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Secreted modular calcium-binding protein 2 (SMOC2) belongs to the secreted protein acidic and
rich in cysteine (SPARC) family of matricellular proteins whose members are known to modulate
cell-matrix interactions. We report that SMOC2 is upregulated in the kidney tubular epithelial cells
of mice and humans following fibrosis. Using genetically manipulated mice with SMOC2 overexpres-
sion or knockdown, we show that SMOC2 is critically involved in the progression of kidney fibrosis.
Mechanistically, we found that SMOC2 activates a fibroblast-to-myofibroblast transition (FMT) to
stimulate stress fiber formation, proliferation, migration, and extracellular matrix production. Fur-
thermore, we demonstrate that targeting SMOC2 by siRNA results in attenuation of TGFp1-mediated
FMT in vitro and an amelioration of kidney fibrosis in mice. These findings implicate that SMOC2 is
a key signaling molecule in the pathological secretome of a damaged kidney and targeting SMOC2
offers a therapeutic strategy for inhibiting FMT-mediated kidney fibrosis — an unmet medical need.

Introduction
Fibrosis is an aberrant repair response to chronic tissue injury (1). The fairly conserved mechanism
of repair makes fibrosis a common end-feature of nearly all chronic inflammatory organ diseases,
contributing to the morbidity and mortality of approximately half of the industrialized world (1). The
kidney is known for its high susceptibility to injury related, in part, to its elevated concentrations of
filtered toxins and predisposition to ischemia, as well as sepsis, rendering it particularly susceptible
to fibrosis (2). Kidney fibrosis is also the common pathophysiological phenomenon of a majority of
progressive chronic kidney diseases (CKDs) (3, 4). The fibrotic events in the kidney are specifically
defined by the excessive deposition of a pathological extracellular matrix (ECM) in the interstitial
space between tubules and peritubular capillaries, interfering with their normal exchange of toxins and
nutrients (5). Myofibroblasts are widely recognized as the effector cells responsible for fibrosis, since
they are considered the dominant ECM-producing cells originating via activation of resident fibro-
blasts by exposure to profibrotic factors, essentially TGFB1 and ECM proteins (6-9). Therefore, inhib-
iting factors that regulate this self-perpetuating loop of ECM production and myofibroblast activation
represents a logical approach to target kidney fibrosis that remains to be an unmet medical need.
Previously, using RNA sequencing, we identified secreted modular calcium-binding protein 2
(SMOC?2) to be among the most highly upregulated genes in the kidneys of mice subjected to folic
acid—induced (FA-induced) chronic progressive kidney fibrosis (10). SMOC2 belongs to the secret-
ed protein acidic and rich in cysteine (SPARC) family of matricellular proteins, whose members are
known for their secretion into the extracellular space to not only interact with structural matrix pro-
teins but also with cell surface receptors, growth factors, proteases, and other bioactive effectors to
modulate cell-matrix interactions and cell function (11). Mechanistically, apart from its role in ECM
assembly signaling, SMOC2 has been hypothesized to serve as a target for controlling angiogenesis in
tumor growth and myocardial ischemia (12, 13). Given that there is no information on the function-
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Table 1. Demographics and clinical characteristics of patients with or without chronic kidney disease (CKD).

Participant Age

14
15
16
17
18
19
20
21
22
23
24
25
26

73
62
35

66
65
75
64
56
64
39
55
51
74

21
27
21
21
29
19
20
19
36
19
29
49
19

Sex

m M
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Race
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eGFR (ml/min/1.73m?)  Stage Cause of CKD SMO0C2/UCr KIM-1/UCr
(ng/mg) (ng/mg)
Chronic kidney disease

15 4 Diabetes, Hypertension 3.98 1.24
19 4 Chronic Interstitial Nephritis 0.68 10.39
20 4 Congenital Anomalies of the Kidney and Urinary 0.08 1.52
Tract
23 4 Fibrillary Glomerulonephritis 1.23 1.69
15 4 Lithium Toxicity 543 517
22 4 Diabetes, Hypertension 0.12 0.55
25 4 Nephrectomy, recurrent Urinary Tract Infections 2.75 0.80
20 4 Hypertension 3.74 0.95
13 5 Diabetes and Phosphate Nephropathy 2.05 3.55
6 5 Chronic Interstitial Nephritis 5.87 1.39
12 5 Diabetes/Hypertension 2.46 3.69
14 5 Lupus 1.68 742
13 5 Nephrectomy, Hypertension 2.85 2.15
Healthy volunteers
- - - 0.28 0.43
= = = 0.92 0.19
- - - 1.93 0.90
= = = 0.92 0.57
- - - 1.38 1.34
= = = 0.28 0.28
- - - 0.07 0.24
= = = 0.66 0.06
- - - 0.82 0.66
- - - 0.66 0.49
- - - 1.75 2.16
= = = 0.77 0.83
- - - 0.21 0.93

U Cr, Urine Creatinine; B, Black; W, White; O, Other.
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al significance of SMOC2 upregulation following kidney damage, the objective of this study was to
investigate whether induction of SMOC?2 in the kidney regulates initiation and progression of kidney
fibrosis and whether genetic or pharmacologic modulation of SMOC?2 is capable of preventing fibrosis.

