blot assay showing that ablation of
Rictor reduced p-S6 abundance in kidney fibroblasts. The primary

cultured fibroblasts generated from the kidneys of Rictor™® mice were

infected with adeno-Cre virus to induce Rictor gene deletion. b
Western blot analyses showing p-S6 abundance in the Sham and IRI

mTOR signaling plays a dual role during kidney injury. At
the early stage of the AKI, fibroblast mTOR signaling
activation is beneficial, while continuing activation of
mTOR signaling in fibroblasts may lead to extracellular
matrix deposition and kidney fibrosis. The mechanisms for
regulating fibroblast mTOR signaling activation during AKI
to CKD transition remain to be elucidated.

In renal interstitium, multiple soluble factors mediate the
communication between fibroblasts and tubular cells
[39, 40]. Among of them, HGF produced by mesenchymal
cells protects against tubular cell death through binding and
triggering the HGF receptor c-met activation [41-45]. It has
been reported that mTORCI signaling activation may
upregulate PPARy expression in various cell types
[22, 29, 46-48]. And HGF is transcriptionally upregulated
by PPARy in mesenchymal cells [32]. In this study, we
found that both mTORC1 and mTORC2 could stimulate
PPARYy and HGF expression in kidney fibroblasts. In both
animal models and cultured cells, we found that HGF
mediated the protective effect of fibroblast mTOR signaling
on tubular cell death. In mouse models, ablation of Rheb or
Rictor in fibroblasts reduced while ablation of Tscl in
fibroblasts increased PPARy and Hgf abundance. In cul-
tured kidney fibroblasts, similar results were observed.
Pioglitazone could markedly upregulate Hgf expression in
fibroblasts and the CM from Pioglitazone-treated fibroblasts
diminished staurosporine-induced tubular cell death. Fur-
thermore, downregulating fibroblast HGF expression or
blockade of tubular cell c-met signaling promoted
staurosporine-induced tubular cell apoptosis. Thus, this
study demonstrated that fibroblast mTOR/PPARY depen-
dent HGF production is essential for promoting tubular cell
survival after IRL
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kidneys. Numbers indicate each individual animal within each group. ¢
Representative images showing the less induction of p-S6 in the kid-
ney fibroblasts from Glil*-Rictor ’~ mice at day 1 after IRL. The
asterisk indicates both PDGFRp-and p-S6-positive cells in littermate
control kidneys. The arrow indicates PDGFRp-positive but p-S6-
negative cells in the knockout kidneys. Scale bar =20 um

In HeLa cells, Liu et al. reported that mTORCI inhibits
mTORC?2 signaling through phosphorylating Sinl [49]. In
NK cells, Wang et al. demonstrated that mMTORCI1 sustains
mTORC2 activity, while mTORC2 negatively regulates
mTORCI signaling activation. These observations suggest
that the interaction between mTORC1 and mTORC2
exhibits a context-dependent manner [50]. In primary cul-
tured kidney fibroblasts, we found that ablation of Rheb or
Tscl could not alter the p-Akt (Serd73) abundance. Con-
sistently, in mouse models, ablation of fibroblast Rheb or
Tscl could not affect the abundance of p-Akt (Serd73).
Therefore, it may be concluded that Rheb or Tscl does not
affect mMTORC?2 signaling in kidney fibroblasts. In addition,
in NRK-49F cells, downregulating Raptor expression or
blocking mTORC1 signaling with rapamycin could not
affect Akt phosphorylation at Ser473. While ablation of
Rictor in primary cultured kidney fibroblasts largely
decreased the p-S6 abundance. In kidney fibroblasts,
mTORC?2 positively regulates mTORCI signaling, but not
vice versa.

In summary, we report here that fibroblast mTOR sig-
naling activation protects against IRI-induced AKI via
PPARy and HGF induction. Targeting fibroblast mTOR
signaling may offer a new strategy for protecting against
tubular cell death and AKI.
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