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Secreted protein acidic and rich in cysteine (SPARC) has been implicated in multiple aspects of human cancer. 
However, its role in bladder carcinogenesis and metastasis are unclear,with some studies suggesting it may 
be a promoter and others arguing the opposite. Using a chemical carcinogenesis model in Sparc-deficient 
mice and their wild-type littermates, we found that loss of SPARC accelerated the development of urothelial 
preneoplasia (atypia and dysplasia), neoplasia, and metastasis and was associated with decreased survival. 
SPARC reduced carcinogen-induced inflammation and accumulation of reactive oxygen species as well as uro-
thelial cell proliferation. Loss of SPARC was associated with an inflammatory phenotype of tumor-associated 
macrophages and fibroblasts, with concomitant increased activation of urothelial and stromal NF-κB and 
AP1 in vivo and in vitro. Syngeneic spontaneous and experimental metastasis models revealed that tumor- 
and stroma-derived SPARC reduced tumor growth and metastasis through inhibition of cancer-associated 
inflammation and lung colonization. In human bladder tumor tissues, the frequency and intensity of SPARC 
expression were inversely correlated with disease-specific survival. These results indicate that SPARC is pro-
duced by benign and malignant compartments of bladder carcinomas where it functions to suppress bladder 
carcinogenesis, progression, and metastasis.

Introduction
Bladder cancer is caused primarily by tobacco use and exposure 
to industrial chemicals (1) and will affect an estimated 73,510 
patients and lead to 14,880 deaths in 2012 (2). N-nitrosodibu-
tylamine (BBN) was first identified as a bladder carcinogen in 
rodents (3) and is detected in tobacco smoke and environmen-
tal and infectious metabolites (3). Carcinogenesis is a multistep 
process consisting of initiation, promotion, and progression 
and is governed by cumulative genetic and epigenetic alterations 
and microenvironmental cues (4), with inflammation playing 
an important role as is a tumor promoter via proinflammatory 
cytokines/chemokines and ROS (5, 6).

Secreted protein acidic and rich in cysteine (SPARC, osteonec-
tin, BM-40) is regulated in tissues undergoing remodeling, during 
normal development, during tissue repair, and in cancer (reviewed 
in refs. 7–10). Interest in SPARC has grown in recent years because 
of its apparent role in regulating tumor growth via its produc-
tion by both cancer and or stromal cells and based on its interac-
tions with biologically active cytokines/chemokines in the tumor 
milieu (summarized in refs. 7–10). However, some of the litera-
ture appears contradictory regarding how SPARC regulates tumor 
growth, and many questions remain. For example, increased 
expression of SPARC is associated with an aggressive tumor phe-
notype in melanomas and gliomas (reviewed in refs. 7–10), while 
other studies have reported SPARC as a tumor suppressor whose 
expression is frequently lost in cancerous compartment due to 
promoter methylation (8–10). Use of SPARC knockout (Sparc–/–) 
mice revealed that SPARC suppresses syngeneic and oncogene-

driven tumors (9, 11–14) through regulation of matrix deposition 
and through antiinflammatory, antiangiogenic, antiprolifera-
tive, and proapoptotic effects, while SPARC has been found to be 
upregulated in the stroma (9, 15). SPARC exerts autocrine and 
paracrine inhibition of cancer cell proliferation through cell-cycle 
arrest (8, 9, 13, 16, 17) and suppression of survival signaling (7, 11, 
12, 18, 19), cancer cell adhesion, and invasion (8, 11, 12, 17, 18).

The role of SPARC in urinary bladder physiology and cancer 
is also unclear and conflicting. SPARC is expressed in normal 
murine and human urothelia and suburothelial stroma (20) and 
in primary cultures of human urothelial cells (21–23). SPARC has 
been shown to exert an antiadhesive and antiproliferative effect 
on human and murine urothelial cells (21–23). A few studies have 
reported expression of SPARC in urothelial tumors, with con-
flicting results between gene expression profiling and immuno-
localization of SPARC protein in tumor tissues. In one study, 
gene expression profiling of invasive bladder tumors revealed 
that higher expression of SPARC inversely correlated with prog-
nosis and patient survival (24). Another study (25) showed via 
immunostaining that SPARC protein was exclusively localized to 
the desmoplastic stroma within and around the SPARC-negative 
invasive carcinoma. Additionally, a recent study (26) reported 
that carcinogenic heavy metals downregulated SPARC expres-
sion during malignant transformation of immortalized UROtsa 
cells. Immunostaining of xenografts of the transformed cells 
exhibited strong immunoreactivity for the SPARC protein in the 
host (murine) stromal component surrounding SPARC-nega-
tive tumor cells. Furthermore, in bladder cancer cell lines, gene 
expression profiling of poorly tumorigenic T24 cells and its iso-
genic metastatic variant T24T revealed an approximately 7.2-fold 
decrease in SPARC mRNA expression in the invasive T24T (27).
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Taken together, the current literature does not provide a uni-
fying picture of the role of SPARC in cancer, nor does it assign 
the relative contributions of tumor- and stroma-derived SPARC. 
Herein we address these issues by using urothelial cancer as a 
model and find that SPARC is produced by benign and malig-
nant compartments of bladder carcinomas, where it functions 
to suppress bladder carcinogenesis, progression, and metastasis.

Results
SPARC expression in human bladder cancer is associated with stage 
and outcome. To determine the relevance of SPARC expression 
to human disease, we evaluated a human bladder cancer tis-
sue microarray (TMA) (28, 29) for SPARC protein expression 
(Figure 1, A and B) and found that in non–muscle invasive 
(NMI) disease, SPARC was expressed in the cancerous urothe-
lium and adjacent stroma. In contrast, in muscle invasive (MI) 
disease, the expression of SPARC in the cancerous tissue was 
decreased and staining was mainly observed in the tumor-asso-
ciated stroma. We sought to distinguish the differential com-
partmentalization of SPARC in human tumors with respect to 
the frequency of SPARC expression (number of cells express-
ing the protein) as well as the intensity of expression in can-
cer cells. SPARC staining was exclusively cytoplasmic in tumor 
and stromal cells in all the examined cores. The specificity of 
SPARC immunostaining was confirmed as described in Meth-
ods. We used 2 scoring systems, as described in Methods, and 
determined SPARC tumor cell expression as a function of dis-
ease outcome. We found that both the frequency (Figure 1C) 
and the intensity (Figure 1D) of SPARC staining were positively 

correlated with disease-specific survival (DSS). However, there 
was no relationship between the intensity and/or frequency of 
stromal SPARC expression and DSS.

