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Abstract

Transforming growth factor-f§ (TGF-f3) strongly promotes renal tubulointerstitial fibrosis, but the
cellular target that mediates its profibrotic actions has not been clearly identified. While in vitro
data suggest that TGF-B-induced matrix production is mediated by renal fibroblasts, the role of
these cells in TGF-B-dependent tubulointerstitial fibrosis following renal injury is not well
defined. To address this, we deleted the TGF-f type Il receptor in matrix-producing interstitial
cells using two different inducible Cre models: COL1A2-Cre with a mesenchymal enhancer
element and tenascin-Cre which targets medullary interstitial cells and either the mouse unilateral
ureteral obstruction or aristolochic acid renal injury model. Renal interstitial cells lacking the
TGF-B receptor had significantly impaired collagen | production, but unexpectedly, overall tissue
fibrosis was unchanged in the conditional knockouts after renal injury. Thus, abrogating TGF-p
signaling in matrix-producing interstitial cells is not sufficient to reduce fibrosis after renal injury.
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Introduction

Progressive tubulointerstitial fibrosis is the common mechanism whereby renal injuries of
diverse etiologies lead to end-stage renal disease. The accumulation of extracellular matrix
(ECM) proteins such as collagen | is the hallmark of fibrosis, and transforming growth
factor-p (TGF-p) plays a central role in ECM production in the kidney. There are three TGF-
B isoforms (-1, —B2, —B3), all of which bind to the TGF-f type Il receptor (TBRII), which
phosphorylates the type | receptor. This activated receptor complex mediates diverse
biological effects through both Smad-dependent and independent signaling pathways.(1-3)
Mice overexpressing TGF-B1 in the renal tubular epithelium spontaneously develop
significant tubulointerstitial fibrosis.(4) Conversely, a blocking antibody to TGF-f isoforms
attenuates fibrosis after renal injury, supporting a strong pro-fibrotic role for this growth
factor following renal injury.(5, 6)

TGF-B’s pro-fibrotic effects are thought to be primarily mediated by myofibroblasts,
mesenchymal cells with contractile properties and potent producers of ECM. A number of
different interstitial cells (fibroblasts, pericytes, infiltrating bone marrow-derived cells) may
transform into myofibroblasts.(7) TGF-B1 has been implicated in the transformation of these
matrix-producing interstitial cells (MPIC) into myofibroblasts and their synthesis of
collagen 1.(8-10) In vitro data shows that TGF-f increases collagen I and fibronectin
synthesis by MPIC,(11, 12) but how TGF- signaling in MPIC in vivo modulates the
response to renal injury has not been well studied. Efforts to define the role of TGF-
signaling in MPIC in vivo have been hindered by the lack of specific markers for this
population. S100A4/FSP-1 has been used as a fibroblast marker, but recent studies have
shown this protein marks leukocytes as well.(13, 14) Ecto-5"-nucleotidase (CD73), platelet-
derived growth factor receptor-p (PDGFR}), and CD90 are other commonly used markers
that lack specificity as they are also expressed by proximal tubules (CD73), certain T cells
(CD73 and CD90), vascular smooth muscle cells (PDGFRp), and mesangial cells (CD73,
PDGFRB, and CD90).(15-17) Recently, the TGF-f type Il receptor (TPRII), necessary for
downstream signaling, was deleted in mice using Cre driven by the promoter of a-smooth
muscle actin (a-SMA), a commonly used marker of myofibroblasts.(9) However, the a-
SMA-Cre was not inducible, and a-SMA is expressed early in embryogenesis in cells not
typically considered myofibroblasts (e.g. cardiomyocytes).(18) Additionally, a-SMA may
not be the best marker for MPIC as a-SMA expression was observed in some renal tubular
epithelial cells and vascular cells after injury,(9) and there are mixed reports regarding its
correlation with collagen I production.(18-20)

In this study, we defined how TGF-f signaling in MPIC alters fibrosis by deleting TBRII
using mice containing Cre driven by the promoters of ECM components. We chose the
COL1A2-Cre/ERT (abbreviated COL-Cre) in which the COL1A2 promoter is driven by a
mesenchymal upstream enhancer(21, 22) as well as Tenascin C-Cre/ERT (TNC-Cre), a
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newly described mouse that targets medullary MPIC, a small population in the healthy adult
kidney that greatly expands in areas of fibrosis.(23-25) As medullary and cortical interstitial
cells have distinct morphologic and functional roles, TNC-Cre allows delineation of
medullary MPIC’s role in renal injury. The COL-Cre and TNC-Cre mouse models are
ideally suited for targeting MPIC because their promoters are functionally associated with
matrix production and they are tamoxifen-inducible, which is important because many
mesenchymal markers are expressed early in development.