Results

SMOC2 is highly induced in mice and human kidneys following fibrosis. SMOC?2 was significantly (P < 0.05)
induced in mice when subjected to unilateral ureteral obstruction (UUOQ) or treated with FA (250 mg/
kg, i.p.) (Figure 1, A-D, and Supplemental Figure 1, A-C; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.90299DS1), two mechanistically distinct mouse models of
kidney injury with resulting progressive fibrosis (10, 14-21). Costaining of SMOC2 with a-smooth muscle
actin (aSMA)+ myofibroblasts in the kidneys of mice subjected to UUO or FA at 7 days confirmed the
widespread upregulation of SMOC2 throughout the fibrotic kidney, predominantly in the proximal and
distal tubular epithelial cells around the areas of fibrosis (Figure 1, A and B). In relation to aSMA (Figure
1A, bottom panel), SMOC?2 did not colocalize with myofibroblasts; rather, it was expressed around the
myofibroblasts that are the effector cells of fibrosis, complying with the extracellular expression of SMOC2.
In both UUO and FA models, SMOC2 expression correlated with progression of fibrosis characterized by
the expression of aSMA* myofibroblasts, collagen, and fibronectin (Figure 1, C and D, and Supplemental
Figure 1, B and C). Translatability of SMOC2 expression in human disease was confirmed by observing
a significant induction of SMOC?2 in the tubular epithelial cells of human kidney biopsy sections from
patients with pathological fibrosis (Figure 1E and Supplemental Figure 1D). SMOC?2 being a secreted
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Figure 1. SMOC2 is highly upregulated in mice and humans with kidney fibrosis. Quantitative immunostaining for SMOC2 (red) and aSMA (green)
was performed on kidney sections obtained from mice at day 7 following (A) unilateral ureteral obstruction (UUO) or (B) folic acid injection (FA) (n
= 5; 20x magnification). Scale bar: 50 um. For the UUO model, contralateral kidney (CoK) tissue from day 14 was also included. Bottom panel in A
shows magnified images taken at 40x from the selected regions of the middle row. Scale bar: 30 um. Relative quantitation of SMOC2 and aSMA
immunofluorescence, as represented in a box plot, was performed using representative images of 5 visual fields for each tissue analyzed. (C and
D) Representative Western blot (n = 5/condition; Supplemental Figure 1, B and C [UUO and FA, respectively]) of SMOC2, aSMA, collagen 1a1, and
fibronectin expression using kidney samples obtained from mice subjected to 7 and 14 days of UUO or FA. (E) Quantitative immunostaining for
SMOC2 (red) and aSMA (green) in human kidneys with pathological fibrosis underlying chronic kidney disease (CKD) (n = 5) and nonfibrotic patients
(n = 5; 20x magnification). Yellow scale bars: 50 pm. Bottom panel shows magnified images taken at 60x from the selected regions of the middle
row. White scale bars: 25 um. Relative quantitation of SMOC2 and aSMA immunofluorescence as represented in a box plot was performed using
representative images of 5 visual fields for each tissue analyzed. (F) Urinary levels of SMOC2 and kidney injury molecule-1 (KIM-1) normalized to
urinary creatinine were measured in patients with CKD (n = 13) compared with healthy volunteers (n = 13). Box plots describe the median (line
within box), upper and lower quartiles (bounds of box), and minimum and maximum values (bars). *P < 0.05 determined by t test. Yellow arrows,
tubules. White arrows, interstitium.
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Figure 2. SMOC2-overexpressing mice are more susceptible to kidney fibrosis than WT mice. (A) Confirmation of SMOC2 overexpression in SMOC2
transgenic (SMOC2 Tg) mice by PCR (above, primers specific to recognize Tg insert) and Western blotting (below) (Supplemental Figure 3A). (B) Repre-
sentative Western blot (n = 5/condition; Supplemental Figure 3B and Supplemental Figure 5B) of aSMA, collagen 1a1, fibronectin, and SMOC2 expression
using kidney samples obtained from SMOC2 Tg and WT mice subjected to 7 and 14 days of unilateral ureteral obstruction (UUO). (C) Representative images
of immunofluorescent staining for «SMA in CoK and fibrotic kidneys from WT and SMOC2 Tg mice at day 7 following UUO (n = 5/condition, 5 visual fields/
tissue). (D) Representative Western blot (n = 5/condition; Supplemental Figure 3C and Supplemental Figure 6B) of aSMA, collagen 1a1, fibronectin, and
SMOC2 expression using kidney samples obtained from SMOC2 Tg and WT mice subjected to 7 and 14 days of folic acid (FA). (E) Representative images of
immunofluorescent staining for aSMA of normal and fibrotic kidneys from WT and SMOC2 Tg mice at day 7 following FA (n = 5/condition, 10 visual fields/
tissue). (F) Representative images of picrosirius red (n = 5/condition, 10 visual fields/tissue) and Masson's trichrome (n = 5/condition, 5 visual fields/
tissue) staining of CoK versus 7 and 14 day UUO-treated kidneys. (G) Representative images of picrosirius red and Masson'’s trichrome staining of normal
versus 7 and 14 day FA-treated kidneys (n = 5/condition, 5 visual fields/tissue). Confocal and light microscopy images are 20x magnification. Scale bars:

50 uM. Relative quantifications of images are represented as box plots, which describe the median (line within box), upper and lower quartiles (bounds of
box), and minimum and maximum values (bars). *P < 0.05 (CoK [UUO] or Normal [FA]) and *P < 0.05 (WT at respective time point) determined by one-way
ANOVA with Tukey post-hoc analysis.
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protein was also significantly elevated (2.5 fold, P < 0.05) in the urine of patients with CKD (Table 1, n =
13) as compared with healthy volunteers (# = 13). This increase corresponded with the increase in tubu-
lar damage biomarker kidney injury molecule-1 (KIM-1, Figure 1F). Consistent with these in vivo find-
ings, SMOC?2 expression was also significantly increased in mouse embryonic fibroblasts (NIH3T3) and in
primary human proximal tubular epithelial cells (HPTECs) upon treatment with the profibrotic cytokine
TGFp1 (10 ng/ml) (Supplemental Figure 2).

SMOC2-overexpressing mice exhibit enhanced kidney fibrosis. SMOC2-overexpressing transgenic mice
(SMOC2 Tg) had markedly high SMOC?2 levels (Figure 2A and Supplemental Figure 3A) but normal his-
tology of the heart, kidney, liver, lung, spleen, ovary, and testis (Supplemental Figure 4). When subjected
to UUO, SMOC2 Tg showed significantly greater fibrosis compared with WT littermates as measured by
mRNA (Supplemental Figure 5A) and protein levels (Figure 2B; Supplemental Figure 3B and Supplemental
Figure 5B) of fibrotic markers in the kidneys at days 7 and 14 after injury. This correlated with the ~2-fold
greater presence of aSMA* myofibroblasts in the interstitium (Figure 2C). Similarly, SMOC2 Tg mice also
demonstrated enhanced fibrosis when treated with FA (250 mg/kg, i.p.) both at mRNA (Supplemental Figure
6A) and protein (Figure 2D; Supplemental Figure 3C; and Supplemental Figure 6B) levels. Moreover, tcSMA*
myofibroblasts in the interstitium (Figure 2E) were significantly elevated in the SMOC2 Tg mice as compared
with WT mice following FA treatment. SMOC?2 Tg mice also showed consistently higher amounts of patho-
logical tubulointerstitial fibrosis than WT mice, as detected by both picrosirius red and Masson’s trichrome
staining of the kidneys at days 7 and 14 following UUO (Figure 2F) or FA (Figure 2G).