Loss of SPARC accelerates BBN-induced bladder carcinogenesis and metas-
tasis. To determine the relevance of SPARC in the pathobiology of 
bladder cancer, we used Sparc–/– mice and their wild-type counter-
parts (Sparc+/+) in a carcinogen-induced model of bladder cancer, 
as described in Methods (3), that shares molecular similarities to 
human disease (30). It is noteworthy to mention that there were 
no developmental, functional, or histologic differences observed 
between normal Sparc–/– and Sparc+/+ bladders. In both genotypes, 
the sequence of bladder abnormalities after carcinogen exposure 
progressed from inflammation with urothelial atypia and dysplasia 
(IAD) and carcinoma in situ (CIS) to invasive carcinoma (Figure 2, A 
and B). Sparc–/– mice exhibited accelerated urothelial pathology in all 
cohorts (Figure 2B). Sparc–/– mice exhibited significantly decreased 
survival compared with their Sparc+/+ littermates, with a median sur-
vival of 42 and 20 weeks for Sparc+/+ and Sparc–/–, respectively, and 
a hazard ratio of 0.0173 and 95% CI of the ratio 0.004 to 0.07 (Fig-
ure 2C). Mortality of both genotypes was primarily due to obstruc-
tive uropathy. Loss of SPARC was also associated with pathological 
changes in the renal urothelium similar to those in the bladder (Fig-
ure 2D). Only mice with invasive primary bladder cancers developed 
metastases mainly to the para-aortic LNs and lungs (Figure 2E), 
with Sparc–/– mice exhibiting a higher incidence of metastases. Mac-
roscopic and microscopic examination of lung lesions with metasta-
ses revealed that Sparc–/– lungs exhibited greater number and size of 
metastatic nodules (Figure 2, F and G). In addition, the expression 
of SPARC protein in bladders exhibited distinctive expression as the 

Figure 1
Expression of SPARC in human bladder cancer tumors. 
(A and B) IHC staining of SPARC in NMI (n = 92) and MI 
(n = 102) tumors showing expression of SPARC in cancer-
ous and stromal cells with an overall decrease in tumor 
cells in MI disease. Original magnification, ×100; ×200 
(inset). (C) Kaplan-Meier curve showing disease-specific 
survival in high- and low-scoring tumors. Tumors were 
scored by counting the number of cancer cells express-
ing the protein or the intensity of SPARC expression (D) 
as determined by SPARC staining in cancer cells (see 
Methods) and DSS. Results of log-rank test shown.
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Figure 2
Loss of SPARC accelerates bladder carcinogenesis and progression. (A) Representative H&E-stained sections of bladder pathology. 
Original magnification, ×200. (B) Mice were assigned to 4 cohorts as a function of BBN exposure, and the distribution of the ensuing 
bladder pathology in each cohort is represented in bar graphs showing the percentage of animals (P < 0.05, χ2 test). (C) Kaplan-Meier 
curves showing significantly decreased survival in Sparc–/– mice as compared with Sparc+/+ counterparts. (D) The incidence of upper tract 
urothelial tumors in the 15- to 25-week and greater than 25-week cohorts. *P < 0.05; Fisher exact test. (E) The incidence of metastasis in 
Sparc+/+ and Sparc–/– mice in 15- to 25-week and greater than 25-week cohorts *P < 0.05; Fisher exact test. (F) Incidence and number of 
visible lung metastases in the 15- to 25-week and greater than 25-week cohorts. *P < 0.05; χ2 test; **P < 0.05, Student’s t test. (G) Repre-
sentative H&E-stained lung sections showing larger size of lung metastases in Sparc–/– lungs. Original magnification, ×100. Only animals 
with invasive primary tumors were considered for analyses in D–G.
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disease progressed (Figure 3A). In normal bladder, SPARC expression 
was cytoplasmic and nuclear in all urothelial layers and in stromal 
cell types. With urothelial transformation, nuclear and cytoplasmic 
SPARC expression in cancerous urothelium diminished as a function 
of disease progression (Figure 3B). Interestingly, the expression of 
SPARC in Sparc+/+ mice with lung metastases was observed exclusive-
ly in the surrounding stromal cells, not in cancer cells (Figure 3C).

Bladders of Sparc–/– mice show enhanced accumulation of ROS. There 
is a causal link between oxidative stress and cancer, where ROS 
produced by transformed epithelial cells and activated stromal 
and inflammatory cells account for DNA damage and genomic 
instability (3, 6, 31, 32) and further contribute to carcinogenesis. 
Hence, we assessed accumulation of superoxide anions by stain-
ing freshly frozen bladder sections with dihydroethidine (DHE), 
whose oxidation gives rise to the fluorescent derivative ethidene 
(31, 33). We found enhanced ROS accumulation was associated 
with progression of urothelial pathology in Sparc–/– mice more 
than in matched Sparc+/+ counterparts (Figure 4A). We also detect-
ed increased 8-OHdG, suggestive of oxidative- and inflammation-
mediated DNA damage, in bladders of BBN-treated Sparc–/– mice 
compared with the Sparc+/+ (Figure 4B). Because ROS results in 
lipid peroxidation and oxidation of proteins that contribute to 
carcinogenesis via activation of oncogenic transcription factors 
such as NF-κB and AP-1 (34, 35), we determined the levels of lipid 
peroxidation product 8-isoprostane and found higher levels in 
Sparc–/– mice compared with their wild-type counterparts (Figure 
4C). Moreover, markers of protein oxidation, sulfiredoxin, and 

nicotinamide N-methyl transferase (NNMT) were significantly 
increased in bladder tumor tissues of Sparc–/– mice (Figure 4D). 
Both have been correlated with progression and invasiveness of 
many cancers, including bladder (34, 36).

