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Abstract

Previously, our lab showed that the endoplasmic reticulum (ER) and calcium regulatory protein, calreticulin
(CRT), is important for collagen transcription, secretion, and assembly into the extracellular matrix (ECM) and
that ER CRT is critical for TGF-β stimulation of type I collagen transcription through stimulation of ER calcium
release and NFAT activation. Diabetes is the leading cause of end stage renal disease. TGF-β is a key factor
in the pathogenesis of diabetic nephropathy. However, the role of calreticulin (Calr) in fibrosis of diabetic
nephropathy has not been investigated. In current work, we used both in vitro and in vivo approaches to
assess the role of ER CRT in TGF-β and glucose stimulated ECM production by renal tubule cells and in
diabetic mice. Knockdown of CALR by siRNA in a human proximal tubular cell line (HK−2) showed reduced
induction of soluble collagen when stimulated by TGF-β or high glucose as compared to control cells, as well
as a reduction in fibronectin and collagen IV transcript levels. CRT protein is increased in kidneys of mice
made diabetic with streptozotocin and subjected to uninephrectomy to accelerate renal tubular injury as
compared to controls. We used renal-targeted ultrasound delivery of Cre-recombinase plasmid to knockdown
specifically CRT expression in the remaining kidney of uninephrectomized Calr fl/fl mice with streptozotocin-
induced diabetes. This approach reduced CRT expression in the kidney, primarily in the tubular epithelium, by
30–55%, which persisted over the course of the studies. Renal function as measured by the urinary albumin/
creatinine ratio was improved in the mice with knockdown of CRT as compared to diabetic mice injected with
saline or subjected to ultrasound and injected with control GFP plasmid. PAS staining of kidneys and
immunohistochemical analyses of collagen types I and IV show reduced glomerular and tubulointerstitial
fibrosis. Renal sections from diabetic mice with CRT knockdown showed reduced nuclear NFAT in renal
tubules and treatment of diabetic mice with 11R-VIVIT, an NFAT inhibitor, reduced proteinuria and renal
fibrosis. These studies identify ER CRT as an important regulator of TGF-β stimulated ECM production in the
diabetic kidney, potentially through regulation of NFAT-dependent ECM transcription.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Multiple factors in the diabetic milieu induce
endoplasmic reticulum (ER) stress, including oxida-
tive stress, proteinuria, hyperglycemia, advanced
glycation end products, and decreased ER calcium
thor(s). Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
stores [1–5]. ER stress has been linked to diabetic
complications including atherosclerosis and diabetic
nephropathy [4,6–8]. Conditions that induce ER
stress often induce increased protein expression
and the demand for chaperone-assisted protein
folding [4]. Cells respond to ER stress by induction
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of the unfolded protein response (UPR), which
reduces translation and increases chaperone ex-
pression to ensure proper protein folding. In the
UPR, ER chaperones, such as glucose response
protein 78 (GRP78) and calreticulin (CRT), are
upregulated. In the short term, ER stress is adaptive
by promoting proper protein synthesis and protecting
cells from rises in cytosolic Ca2+, oxidative stress,
and cell death [9]. In contrast, chronic ER stress can
be pro-apoptotic and pro-inflammatory with loss of
function: important new evidence links chronic ER
stress with fibrotic disease [1,10–15]. ER stress can
augment TGF-β signaling, whereas agents that
reduce ER stress attenuate fibrosis [14,16–18]. In
the kidney, ER stress affects both epithelial and
fibroblast compartments and induces apoptosis,
mesenchymal phenotype transition, and alters ex-
tracellular matrix (ECM) production by tubular
epithelium: this is significant since tubular injury is
a major determinant of progressive chronic kidney
disease [11,19–21]. ER stress induces renal tubular
apoptosis in streptozotocin (STZ)-treated rats and
blocking ER stress using a chemical chaperone
sodium 4-phenylbutyrate (4-PBA) reduces fibrosis
and urinary albumin in diabetic rats [6,9].
CRT is a 46 kDa ER chaperone for N-linked

glycoproteins in the CRT/calnexin UPR cycle and a
regulator of ER Ca2+ homeostasis through its C-
terminal Ca2+-binding domain [22,23]. Cell surface
CRT mediates apoptotic cell clearance, cellular de-
adhesion, and migration [24–29]. Purified exoge-
nous CRT stimulates wound healing, suggesting that
extracellular CRT also regulates ECM, in addition to
its role in ER calcium regulation and chaperone
function [30–32]. CRT has effects on the ECM and
cellular responses to the ECM and in contrast to
exogenous CRT, there is increasing evidence that
ER CRT plays a role in fibrogenesis [33]. Fibroblasts
overexpressing CRT have increased fibronectin
mRNA, protein, and matrix and conversely, while
cells lacking CRT express less fibronectin [34,35].
We showed that ER CRT regulates type I collagen
expression, processing, and ECM deposition
through both chaperone and Ca2+ regulatory roles
[36]. CRT regulation of Ca2+-dependent c-Src and
calmodulin dependent protein kinase II modulates
cell adhesion, focal adhesions, vinculin, and fibro-
nectin production [34,35]. CRT overexpression
induces epithelial to mesenchymal transition (EMT)
in MDCK cells via Ca2+-dependent regulation of
Slug and increased expression of collagens and
Notch pathway activation in cardiac fibroblasts
[37,38]. CRT is also required for TGF-β induced
EMT in mouse embryonic stem cells during cardio-
genesis and in lung cancer cells [39,40]. In embryoid
bodies from CRT null mice, TGF-β receptors were
diminished, as was TGF-β-dependent Akt activation,
with a resultant increase in GSK3β activity that
maintains E-cadherin levels to prevent EMT [39].
Studies document pro-fibrotic effects of CRT on
Human Kidney (HK)-2 cells, a human proximal
tubular epithelial cell line, in vitro and in vivo [41],
consistent with our findings that CRT-regulated
NFAT controls ECM transcription in response to
TGF-β [20]. We recently showed that tissue specific
downregulation of CRT expression in the carotid
arteries of Calr fl/fl mice attenuates vascular remod-
eling and reduces neointimal collagen deposition
following acute vascular injury [42].
CRT expression is upregulated by cellular and ER