SMOC2 promotes fibroblast to myofibroblast transition. We performed RNA sequencing in SMOC2 Tg and
WT mice kidneys at day 7 following UUO to investigate the mechanisms responsible for increased suscep-
tibility of SMOC2 Tg mice to develop fibrosis (Supplemental Figure 7A). Gene set enrichment analysis
(GSEA) for gene ontology (GO) and KEGG terms for cellular components (Supplemental Figure 7, B and
C) revealed that genes in the ECM category represented a highly statistically significant difference between
SMOC2 Tg and WT mice (Figure 3A). Therefore, we investigated the potential of SMOC?2 to transform
fibroblasts (human kidney—derived or NIH3T3) (Figure 3, B and C, and Supplemental Figure 8B) into myo-
fibroblasts, which are the major cell type responsible for ECM production. In comparison with an induc-
tion of fibroblast-to-myofibroblast transition (FMT) by TGFp1, SMOC?2 (10 ng/ml, Supplemental Figure
8A) was also capable of inducing FMT as characterized by upregulation of aSMA, collagen 1lal, and
fibronectin (Figure 3, B and C; Supplemental Figure 8, B-D). The specificity of SMOC?2 to induce FMT
was confirmed by preincubating SMOC2 with a SMOC2-specific antibody, which resulted in blocking the
SMOC?2 signaling effect on fibroblasts (Figure 3D and Supplemental Figure 8, E and F).

SMOC?2 has been previously shown to bind keratinocytes through integrin 1 (22). To determine if
integrin B1 binding is the potential mode of action for SMOC?2 in fibroblasts, we first treated fibroblasts
with an integrin 1 antibody prior to SMOC2 treatment. The integrin f1 antibody was effective in prevent-
ing the induction of FMT markers by SMOC2 (Figure 3D). To confirm their interaction, we immunopre-
cipitated SMOC?2 and then blotted the pull-down for integrin B1, and vice versa (Figure 3E). The results
confirm in a two-way analysis that SMOC?2 also binds integrin 31 within the fibroblast cell type.

SMOC2 (10 ng/ml) treatment of quiescent fibroblasts also triggered an early cascade of integrin signal-
ing events for FMT (23), including phosphorylation of focal adhesion kinase (FAK-P) (24, 25), myosin light
chain (MLC-P) (26), and paxillin (Pax-P) (26), at 45 minutes (Supplemental Figure 8, G and H) with a near
double effect at 60 minutes (Figure 3F, Supplemental Figure 8H). As aSMA expression culminates into the
assembly of stress fiber, we next validated this structural formation after SMOC?2 treatment of fibroblasts (Fig-
ure 3G). Since RNA sequencing also revealed chemotaxis as a highly significant biological process (Figure 4A
and Supplemental Figure 7D) between SMOC2 Tg and WT mice at day 7 following UUQ, we investigated
chemotactic properties of SMOC?2 on fibroblasts by performing a scratch assay and Boyden chamber—-based
migration assay. Fibroblasts treated with SMOC2 (10 ng/ml) for 24 hours showed a significantly accelerat-
ed closure of the wound (Figure 4B) created by a linear scrape on a monolayer of semiconfluent NTH3T3,
which involved a significant repopulation of the wounded area over time (Supplemental Figure 8I). SMOC2
also enhanced migration of fibroblasts by ~50 % (Figure 4C). There was also ~9-fold increase in adhesion
following SMOC?2 treatment of fibroblasts (Figure 4D). Furthermore, SMOC2 progressively increased the
metabolic activity and survival of fibroblasts every 24 hours over the course of 96 hours (Figure 4E and Sup-
plemental Figure 8J). SMOC?2 also showed mitogenic properties by stimulating fibroblast proliferation (P <
0.05) as assessed by the number of EAU* cells (Figure 4F). In order to validate these effects of recombinant
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Figure 3. SMOC2 induces a fibroblast-to-myofibroblast transition. (A) RNAseq was performed using kidneys from SMOC2 Tg and WT mice at day 7 following
UUO treatment. REVIGO treemap visualizations are shown for enriched gene ontology (GO) categories. Highly similar GO terms for cellular components are
grouped and visualized by different colors and sizes of the rectangles using semantic similarity and enrichment P values. Representative Western blots of aSMA,
collagen 1o, and fibronectin from serum-deprived primary human kidney fibroblasts (B, n = 3/condition; Supplemental Figure 8C) and NIH3T3 fibroblasts (C, n =
3/condition; Supplemental Figure 8D) treated with 10 ng/ml SMOC2 with/without TGFp1. (D) After 1 hour of antibody pretreatment, SMOC2 or TGFB1was treated
to serum-deprived NIH3T3 cells for 24 hours and then tested for conventional fibrotic markers, while integrin 31 antibody was pretreated with NIH3T3 cells and
then treated with SMOC2 (n = 3/condition; Supplemental Figure 8E). (E) NIH3T3 fibroblasts were transfected with SMOC2-MYC, empty vector control, or negative
control MGP-MYC and then immunoprecipitated with a MYC (above) or integrin antibody (below). Western blots are representative immunoprecipitation experi-
ments. (F) Representative Western blot for Phospho-Focal Adhesion Kinase (P-FAK) Y925, P-Myosin Light Chain (MLC) Ser19, and P-Paxillin Tyr118 from NIH3T3
cells treated with 10 ng/ml SMOC2 or 5 ng/ml TGFB1 for 60 minutes (n = 5/condition; Supplemental Figure 8H). (G) Phalloidin staining of F-actin after NIH3T3 cells
were treated 24 hours with 10 ng/ml SMOC2 or 5 ng/ml TGFB1 (n = 3). Top row 40x, 25 uM. Bottom row 100x, 15 uM. Box plots describe the median (line within
box), upper and lower quartiles (bounds of box), and minimum and maximum values (bars). *P < 0.05 determined by t test.