Loss of SPARC has an impact on cell-cycle regulators and inflammatory 
protein expression. Next we sought to determine whether the patho-
logic lesions found in Sparc–/– mice were associated with a greater 
degree of cell-cycle dysregulation. As shown in Figure 5A, early 
phases of urothelial preneoplasia and neoplasia are associated 
with increased cell proliferation in Sparc–/– mice,as evidenced by 
Ki67 immunostaining, which was almost exclusive in the preneo-
plastic and neoplastic urothelia and not in other cells in the under-
lying stroma. Therefore, we dissected urothelia of bladders from 
both genotypes and determined the differential expression of cell-
cycle regulatory proteins in sequential stages of disease. We found 
that dissected urothelia from Sparc–/– mice exhibited increased 
expression of cell-cycle progression proteins and cyclin D1, A1, 
and E2 concomitant with decreased expression of their inhibitory 
proteins p21 and p27 (Figure 5B and Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI64782DS1). Next we isolated primary normal urothelial (NU) 
and cancerous (UC) urothelial cells (Supplemental Figure 2) and 
found that Sparc–/– UC cells exhibited 5-fold higher proliferation 
rates than their Sparc+/+ counterparts (Figure 5B), whereas NU cells 
form Sparc–/– mice exhibited only 50% faster proliferation rate than 
their Sparc+/+ counterparts. The enhanced proliferation rate in UC 
cells was accompanied by increased ROS generation as determined 

Figure 3
IHC expression of SPARC in bladders of Sparc+/+ mice during multistep carcinogenesis. (A) Immunostaining of sections of dissected bladder lesions 
showing the differential expression of SPARC in the urothelium and lamina propria. Original magnification, ×200. (B) The 2 arbitrary scores for inten-
sity and frequency of SPARC immunostaining in the indicated groups of urothelium (left) and stromal (right) compartments were transformed into 
CESs as described in Methods. Boxes represent the mean ± SEM, with whiskers minimum and maximum scores for each group (n = 15 animals/
group). *Correlation of composite scores in association with tumor grades by Kruskal-Wallis 1-way ANOVA followed by Dunn’s multiple comparison 
post-hoc test. **Correlation of composite scores between indicated groups by 1-way ANOVA with Bonferroni’s multiple comparison post-hoc test. (C) 
Immunostaining of SPARC protein in representative lung nodules from Figure 2G. Original magnification, ×200.
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by increased intracellular H2O2 production by measuring the fluo-
rescence intensity of dichlorodihydrofluorescein (DCF). Interest-
ingly, enhanced H2O2 production in Sparc–/– cells was partially 
inhibited by adding exogenous SPARC (10–20 μg/ml) but not 
the anti-oxidant N-acetyl cysteine (NAC) (Figure 5D), which only 
inhibited H2O2 from normal and cancerous cells without affecting 
their proliferation.

ROS were also shown to be major contributors to cancer devel-
opment through activation and phosphorylation of p38 MAPK 
and JNK, with subsequent activation of multiple signaling path-
ways that converge into activation of NF-κB and AP-1, which are 
the major transcription factors orchestrating cancer progression. 
NF-κB and AP-1 (34, 35, 37). Higher levels of ROS in Sparc–/– uro-
thelia prompted us to evaluate potential downstream signaling 
pathways. In addition, SPARC has been shown to suppress the acti-
vation of NF-κB in ovarian cancer cells in response to inflammatory 
cells and mediators (7, 11). Western blot analysis of bladder lysates 
revealed marked increase in the phosphorylation of p38 MAPK, 

JNK, and c-Jun as well as p65–NF-κB in Sparc–/– tissue lysates of 
early pathological lesions compared with their Sparc+/+ counter-
parts (Figure 6A and Supplemental Figure 3A). Immunostaining 
of bladder tissue from Sparc+/+ and Sparc–/– revealed a progressive 
increase in the phosphorylation and nuclear localization of c-Jun 
and p65–NF-κB (Figure 6, B and C, and Supplemental Figure 3, B 
and C, respectively) in malignant Sparc–/– urothelia and adjacent 
stroma compared with that in Sparc+/+ counterparts. Earlier reports 
indicated the upregulation of proinflammatory cytokines in ortho-
topic ovarian, prostate, and pancreatic tumors growing in Sparc–/– 
mice (7, 8, 11). In addition, SPARC has been shown to antagonize 
the effects of proinflammatory, proangiogenic cytokines and medi-
ators (summarized in refs. 7, 11). Therefore, we determined the lev-
els of NF-κB– and AP-1–dependent cytokines IL-6, CCL2, VEGF, 
and TNF-α and found that they significantly increased as a func-
tion of disease progression and were significantly increased in the 
absence of SPARC (Supplemental Figure 4A). In addition, the levels 
of CCL3/macrophage inflammatory protein 1α (MIP1α), CXCL2 

Figure 4
Lack of SPARC is associated with augmented ROS accumulation, DNA damage, lipid peroxidation, and protein oxidation. (A) Representative 
bladder cryosections from Sparc–/– and Sparc+/+ mice were incubated with 10 μM DHE for 15 minutes at 37°C. Cells staining positively for the 
oxidized dye were identified by fluorescent microscopy (DHE fluorescence was detected with excitation/emission at 518/605 nm) and quantified 
by ImageJ analysis software. Original magnification, ×200. Bars represent mean ± SEM (n = 4 animals/cohort, 10 sections each). *P < 0.05 
between Sparc–/– and Sparc+/+, Student’s t test; **P < 0.05 between different cohorts, 1-way ANOVA. (B) DNA damage in total DNA extracted from 
dissected bladders was determined by 8-OHdG EIA per manufacturer’s instructions. (C) Lipid peroxidation was determined in bladder lysates by 
8-isoprostane EIA per manufacturer’s instructions. *P < 0.05 between Sparc–/– and Sparc+/+, unpaired 2-tailed Student’s t test; **P < 0.05 between 
different cohorts, 1-way ANOVA. (D) Western blots of bladder lysates of Sparc–/– and Sparc+/+ (25 μg, n = 5) showing increased levels of protein 
oxidation markers NNMT and sulfiredoxin. Equal protein loading was confirmed by reprobing blots with tubulin.
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(MIP2α, Gro-β), CSF, and monocyte-CSF (M-CSF) were also sig-
nificantly elevated, with highest levels observed in invasive disease 
in Sparc–/– tumors (Supplemental Figure 4A). These enhanced 
cytokine/chemokine levels were associated with greater infiltra-
tion by tumor-associated macrophages (TAM) as determined by 
mac1-positive immunostaining (Supplemental Figure 4B). These 
findings indicate that in the absence of SPARC, accelerated inflam-
mation accompanies urothelial preneoplasia as a consequence of 
substantial activation of NF-κB and AP-1 transcription factors in 
both urothelium and stroma, with progressive increase in down-
stream target chemokines/growth factors.