stresses, amino acid deprivation, depletion of
intracellular Ca2+ stores, heat shock, oxidative
stress, and hypoxia [43–47]. CRT is associated
with fibrotic diseases: elevated CRT levels correlate
with fibrosis in rodent models of lung and renal
fibrosis, in diabetic atherosclerosis, and in human
chronic kidney transplant rejection [7,48,49]. TGF-β
increases CRT expression by HK-2 cells, suggesting
a feed forward regulation between CRT and TGF-β
[48]. CRT is increased in renal interstitial fibroblasts
isolated from fibrotic kidneys as compared to
fibroblasts from normal kidneys [50]. CRT overex-
pression by renal proximal tubular cells (LLC-PK1)
protects against toxin-induced cell death and oxida-
tive stress [9], but CRT overexpression induces EMT
in MDCK cells via Ca2+-dependent regulation of
Slug [37]. Mice heterozygous for CRT are protected
from tubulointerstitial fibrosis in the unilateral ureteric
obstruction model and CRT overexpression in HK-2
cells downregulates epithelial markers and in-
creases FN and collagen IV, confirming an important
role for CRT in renal fibrosis and tubular repair
responses [41]. Although CRT has not been
identified as a biomarker for diabetic nephropathy
through human urinary proteomic or GWAS ap-
proaches, there is evidence that CRT expression is
increased in mononuclear cells from patients with
type 2 diabetes and in adipose tissue from obese,
insulin resistant individuals and that CALR transcript
and protein are increased in leukocytes isolated from
healthy individuals following a glucose challenge
[51–53]. Interestingly, CRT has been identified as an
aging associated frailty biomarker [54].
High glucose upregulates CRT by multiple cell

types, including endothelial cells, vascular smooth
muscle cells, HepG2 cells, mouse embryonic fibro-
blasts, and L6 skeletal muscle cells through PPARδ
[55,56] and hexosamine pathways [57,58]. CRT is
increased in diabetic arteries and the chemical
chaperone 4-PBA reduces CRT expression [7].
CRT is also increased in diabetic retina, in glucose
treated zebrafish cardiomyocytes, and in rat diabetic
cardiomyopathy [18,59,60]. ER chaperones are
increased in biopsies of human diabetic kidneys
and CRT is expressed in both glomeruli and tubules
in normal and diabetic kidneys [1]. A recent report
shows elevated CRT levels in kidney lysates from
type 2 diabetic db/db mice and in a human proximal
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tubular epithelial cell line (HK-2) following glucose
treatment [61]. In these in vitro studies, CRT
knockdown reduces epithelial to mesenchymal
transition induced by glucose [61]. Despite these
findings, the importance of CRT in renal fibrosis in
diabetic kidney disease is unknown.
Given the importance of TGF-β for fibrotic remodel-

ing in diabetic nephropathy [62], the increase in ER
stress in diabetes, and the role of CRT in regulating
fibrotic responses to TGF-β in vitro, we asked whether
CRT contributes to fibrosis and renal dysfunction in
diabetic nephropathy. To address this question,Calr fl/fl

mice were subjected to uninephrectomy to accelerate
renal disease and then diabetes was induced using
STZ [63,64]. Mice were then treated to induce targeted
down regulation of CRT expression in the kidney via
microbubble (MB)-assisted delivery of Cre-
recombinase plasmid followed by renal-targeted ultra-
sound (US). In diabetic mice, reduced renal expression
of CRT attenuated proteinuria and renal fibrosis,
collagen I and IV expression, NFAT activation, and
improved survival. Furthermore, treatment with the
NFAT inhibitor, 11R-VIVIT reduced proteinuria in
diabetic mice. Together these data suggest that CRT
is an important contributor to renal dysfunction and
fibrosis in the diabetic environment.
Results

TGF-β and 30 mM glucose regulate CRT ex-
pression by HK-2 cells and knockdown of CRT
attenuates stimulation of extracellular matrix
production

Previously, we showed that CRT is required for
TGF-β stimulation of extracellular matrix production
and that knockdown of CRT attenuates TGF-β-
dependent transcription of collagen I and fibronectin
in fibroblasts and in vascular smooth muscle cells
[20,36,42]. Upregulation of CRT has pro-fibrotic
effects on a human renal tubular epithelial cell line
(HK-2) and TGF-β stimulates CRT expression by
these cells [41,48]. High glucose levels and oxidative
stress associated with diabetes induce TGF-β
activity as well as increase CRT expression in
multiple cell types, including endothelial cells,
vascular smooth muscle cells, HepG2 cells, mouse
embryonic fibroblasts, and L6 skeletal muscle cells
through PPARδ [55,56] and hexosamine pathways
[57,58]. Therefore, we asked whether TGF-β and
high glucose stimulate increases in CRT levels in
HK-2 cells. First, we showed that knockdown of CRT
in HK-2 cells with siRNAs reduced CRT expression
by N60% 24 h after transfection, which persisted for
over 96 h (Figs. 1A,B). Next, we examined HK-2
cells treated with TGF-β or 30 mM glucose and
observed increased CRT protein expression 48–
72 h after treatment (Fig. 1B). Consistent with our
previous findings that CRT can regulate TGF-β-
dependent transcription of FN [20], siRNA CRT
knockdown reduced TGF-β and 30 mM glucose
stimulation of fibronectin transcript as compared to
control HK-2 cells and cells transfected with non-
targeting siRNA (Fig. 1C,D). Similarly, CRT siRNA
also reduced TGF-β and 30 mM glucose induction of
col. IV transcript. For reasons that are not clear,
transfection with NT siRNA attenuated TGF-β, but
not glucose, stimulation of col. IV transcript. As
knockdown of CRT can decrease both collagen
expression as well as trafficking and secretion [36],
we also measured newly-synthesized, acid-soluble
collagens in the conditioned media using the Sircol
assay which recognizes the Gly-X-Y helical region of
collagens. Both TGF-β and 30 mM glucose stimulate
collagen secretion by HK-2 cells and this increased
soluble collagen is attenuated by siRNA CRT
knockdown in cells with reduced CRT expression
(Fig. 1E).

CRT expression is increased in diabetic mouse
kidneys

Increased expression of CRT has been observed
in the aorta of diabetic hamsters [7]. However, it is
not known if CRT expression is also increased in
kidneys of diabetic animals. We previously observed
increased levels of CRT by Western blotting of renal
lysates and by immunohistochemistry in kidneys
from Akita mice with type 1 diabetes (unpublished
data). In current studies, we compared CRT expres-
sion in kidneys from approximately 15 week old
control Calr fl/fl mice with those of streptozocin-
treated uni-nephrectomized Calrfl/fl diabetic mice of
similar age. Staining of renal sections from diabetic
Calr fl/fl mice showed an increase in CRT in the
tubules and glomeruli as compared to control mice
(Fig. 2).