SMOC?2 on fibroblasts, we also created SMOC2-overexpressing fibroblasts by transfecting NIH3T3 cells with
pCMV-SMOC2 and observed similar phenotypic changes (Supplemental Figure 9). Taken together, these
results suggest that SMOC2 stimulates FMT signaling with activation of its characteristic features, including
metabolic activity, proliferation, migration, and adhesion.

SMOC2-KO mice are protected from kidney fibrosis. In order to investigate the effect of inhibition of
SMOC?2 on fibrosis progression, we first used a genetic manipulation approach and confirmed that
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Figure 4. SMOC2 induces the properties of myofibroblast activities. (A) REVIGO treemap visualization for highly similar GO terms describing biological
processes significantly different between SMOC2 Tg and WT mice at day 7 following UUO treatment. (B) Scratch assay performed on NIH3T3 cells treated
24 hours with 10 ng/ml SMOC2. Healing percentage represented in box plot (n = 5, 3 visual fields/condition; 10x magnification, scale bar: 50 puM). (C)
Boyden chamber assay performed on NIH3T3 cells treated 24 hours with 10 ng/ml SMOC2. (D) NIH3T3 cells were treated 24 hours with/without 10 ng/ml
SMOC2, and then trypsinized and reseeded. After 1 hour, unattached cells were washed and cell numbers were quantified for adherence (n = 3). (E) Meta-
bolic activity of control and 10 ng/ml SMOC2-treated NIH3T3 cells were measured over time by MTT assay (n = 5). (F) NIH3T3 fibroblasts were treated 24
hours with/without 10 ng/ml SMOC2, and cell proliferation was assessed by EdU labeling and FACS (n = 5). Box plots describe the median (line within box),
upper and lower quartiles (bounds of box), and minimum and maximum values (bars). *P < 0.05 determined by t test.

SMOC2-KO mice (Figure 5A) were histologically normal (Supplemental Figure 10). When the SMOC2-
KO mice were subjected to FA (Figure 5) and UUO (Figure 6), there was a marked attenuation of
SMOC?2 and fibrotic markers at day 7 as compared with WT mice (Figure 5B; Supplemental Figure 11;
Figure 6A; Supplemental Figure 12). This was confirmed by a significant decrease in aSMA™* cells in the
interstitium (Figure 5C and Figure 6B), along with significant reduction in deposition and accumulation
of ECM visualized by Masson’s trichrome staining (Figure 5D and Figure 6C).

Targeting SMOC2 using RNA interference protects against fibrosis development. Next, we used a pharmacological
inhibition approach to inhibit SMOC?2 by synthesizing small interfering RNAs (siRINAs). We tested the efficacy
of 4 siRNAs and found one (target sequence: UCUGAACUCUGAAUUUAA) that resulted in ~90% silenc-
ing in vitro (SMOC2 siRNA #16 in Supplemental Figure 13). NIH3T3 cells transfected with SMOC2 siRNA
resulted in significant attenuation of TGFp1-mediated FMT and signaling as measured by a significant decrease
in SMOC?2, aSMA, collagen lal, and fibronectin expression (Figure 7A; Supplemental Figure 14). Using the
same SMOC?2 siRNA sequence, we then synthesized endotoxin-free, chemically modified SMOC?2 siRNA that
is resistant to degradation in vivo and localizes in the kidneys (27) (Supplemental Figure 15). SMOC2 siRNA,
when injected into mice i.v., also resulted in ~50% reduction in kidney SMOC?2 protein expression following FA
administration (Figure 7B, Supplemental Figure 16), thereby establishing proof of delivery. More importantly, a
significant amelioration of kidney fibrosis was observed in mice treated with SMOC2 siRNA as compared with
scrambled siRNA at day 7 following FA treatment (Figure 7B, Supplemental Figure 16). Myofibroblast transfor-
mation and collagen accumulation as assessed by aSMA staining and Masson’s trichrome staining, respectively,
was significantly less in FA-injected mice treated with SMOC2 siRNA (Figure 7, C and D) compared with
scrambled siRNA-treated (ssiRNA-treated) mice.
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Figure 5. Genetic inhibition of SMOC2 limits folic acid-induced kidney fibrosis in mice. (A) Confirmation of SMOC2 deletion in SMOC2-KO mice by PCR
(above, PCR primers specific to recognize knock-in insert) and Western blotting (below). (B) Representative Western blot (n = 4/group; Supplemental Fig-
ure 11) of aSMA, collagen 101, fibronectin, and SMOC2 expression using kidney samples obtained at day 7 from SMOC2-KO and WT mice subjected to folic
acid (FA) treatment. (€) Immunofluorescent aSMA staining of KO and WT kidneys at day 7 following with/out FA treatment (n = 4/group). (D) Masson'’s
trichrome staining of normal and FA-treated kidneys obtained at day 7 from KO and WT mice. Confocal and light microscopy images are 20x magnification.
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determined by one-way ANOVA with Tukey post-hoc analysis.

Discussion
The stroma’s composition and organization of ECM proteins are integral signaling features that dictate the
cause and effect of persistent fibroblast activation, underlying pathological fibrosis (28) and, as a result, the
ongoing loss of normal tissue structure. The present study systematically supports the notion that the matri-
cellular factor SMOC?2 is minimal under normal conditions but upregulated upon kidney injury to eventually
partake in the deleterious response of fibrosis. We provide evidence to suggest (i) SMOC2 expression is sig-
nificantly induced in the kidneys of mice and humans following fibrosis, irrespective of the mechanism of
initiation of fibrosis; (ii) SMOC?2 is critically involved in kidney fibrosis progression because transgenic mice
overexpressing SMOC?2 exhibit significantly enhanced tubulointerstitial fibrosis, whereas SMOC2-KO mice
are protected from kidney fibrosis development; (iii) Inhibition of SMOC?2 in vitro and in vivo using siRNA
protects from fibrosis progression, suggesting SMOC?2 as a potential therapeutic target for kidney fibrosis; and
(iv) mechanistically, SMOC?2 activates matrix assembly signaling in the fibroblasts to stimulate stress fiber
formation, proliferation, migration, and ECM production — features typical of transitioning into myofibro-
blasts, which are the effector cells in fibrosis.