Loss of SPARC in TAMs enhances their inflammatory phenotype. Hav-
ing shown that TAMs are increased in Sparc–/– bladder lesions 
compared with Sparc+/+ (Supplemental Figure 4A), we sought to 
determine the contribution of macrophage-SPARC to bladder can-
cer progression. We isolated monocytes from Sparc–/– and Sparc+/+ 
bone marrows and induced their differentiation into macrophages 
as described (38). Under basal nonstimulated conditions, we did 
not observe any difference in the proliferation rates between 
Sparc+/+ and Sparc–/– macrophages (Supplemental Figure 5A). 
Neither exogenous SPARC nor genetic manipulation of SPARC 
expression by overexpression or knockdown affected their pro-
liferation (Supplemental Figure 5A). Sparc+/+ macrophages exhib-
ited transient increase in SPARC protein expression that peaked 
after 3 days, then declined to basal level at day 7 after stimulation 
(Supplemental Figure 5B). In addition, under basal unstimulated 
conditions, no differences in the activity of AP-1 and NF-κB pro-
moters between Sparc+/+ and Sparc–/– macrophages were detected, 
as determined by luciferase reporter assays (Supplemental Figure 
5, C and D). Coincubation of primary Sparc+/+ and Sparc–/– UC cells 
with Sparc+/+ and Sparc–/– macrophages increased AP-1 and NF-κB 
(Figure 7, A and B) promoter activity in UC cells and macrophages. 
Under all conditions, Sparc–/– UC cells and macrophages exhibited 
substantially higher AP-1 and NF-κB promoter expression com-
pared with Sparc+/+, with the highest levels occurring when Sparc–/– 
macrophages and UC cells were coincubated.

We next investigated the effect of macrophage-SPARC on 
the interaction of macrophages with tumor cells. Surprisingly, 
Sparc+/+ and Sparc–/– macrophages migrated similarly toward com-
plete growth medium (CGM) (Figure 7C); however, Sparc–/– mac-
rophages exhibited significantly more migration toward condi-
tioned medium (CM) from UC cells, with maximum migration 
observed when CM from Sparc–/– UC cells was used as an attractant 
(Figure 7C). Furthermore, CM of Sparc–/– macrophages induced 
significantly more invasiveness of UC cells than CM from Sparc+/+ 
macrophages, with maximum invasiveness exhibited by Sparc–/– 
UC cells toward CM of Sparc–/– macrophages (Figure 7D). Fur-
thermore, stimulation of Sparc+/+ and Sparc–/– macrophages with 
CM of Sparc+/+ and Sparc–/– UCs increased the production of H2O2 
from macrophages as determined by DCF (Supplemental Figure 
5E). When Sparc+/+ and Sparc–/– macrophages were stimulated with 
H2O2, which is the prototypical ROS encountered in many tumor 
microenvironments including that of bladder cancer, the produc-
tion of inflammatory cytokines by macrophages of either geno-
type was significantly increased over the nonstimulated controls 
(Supplemental Figure 5F). Moreover, H2O2-induced cytokine pro-
duction by Sparc–/– macrophages was markedly higher than Sparc+/+ 
counterparts. These results indicate that increased SPARC expres-
sion by Sparc+/+ macrophages during their differentiation attenu-
ates their proinvasive inflammatory characteristics.

Loss of SPARC in cancer-associated fibroblasts enhances their inflammatory 
phenotype. To determine the contribution of SPARC on stromal fibro-
blasts in the context of BBN-induced carcinogenesis and progression, 
we isolated primary stromal fibroblasts from cancerous (cancer-asso-
ciated fibroblasts [CAF]) and noncancerous (normal fibroblasts [NF]) 
Sparc–/– and Sparc+/+ bladders (ref. 39 and Supplemental Figure 3A). 
Consistent with earlier reports (38, 40–42), under basal conditions, 
Sparc–/– NF exhibited 3.2-fold more proliferation, whereas Sparc–/– 
CAFs exhibited 0.9-fold more proliferation than Sparc+/+ counterparts: 
an effect that was reversed by exogenous SPARC (20 μg/ml; Supple-
mental Figure 6A). Next, we determined the expression of SPARC 
protein in Sparc+/+ NF during their differentiation in response to 
H2O2 and CM from 72-hour murine bladder cancer cells (MB49). We 
also tested the effects of 8-isoprostane, another marker of oxidative 
stress/damage that progressively increased during preneoplasia and 
neoplasia (Figure 4C). We found SPARC increased, peaking at day 3 
(Supplemental Figure 6B). By day 10, a significant increase in expres-
sion of IL-6, CCL2, VEGF and TNF-α transcripts over unstimulated 
NF was also detected. Similar stimulation of Sparc–/– NFs with H2O2 

and CM resulted in levels of cytokines higher than those of Sparc+/+ 
counterparts (Supplemental Figure 6C). Notably, at all time points 
during differentiation, NFs were not proliferating, with 70%–85% 
cells in G1 phase and less than 0.17% apoptotic cells, as determined by 
propidium iodide staining and flow cytometry.

Sparc+/+ NF exhibited 2.4-fold more migration toward CGM vs. 
their Sparc–/– counterparts; whereas Sparc+/+ CAFs exhibited enhanced 
migration toward growth medium, Sparc+/+ UC, and Sparc–/–  
CM (1.6-, 1.8-, and 2-fold increase over the Sparc–/–, respectively).
Given that CAFs associated with developing neoplasia exhibit a 
proinflammatory signature driven by NF-κB and AP-1 (summa-
rized in ref. 43), we investigated the effect of SPARC on the activity 
of NF-κB and AP-1 promoters in normal and cancerous fibroblasts 
and urothelial cells. Under basal unstimulated conditions, there 
was no significant difference in AP-1 and NF-κB promoter activity 
between normal fibroblasts and NU cells of either genotype, whereas 
Sparc–/– UC cells exhibited significantly higher activity than Sparc+/+ 