Contrary to expectations, deleting TBRII using COL-Cre or TNC-Cre did not affect fibrosis
after either unilateral ureteral obstruction (UUOQ) or aristolochic acid-induced nephropathy,
models which both upregulate TGF-f signaling.(26) This was despite the fact that TRRII-
null MPIC had decreased collagen | transcripts in vivo and reduced collagen | production in
vitro. These data suggest that inhibiting TGF- signaling in MPIC is not sufficient to halt the
progression of renal fibrosis following injury.

Renal MPIC population increases after injury

We verified that COL-Cre and TNC-Cre activity was present in MPIC by crossing these
mice with the mT/mG reporter which has ubiquitous membrane-bound red fluorescence that
is converted to green (GFP) by Cre activity.(27) As recombination efficiency is a concern
with an inducible system, we used a high dose tamoxifen regimen (see Methods) previously
proven to induce efficient recombination in the adult mouse.(28) In the uninjured COL-Cre
and TNC-Cre mice, Cre activity localized to peritubular cells primarily in the medullary
interstitium (Figure 1A). These GFP+ cells were few in number, consistent with the paucity
of collagen I-producing interstitial cells in the healthy kidney. COL-Cre mice had
glomerular GFP staining as previously described,(21) but no Cre activity was detectable in
the cortex of TNC-Cre mice (Figure 1A).

Three days after UUO-induced injury, the number of medullary COL-Cre and TNC-Cre
cells expanded significantly, but the COL-Cre mice had more GFP+ medullary interstitial
cells than did the TNC-Cre mice (Figure 1B). Far fewer GFP+ interstitial cells were in the
cortex of TNC-Cre compared to COL-Cre mice after UUO (Figure 1B). To quantify the
number of GFP+ cells in COL-Cre and TNC-Cre mice after UUO, flow cytometry was
performed on kidneys at 3 days after UUO (Figure 1C-E), a time point consistent with the
dramatic increase in GFP+ cells (Figure 1B). Gating on viable cells was achieved using
DAPI and doublets were excluded by pulse width characteristics (Supplemental Figure 1).
To gate the GFP+ population (i.e. COL-Cre+ and TNC-Cre+ cells), obstructed and
tamoxifen-injected mice with mT/mG but lacking Cre were used as a negative control
(Figure 1C). Consistent with the GFP staining in Figure 1B, the COL-Cre genetic model
targets more cells than TNC-Cre. Thus, GFP+ cells localized to the renal interstitium in both
genetic models, significantly increased in number following UUO, and were more numerous
in the COL-Cre compared to the TNC-Cre mouse.
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Number of COL-Cre+ cells similar to a-SMA+ and PDGFRp+ cells

To determine how efficiently our genetic models marked MPIC, we should ideally compare
the expression of GFP+ with a marker specific for MPIC. Though no perfect marker exists,
we chose a-SMA and PDGFR because both are associated with collagen I-producing
interstitial cells in the injured kidney. Expression of these markers was compared with GFP+
cells in the COL-Cre mouse as the TNC-Cre is limited to the medulla. At 7 days after UUO,
the number of a-SMA+ and GFP+ cells was greatest in the cortico-medullary region (Figure
2A). Quantification revealed a similar amount of a-SMA+ and GFP+ area though only
about 40% of the cells expressed both GFP and a-SMA (Figure 2B). Interestingly, there was
also a spatial difference in distribution of a-SMA+ and GFP+ cells with a predominance of
a-SMA+ cells in the cortex and GFP+ cells in the medulla (Figure 2A). The number of GFP
+ and PDGFRp+ cells, as assessed by flow cytometry (Figure 2C-H), increased slightly
from 3 to 7 days after injury with roughly 30% more GFP+ cells at each time point (Figure
2H). Thus, the number of COL-Cre+ (i.e. GFP+) cells is equal to or greater than the number
of a-SMA+ and PDGFRp+ cells, suggesting robust recombination at the mT/mG locus.