FMT is a quintessential phase in the development of fibrosis because of the central role myofibro-
blasts have in the production of collagen and fibronectin. We hypothesized and provide experimental
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verification that SMOC?2 is a key signaling molecule in the pathological secretome of a damaged kid-
ney, whose continual presence leads to fibrosis. As the TGFp pathway is a hallmark pathway for FMT,
we initially found that it was capable of increasing SMOC?2 in vitro in fibroblasts and epithelial cells,
and we also discovered that SMOC?2 ablation significantly attenuated TGFB-induced FMT, making
SMOC?2 a potential pathological contributor to fibrosis downstream of TGFf. Although SMOC?2 has
not been previously associated with any form of fibrosis, its family member SPARC has been studied
extensively in multiple types of fibrosis. The level of SPARC expression was found to be increased in
patients with pulmonary, kidney, hepatic, and dermal fibrosis (29). Furthermore, SPARC-null mice
had significantly less collagen deposition in the skin, heart, lungs, and kidney upon induction of fibrot-
ic stimuli (29). While both SPARC and SMOC?2 promote fibrosis, they most probably differ in their
mechanism of action to mediate the interaction between the ECM and cell. SPARC is known for its
binding to collagen and postsynthetic processing and assembly of collagen into bundling structures
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(30, 31); however, the structure of SMOC2 lacks collagen binding sites such as SPARC to mediate the
same effects. This would imply a different mechanism of action, whereby each SPARC member has its
respective role in fibrosis development.

SMOC?2 is expressed in the heart, muscle, spleen, and ovaries (22), and its expression pattern during
development suggests that it may mediate intercellular signaling and cell type—specific differentiation
during gonad and reproductive tract development (32). Although we similarly detected SMOC?2 expression
in normal kidneys (22), overexpression of SMOC?2 in mice in the absence of damage did not dispose the
mouse kidney to a spontaneous fibrosis; however, the overexpression of SMOC2 in the transgenic mice
accelerated a fibrotic response over the WT only after injury. Mechanistically, SMOC2 has been shown
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to act on diverse cell types such as stimulating migration and adhesion of keratinocytes through integrin
(avpl and avp6) interaction (22); on endothelial cells where SMOC?2 potentiates the responses of VEGF-
and FGF-induced mitogenesis and angiogenesis (33); and on fibroblasts where SMOC?2 regulates cell cycle
progression via integrin-linked kinase activity and cyclinD1 expression (34). Matricellular proteins are
implicated in regulating the interactions between ECM components and cell surface integrins (35). Inte-
grin aff heterodimers translate changes in ECM signals into the fibroblast to undergo FMT (6, 36). This
mechanosensitive pathway that underlies FMT can be summarized in a three-tier cascade process using the
following associated markers (23): FAK-P, MLC-P, and Pax-P. Although we confirm this pathway activa-
tion by SMOC?2, we provide upstream evidence that integrin B1 is part of the initiating process of SMOC2
signaling in fibroblasts. This study does not address whether the effects of SMOC2 are local or systemic
because of the use of global SMOC?2 transgenic, as well as global SMOC2-KO mouse models. The SMOC2
siRNA delivery was also systemic and not kidney specific. Additional mechanistic studies need to be con-
ducted using conditional SMOC2 mouse models or kidney-specific drug delivery systems to investigate the
local vs. systemic effects of SMOC?2 on fibrosis.

In summary, we have uncovered a pathway in the pathogenesis of kidney fibrosis initiated by the matri-
cellular protein SMOC2. We show that SMOC?2 is critical for the development of kidney fibrosis by stimu-
lating matrix assembly signaling, chemotaxis, and myofibroblast transitioning. We also provide compelling
evidence to suggest that silencing SMOC?2 to limit fibrosis holds potential as a therapeutic approach to a
disease process that has yet to yield promising results.

Methods

Human studies

Urine samples from patients with CKD were obtained from the BWH ambulatory nephrology clinic. For
this study, we included patients with stage 4 or 5 CKD (estimated glomerular filtration rate [eGFR] < 30
ml/min/1.73m?). Patients were excluded if they had a recent hospitalization or episode of AKI (>50% rise
in serum creatinine over a 1-week period) within 3 months or if they reported or suspected urinary tract
infection within the past 3 weeks. Urine samples from healthy volunteers were obtained from the Pheno-
Genetics Project, a study of the impact of genetic variation in healthy individuals. Participants 19-75 years
of age were recruited from the Boston area through advertisements in local media and flyers. The inclusion
criterion was a willingness to provide 120 ml of blood four times per year for five years. Exclusion criteria
were the presence of self-reported inflammatory diseases (e.g., asthma or psoriasis), autoimmune diseases
(e.g., lupus of multiple sclerosis), chronic metabolic diseases (e.g., thyroid disease or diabetes), or chronic
infections (e.g., Hepatitis B or C; HIV). Urine was collected and centrifuged at 3,200 ¢ for 5 minutes, and
the supernatants were collected and stored at —80°C within 4 hours of collection. Deidentified human
kidney tissue samples from patients with or without severe kidney fibrosis (» = 10) were obtained from the
Department of Pathology at BWH.

Animal studies

Genetic mouse models. SMOC2 Overexpressing Transgenic (Tg[Smoc2-EGFP]HY 194Gsat/Mmucd)
(SMOC2 Tg) mice were purchased by the University of California, Davis, and generated using a modi-
fied BAC, containing an inserted EGFP upstream of targeted SMOC2 gene, that was injected into pro-
nuclei of FVB/N fertilized oocytes. Hemizygous progeny was mated to IcrTac:ICR mice (from UCD)
each generation thereafter for maintenance of SMOC2 overexpressing transgenic mice. Smoc2'™!!
(KOMP)VIeg was generated by the Knockout Mouse Phenotyping Program (KOMP?) at The Jackson Lab-
oratory using embryonic stem (ES) cells provided by the International Knockout Mouse Consortium.
The ZEN-UBI1 Velocigene cassette was inserted into the gene, replacing all coding exons and interven-
ing sequences. The construct was introduced into C57BL/6N-derived VGB6 ES cells, and correctly
targeted ES cells were injected into B6 (17)-Tyrc-2J/1J (stock no. 58) blastocysts. The resulting chimeric
males were bred to C57BL/6J females and then to BON.Cg-Tg(Sox2-cre)l Amc/J (stock no. 014094) to
remove neo cassette. Resulting offspring were crossed to remove the cre-expressing transgene. Geno-
typing was performed using appropriate primers (Supplemental Table 1). Genetic mouse models were
compared with their respective WT littermates. All C57BL/6J mice used for experimentation were
purchased from Charles River Laboratories.
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Experimental models of fibrosis. Mouse models of kidney fibrosis were used as previously described in
detail by our group (14). The following models are briefly described:

FA model. Under the same housing/diet conditions, male SMOC2 Tg with their matched strain control
(FVB/N and IcrTac:ICR) (25-29 g), male SMOC2-KO mice with their strain-matched control (C57BL/6)
(21-24 g), and male BALB/c mice (25-29 g) aged 8-12 weeks received a single i.p. injection of 250 mg/kg
FA dissolved in a 0.3 M sodium bicarbonate solution (14). Mice were euthanized at 7 and 14 days following
administration. Euthanasia was performed under isoflurane anesthesia.

Unilateral ureter obstruction (UUO) model. Female SMOC2 Tg mice with their matched strain control
(FVB/N and IcrTac:ICR) (25-29 g), and male BALB/c mice (25-29 g) aged 8—12 weeks were anesthetized
(50 mg/kg pentobarbital sodium, i.p.), and their left kidney was exposed by flank incision. The ureter was
ligated at two points proximal to the kidney with 6-0 sutures (Ethicon; Perma-hand Silk/Black Braided
K882). Sham mice had kidney exposed, but their ureter was not tied. Contralateral kidney (CoK) tissue was
isolated 14 days after UUO treatment of SMOC2 Tg and WT. Mice received fluid lost replacement (1 ml
normal saline, heated at 37°C, s.c.) immediately after surgery. The animals were sacrificed at 7 and 14 days
following surgery. Euthanasia was performed under isoflurane anesthesia.

siRNA administration. Male C57BL/6 mice (21-24 g) aged 8 weeks received siRNA SMOC?2 (30 pug/200
ul) or control scrambled siRNA (30 ug/200 ul) in RNAse-free PBS carriage medium by i.v. injection at —4h,
+2d, +4d, and +6d from FA/vehicle treatment.

Pathology and immunostainings

Whole body pathology. Whole mouse necropsy was performed on male and female mice (n = 6/each) of all
4 groups (SMOC2-KO, SMOC2-Tg, and their respective littermate controls) to investigate pathological
differences between the groups. Organs were formalin-fixed, dehydrated in 70% EtOH, paraffin-embedded,
and H&E stained. The Dana-Farber/Harvard Cancer Center pathology core led by Peter Howley provided
a detailed certified report for histological analysis of all organs.

Histology and staining. For histologic evaluation, kidney tissues were perfused with cold PBS before
harvesting. Samples for immunofluorescence were fixed in 4% paraformaldehyde at 4°C for 24 hours, then
washed in 30% sucrose solution overnight prior to cryopreservation in Tissue-Tek O.C.T. (VWR). Samples
for histological staining were fixed in formalin for 24 hours and then stored in 70% ethanol before being
embedded in paraffin. Human kidney samples were received embedded in paraffin. Paraffin-embedded
tissues were cut into 4- to 6-um sections and stained with Masson’s trichrome and picrosirius red. Imag-
es were captured on a Carl Zeiss Axiolmager.M2 using AxioVision SE64 software by Plan Apochromat
20%/0.8 objective. All images were analyzed through NIH ImageJ using a color threshold algorithm (iden-
tical threshold settings for compared image sets) written by Gabriel Landini (version v1.8) available at
http://www.mecourse.com/landinig/software/software.html.

Immunofluorescence and quantitative microscopy. OCT-embedded mouse kidneys and paraffin-embedded
human kidneys were cut into 4- to 6-um sections and permeabilized in 1X PBS containing Triton X-100
(0.1%) for 10 minutes. The sections were then labeled with Cy3-aSMA (1:500; Cell Signaling Technology,
C6198), aSMA-FITC (1:500; Sigma-Aldrich, F3777), and anti-SMOC?2 (1/250; Santa Cruz Biotechnology
Inc., sc-67396). Slides with anti-SMOC2 were subsequently exposed to donkey anti-rabbit specific Cy3-con-
jugated secondary antibodies (1:500; Jackson ImmunoResearch Laboratories, 711-165-152). 4,6-Diamidi-
no-2-phenylindole (Sigma-Aldrich) was used for nuclear staining (blue). Confocal images were acquired in
the Nikon Imaging Center at Harvard Medical School. Images were collected with a Yokogawa CSU-X1
spinning disk confocal with Borealis modification, mounted on a Nikon Ti inverted microscope equipped
with 20x/0.75 Plan Apo, 40%/1.3 Plan Fluor, 60%/1.4 Plan Apo objective lens, a Prior Proscan II motor-
ized stage, and the Nikon Perfect Focus System for continuous maintenance of focus. FITC fluorescence
was excited with an AOTF-controlled 488 nm solid state laser and collected with a 525/50 emission filter
(Chroma). Cy3 fluorescence was excited with an AOTF-controlled 561 nm solid-state laser and collected
with a 620/60 emission filter (Chroma). For both FITC and Cy3, a Quad 405/491/561/642 dichroic mir-
ror was used (Semrock). DAPI was excited using a Lumencor SOLA with a 395/25 excitation filter, and
emission was collected through the spinning disc head using a 460/25 emission filter. Images were acquired
with a Hamamatsu ORCAAG cooled CCD camera controlled with MetaMorph 7 software. Brightness and
contrast were adjusted on displayed images (identically for compared image sets) and quantified (identical
threshold settings for compared image sets) using MetaMorph 7 software.
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Western blot analysis