Figure 5
Loss of SPARC enhances BBN-induced cell-cycle dysregulation in uro-
thelium and in murine urothelial cells in vitro. (A) Photomicrographs of 
Ki67 immunostaining in dissected bladder tissues from the indicated 
cohorts. Original magnification, ×200. Bars represent mean ± SEM 
of Ki67-positive nuclei counted in 6 random HPF/slide (n = 5 animals 
of each genotype/group).*P < 0.05 comparing Sparc–/– and Sparc+/+, 
2-tailed Student’s t test. **P < 0.05, 1-way ANOVA. (B) Western blot 
analysis of 25 μg protein of dissected Sparc+/+ and Sparc–/– urothelium 
from bladders with the indicated pathology for cell-cycle proteins and 
their inhibitors. Protein loading was verified by probing the membranes 
with tubulin. Quantification can be found in Supplemental Figure 1. (C) 
In vitro proliferation of NU (left) and UC (right) Sparc–/– and Sparc+/+ 
urothelial cells was determined by CyQuant assay. Cells were allowed 
to attach in 96 wells for 6 hours in CGM, then were switched to medi-
um with 2% FBS (basal) in the presence and absence of 0–20 μg/ml 
SPARC or 1 mM NAC for 48 hours. (D) Generation of H2O2 was deter-
mined by measuring the fluorescent intensity of DCF of Sparc–/– and 
Sparc+/+ murine urothelial cells (NU, left; UC, right) under indicated 
experimental conditions (excitation/emission 488/520 nm). Bars repre-
sent mean ± SEM of 2 independent experiments performed in quadru-
plicate. *P < 0.05 comparing Sparc–/– and Sparc+/+, unpaired 2-tailed 
Student’s t test; **P < 0.05 comparing the doses of exogenous SPARC, 
1-way ANOVA; #P < 0.05 comparing treatment with NAC to control/
carrier conditions.
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UC cells (Figure 8, A and B). Coincubation of primary Sparc+/+ and 
Sparc–/– UC cells with Sparc+/+ and Sparc–/– CAFs for 24 hours resulted 
in marked increase in AP-1 and NF-κB promoter activation in UC 
cells and CAFs. Under all the experimental conditions, Sparc–/– UC 
cells and CAFs exhibited significantly higher activity of AP-1 and 
NF-κB promoters compared with Sparc+/+, with the highest activa-
tion occurring when Sparc–/– CAFs and UC cells were coincubated 
(Figure 8, C and D). Furthermore, coincubation of Sparc+/+ and 

Sparc–/– CAFs and UC cells revealed that Sparc–/– CAFs were more 
potent inducers of UC cell invasiveness than Sparc+/+ CAFs (Figure 
8E). In either genotype, CAFs secreted higher levels of IL-6, CCL2, 
TNF-α, and VEGF in their CM than NF. Interestingly, the produc-
tion of TGF-β and SDF1/CXCL12 was primarily secreted by fibro-
blasts in vitro, suggesting they are the major contributors of these 
factors. The inflammatory secretome of Sparc–/– CAFs was higher 
than that of Sparc+/+ (Supplemental Figure 6, D and E).

Figure 6
Bladder carcinogenesis is associated with increased activation of NF-κB and p38-JNK–AP-1. (A) Western blot analysis of lysates from dissected 
bladder tissue from BBN-treated Sparc–/– and Sparc+/+ mice with preneoplasia (IAD and CIS; n = 3 each) showing increased phosphorylation of 
NF-κB p65 (Ser276 and Ser536), p38, SAPK/JNK (Thr183/Tyr185), and c-Jun (p63). Equal protein loading was confirmed by tubulin. (B and C) 
Immunostaining of bladder tissue sections shows the nuclear localization of phosphorylated c-Jun and cytoplasmic and nuclear localization and 
scoring of p65–NF-κB, respectively, in the normal, IAD, CIS, and invasive cancerous lesions. Original magnification, ×200.
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Finally, we determined whether SPARC exerts an antiangio-
genic effect and found that Sparc–/– preneoplastic and neoplastic 
bladders exhibited enhanced vascularity compared with those in 
Sparc+/+ mice (Supplemental Figure 7, A–D).

Host SPARC suppresses murine bladder cancer growth and metastasis. 
Given that Sparc–/– tumors were more metastatic and exhibited a sig-
nificantly increased angiogenic and inflammatory phenotype, with 
higher levels of inflammatory cytokines/chemokines (Supplemen-
tal Figure 4A), we were prompted to determine chemokine levels in 
the lungs corresponding to the bladder tissues examined in Supple-
mental Figure 4A. Interestingly, we found a progressive increase in 
their levels in matching lung tissues as a function of disease pro-
gression with significantly higher levels in Sparc–/– compared with 
Sparc+/+ lungs (Supplemental Figure 8A). In addition, macrophage 
infiltration was significantly higher in Sparc–/– compared with the 
Sparc+/+ lung metastases (Supplemental Figure 8B). These data are 
consistent with our recent reports that metastatic colonization of 
lung is instigated by bladder cancer cells and enhanced by reactive 
host macrophages preconditioning the metastatic niche (28, 29). 
Therefore, we sought to determine the contribution of cancer cell 
vs. stromal cell SPARC in bladder cancer metastasis by using MB49 
cells (28, 29), a syngeneic model of spontaneous metastasis that 
expresses detectable levels of SPARC (Figure 9A).

Two weeks after s.c. injection, tumor volumes were greater, while 
actuarial survivals were shorter in Sparc–/– mice compared with 
their Sparc+/+ counterparts (Figure 9, B and C). s.c. tumors grow-
ing in Sparc–/– mice exhibited increased macrophage infiltration 
(Supplemental Figure 9A) and mean vascular density (Supplemen-
tal Figure 9B) vs. those growing in Sparc+/+ mice. In addition, all 
mice with s.c. tumors developed lung metastases, with metastases 
in Sparc–/– mice being more infiltrated with macrophages (Supple-
mental Figure 9C). Consistent with our findings in the carcino-
genesis model, the levels of inflammatory cytokines in matched 
s.c. tumors and lung metastases were higher in Sparc–/– mice (Sup-
plemental Figure 9D). These results further support that host 
SPARC suppresses primary tumor growth and metastasis, exerting 
anti-angiogenic and antiinflammatory effects at each site.

To examine the possibility that increased metastases in Sparc–/– 
mice are due to faster growing and/or larger primary tumors and 
to determine the relevance of SPARC suppression on the latter 
phase of metastasis, namely metastatic colonization, we injected a 
fixed number of MB49 i.v. in Sparc–/– and Sparc+/+ mice expressing 
GFP and examined lung colonization at early time points. After 
perfusion of the dissected lungs to dislodge nonadherent cells, we 
found that as early as 24 hours after injection, the arrest and coloni-
zation of MB49-GFP cells was significantly higher in Sparc–/– mice 