Knockdown CRT in kidneys of streptozotocin-
treated diabetic mice through use of Cre-
recombinase plasmid delivered by ultrasound
with microbubbles

In our previous studies, we used MB in conjunction
with targeted US for selective delivery of Cre-
recombinase plasmid to knockdown CRT expression
in specifically ligated carotid arteries of Calrfl/fl mice
[42]. Using a similar approach, in these current
studies, we used renal-targeted US to deliver plasmid
expressing Cre-recombinase-IRES-GFP or a control
GFP plasmid to uni-nephrectomized, streptozoctin-
treated diabetic Calrfl/fl mice. In pilot studies, we
observed that a single bolus of Cre-recombinase
plasmid/MB mixture reduced CRT protein levels in
US-targeted mouse kidneys. Western blotting of renal
lysates and immunohistochemical analyses of renal
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sections stained with anti-CRT antibodies showed
decreasedCRT protein in kidneys at days 2, 7, and 14
post-treatment with significance by day 7 (Supple-
mental Fig. 1a,b). As acute kidney injury can
predispose to later chronic kidney injury, we also
wanted to assess whether the MB/US protocol might
induce acute kidney injury [65]. Therefore we mea-
sured urinary Kim-1, a sensitive urinary marker of
A

B

C 
acute kidney tubule injury (KIM-1) which is rapidly
upregulated 5-fold within 24 h following various types
of injury [66,67]. Urinary Kim-1 increased only slightly
two days after treatment with US at 0.7 mPa peak
negative pressure (6598 pg/ml treated vs 2857 pg/ml
control), independent of plasmid delivery and calreti-
culin levels. The albumin/creatinine ratio in urines
obtained 14 days after treatment with Cre-

Image of Fig. 1
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Fig. 1. HK-2 cells treated with TGF-beta or glucose: CRT levels; siRNA effect on collagen I, IV and fibronectin (FN). 1A)
HK-2 cells were transfected with either non-targeting or CRT-targeting pools of siRNAs and incubated overnight in
complete media. Media was changed and cells incubated for another 24 h prior to harvest with Laemmli buffer. CRT was
normalized to β-actin as a loading control and results compared to control cells or cells subjected to electroporation without
siRNA. Relative protein expression (shown in parentheses) was calculated relative to protein levels in non-transfected,
non-electroporated cells (Ctrl). 1B, C) HK-2 cells were transfected and incubated in medium for 24 h and then treated with
B) TGF-β (350 pM) or C) 5 or 30 mM glucose in media with 2% FBS for 72 h. Cell extracts were evaluated for CRT and
results were normalized to β-tubulin as a loading control. Relative protein expression (shown in parentheses) was
calculated relative to protein levels in untreated non-targeting (NT) siRNA transfected cells. Results are representative of
multiple experiments. 1D) HK-2 cells were transfected with either non-targeting or CRT-targeting pools of siRNAs and
incubated overnight in complete media. Media was changed and cells incubated for 24 h further in media with 2% FBS.
Cells were then treated with TGF-β (350 pM) for 24 h or with 5 or 30 mM glucose for 72 h. RNA was harvested and qRT-
PCR run for calr, fn, and colIVα4 as described in the methods. Data were analyzed using the ΔΔCt method with S9 used for
normalization. Data are normalized to untreated HK-2 cells. Results are means ± SD of 3–4 separate experiments. Data
were analyzed by one-way ANOVA with Tukey's post-hoc analysis or Dunnett's multiple comparison testing (FN, HK-2 vs
HK-2 + Glucose). *p b 0.05; **p = 0.001 to 0.01; ***p = 0.0001 to 0.001; ****p b 0.00001 1E) Soluble collagens in the
conditioned media of HK-2 cells were quantified by the Sircol™ assay after 72 h of treatment with either TGF-β (350 pM) or
5 or 30 mM glucose. Treatments were initiated ~42 h following transfection with non-targeting (NT) or calr targeting siRNA
(CRT siRNA). Results are the means ± SEM from 3 separate experiments. Control vs control TGF-β **p = 0.0015; NT
siRNA vs NT siRNA TGF-β **p = 0.0038, CRT siRNA vs CRT siRNA TGF-β n.s.; control 5 mM glucose vs 30 mM glucose
**p = 0.0013; NT siRNA 5 mM glucose vs NT siRNA 30 mM glucose **p = 0.0016; CRT siRNA 5 mM glucose vs CRT
siRNA 30 mM glucose, n.s. Analysis was performed using one way ANOVA with Tukey's post-hoc analysis. CRT
knockdown was confirmed by immunoblotting (data not shown).
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recombinase plasmid with MB/US was not different
from that of urines from mice treated with Cre-
recombinase plasmid alone without MB/US (Cre
plasmid MB/US 12.6 μg/mg ACR vs Cre plasmid
10.8 μg/mg ACR). Together, these studies suggest
that the MB/US treatment itself does not cause
demonstrable acute kidney injury, demonstrating the
feasibility of using this in vivo approach to specifically
knockdown CRT expression in mouse kidneys.

Knockdown of CRT in diabetic kidneys reduces
proteinuria and improves survival

Calr fl/fl mice were made diabetic by treatment with
streptozotocin and renal tubular injury was acceler-
ated by uni-nephrectomy [63,64]. Two weeks follow-
ing nephrectomy, mice were subjected to low dose
streptozotocin treatment for 5 days. Two weeks
later, induction of diabetes was confirmed by
measuring blood glucose levels (data not shown).
Mice were then subjected to 0.7 Mpa pressure US at
1 MHz frequency of ultrasound with systemic plas-
mid/MB delivery via tail vein injection on days 1 and
22. Studies were continued for a total of 22 weeks. In
kidneys harvested both at 14–16 and at 22 weeks,
CRT levels detected by Western blot analyses of
renal lysates (Fig. 3A) or by immunohistochemical
staining (Fig. 3B) showed that knockdown of CRT to
approximately 60–70% of those in control (GFP)
plasmid or untreated diabetic mice persisted over the
course of these studies.
Urinary albumin and creatinine were measured to

determine the effects of CRT knockdown on renal
function in diabetic mice. In urines collected during
early disease at 5–7 weeks following ultrasound
plasmid/MB delivery, Cre-recombinase plasmid-
treated mice showed reduced urinary albumin and
albumin/creatinine ratio as compared to GFP
plasmid-treated diabetic mice (Fig. 4A). Importantly,
in later disease, urines from mice treated with Cre-
recombinase plasmid collected 17–19 weeks follow-
ing plasmid delivery, showed significantly reduced
urinary albumin and albumin/creatinine ratio as
compared to either saline or GFP plasmid treated
controls (Fig. 4B). Urinary albumin and albumin/
creatinine ratio do not differ between saline-treated
diabetic mice and GFP MB/US treated diabetic mice
at either 5–7 or 17–19 weeks. Interestingly, diabetic
mice treated with Cre-recombinase plasmid trended
towards improved survival as compared to diabetic
control mice (p = 0.06) over the course of these
studies (Fig. 4C).