Kidney tissues and cell cultures were homogenized in RIPA buffer (Thermo Fisher Scientific, 50 mM Tris-
HCI [pH 7.4], 150 mM NaCl, 1% NP40) containing 1X protease and phosphatase inhibitor cocktail (Roche
Applied Science). Protein concentrations were determined using the BCA protein estimation kit (Pierce),
and an equal amount of protein (25 pg) was loaded on either a 10% or 12% polyacrylamide gel (PAGE). Pro-
tein transfer was performed using a nitrocellulose membrane. The following primary antibodies were used
to detect the specific protein: anti-SMOC?2 (1/250; Santa Cruz Biotechnology Inc., sc-67396), anti-aSMA
(1/1,000; Sigma-Aldrich, A2547), anti—Collagen 1al (1:250; Novus, NB600-408), anti-Fibronectin (1:250;
Abcam, ab23750), anti-GAPDH (1/5,000; Abcam, ab181602), anti-MLC2-P (Thr18/Ser19) (1/1,000; Cell
Signaling Technology, 3674), anti—Pax-P (Tyr118) (1/1,000; Cell Signaling Technology, 2541), anti—Phos-
pho-FAK (Tyr925) (1/1,000; Cell Signaling Technology, 3284), MYC (1/5000; Sigma-Aldrich, M4439) and
Integrin 1 (1/1000; Santa Cruz, sc-8978). Horseradish peroxidase—conjugated secondary antibodies against
mouse (Cell Signaling Technology, 7076) and rabbit (Cell Signaling Technology, 7074) were used to detect
the appropriate primary antibody. Bands were detected with enhanced chemiluminescence (ECL) method
(Pierce) and captured with Gel Doc XR+ System (Bio-Rad).

Quantitative PCR

Total RNA was isolated from cell cultures or tissue samples using TRIzol (Invitrogen) according to the
manufacturer’s protocol. RNA concentration was measured using a NanoDrop spectrophotometer (Ther-
mo Fisher Scientific). Isolated RNA (1 pg) was reverse transcribed into cDNA using a QuantiTect Reverse
Transcription kit from Qiagen. Quantitative PCR (qQPCR) was performed using a QuantiFast SYBR Green
PCR kit (Qiagen) on a QuantStudio7 (Applied Biosystems) with the following thermal profile: activation
15s at 95°C; 40 cycles of annealing/elongation 15s at 94° C, 30s at 60° C; extension 30s at 72° C. All sam-
ples were measured with technical duplicates and normalized against GAPDH. Changes in the mRNA
expression were calculated using the AACt method relative to a control. Forward and reverse primer
sequences for mouse-specific genes are listed in Supplemental Table 2.

RNA sequencing

Library preparation. RNA samples (n = 3—4 mice/time point/group) were checked for quality and quantity
using nanodrop and Agilent Bioanalyzer instrument. All RNA samples had RNA integrity numbers (RIN)
higher than 7. Libraries were prepared using a TruSeq Stranded mRNA Library Prep Kit (Illumina) follow-
ing the manufacturer’s protocol modified as follows: For each sample, 330 ng of RNA was input with 6.67 ul
of 1:1,000 ERCC spike-in Mix 2 (Ambion), fragmentation was done for 8 minutes, and 13 PCR cycles was
used for the final library amplification. The finished dsDNA libraries were quantified by Qubit fluorometer,
Agilent TapeStation 2200, and qPCR using the Kapa Biosystems library quantification kit according to
manufacturer’s protocols. Uniquely indexed libraries were pooled in equimolar ratios and sequenced on a
single Illumina NextSeq500 run with single-end 75 bp reads by the Dana-Farber Cancer Institute Molecular
Biology Core Facilities (Boston, MA). STAR aligner was used to map sequenced reads to build 9 of the mus
musculus genome (mm9) genome assembly and to quantify gene level expression. The full dataset is avail-
able in the NCBI GEO database with the accession number GSE85209.

Bioinformatics analysis. All samples were processed using an RNA-seq pipeline implemented in the
bcbio-nextgen project (https://bcbio-nextgen.readthedocs.org/en/latest/). Raw reads were examined for
quality issues using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to ensure
library generation and sequencing were suitable for further analysis. Adapter sequences, other contaminant
sequences such as polyA tails, and low-quality sequences with Phred quality scores less than 5 were trimmed
from reads using cutadapt (37). Trimmed reads were aligned to UCSC mm10, augmented with transcript
information from Ensembl release GRCm38 using the STAR aligner (38). Alignments were checked for even-
ness of coverage, ribosomal RNA (rRNA) content, genomic context of alignments (for example, alignments
in known transcripts and introns), complexity, and other quality checks using a combination of FastQC,
Qualimap (39), and custom scripts. Counts of reads aligning to known genes were generated by feature-
Counts (40). Differential expression at the gene level was called with DESeq2 (41). DESeq2 was used to find
how the two genotypes reacted differently to treatment using the Wald significance test and formula designed
to find the difference in differences, or the intersection term between genotype and treatment in this DESeq2
design formula: genotype+Treatment+genotype:Treatment. As a result of this approach, fold-change values
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describe the differential effect of genotype on expression changes after treatment, not the direct gene expres-
sion, which would be observed directly between two sample classes. PCA analysis was performed on DESeq2
normalized, rlog variance stabilized reads. A cut-off-free GSEA for GO and KEGG terms was performed on
the fold-change values derived from DESeq2 using GAGE (42) and visualized with REVIGO (43) treemaps.
Expression patterns of genes within enriched GO terms were visualized by heatmap, after centering and
scaling each genotype’s expression values to their respective untreated sample’s mean expression values (each
sample’s expression value was subtracted from the mean expression value for the sample genotype’s untreated
samples and divided by the mean’s associated standard deviation).

Cell culture, reagents, and in vitro assays

In vitro cell culture. Primary human kidney fibroblasts were purchased from Cell Biologics and NIH3T3 cells
from ATCC, which were grown as a monolayer in polystyrene culture dishes containing DMEM: Nutrient
Mixture F-12 (DMEM/F12) (Invitrogen Corporation) supplemented with 10% FBS (Invitrogen Corpora-
tion). Cells were grown until 80% confluency before passage. HPTECs were purchased from Biopredic and
cultured in DMEM/F12 supplemented with hydrocortisone, EGF, insulin, transferrin, and sodium selenite.
Cells were maintained at 37°C in a humidified 5% CO, incubator. For experiments studying FMT (44),
fibroblasts were cultured in DMEM/F12 10% FBS at low density for 24 hours, then at 40%—-50% confluen-
cy, media was changed to DMEM/F12 1% FBS for 4 hours prior to treatments with SMOC2 (Preprotech)
and/or TGFB1(Preprotech). For antibody competition studies, recombinant SMOC2 was preincubated with
human SMOC?2 antibody (R&D Systems, MAB5140) or human/mouse SMOC2 antibody (R&D Systems,
AF5140) and placed on rotation at room temperature for 1 hour, prior to being treated on cells. Integrin 1
(Santa Cruz Biotechnology Inc., sc-8978) antibody was preincubated with cells at 37°C prior to SMOC?2 treat-
ment. Cell lines were not reported in the ICLAC database of commonly misidentified cell lines.