High recombination efficiency among GFP+ cells in COL-Cre;Tgfbr2/fl and TNC-
Cre;Tgfbr2f/f mice

To confirm that the recombination efficiency at the Tgfbr2 locus was similar to that of the
mT/mG locus, we determined recombination among the GFP+ cells after crossing both
COL-Cre and TNC-Cre mice with the Tgfor2f/fl mice. Recombination in the COL-
Cre;Tgfbr2f/fl and TNC-Cre; Tgfbr2/fl mice was verified by polymerase chain reaction
(PCR) with primers that amplify a sequence present only after recombination occurs (Figure
3A, 3B). To define recombination among GFP+ cells, we sorted these cells from kidneys of
obstructed COL-Cre; Tgfor2f/fl COL-Cre;WT, TNC-Cre; Tgfbr2f/fl and TNC-Cre;WT mice
and passaged them up to 4 times. Cells derived from TNC-Cre; Tgfbr2f/fl or COL-

Cre; Tgfbr2f/fl mice had virtually no TBRII expression (Figure 3C, 3E) and had minimal
responses to TGF-B1 as measured by Smad2 phosphorylation (Figure 3D, 3F). Thus, the
GFP+ cells have no appreciable TPRII expression and no detectable response to TGF-p1.

Deleting TRRII reduces collagen | synthesis by MPIC in vitro and in Vivo

We investigated whether or not TGF-B1’s stimulatory effect on collagen | production
reported in vitro(11, 12) could be recapitulated in FACS-sorted primary MPIC cells
described above. Cells from COL-Cre;WT and TNC-Cre;WT mice expressed markers
consistent with MPIC and had significantly more collagen | expression at baseline compared
to the cells lacking TPRII (Figure 4A-4C). Moreover, both COL-Cre;WT and TNC-Cre;WT
cells had increased collagen | expression after incubation with TGF-f1 for 48hrs; however,
this response was absent in the cells sorted from COL-Cre; Tgfor2f/fl and TNC-
Cre;Tgfbr2®/fl mice (Figure 4B and 4C). We immortalized these cells and assessed their
response to other growth factors (e.g. connective tissue growth factor (CCN2), PDGF).
Although cells from both COL-Cre;WT and COL-Cre; Tgfbr2f/fl mice had morphologic
changes in response to growth factors other than TGF-, there was not a robust expression of
collagen I by either set of cells (Supplemental Figure 2). Thus, collagen I synthesis in vitro
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was heavily dependent upon TPRII-dependent TGF-f signaling but not other growth factors
invitro.

As cell culture conditions differ from the injured kidney microenvironment, we sorted GFP+
cells from both obstructed COL-Cre;WT and COL-Cre; Tgfbr2f/fl kidneys and immediately
isolated RNA to measure collagen I transcripts. TBRII+ MPIC had twice the amount of
COL1A1 and COL1AZ2 transcripts by real-time PCR as did MPIC lacking TBRII (Figure
4D). GFP+ cells from COL-Cre; Tgfbr2f/fl mice had 40% reduced expression of a-SMA, a
marker of activated fibroblasts shown to be upregulated by TGF-p in vitro (Figure 4E).
Similarly, cells from COL-Cre;WT mice had almost threefold the cDNA levels of CCN2
and PAI-1 (plasminogen activator inhibitor-1), transcriptional targets of TGF-3 signaling,
compared to COL-Cre; Tgfor2f/fl mice (Figure 4E). Thus, these data demonstrate that COL-
Cre+ cells lacking TBRII have reduced transcription of both TGF-f target genes and
collagen I and cultured TBRII null primary MPIC have reduced collagen | protein
expression.

Inhibiting TGF-g signaling in MPIC does not reduce fibrosis following UUO

To determine if TGF-f signaling in MPIC increases fibrosis in disease models, UUO was
performed on TNC-Cre; Tgfor2f/fl. cOL-Cre; Tgfbr2f/fl and Tgfbr2f/fl littermate mice.
Surprisingly, there were no major differences between the genotypes in tubular dilation,
epithelial flattening, or extracellular matrix accumulation at days 3 (data not shown) and 7
after UUO injury (Figure 5A). There were no differences in collagen I, fibronectin, and
collagen 1V expression by immunohistochemistry at 7 days after injury (Figure 5A).
Similarly, no quantitative difference in collagen | expression was detected by immunoblots
at day 7 and 14 after UUO between COL-Cre; Tgfbr2f/fl and Tgfbr2f/fl mice (Figure 5B-E)
or TNC-Cre; Tgfbr2f/fl and Tgfbr2f/fl mice (Supplemental figure 3).