CRT knockdown reduces renal fibrosis in dia-
betic mice

Consistent with the observed reduction in TGF-β-
or glucose-stimulated collagen expression and
secretion in a human proximal tubular cell line with
CRT knockdown, kidneys from diabetic mice with
CRT knockdown showed reduced renal fibrosis/
mesangial expansion in contrast to diabetic mice
from Saline and GFP MB/US groups that have
glomerular and tubulointerstitial fibrosis, character-
istic of diabetic nephropathy. PAS staining was
reduced by nearly 50% in glomeruli from diabetic
mice treated with Cre-recombinase as compared to
saline or GFP control plasmid-treated diabetic mice
(Fig. 5A). Qualitative electron microscopic examina-
tion also showed reduced tubulointerstitial fibrosis,
foot process effacement, and glomerular basement
membrane thickening in Cre-recombinase plasmid
MB/US treated diabetic mice as compared to GFP
plasmid MB/US treated diabetic mice (Fig. 5B).
Immunohistochemical staining for collagen type I

was significantly decreased (by ~70%) in diabetic
kidneys with reduced CRT expression, particularly in
the tubular interstitium (Fig. 5C). As thickening of the
glomerular basement membrane with increased
collagen type IV is characteristic of diabetic kidney
disease, we assessed the effect of CRT knockdown
on type IV collagen in diabetic kidneys [68,69]. Type
IV collagen staining was similarly reduced by ~50%
in both the glomerular area and in the overall cortical
region in kidneys from mice with CRT knockdown
(Fig. 5C).
Our previous studies in mouse embryonic fibro-

blasts showed that Smad phosphorylation was not
compromised in TGF-β-stimulated CRT-null cells
[20], although other studies have reported a corre-
lation between reduced Smad phosphorylation with
reduced or absent CRT expression [40,41]. In our
studies, we did not observe any reduction in
phosphorylated Smad 2 in kidneys with CRT
knockdown (data not shown).

CRT knockdown reduces active NFAT and
blocking NFAT reduces renal fibrosis

CRT-mediated release of ER calcium increases
activation of NFAT [23,70]. Previously, we showed
that CRT-dependent NFAT activation is required for
TGF-β stimulation of collagen and fibronectin tran-
scription [20]. Given that NFAT plays a role in
extracellular matrix production in diabetic tissues
[71–74], we examined whether knockdown of CRT in
diabetic kidneys reduced NFAT activity. Indeed,
there was a significant reduction in staining of
nuclear NFAT, an indicator of NFAT activity, in
tubular epithelium of diabetic kidneys treated with
Cre-recombinase plasmid to reduce CRT expres-
sion (Fig. 6). Because the cell permeable NFAT
inhibitor, 11R-VIVIT, has been shown to reduce
glomerulosclerosis, albuminuria, and podocyte apo-
ptosis in the db/db model of type 2 diabetes [73], we
asked whether 11R-VIVIT has similar protective
effects on renal function in this model of type 1
diabetes. 11R-VIVIT is a selective inhibitor of



8 Importance of calreticulin
calcineurin-mediated NFAT dephosphorylation and
unlike other calcineurin inhibitors such as cyclospor-
ine A and tacrolimus, which are associated with
nephrotoxicity and increased TGF-β signaling, 11R-
VIVIT does not block NFAT-independent calcineurin
interactions with other proteins and engagement in
other signaling pathways [75,76]. Uninephrecto-
mized, streptozotocin-treated Calr fl/fl mice were
treated with intraperitoneal injection of 11R-VIVIT
for 11 weeks. Mice treated with 11R- VIVIT showed

Image of Fig. 3
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decreased albuminuria and albumin/creatinine ratio
in this model of type 1 diabetes (Fig. 7A). PAS
staining in glomeruli was also reduced (Fig. 7B).
Together, these data establish that NFAT is an
important factor in the development of renal dys-
function and fibrosis in a model of type 1 diabetes in
which reduction of CRT expression is protective.
Discussion

These studies identify CRT as an essential
mediator of the induction of renal fibrosis and
dysfunction in a model of type 1 diabetes with
uninephrectomy. Mice with stably reduced renal
expression of CRT had improved renal function and
survival and reduced active NFAT and fibrosis. In
vitro studies showed that knockdown of CRT in a
human proximal tubule cell line attenuated the ability
of high glucose or TGF-β to stimulate fibronectin and
type I collagen at the protein level, fibronectin and
type IV collagen expression at the mRNA transcript
level, and reduced secretion of soluble collagens.
As global knockout of calr results in embryonic

lethality, it has been difficult to assess the functional
role of CRT in disease models [70]. Other investiga-
tors have successfully used calr heterozygous mice
to identify a role for CRT in various fibrotic diseases
other than diabetes [41,48]. In these current studies,
we examined the effects of calr knockdown in adult
animals following disease induction to avoid any
developmental effects that might affect cellular
responses to injury and possibly confound re-
sponses. Furthermore, calr knockdown was targeted
to the kidney to avoid systemic influences from
global calr knockdown. This approach using tissue
targeted ultrasound targeted delivery of Cre-
recombinase plasmid to calr fl/fl mice was success-
fully used in our previous studies to examine the role
of CRT in mediating neointima formation following
acute carotid injury [42]. Importantly, knockdown
persisted during the 22 week course of these renal
studies. Furthermore, MB/US treatment did not
acutely induce significant levels of urinary KIM-1, a
marker of acute kidney injury [77]: this is important
since acute kidney injury can pre-dispose to later
chronic kidney disease [65]. In addition, urinary
albumin and the ACR in both early and late disease
did not differ between saline and GFP MB/US
Fig. 3. Delivery of Cre-recombinase plasmid with MB/US
diabetic uninephrectomized kidneys over 22 weeks. A) Ren
injection of plasmids were evaluated for calreticulin protein b
lysates was determined by BCA protein assay and results are
REVERT total protein stain. Results are the means ± SEM, *p
MB/US vs Cre MB/US *p = 0.026, using one way ANOVA wit
staining for calreticulin in kidneys at 22 weeks was evaluated i
glomerulus; (t) tubules; Saline vs Cre MB/US, **p = 0.0016,
ANOVA with Tukey's post-hoc analysis.
treated groups, suggesting that this treatment in
itself did not significantly affect acute or chronic renal
function. Rather, differences in renal function and
fibrosis are likely due to knockdown of CRT
expression. Although CRT expression was most
obviously decreased in the tubules as assessed by
IHC, our knockdown strategy likely impacts the
entire nephron and these studies showed that CRT
knockdown attenuated both glomerular and proximal
tubular injury in this model of diabetes.
CRT affects both TGF-β dependent transcriptional

regulation of ECM molecules through NFAT and
trafficking/secretion of fibrillar type I collagen in
fibroblasts [20,36]. These current studies show that
CRT similarly regulates ECM transcript, protein, and
levels of soluble collagens in cultured HK-2 cells
stimulated with either glucose or TGF-β. This
diabetic model provides evidence of decreased
collagen I and IV in tissues with CRT downregula-
tion, which could result from a combination of
reduced transcription and protein secretion/ECM
assembly. These studies suggest that there might
be cell type specific differences in how CRT
regulates TGF-β signaling as we did not observe
any defects in Smad phosphorylation or nuclear
import in diabetic renal tissues in our current studies
or in TGF-β-treated CRT null MEFs. In contrast, in
CRT null embryoid bodies, TGF-β receptors levels
are diminished, which would be expected to result in
decreased Smad activity [20,39].
Given the importance of calcineurin/NFAT signal-