Figure 7
Transcriptional activity of AP-1 and NF-κB in Sparc–/– and Sparc+/+ macrophages. (A and B) Activation of AP-1 and NF-κB promoters in Sparc+/+ 
and Sparc–/– macrophages (Mac) cocultured with UC cells for 24 hours. Bars represent mean ± SEM of 2 independent experiments performed in 
triplicate. *P < 0.05, comparing Sparc+/+ UCs cultured with Sparc+/+ and Sparc–/– Macs; **P < 0.05, comparing Sparc–/– UCs cultured with Sparc+/+ 
and Sparc–/– Macs; ***P < 0.05, comparing Sparc–/– and Sparc+/+ UCs cultured with Sparc+/+ and Sparc–/– Macs. (C) Migration of primary Macs 
toward CGM, CM of Sparc+/+ and Sparc–/– UC cells. Bars represent mean ± SEM of 2 independent experiments performed in quadruplicate. *P < 0.05 
between migration of Sparc–/– and Sparc+/+ Macs toward each attractant; **P < 0.05 between Sparc–/– and Sparc+/+ Macs migrating toward Sparc+/+ 
and Sparc–/– CM. (D) CM from Sparc–/– and Sparc+/+ Macs to stimulated Sparc–/– and Sparc+/+ UC cells Matrigel-invasiveness in Transwell assays. 
Bars represent mean ± SEM (n = 4). *P < 0.05 between Sparc–/– and Sparc+/+ UC cells migration toward CM; **P < 0.05 between the effect of CM 
of Sparc–/– and Sparc+/+ Macs on UCs invasiveness. All comparisons were performed with unpaired 2-tailed Student’s t test.
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compared with Sparc+/+ animals (Figure 9D). The number of fluo-
rescent cells arrested/colonized in the lung progressively increased 
over 48 and 72 hours, with markedly more cells in Sparc–/– lungs. 
Together, these data indicate that host SPARC inhibits the early 
metastatic colonization in the lungs and that enhanced metastasis 
from the s.c. site is not exclusively due to faster growing or larger 
primary tumors in Sparc–/– mice.

Tumor cell SPARC suppresses human urothelial carcinoma growth and 
lung colonization. Next, we sought to determine the relevance of 
SPARC in models of human bladder cancer by first determining the 
expression and effect of endogenous SPARC on human UC cells. We 
found that protein expression of SPARC is less in the tumorigenic 
T24T compared with poorly tumorigenic T24 isogenic line (27) and 
also found detectable SPARC expression in another tumorigenic 
UMUC3 cell line (Figure 10A). We then manipulated SPARC expres-
sion in UMUC3, T24, and T24T cell lines and found that forced 
expression of SPARC inhibited, while its depletion enhanced, cell 
proliferation in vitro (Figure 10A). Overexpression of SPARC in 
these cells was associated with decreased expression of cyclins A, D, 
and E, concomitant with increased expression of their inhibitors 

p21 and p27, whereas depletion of SPARC in UMUC3 and T24 cells 
had an opposite effect (Figure 10B). Furthermore, in s.c. xenografts 
in nude mice, overexpression of SPARC reduced in vivo growth of 
UMUC3 and T24T cells, whereas its depletion enhanced growth and 
size of UMUC3 xenografts and increased tumorigenicity of T24 cells 
to a level similar to that of T24T (Figure 10C).

To determine the role of tumor-SPARC in lung colonization 
and extend the observed MB49 data in a human model, we used 
an experimental metastasis model (28, 29), injecting human blad-
der cancer cells genetically modified for SPARC expression into 
nude mice. We found that, in UMUC3 cells, forced expression of 
SPARC significantly inhibited the incidence and multiplicity of lung 
metastasis (Supplemental Figure 10A), whereas depletion of SPARC 
increased the number and size of lung metastases and was associat-
ed with deceased survival (Supplemental Figure 10B). Interestingly, 
depletion of SPARC in the nontumorigenic nonmetastatic T24 cells 
substantially increased their incidence and number of lung metasta-
ses comparable to their isogenic metastatic T24T cells. In contrast, 
expression of SPARC in T24T significantly abrogated their meta-
static ability (Supplemental Figure 10B). To determine the effect of 

Figure 8
Reciprocal activation of AP-1 and NF-κB in Sparc–/– and Sparc+/+ urothelial cells and stromal fibroblasts. (A and B) The promoter activity of 
NF-κB and AP-1 was determined by measuring the luciferase activity in primary Sparc–/– and Sparc+/+ NF, CAF, NU, and UC cells transfected 
with pAP-1–luc and pNF-κB–luc reporter plasmids or pGL2 control vector for 24 hours as described in Methods. (C and D) Activation of NF-κB 
and AP-1 promoter in Sparc–/– and Sparc+/+ CAFs differentially cocultured with Sparc–/– and Sparc+/+ UC cells. Results were normalized to cell 
proliferation determined by CyQuant. Bars represent mean ± SEM of 2 independent experiments performed in triplicate. *P < 0.05. (E) The ability 
of Sparc–/– and Sparc+/+ CAFs to stimulate Sparc–/– and Sparc+/+ UC cells was determined in Transwell invasion assays using CM of Sparc–/– and 
Sparc+/+ CAFs in the bottom chamber of Matrigel-coated filters and Sparc–/– and Sparc+/+ UC cells added onto the filters. Bars represent mean 
± SEM (n = 4). *P < 0.05 between migration of Sparc–/– and Sparc+/+ UC cells toward CM; **P < 0.05 between the effect of CM of Sparc–/– and 
Sparc+/+ CAFs on UC invasiveness. All comparisons were performed with unpaired 2-tailed Student’s t test.
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endogenous SPARC on early metastatic colonization, we injected 
UMUC3 cells harboring non-targeting shRNA (UMUC3-NTsh) 
and UMUC3 depleted of SPARC (UMUC3-shSP) labeled with green 
fluorescent tracker CMFDA and quantified fluorescent signal in the 
lungs after perfusion. We found UMUC3-shSP exhibited a dramatic 
increase in lung colonization as early as 24 hours after injection, 
and this was maintained for 48 and 72 hours as compared with con-
trol cells (UMUC3-NTsh; Supplemental Figure 10C). Collectively, 
our results indicate that endogenous SPARC exerts a metastasis-
suppressor effect on bladder cancer cells in part through inhibiting 
colonization in the lung early in the metastatic cascade.

Discussion
To clarify apparently conflicting reports regarding the role of 
SPARC in tumor formation and progression, we used a well-
defined bladder carcinogenesis model (3, 30) in Sparc–/– and 
Sparc+/+ mice coupled with complementary murine and human 
models of disease (28, 29) as well as patient tumors to construct 
a comprehensive portrait of SPARC function in human bladder 
cancer. This approach is the first, to our knowledge, to clearly dis-
tinguish the role of tumor versus host SPARC.