TGF-f signaling can alter cellular proliferation and exert both pro- and anti-inflammatory
effects depending upon the cellular milieu, so we investigated whether deleting TBRII in
COL-Cre cells alters the number of MPIC or inflammation after UUO. There were no major
changes in GFP+ or PDGFRp+ expression between COL-Cre and COL-Cre; Tgfor2f/fl mice
at 3 days after UUO (Figure 6A, 6B, 6D). Staining of F4/80, a macrophage marker, revealed
a small but statistically significant increase in F4/80+ cells (14.8% to 19%) when TPRII was
deleted using COL-Cre (Figure 6C, 6E). Thus, deleting TRRII using COL-Cre does not
ameliorate fibrosis or alter the number of MPIC, but does increase F4/80 infiltration.

COL-Cre;Tgfbr2//fl mice are not protected from aristolochic acid-induced injury

Medullary and cortical fibroblasts are distinct populations,(16, 29) and UUO targets the
collecting system with a predominance of medullary interstitial cells (Figure 1B, 2A). We
then assessed the role of TGF-f signaling in MPIC after a cortical injury as heterogeneous
responses to TGF-B1 have been noted by subpopulations of renal interstitial cells.(30) We
injured COL-Cre; Tgfbr2f/fl mice with aristolochic acid which targets the proximal tubule
acutely, produces a delayed TGF-B-dependent fibrotic response, and causes end-stage renal
disease in humans.(31, 32) Five weeks after aristolochic acid injections, there was an
increased number of COL-Cre cells which was particularly robust in the cortico-medullary
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and medullary regions (Figure 7A). Both the COL-Cre; Tgfbr2f/fl and Tgfbr2f/fl mice had
dilated cortical tubules with casts, an inflammatory infiltrate, and expansion of interstitial
matrix (Figure 7B). Collagen | expression by immunoblots and macrophage infiltration by
immunohistochemistry were similarly increased in injured COL-Cre;Tgfbr2f/fl and
Tgfbr2ffl mice (Figure 7C—F). Therefore, abrogating TGF-B signaling in COL-Cre+ cells
did not alter the fibrotic response to either a medullary or cortical renal injury.

Discussion

TGF- is a major pro-fibrotic growth factor involved in renal tubulointerstitial fibrosis.
Controversy surrounds the origin of MPIC that transform into myofibroblasts, but these
collagen I producing interstitial cells are thought to be the mediators of TGF-B-dependent
fibrosis. When we selectively deleted TBRII in mice using Cre driven by the COL1A2 and
tenascin C promoters, there was surprisingly no difference in fibrosis after either UUO or
aristolochic acid-induced injury although renal MPIC lacking TBRII had a significant
reduction in collagen I production in vitro and transcription in vivo. Our results suggest that
TGF- signaling in MPIC is not required for the development of fibrosis.

Surprisingly, no reduction in fibrosis was noted when we deleted TBRII in MPIC using two
different genetic models and two renal injuries. This unexpected finding raises questions
about the adequacy of recombination. Establishing the recombination efficiency of MPIC is
challenging given the absence of specific markers for this population. However, the number
of COL1A2+ (i.e. GFP+) cells in the injured kidney equaled or exceeded the number of a-
SMA+ cells and PDGFRp+ cells, both commonly used markers for MPIC. It is possible that
Cre has greater efficiency targeting mT/mG compared to the Tgfbr2 locus. Therefore, we
isolated the GFP+ cells and verified that TBRII protein expression was virtually nonexistent,
canonical TGF- signaling abrogated, and collagen I production drastically reduced. Thus, it
is unlikely that our results were due to low recombination rates.