ing in diabetes and for response to TGF-β and the
downregulation of activated NFAT in renal tubules of
mice with calr knockdown, it is also likely that CRT
mediates diabetic renal fibrosis through NFAT-
dependent transcription, as well as, via regulation
of ECM trafficking/secretion [71,72,78]. Furthermore,
our studies show that the NFAT inhibitor, 11R-VIVIT
reduces renal fibrosis in thismodel of type 1 diabetes,
consistent with the known roles for NFAT in type 2
diabetic nephropathy and in glomerulosclerosis,
podocyte injury, mesangial cell ECM production,
and tubular apoptosis [73,74,79,80].
CRT destabilizes glucose transporter 1 mRNA in

vascular smooth muscle cells under high glucose
conditions and CRT deficient cells have increased
insulin receptor density, glucose transporter-1, and
insulin signaling [55,81]. Although no differences in
blood glucose levels between STZ-treated saline,
to kidneys of Calrfl/fl mice reduces calreticulin protein in
al lysates of kidneys harvested 22 weeks after the first
y immunoblotting. Protein concentration from RIPA buffer
normalized to total protein loaded as determined using the
= 0.044 for Saline vs Cre MB/US and *p = 0.026 for GFP
h Holm-Sidak post-hoc analysis. B) Immunohistochemical
n fifteen 10× sections/animal (n = 5–6 animals/group). (g),
GFP MB/US vs Cre MB/US, ****p b 0.0001 by one way
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GFP MB/US, and CRE MB/US groups were ob-
served in our studies (data not shown), it is possible
that there are local differences in glucose metabo-
lism and insulin signaling in Cre-recombinase
treated kidneys with lower CRT levels that might
also contribute to improved survival of the diabetic
animals.
Other chaperones such as BiP (GRP78) and

HSP47 have also been implicated in fibrosis and
collagen trafficking [33,82–86]. The fact that these
A
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chaperones were not targeted in these studies,
suggests that the major role for CRT in diabetic
nephropathy-related fibrosis is upstream of ECM
chaperone/trafficking, likely through NFAT-
dependent transcription. CRT differs from most
other chaperones, because of its ability to regulate
ER calcium release to activate calcinuerin leading to
NFAT dephosphorylation and activation [22]. Agents
that attenuate ER stress/the unfolded protein re-
sponse, such as the bile acid tauroursodeoxycholic
Saline
GFP MB/US
CRE MB/US

Image of Fig. 4
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acid [14] and 4-phenylbutyrate [16], have been
shown to reduce fibrosis in several pre-clinical
models of ER stress triggered fibrosis. Given the
multiple critical functions of CRT in both intracellular
and extracellular compartments [22,32,87], direct
targeting of CRT might be therapeutically challeng-
ing [88]. Our data suggest that NFAT antagonists
represent another approach to controlling fibrosis in
diseases with upregulated CRT expression.
Methods

GFP and Cre-recombinase plasmid constructs

pCAG-Cre-IRES2-GFP (Plasmid #26646) was
purchased from Addgene (Watertown, MA). GFP
plasmid was purchased from Invitrogen (Madison,
WI). Plasmids were isolated from E. coli and purified
using a Qiagen EndoFree Plasmid Giga Kit (Cat
12,391) as described previously [42].

siRNAs

A pool of 4 different human CALR siRNAs (L-
008197-00-0005, ON-TARGET plus Human CALR
(811) siRNA– SMARTpool) were used for the HK-2
transfection studies (Dharmacon, Lafayette, CO).
ON-TARGET plus Non-targeting siRNA #1 was also
purchased from Dharmacon. Sequences of individ-
ual siRNAs of the pool used to target CALR are
shown:
ON-TARGETplus SMARTpool
siRNA J-008197-06,
Fig. 4. CRT knockdown red
CRT knockdown reduces album
A) and at weeks 17–19 (panel B
2.5 weeks following the first str
ratio (right panel). Only animal
albumin: Welch's ANOVA with
saline vs GFP or saline vs CR
comparison's test GFP MB/US
albumin: *p = 0.038, one-way
Saline vs GFP MB/US: not sig
diabetic uninephrectomized mi
mice with knockdown of CRT as
0.18, logrank mantel-cox for 3 g
Cre MB/US (two groups).
CALR Target Sequence:
CCUAUGAGGUGAAGAUUGA
ON-TARGETplus SMARTpool
siRNA J-008197-07,
CALR Target Sequence:
GCACGGAGACUCAGAAUAC
ON-TARGETplus SMARTpool
siRNA J-008197-08,
CALR Target Sequence:
GAAGCUGUUUCCUAAUAGU
ON-TARGETplus SMARTpool
siRNA J-008197-09
CALR Target Sequence:
GCAAGGAUGAUGAGUUUAC
ON-TARGETplus Non-
targeting siRNA D-001810-01-05
Target Sequence:
UGGUUUACAUGUCGACUAA
uces renal dysfunction and imp
inuria and the albumin/creatin
) following the first plasmid inje

eptozotocin injection. Urines we
s with blood glucose N200 mg/d
Dunnett's T3 multiple compar
E MB/US, n = 5. Albumin/crea
vs CRE MB/US *p = 0.026; n.
ANOVA; albumin/creatinine r
nificant for all conditions in Pa
ce. Kaplan-Meier survival curve
compared to saline injected co
roups; p = 0.06 for saline vs C
Quantitative RT-PCR

PCR primers were obtained from BIO-RAD (Her-
cules, CA).
Calreticulin
Amplicon Context
Sequence
roves survival in unine
ine ratio 24 h urines we
ction with microbubble
re analyzed for albumin
l were included. Resu
ison's test GFP MB/US
tinine ratio: One way
s. saline vs GFP or sal
atio: Kruskal-Wallis *p
nels A and B. 4C): CR
s indicate that survival
ntrol mice; p = 0.07, log
re-recombinase (two g
AGAAATTGACAACCCCGAGTATT
CTCCCGATCCCAGTATCTAT
GCCTATGATAACTTTGGCGT
GCTGGGCCTGGAC
CTCTGGCAGGTCAAGTCTGGCAC
CATCTTTGAC
AACTTCCTCATCACCAAC
GATGAGGCATACGCTGAGG
AGTTTGGCAACGAGA
collagen, type IV, α4
Amplicon Context
Sequence
GGGCCCTTTTCTCCCTGGAGGTCC
AGGTAAACCCTTCTCTCCA
GGTGGCCCAGG AAATCCATGTGGT
CCCTGCGGTCCCGGGAATCCCACT
GGTCCTTTCTGGCCATC
TTTTCCATCACATCCTGGAA
AGCCTTTGTATCCTGG
Fibronectin 1
Amplicon Context
Sequence
AACGTCCTGCCATTGTAG
GTGAATGGTAAGACACATGGC
TCTCCATTTGAGTTGCCACCG
TAAGTCTGGGTTACAGC
TGTCTCTTGGCAGCTGAC
TCCGTTGCCCAGGC
ACGTGCAAAGCATTTGCTTATTT
CCTTGTGTCTTCAG
CCACTGCATCCCCACAGAGTAG
Ribosomal protein S9
Amplicon Context
Sequence
CCGCCCGGGAACTGC
TGACGCTTGATGAGAAGGACCCA
CGGCGTCTGTTCGAA
GGCAACGCCCTGCTGCGGCGGCT
GGTCCGCATTGGGGTGCTGGATGA
GGGCA
AGATGAAGCTGGATTACATCCTGG
GCCTGA
Cell culture