Carcinogen exposure is known to be associated with progressive 
generation of ROS and markers of DNA, protein, and lipid oxi-
dative damage as well as inflammatory cytokines/chemokines (5, 
31, 44). We show that in the absence of SPARC, cell-cycle deregu-
lation and the initiation of urothelial atypia/dysplasia (Figures 

2 and 3) are accelerated concomitant with increased production 
of ROS (Figure 4), driving oxidative damage and inflammation 
reciprocated by urothelia and stroma. The antiproliferative and 
cell-cycle inhibitory effects of SPARC in preneoplastic and neo-
plastic urothelia were due to cell-cycle arrest at the G1/S phase 
with downregulation of cyclins A, D, and E and upregulation 
of their inhibitors p21 and p27. Interestingly the production of 
ROS by Sparc–/– urothelial cells in vitro was reversed by addition 
of SPARC, which inhibited cell proliferation and ROS generation 
and inflammation supporting a role for SPARC in restraining cell-
cycle progression and tumor cell proliferation. We also show that 
Sparc–/– mice increased accumulation of markers of oxidative dam-
age, including nicotinamide NNMT and sulfiredoxin (Figure 4). 
Both are endogenous antioxidants that are involved in biotrans-
formation of xenobiotics and morbidities characterized by oxida-
tive stress (45). However, their overexpression has been observed 
in many invasive and metastatic tumors (summarized in ref. 46), 
including bladder, skin, and lung cancers (34, 36). In addition, 
they act as signaling molecules leading to progressive activation of 
p38 MAPK and stress-activated protein kinase (SAPK)/JNK. These 
latter two converge to activate AP-1 and NF-κB, major orchestra-
tors of inflammation, carcinogenesis, invasiveness, and metastasis 
(31, 44, 47–49).

The role of tumor- versus host-SPARC cannot be distinguished 
by gene expression profiling, as the high expression of SPARC in 
the stromal compartment masks its downregulation/loss in the 

Figure 9
Host SPARC exerts a metastasis suppressor effect in murine models of bladder cancer. (A) Western blots of SPARC in MB49 (25 μg) relative 
to primary Sparc+/+ and Sparc–/– UC cells. Equal protein loading was confirmed by tubulin. (B) Scatter plots of tumor take and volume of MB49 
cells injected s.c. in Sparc–/– and Sparc+/+ mice. *P < 0.05, χ2 test; **P < 0.05, Student’s t test. (C) Kaplan-Meier curves showing the survival of 
Sparc+/+ and Sparc–/– mice after s.c. inoculation of MB49 cells. (D) Photomicrographs of GFP-MB49 cells i.v. injected in Sparc–/– and Sparc+/+ mice 
at indicated time points. Bars represent mean ± SEM of fluorescent intensity measured as described in Methods. *P < 0.05, unpaired 2-tailed 
Student’s t test, compared with Sparc+/+.
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expression of SPARC in bladder tumors represents a state of 
aberrant homeostasis with inflammation that might be directly 
involved in urothelial cell transformation through the persistent 
progressive release of cytokines. Similarly, the enhanced in vivo 
growth of syngeneic tumors reported in Sparc–/– mice (summarized 
in ref. 38) and the growth of MB49 tumors reported herein high-
light the role of SPARC in controlling many aspects of stromal 
desmoplasia, such as inflammation and angiogenesis supportive 
of tumor growth, invasiveness, and metastasis. Indeed, differentia-
tion and phenotypic commitment of epithelial, mesenchymal, and 
neuronal cells require that cells exit cell cycle, arresting at G0–G1/ 
S phase, and differentiate in response to microenvironmental cues 
(63). Since these programs are asynchronous and interconnected 
and oftentimes cells are locked in intermediate stages (summa-
rized in ref. 63), it was not surprising to find increased SPARC 
levels in early stages of differentiation of growth-arrested nonpro-
liferating fibroblasts and macrophages in response to inflamma-
tory stimuli (Supplemental Figures 5 and 6) and hence, the lack of 

cancerous compartment. Our findings regarding SPARC protein 
expression in the human bladder tumor and carcinogenesis model 
in the Sparc+/+ mice may explain the apparently paradoxical reports 
in which expression of SPARC protein in cancer is decreased due 
to promoter methylation, while being overexpressed in the tumor 
associated stroma (26, 50–56). In our study, we show that SPARC 
protein expression increased in fibroblasts and macrophages in 
vitro in response to stimulation by cancer cells, the prototype ROS, 
and H2O2 as well as 8-isoprostane, another marker of oxidative tis-
sue damage that further contributes to inflammation and ROS 
production. This observation is intriguing because the expression 
of SPARC has long been linked to physiological and pathological 
conditions characterized by extensive remodeling, desmoplasia, 
and plasticity, such as during embryonic development, wound 
healing, and cancer (38, 41, 57–61), where it functions to maintain 
tissue homeostasis (summarized in refs. 10, 62).

Because tumors are viewed as “wounds that never heal” due 
to aberrant homeostasis (43), we speculate that the differential 