There are several other possible explanations for our findings. First, renal interstitial cells
also perform beneficial biological effects such as providing structural support and reparative
growth factors to injured epithelium as well as having immunomodulatory properties.(33,
34) Deleting TBRII may compromise these functions, leading to an increase in production of
pro-fibrotic factors such as (e.g. PDGF) by epithelial or inflammatory cells which may
induce paracrine signaling on neighboring interstitial cells. Second, the deletion of TBRII in
MPIC may result in compensatory increased autocrine signaling of other growth factors (e.g.
PDGF, CCN2) proven to induce proliferation and collagen synthesis in fibroblasts.(8, 35)
Many growth factors have pro-fibrotic effects on fibroblasts, and abrogating just TGF-
signaling may not be sufficient. Although TBRII”~ MPIC did not have an increased
production of collagen I in response to some of these factors in vitro, others have described a
similar lack of collagen I upregulation in vitro despite pro-fibrotic effects in vivo.(36-38)
Immortalizing the MPIC may have altered their response to these growth factors though the
response to TGF-B1 was similar to primary cells. Finally, cells other than fibroblasts, such as
endothelial and epithelial cells, may play an important role in TGF-p-dependent fibrosis
progression after kidney injury.(39, 40) In the aristolochic acid model, tubular epithelial
cells were identified as the main source of collagen | expression.(41) Although healthy
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tubular epithelial cells do not produce collagen I, chronic tubular injury can lead to de-
differentiation and ECM production, effects both associated with excess TGF-f signaling.
(42) Previously, we reported that deleting TBRII in collecting duct epithelial cells worsened
the response to UUO,(43) but this does not preclude the possibility that the tubular
epithelium may be an important mediator of TGF-B-dependent injury. There is an important
dose-dependent response to TGF-,(37, 44) and just as excessive signaling is deleterious,(5,
45) the absence of any TPBRII-dependent signaling may also have adverse consequences.

Our data suggest that MPIC comprise a heterogeneous population of cells, consistent with
previous reports in the literature.(33, 46) We have refrained from defining any of these cells
as fibroblasts, pericytes, or myofibroblasts because ultrastructural analysis would be
necessary for proper classification, but these cells should be targeted for recombination if
the collagen | promoter is active.(47) The term MPIC more accurately describes our diverse
target population, composed of different cells, which produces ECM and is sensitive to
TGF-B’s pro-fibrotic effects. Immunofluorescence has identified at least three distinct
subsets of MPIC: COL+,a-SMA+; COL+,a-SMA-; and COL-,a-SMA+. Though a-SMA
expression has been considered synonymous with collagen I production, our finding of a
distinct COL+,a-SMA- population challenges this assumption. This population has been
described in other fibrotic organs(48) and has been previously termed as proto-
myofibroblasts, or cells that produce collagen | without a-SMA expression.(49) Though a-
SMA is considered the best available marker for myofibroblasts, abundant literature
suggests that this marker does not always correlate with ECM production.(18, 19, 50)
Whether or not there are functional differences between the subgroups of MPIC and whether
the diversity of MPIC is due to heterogeneous origins or functional plasticity are important
questions for future research.

Recently, the a-SMA promoter was used to selectively delete TBRII, and a modest reduction
in fibrosis after UUO was observed.(9) The difference between our results and those with
the a-SMA promoter may have been mediated by the COL-,a-SMA+ subpopulation. The
authors attributed the TGF-B-dependent effects in injury to non-proliferating a-SMA+ cells
(predominantly from the bone marrow) rather than proliferating resident fibroblasts.(9)
Assuming these are COL—,a-SMA+ cells, it is possible that these cells may have modulated
the fibrotic response to injury through effects independent of direct collagen | production
(e.g. immunomodulation).

The TNC-Cre mouse model was used to determine whether medullary interstitial cells play a
different role in injury from those MPIC more broadly targeted by COL-Cre. This
population has not been well studied in renal injury and, to the best of our knowledge, only
one other study has genetically targeted this population.(51) Though cortical and medullary
renal interstitial cells have distinct roles in the uninjured kidney (e.g. erythropoietin
production), the similar phenotype in COL1A2-Cre and TNC-Cre implies that these cells
may perform similar functions after injury.