HK-2 cells (ATCC® CRL-2190™) were main-
tained in keratinocyte serum-free media supple-
mented with bovine pituitary extract and epidermal
growth factor (Gibco), 2% fetal bovine serum
(Atlanta Biologicals), and penicillin-streptomycin
(Gibco) under standard cell culture conditions.
phrectomized diabetic mice: 4 A,B)
re collected over weeks 5–7 (panel
s and ultrasound (MB/US), which is
(panel) and the albumin/creatinine

lts are the means ± SEM. Panel A:
vs CRE MB/US **p = 0.003; n.s.

ANOVA with Dunnett's T3 multiple
ine vs CRE MB/US, n = 5 Panel B:
= 0.025; **p = 0.004, n = 9 = 16.
T knockdown improves survival in
is trending towards improvement in
rank test for trend for 3 groups, p =
roups), p = 0.16 for GFP MB/US vs
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Transfection

HK-2 cells (1 × 106) were transfected with 300 nM
of either the pooled CRT-specific or non-targeting
(NT) siRNA (GE Dharmacon) by nucleofection
following Amaxa™ Basic Nucleofector Protocol for
Mammalian Epithelial Cells (Lonza, VPI-1005).
Nucleofection was achieved using the two pulses
A

B

of A-023 program on the Nucleofector I Device.
Transfected cells were seeded at a density of
2 × 105 cells in 0.5 ml media per well in a 12-well
cell culture plate and incubated in a humidified
37 °C, 5% CO2 incubator overnight. Medium was
changed and then further incubated for 24–72 h in
media containing 2% fetal bovine serum for the
Sircol™ assay or qRT-PCR as described in figure

Image of Fig. 5


C

Fig. 5. CRT knockdown reduces fibrosis in kidneys of diabetic mice. 5A) Mice treated with Cre-recombinase plasmid
had reduced glomerular PAS staining 22 weeks after the first plasmid injection. (n = 8–14 animals/group, 15 glomeruli/
animal). Original magnification was 40×. Results are means ± SEM. By One-way ANOVA with Tukey post-doc analysis,
saline vs Cre MB/US and GFP MB/US vs Cre MB/US ****p b 0.0001. 5B) Transmission electron micrographs of kidneys
from GFP MB/US treated diabetic mice (A-C) and CRE MB/US treated diabetic mice (D-F). Panel A shows fibrillary
collagen bundles (blue arrows) in the interstitial space between 2 tubules (t) in GFP MB/US kidney (original magnification
1650×). Panels B and C show thickened glomerular basement membrane (*) and epithelial foot process effacement (red
arrows) (B original magnification 3200×; C original magnification 6500×). Images of CRE MB/US treated mice show more
normal tubular interstitial space, glomerular basement membranes, and epithelial foot processes (D, original magnification
2100×; E, original magnification 3200×; F original magnification 6500×). 5C) Renal sections were stained with antibody to
either type I collagen or type IV collagen (n = 5–6 animals/group, 15 sections or glomeruli/animal) and analyzed for
average signal of brown staining per slide (collagen type I) or percent of glomerular area and percent of total area for
collagen type IV brown staining. Sections stained with anti-type I collagen were counterstained with hematoxylin. Collagen
I staining, *p = 0.04, saline vs Cre MB/US and GFP MB/US vs Cre MB/US by one-way ANOVA with Dunnett's T3 multiple
comparisons test. For collagen IV staining, ****p b 0.0001 for both saline vs Cre MB/US and GFPMB/US vs Cre MB/US by
one-way ANOVA with Tukey's post-hoc analysis.
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legends. CRT knockdown was confirmed by immu-
noblotting and qRT-PCR.

TGF-β and glucose treatment

On the day following transfection, media were
removed and replaced with fresh media containing
2% fetal bovine serum and incubated further for
24 h. HK-2 cells were then treated with either 350
pM TGF-β1 (R&D Systems (Cat #240b), Minneap-
olis, MN) or 5 or 30 mM glucose (Sigma-Aldrich
(#G7021), St. Louis, MO) in media with 2% FBS
every 24 h for a total period of 24 for TGF-β
treatment and for 72 h for glucose treatment.

Image of Fig. 5
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Image of Fig. 6


Fig. 7. The NFAT inhibitor 11R-VIVIT reduces proteinuria and renal fibrosis in diabetic mice. 7A) Urines from diabetic
uninephrectomized Calr fl/fl mice treated for 8 weeks with thrice weekly intraperitoneal injections of 11R-VIVIT (1 mg/kg) or
saline were analyzed for albumin in 24 h samples and the albumin/creatinine ratio. Results are the means ± SEM, (n =
10–13/group). Results were analyzed by the two-tailed, t-test with Welch's correction, *p = 0.01, ***p = 0.0009. 7B)
Kidneys were harvested after 11 weeks of treatment and the percent PAS stained area/glomerular area was evaluated in
15 sections/slide (n = 10–13 animals/group). Original magnification was 40×. Results were analyzed by the two-tailed t-
test with Welch's correction, ****p b 0.0001.
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Immunoblotting

Cells were washed once with Dulbecco's PBS and
total protein was isolated by lysing cells in Laemmli
buffer with protease inhibitors and 5% (v/v) β-
mercaptoethanol. Immunoblotting was performed
using standard procedures. Membranes were
blocked with 5% bovine serum albumin for 1 h at
room temperature, and incubated with primary
antibodies overnight at 4 °C or at room temperature
for 2 h. The antibodies used were goat anti-CRT
(MYBiosource, San Diego, CA, cat . No.
MBS222424) (Fig. 1B) and rabbit polyclonal anti-
body to β-tubulin (Santa Cruz SC-9104) or rabbit
monoclonal antibody to CRT (Abcam, ab108395)
with rabbit monoclonal anti-GAPDH (Cell Signaling
#2118) (Supplemental Fig. 1a) as a loading control.
After washing three times with Tris-buffered saline

Image of Fig. 7
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buffer containing 0.05% tween 20 (TBS-T), the
membranes were incubated with secondary anti-
bodies for 1 h and washed three times with TBS-T
buffer. The immunoblots were then developed by
chemiluminescence. Image J was used for densito-
metric analyses.