Transfections. For SMOC2-knockdown experiments, NIH3T3 fibroblasts were transfected with 100 nM
scramble or SMOC?2 siRNA (Dharmacon) with siPORT NeoFX transfection reagent (Invitrogen) following
the manufacturer’s protocol. After 24 hours in DMEM/F12 10%FBS, cells were harvested for Western blot
analysis or were treated with trypsin and reseeded at 40% confluency in cases of TGFf1 stimulation. For
overexpression studies, NIH3T3 cells were transfected with either pPCMV Myc (pCMV), SMOC2 (Myc-
DDK-tagged) - Human SPARC (pCMV-SMOC?2), or MGP (GFP-tagged) - Human matrix Gla protein
(MGP) plasmids (Origene Technologies) with Lipofectamine 2000 (Invitrogen) following the manufactur-
er’s protocol. After 24 hours in DMEM/F12 10%FBS, cells were harvested for Western blot and reverse
transcription PCR analysis or were treated with trypsin and reseeded at 40% confluency for various assays.

Immunoprecipitation analysis. Cells were homogenized in RIPA buffer (Thermo Fisher Scientific, 50
mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP40) containing 1X protease and phosphatase inhibitor
cocktail (Roche Applied Science) and left on a rocking platform for 1 hour. Protein concentration
was determined using pierce BCA protein assay (Thermo Fisher Scientific). Between 500ug to 1 mg
of protein was incubated with anti-MYC beads (Sigma-Aldrich) or Integrin 1 antibody with Protein
G beads (Sigma-Aldrich) for 4 hours at 4°C. After centrifugation, the supernatant was removed and
the beads were washed 5 times with 500 pl of wash buffer (50 mM TRIS buffer, 100 mM NaCl, 0.5%
NP-40 and 1 mM DTT). The beads were then boiled in 1x SDS solution for 10 minutes, followed by
centrifugation, and used for Western blot analysis.

Immunofluorescence. NTH3T3 cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific) in
PBS, permeabilized with 0.1% Triton X-100 (Thermo Fisher Scientific) in PBS, and then blocked in 3%
BSA (Sigma-Aldrich). Cytoskeletal F-Actin was visualized using Alexa Fluor 564—conjugated Rhodamine
Phalloidin (Thermo Fisher Scientific) at 1:500 in PBS for 1 our. 4,6-Diamidino-2-phenylindole (Sigma-Al-
drich) was used for nuclear staining (blue). Confocal images were acquired in the Nikon Imaging Center at
Harvard Medical School as described above.

Scratch assay. Fibroblasts were grown to a semiconfluent monolayer and then, in DMEM/F12 1% FBS,
were mechanically scratched (wound) using a standard 200ul pipette tip. Suspension cells were washed
away with DMEM/F12 1% FBS. Along the scratch, prefixed points were selected for representative photo-
graphs at 0 hours and 24 hours after initialization of the wound using a phase-contrast microscope. Wound
closure was calculated by the percentage of newly covered area of SMOC2-treated fibroblasts over normal
during 24 hours (n = 5, 3 images per sample). Distance migrated from untreated cells was taken as 100%.
Representative images have been stained with methylene blue at 24 hours for increased contrast.
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MTT assay. NIH3T3 cells (7,500 cells) were plated in a 96-well plate for 24 hours, after which they were
serum deprived in DMEM/F12 0.5% FBS. Fibroblasts were then treated with different concentrations of
SMOC2 for 24, 48, 72, and 96 hours in 0.2 % FBS. To each sample, 1 mg/ml MTT was added 2 hours
prior to each time point. The medium was aspirated, and 100 ml isopropanol was added. Absorbance
was measured at 570 nm, taking 630 nm as a reference using SpectraMax Paradigm (Molecular Devices).
Absorbance obtained from untreated cells was taken as 100% (n = 5 per concentration per time point).

Boyden chamber assay. Serum free media in the presence and absence of treatments were added in the
lower chamber of a Chemotaxis Cell Migration Assay, 96-well (8 um) plate (Millipore). NTH3T3 cells were
grown in 10% FBS for 24 hours before being plated in 0.2% FBS of the upper migration chamber of an 8
uM 96-well plate for 24 hours. The migration assay was performed following the manufacturer’s protocol.

Cell adhesion assay. NIH3T3 cells (7,500 cells) were plated in a 96-well plate for 24 hours. Cells were har-
vested with trypsin and reseeded into 96-well plates at 37°C. After 1 hour incubation, unattached cells were
removed by 2x PBS washes. Adherent fibroblasts were fixed with methanol and stained with 1% crystal
violet. Absorbance was measured using SpectraMax Paradigm (Molecular Devices). Absorbance obtained
from untreated cells was taken as 100% (n# = 3).

Statistics

Data are expressed as the average = SEM. Statistical significance for multiple comparisons was evaluated
by one-way ANOVA with Tukey post-hoc analysis (P < 0.05), using GraphPad Prism (GraphPad software).
Statistical significance for single comparisons was calculated by two-tailed Student’s ¢ test (P < 0.05), using
Microsoft Excel. The sample size was predetermined based on the effect size and variability observed pre-
viously from similar readouts in our laboratory.

Study approval

The IRB at the Harvard Medical School approved the protocols for recruitment and urine sample collec-
tion, which was performed with written informed consent of the participants. All animal maintenance and
treatment protocols were in compliance with the Guide for the Care and Use of Laboratory Animals (National
Academies Press, 2011) as adopted and promulgated by the NIH and were approved by the Harvard Med-
ical School Animal Care and Use Committees.
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