Although TGF-f strongly promotes progression of tubulointerstitial fibrosis, our studies
show that deleting TPRII in MPIC, the cells assumed to be responsible for TGF-p-dependent
ECM production, does not ameliorate the fibrotic response to either UUO or aristolochic
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acid. More research is needed to define how TGF-B promotes renal fibrosis and the different
functional characteristics of the heterogeneous collagen-producing interstitial cells. TGF-$ is
an attractive therapeutic target but clinical trials have been disappointing implying that a
better understanding of how this pleiotropic growth factor mediates response to injury may
provide insights into future anti-fibrotic strategies.

Animal Models

The Institutional Animal Care and Use Committee of VVanderbilt University approved all
procedures which were consistent with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Tgfbr2floxed(52) and wild type mice were crossed with
mice containing Cre under the control of the proa2(l) collagen promoter, COL1A2-Cre/
ERT, as previously described(21) (generous gift from Neil Bhowmick), or mice with Cre
driven by the Tenascin C promoter, TNC-Cre/ERT.(25) Both conditional knockout models
are tamoxifen-inducible (Cre/ERT) and, along with their littermate controls, were injected
with 4-OH tamoxifen (4mg/25gm mouse) intraperitoneally (IP) at age 5-7 weeks, every
other day x 4, with a fifth injection after injury. Mice were further crossed with the mT/mG
reporter mouse (Jackson laboratory).

Unilateral Ureteral Obstruction

UUO was performed on mice aged 8-10 weeks, backcrossed onto C57BL/6 x 10
generations with the exception of the mT/mG (mixed) crossed with the TNC-Cre(ERT). The
right kidney was exposed dorsally via a flank incision, and two sutures were placed on the
ureter just distal to the renal pelvis. A fifth injection of tamoxifen was administered IP the
day after surgery, and mice were euthanized at 3, 7, or 14 days after surgery.

Aristolochic Acid Injury

Avristolochic acid (Sigma) was administered to mice IP 5mg/kg x 5 days with the fifth
injection of tamoxifen 3 days after the last dose of aristolochic acid and sacrificed five
weeks after the last dose of aristolochic acid.

Fluorescence-activated cell sorting (FACS) on tissue

For tissue preparation, the obstructed kidney was minced and incubated with 2mg/mL
collagenase Il (Sigma), ImL DMEM, and DNAse (BioRad 10ul/mL) in a shaker at 37C for
1 hour. The tissue was filtered (70 um), centrifuged, and incubated in red blood cell lysis
buffer (15.5mM NH,4CI, ImM KHCOg3, 10 uM EDTA) at 37C for 5 minutes, neutralized
with PBS, centrifuged, and resuspended in PBS with 1%FBS. The tissue was passed through
a 50 uM strainer, and tissue from COL-Cre mice (and controls) was passed through a 24 uM
filter to remove the glomeruli. The FACSAria Il from BD Biosciences in the Research Flow
Cytometry Core Laboratory at the Nashville VA Medical Center was used for sorting of
GFP+ cells.

For flow cytometry, samples were incubated with Fc blocking antibody (Biolegend) on ice,
then incubated with APC-conjugated anti-F4/80, anti-CD140b (PDGFR), or the appropriate
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APC-conjugated isotype controls (Biolegend) for 30 minutes at room temperature. Cells
were analyzed on a FACS Canto Il cytometer with FACSDiVa v6.1 software for data
acquisition and analysis at the Nashville VA Medical Center’s Flow Cytometry Laboratory.

Immunohistochemistry, Frozen Sections, and Immunoblots

Cell culture

Polymerase

Mouse kidneys were fixed in 4% paraformaldehyde for 12-18hrs, paraffin embedded, and
incubated with the following primary antibodies: collagen IV (Biodesign), collagen I, F4/80
(Abcam), and fibronectin (Rockland). To prepare frozen sections for mT/mG mice, tissue
was fixed for 4-6hours in 4% paraformaldehyde, dehydrated in 30% sucrose overnight in
4C, mounted in O.C.T, and sectioned by cryostat. Slides were fixed for 20 minutes with 4%
paraformaldehyde. Frozen sections were stained with a-SMA (DAKO), biotinylated, and
incubated with streptavidin-conjugated Alexa-fluor350. To quantify GFP+, a-SMA+, and
F4/80+ staining, images were taken with Olympus BX51 microscope and Image J with the
Color Deconvolution function was used.