Soluble collagen assay

Treatments were initiated after cell transfection
and incubation in the transfection medium overnight.
Medium was changed and cells were incubated for
24 h prior to start of treatment. After 72-h of TGF-β
(350 pM) or glucose (5 or 30 mM) stimulation,
conditioned media were collected in microcentrifuge
tubes in the presence of protease inhibitor cocktail
and centrifuged at 5000 rpm for 5 min to eliminate
cell debris. The Sircol™ Soluble Collagen Assay
(Biocolor, UK) was used to quantify newly-
synthesized, soluble collagens in conditioned
media following the manufacturer's protocol. Cold
Collagen Isolation and Concentration Reagent
(200 μl) was added to 1 ml of each conditioned
medium sample, mixed by inversion, and incubated
overnight at 4 °C. Tubes were centrifuged at
12,000 rpm for 10 min and the supernatant slowly
removed to avoid loss of invisible hydrated collagen
pellet. Sircol Dye Reagent (1 ml) was added to each
collagen pellet (dissolved in 100 μl media), as well
as to collagen standards and the blank negative
control. Samples were mixed by inversion and gently
shaken on a mechanical shaker for 30 min. Tubes
were centrifuged at 12,000 rpm for 10 min and
supernatants discarded by inversion. Ice-cold Acid-
Salt Wash Reagent (750 μl) was gently added to the
pellet (collagen-dye complex) to remove unbound
dye from the collagen-dye pellet and centrifuged at
12,000 rpm for 10 min. Tubes were carefully drained
and 250 μl of Alkali Reagent was added to resolu-
bilized the collagen-bound dye by vortexing. Sample
(200 μl), standards, or blank were transferred to a
96-well plate and the absorbance was read at
540 nm using an ELISA plate reader. The concen-
tration of soluble collagen in the conditioned media
was determined from the collagen standard curve.
Each measurement represents the mean of at least
three separate biological experiments.

Quantitative reverse transcription-PCR (qRT-
PCR) analysis

Total RNA from cells was isolated using a TRIzol
Reagent (Ambion, Thermo Fisher Scientific) accord-
ing to the manufacturer's protocol and treated with
DNase I (Deoxyribonuclease I), (Cat. No. 18068-
015, Invitrogen, Thermo Fisher Scientific) for elimi-
nation DNA during critical RNA purification. Reverse
transcription was performed by using SuperScript®
First-Strand Synthesis System for RT-PCR kit
(Invitrogen Cat# 11904-018). Quantitative reverse-
transcription PCR (qRT-PCR) was conducted on a
MyiQ Single Color Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA), using SsoAdvanced™
Universal SYBR® Green Supermix, SYBR Premix
(Bio Rad #1725270) with specific primers, Amplifi-
cation was initiated at 95 °C for 5 min, followed by
40 cycles of q-PCR at 95 °C for 5 s (denaturation)
and at 58 °C for 30 s (annealing), and at 72 °C for
30s (extension). mRNA expression was measured
from triplicate wells for each condition and mRNA
levels normalized to ribosomal protein S9 were
expressed as fold difference relative to the control
group using the ΔΔCt method. Three to four
separate experiments (biological replicates) were
performed.

Calr fl/fl mice

All protocols were approved by the Institutional
Animal Care and Use Committee at the University of
Alabama at Birmingham and were consistent with
the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of
Health. CRT floxed mice on the B6D2F1 background
were generated by Tokuhiro et al. [89]. Ten to 14-
week-old CRT floxed mice were provided by Dr.
Marek Michalak (University of Alberta) and main-
tained at constant humidity (60 ± 5%), temperature
(24 ± 1 °C), and light cycle (6:00 A.M. to 6:00 P.M.).
Mice were fed a standard pellet diet ad libitum. The
presence of loxP sites in male and female breeders
was confirmed by PCR [20]. Functionality of loxP
sites were confirmed by using Cre-recombinase-
IRES-GFP to knockout CRT in cells receiving the
plasmid. Male mice were used for these studies.

Uninephrectomy

Mice underwent a left nephrectomy at 24 weeks of
age. Mice were anesthetized with Ketamine 87 mg/
kg/Xylazine 13 mg/kg, IP. Buprenorphine (0.2 mg/
kg) was administered s.c. pre- and post-operatively
as pain control. A longitudinal incision was made in
the left flank, the kidney was isolated and two
ligatures were placed around the renal pedicle using
4–0 silk sutures. The pedicle was cut between the
two ligatures to remove the left kidney. The surgical
wound was closed using 5–0 polypropylene sutures
(Ethicon Inc.).

STZ-induced diabetes and blood glucose
measurements

Two weeks after uninephrectomy, diabetes was
induced with intraperitoneal injections of STZ (strep-
tozotocin). Immediately prior to injection, STZ
(Catalog Number S0130, Sigma, St. Louis, MO)
was dissolved in 0.05 M sodium citrate buffer
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(pH 4.5). Mice received injections of 40 mg/kg/day
STZ solution i.p. for five consecutive days. Non-
fasting blood glucose was measured in blood
collected from the tail vein 2 weeks after the first
STZ injection and again just prior to completion of
the studies using a Blood Glucose Meter (AimStrip
Plus, Germaine Laboratories). Mice with blood
glucose levels ≥200 mg/dl were considered diabetic
and only mice with diabetic glucose levels were
included in the analyses.

Plasmid delivery via targeted ultrasound
treatment with microbubble injection

Either 300 μg Cre-recombinase-IRES-GFP or
300 μg GFP plasmid in 50 μl volume, mixed with
200 μl OPTISON (GE Healthcare) microbubbles
(MBs) (~1.2 × 108 MBs), were injected into the tail
vein 18 days after the first STZ injection using
previously established protocols [42]. Immediately
following MB injection, mice were anesthetized with
3% isoflurane and an ultrasound (US) Applicator
Head probe was placed on the shaved skin over the
dorsal kidney area, using the following acoustic
parameters: 1.0 MHz ultrasound frequency,
0.7 MPa peak negative pressure, 30 s pulse repe-
tition period, and 2 min duration of exposure. The
custom experimental ultrasound (US) (supported by
UAB Small Animal Imaging Shared Facility) setup
included a single element (0.75 in.) immersion
transducer (Olympus, Waltham, MA) connected to
a signal generator (AFG3022B, Tektronix, Beaver-
ton, OR) and power amplifier (A075, Electronics and
Innovation, Rochester, NY). The plasmid/MB mix-
ture was injected via tail vein (i.v.) 18 days following
STZ injection and this was repeated 2 weeks later.

Mouse urinary kidney injury molecule 1 (Kim-1)
measurement

24 h urine samples were collected 2 and 7 days
post ultrasound treatment with 0.2, 0.7, and
1.3 mPa peak negative pressure. Urine KIM-1
levels were measured using the R&D Systems
(Cat# MKM100) TIM1/KIM1 ELISA kit per manu-
facturer's instructions.

NFAT inhibitor (11R-VIVIT) injection

Calr fl/fl mice underwent uninephrectomy and
20 days later were treated with STZ injections for
5 days as above. 11R-VIVIT (Millipore, Burlington,
Massachusetts) treatments were started 19 days
after the first STZ injection. Mice were treated with
1 mg/kg 11R-VIVIT three times per week via i.p.
injection for 11 weeks. 24 h urine samples were
collected 8 weeks after start of 11R-VIVIT injections.
Only mice with blood glucose N200 mg/dl were
included in the analyses.
Antibodies and immunohistochemistry

Periodic acid–Schiff (PAS) stainingwasperformedby
the UAB Comparative Pathology Laboratory. For
immunohistochemical studies, mouse kidneys were
fixed by overnight immersion in 4%paraformaldehyde–
PBS at 4 °C and embedded into paraffin blocks.
Tissueswere sectionedat 3 μmthickness longitudinally
for staining, tissue sections were deparaffinized in
xyleneand rehydrated in a series of descendingethanol
concentrations. Two antigen retrieval methods were
used for staining.For collagen IV,Collagen I, andNFAT,
slides were treated with 4% pepsin (SIGMA P7125) for
40 min. For staining of phosphorylated Smad 2 and
TSP-1, slides were treated with 10 mM sodium citrate
buffer (pH 6.0) in a95 °Cwater bath for 20 min followed
by cooling for 20 min. Endogenous peroxidase activity
was quenched with 1% hydrogen peroxide in PBS.
Tissues were blocked with 2% normal horse serum
(Sigma H0146) or with 0.2% BSA for anti-TSP-1
staining for 30 min. Slides were incubated with primary
antibodies in PBS with 2% horse serum or with 0.2%
BSA for anti-TSP-1 staining and 0.1% Triton X-100
overnight at 4 °C. Primary antibodies included: goat
anti-type IV collagen (dilution 1:40) (Southern Biotech
Cat# 1340-01 Birmingham, USA); rabbit anti-type I
collagen (dilution 1:200) (Abcam Cat# ab34710 Cam-
bridge, MA USA); rabbit anti-NFAT2 (dilution 1:70)
(Abcam Cat #ab25916); mouse monoclonal anti-
thrombospondin 1 (clone A4.1) (dilution 1:100), (Ther-
mo Fisher Grand Island, NYUSA); rabbit anti-phospho-
Smad 2 (SER465/467) (dilution 1:50).(Millipore Burling-
ton Massachusetts, USA); rabbit monolconal anti-CRT
(1:200) (Abcam Cat#92516). Non-immune IgG served
as a negative control. After washing in PBS with 0.1%
Tween-20, appropriate biotinylated secondary antibod-
ies (Vector Laboratories) were applied to the tissue for
1 h at room temperature, followed by HRP-conjugated
streptavidin (ABC kit, Vector Laboratories) for 1 h at
room temperature at dilutions recommended by the
manufacturer. Processed sectionsweredevelopedwith
diaminobenzidine hydrochloride (DAB) (Vector Labora-
tories) and then were counterstained with hematoxylin.
After dehydration, the slides were mounted in Vecta-
Mount mounting medium (Vector Laboratories).

Analysis of CRT in renal lysates

CRT protein levels were examined in renal lysates
of kidney sections from each of the three experimental
groups (n = 4/group). Mouse kidneys were lysed in
RIPA buffer (Radioimmunoprecipitation assay buffer)
(25 mmol/l Tris-HCl (pH 7.6), 150 mmol/l NaCl, 1%
Nonidet P-40 1% sodium deoxycholate, and 0.1%
SDS) containing protease inhibitor and phosphatase
inhibitor (Sigma-Aldrich Corp.). Lysates were sonicat-
ed in a Sonic Dismembrator (Model 500, Fisher
Scientific). Protein concentration was measured
using the Pierce BCA Protein Assay kit (#23227,
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ThemoFisher). Lysates (8 μg protein) were separated
by SDS-polyacrylamide electrophoresis and trans-
ferred to PVDF membranes for immunoblotting as
described above. Membranes were incubated with
rabbit anti-CRT antibody (1:10,000 dilution, Abcam
#108395, EPR3925) [42]. Densitometric analyses of
bands was performed by normalizing density to total
protein using the REVERT total protein stain (Li-COR,
Lincoln, NE).

Morphometric analyses

All analyses were performed on slides coded to
blind the user to the experimental condition. Digital
images of Periodic Acid-Schiff (PAS) stained glo-
meruli were captured with a 40× lens using a Nikon
ECLIPSE Ci (Nikon Instruments, Melville, NY) with
SPOT Insight (SPOT Imaging Solutions, Sterling
Heights, MI). Fifteen cortical glomeruli per slide with
a similar maximal diameter and approximately equal
numbers of glomerular from the outer, middle, and
inner zones of the cortex were selected for analyses
and PAS-stained area was calculated using Meta-
Morph software.
For analyses of immunostaining, images were

captured using a Nikon ECLIPSE TE2000-U micro-
scope equipped with a Cri Nuance multispectral
imaging system. Images of 15 fields/slide/group
were captured at 40× magnification for collagen I,
collagen IV, and NFAT. Images of CRT were
captured and analyzed for 6 fields/slide/group at
10× magnification. Slides from 6 animals per group
were analyzed for each antigen. Images were
analyzed using Nuance image-analysis software
version 2.8.0 (PerkinElmer Inc., Waltham, MA), at
the UAB Pediatrics Neonatology Core.

Transmission electron microscopy

Glutaraldehyde fixed cortical renal sections were
processed (embedded, stained, and sectioned) by
the UAB High Resolution Imaging Facility Electron
Microscopy Core. Images were viewed and photo-
graphed using a FEI TECNAI T12 20-120Kv
transmission electron microscope. Renal sections
were examined from three animals/group for GFP
MB/US and CRE MB/Us groups.

Analysis of kidney function

For 24-h urine collection, individual mice were
placed in metabolic cages with access to chow and
water (Thermo Fisher Scientific Inc., Rochester, NY)
Urine samples were centrifuged for 10 min at 4 °C,
and supernatants were stored at −80 °C until use.
Urine albumin concentration was measured using a
competitive enzyme-linked immunosorbent assay
method (Albuwell M kit; Exocell Inc., Philadelphia,
PA). Urine creatinine level was measured by the
picric acid method (Creatinine Companion kit;
Exocell Inc.) fol lowing the manufacturer's
instructions.

Statistical analysis

All analyses were performed using GraphPad
Prism version 8 with the specific analysis method
indicated in the figure legend.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.mbplus.2020.
100034.
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