Obstructed kidneys were minced in lysis buffer (50mM Tris HCI, 150mM NacCl, 1ImM
EDTA, 2%SDS, 1%Triton, phosphatase and protease inhibitor cocktails (Sigma)),
homogenized by sonication, and clarified by centrifugation. Protein quantification was done
using Thermo BCA kit, and electrophoresis performed with SDS/PAGE, and incubated with
the following primary antibodies: collagen | (MD Biosciences), TBRII and PDGFRf (Santa
Cruz), pSmad2 and total Smad 2 (Cell Signaling), vimentin (ThermoScientific), a-SMA
(Sigma), ZO-1 (Invitrogen).

GFP+ cells were sorted by FACS from COL-Cre;WT, COL-Cre;Tgfbr2f/fl, TNC-Cre;WT,
and TNC-Cre; Tgfbr2f/fl mice at 3 days post UUO. The primary cells were grown in
DMEM/F12 media supplemented with 10% FBS and penicillin/streptomycin antibiotics. At
passage 3-4, cells were put in 1%FBS + various concentrations of TGF-1 (R&D) for 48
hours, and lysates were made using RIPA buffer plus protease and phosphatase inhibitors
(Sigma cocktail). Cells were immortalized by sv40-adenovirus, stimulated with PDGF-BB
(R&D Systems), CTGF (gift from Pampee Young), or EGF (Millipore), and imaged with a
Nikon Eclipse TE300 inverted scope.

Chain Reaction

RNA was extracted from cells using the Qiagen RNeasy kit, and Bio-Rad’s iScript cDNA
Synthesis kit generated cDNA. Quantitative real-time PCR was performed using the Bio-
Rad CFX96 thermal cycler and primers are listed in Supplemental Table 1. The use of
GAPDH as a housekeeping transcript was validated by comparison to a panel of commonly
used reference cDNAS.

Statistical Analyses

The student’s t-test with unequal variance was used to compare two sets of data with p<0.05
considered statistically significant. Data are shown as means + standard error. For real time
PCR, the delta-delta Ct equation was used to determine relative expression.
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Expression and localization of COL1A2-Cre/ERT+ (abbreviated COL-Cre) and TenascinC-
Cre/ERT+ (abbreviated TNC-Cre) cells. The mT/mG mouse was crossed with COL-Cre and
TNC-Cre-containing mice, and Cre activity converts ubiquitous membrane-bound red
fluorescence to green (A, B). Distribution of Cre activity for COL-Cre and TNC-Cre is
shown in frozen sections of uninjured kidneys (A) as well as in obstructed kidneys (B).
Kidneys obstructed for 3 days were converted to single cell suspensions and GFP+ cells
were measured. The gating strategy, exclusion of dead cells and doublets, and forward and
side scatter characteristics of GFP+ cells are shown in Supplemental Figure 1. An obstructed
kidney from mT/mG-containing mouse without Cre is used as negative control (C). The
percentage of GFP+ cells as a percentage of viable, single cells is listed for COL-Cre (D)
and TNC-Cre (E).
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COL-Cre+ cells similar in number compared to a-SMA+ and PDGFRp+ cells. Frozen
sections from COL-Cre;mT/mG mice at 7 days after UUO were stained with a-SMA (A).
The fluorescence as a % of total area was quantified for the corticomedullary area, the
region with the most GFP+ and a-SMA+ cells (B). Means + standard error (SE) are shown
based on at least 5 pictures per kidney and a total of 3 mice (B). GFP+ and PDGFRp+ cells
were measured by flow cytometry in COL-Cre kidneys (C-H) obstructed for either 3 (C, D)
or 7 (F, G) days with appropriate isotype-matched control for gating (E). The number of
GFP+ and PDGFRp+ cells, as a percentage of viable, single cells is shown at both 3 and 7

days with at least 3 animals per group (H).
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Figure 3.

High recombination efficiency among GFP+ cells in COL-Cre and TNC-Cre crossed with
Tgfbr2f/f mice. DNA was extracted from kidneys of COL-Cre;Tgfbr2f/fl (A), TNC-

Cre; Tgfbr2f/fl (B), and Tgfor2f/ littermate mice (A,B) and PCR performed to detect
recombination. (A, B) DNA from the yGT-Cre; Tgfbr2f/fl murine renal cortex was used as a
positive control. (B) White lines represent where lanes within the same gel were moved. (C-
F) GFP+ cells from COL-Cre;WT, COL-Cre;Tgfbr2f/fl TNC-Cre;WT, and TNC-

Cre; Tgfbr2f/fl mice were isolated by FACS three days after UUO and grown as primary
cells in culture. (C, E) Immunoblots of TBRII expression with immortalized fibroblasts
isolated from Tgfbr2f/f uninjured mice used as positive control and the same cells treated
with adeno-Cre used as negative control. (D,F) Immunoblots measured Smad2
phosphorylation by these primary cells in response to TGF-B1 stimulation for 48hrs with
focal adhesion kinase (FAK) used as loading control. (F) White lines represent where lanes
within the same gel were moved.
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Figure4.
TBRII null cells isolated from obstructed kidneys have reduced collagen | production in

vitro. (A) GFP+ cells sorted from obstructed COL-Cre;WT and TNC-Cre;WT mice and
grown as primary cell cultures expressed PDGFRp, vimentin, and a-SMA, consistent with
renal fibroblasts, but not zona occludens-1 (ZO-1), an epithelial marker, with inner
medullary collecting duct (IMCD) and proximal tubule epithelial cells (PTEC) as controls.
White lines denote lanes moved within a blot. (B, C) Primary cells sorted from COL-
Cre;WT, COL-Cre;Tgfor2f/fl TNC-Cre;WT, and TNC-Cre; Tgfbr2f/fl mice were stimulated
with TGF-B1 for 48 hours and immunoblotted for collagen 1. (D, E) GFP+ cells were sorted
from COL-Cre;WT (n=5) and COL-Cre;Tgfbr2f/fl (n=5) mice 3 days after UUO, and RNA
was isolated and reverse transcribed to cDNA. RT-PCR was performed using primers for
COL1A1, COL1A2 (C), a-SMA, CCN2, and PAI-1 (D) and normalized to GAPDH,
validated by comparison with a panel of housekeeping genes, with relative expression levels
calculated using the delta-delta Ct formula.
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Figure5.
Deleting TPRII using COL-Cre or TNC-Cre does not protect against fibrosis after UUO. (A)

Collagen I, collagen 1V, and fibronectin staining were performed on 7 day UUO kidneys.
Although separate Tgfbr2f/fl mice (littermates) were used as controls for the COL-
Cre;Tgfbr2f/fl and TNC-Cre; Tgfbr2f/fl mice, just one representative set is shown (A). A
representative immunoblot of tissue lysates from unobstructed kidneys and 7 day post-UUO
kidneys shows an upregulation of collagen I after injury, but no significant difference
between genotypes (B). Densitometry was performed, and collagen | expressed as a ratio
with a tubulin for loading control (D). Similarly, kidneys obstructed for 14 days were also
immunoblotted with collagen | (C), and quantified (E). The number of kidneys quantified in
each group is listed in parenthesis (D, E), and bars represent standard errors.
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Figure®6.
Deleting TPRII in fibroblasts does not change GFP or PDGFR[+ expression but does alter

inflammation. (A-C) Flow cytometry was performed on kidneys 3 days after UUO from
COL-Cre;WT and COL-Cre; Tgfbr2f/fl mice to measure GFP+, PDGFRB+, and F4/80+ with
the isotype control (IgG2a) in Figure 2G used for both PDGFRf and F4/80. The percentage
of GFP+ (D), PDGFRp+ (D), and F4/80+ (E) cells among viable single cells was measured
among 5 COL-Cre;WT and 3 COL-Cre; Tgfbr2f/fl mice (* for p<0.05).
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COL-Cre;Tgfbr2f/fl mice are not protected from fibrosis 5 weeks after aristolochic acid. (A)
Frozen sections of COL-Cre+ cells (green fluorescence) in COL-Cre;Tgfbr2f/fl mice with
mT/mG reporter. (B) H&E staining and (C) collagen | and F4/80 staining were performed
on COL-Cre; Tgfor2f/fl and Tgfbr2f/f! kidneys after aristolochic acid injury. (D)
Immunoblots of collagen | and FAK (loading control) of renal cortical lysates after
aristolochic acid administration and quantified by densitometry (E). F4/80+ area was
quantified using Image J on 10 high powered fields per mouse, n=4 per genotype (F).
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