Figure 10
Effect of SPARC on UC cell proliferation in in vitro and in vivo tumorigenicity. (A) Western blots showing the expression of SPARC protein in 20 μg 
protein of UMUC3 (top panel), T24, and T24T (bottom panel) human bladder cancer cell lines after overexpression and/or depletion of SPARC. 
The effect of genetic manipulation of SPARC on UC cell proliferation was determined by CyQuant assay. UMUC3, T24, and T24T transfected 
with full-length SPARC in pcDNA3.1 (pSP) and pcDNA3.1 empty vector control (VC) or transduced with lentiviral vector laden with short hairpin 
targeting Sparc gene (shSP) and its irrelevant nontarget control (NTsh). Representative growth curves of cell proliferation measured at 24, 48, 
and 72 hours performed twice in quadruplicate. *P < 0.05, comparing cells overexpressing SPARC (pSP) with their matching VC; **P < 0.05, 
comparing cells depleted of SPARC with their matching NTsh, Student’s t test. (B) Western blot of cycle regulatory proteins cyclins A, D, and E 
and their inhibitors p21 and p27 in 20 μg of the aforementioned cell lines. Equal protein loading was confirmed by reprobing blots with tubulin. (C) 
Scatter plots representing s.c. tumor take and volume of the UMUC3 T24, and T24T genetically manipulated for SPARC expression after injection 
in nude mice. *P < 0.05, χ2 test; **P < 0.05, 2-tailed Student’s t test.
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study was conducted in which mice were monitored 3 times per week and 
surrogate end points of survival were as follows: impaired mobility, behav-
ior, activity, blood on urethra, change in feeding/drinking habits, weight 
loss/cachexia >20% of initial weight, and any sign of pain or distress not 
relieved by standard treatments. Mice were euthanized by isoflurane inha-
lation and cervical dislocation. In a second study, mice were euthanized at 
8 weeks, 8–15 weeks, 15–25 weeks, and 25 weeks, and bladders were sagit-
tally dissected into 2 halves and inspected for gross tumors. One half was 
processed for histopathologic examination and the other was snap–frozen 
in liquid nitrogen and stored at –80°C for further studies. Three to five 
micron sections were stained with H&E and examined for tumor. Diag-
noses were as follows: (a) normal, 3–7 cell layers with normal maturation 
from basal to luminal levels that includes large/flat umbrella cells; (b) IAD, 
nuclear (pleomorphism) or architectural distortion without increased num-
ber of cells (c) CIS, flat lesion within the urothelial layer displaying loss of 
polarity/differentiation with marked nuclear pleomorphism, high nuclear/
cytoplasmic ratio, and mitotic figures; and (d) invasive carcinoma, invasion 
was diagnosed if tumor cells were seen infiltrating the muscle layers of the 
bladder. Para-aortic LNs, kidneys, lungs, and liver were also dissected and 
grossly and microscopically examined for pathological changes. All slides 
were examined by a urologic pathologist (H.F. Frierson). Formalin-fixed, 
paraffin-embedded tissues were deparaffinized and stained with H&E or 
immunohistochemical (IHC) staining; see below.

Western blotting. Peeled urothelia at different time points were homog-
enized in 500 μl of lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM 
EDTA, 5 mM EGTA, 0.5% NP-40, 40 mM β-glycerolphosphate, 0.5 μg/ml 
each leupeptin, pepstatin, and chymostatin, 50 mM NaF, 5 mM Na3VO4, 
with 1 μM microcystin) for 10–20 minutes on ice. Protein concentrations 
were determined using a bicinchoninic acid (BCA) assay (Pierce). Equal 
amounts of cellular protein (25 μg) were resolved on 4%–20% polyacryl-
amide gels and subsequently transferred on PVDF membrane (Bio-Rad). 
Monoclonal and polyclonal antibodies against mouse and human SPARC, 
human osteonectin, cyclin D1, cyclin E2, cyclin A, p21, p27, p65–NF-κB, 
phospho–p65–NF-κB, c-Jun, phospho–c-Jun, p38, phospho-p38, sulfire-
doxin, NNMT, pancytokeratin, and α-tubulin were purchased from R&D 
Systems Inc., Haematologic Technologies, Invitrogen, Cell Signalling Tech-
nologies, Inc., Abcam, Millipore, and Santa Cruz Bitoechnology Corp., 
respectively. Chemiluminescence was detected using SuperSignal Femto 
Maximum Sensitivity Substrate (Pierce) (28) and quantified with Fluoro-
Chem 8800 (Alpha Innotech Corporation). Membranes were then stripped 
of antibodies and reprobed with monoclonal antibody against α-tubulin 
to ensure equal protein loading.

8-isoprostane, 8-OH-dG, cytokine/growth factor assays. Tissue homogenates 
and CM from the experimental conditions described in the figure legends 
were collected and stored at −80°C. Commercial ELISA kits were used to 
determine the concentrations of IL-6, VEGF, TNF-α, CCL2, TGF-β, SDF1, 
CCL3, and CXCL2 (RayBioTech. Inc. and R&D Systems). Enzyme immu-
noassay (EIA) kits for 8-isoprostane and 8-hydroxy-2-deoxy Guanosine 
(8-OH-dG) were purchased from Cayman Chemicals Inc. and were used 
according to the manufacturer’s instructions. For 8-OH-dG determina-
tion, DNA was extracted from tissue homogenates using a DNA extraction 
kit (QIAGEN) followed by digestion with P1 nuclease (Sigma-Aldrich) and 
treatment with Alkaline phosphatase (Sigma-Aldrich).

Isolation and short-term culture of primary urothelial cells, fibroblasts, and macro-
phages. Following resection, NU and UC cells and fibroblasts were isolated 
from Sparc–/– and Sparc+/+ bladders as earlier described (12, 69) with some 
modifications. The inner layers of bladders were peeled off and minced 
into approximately 1-mm3 pieces under sterile conditions, washed, and 
then resuspended in 10 ml of dissociation buffer (Sigma-Aldrich) and 
incubated for 2 hours at 37°C with vigorous shaking. The resulting cell-

correlation of stromal expression of SPARC protein and/or cell-
cycle regulators with disease progression and DSS in murine and 
human tumor tissues.

Herein, we demonstrate that SPARC inhibited the acquisition 
inflammatory secretory phenotype of TAMs and CAFs through 
inhibition of the activation of NF-κB and AP-1 in heterotypic cul-
tures with cancer cells with subsequent decrease in their secreted 
cytokines and cancer cell invasiveness (Figure 7). Interestingly, 
among the secreted factors that were significantly downregulated 
in the presence of SPARC, TGF-β and SDF1 were exclusively con-
tributed by CAFs. Both TGF-β and SDF1 have been implicated 
in the recruitment and differentiation of fibroblasts in different 
remodeling tissues (43) and were implicated in cancer cell invasive-
ness (reviewed in ref. 43). The reciprocal regulation of TGF-β and 
SPARC has been reported in many physiological and pathological 
contexts (20, 38, 64). Recent studies reported that in Sparc–/– pan-
creatic tumors, aberrant TGF-β activation and high levels of TGF-β 
were associated with decreased pericyte recruitment, destabiliza-
tion of blood vessels (42, 65), vascular permeability, and inflamma-
tion contributing to tumor progression (17). Our results (Figures 
6–8) indicate that SPARC attenuated the cancer-stromal cell cross-
talk with subsequent inhibition of the inflammatory phenotype of 
fibroblasts and macrophages, as demonstrated by its differential 
effects on activation of NF-κB and AP-1 in heterotypic cocultures. 
SPARC markedly inhibited the feed-forward loop that is reciprocat-
ed and maintained among cancer cells, TAMs, and CAFs through 
secreted inflammatory molecules, such as ROS, growth factors, 
and cytokines/chemokines that act as a double-edged sword in the 
tumor microenvironment. On the one hand, they sustain cancer 
cell proliferation, invasiveness, angiogenesis, and metastasis (7, 11, 
12, 18). On the other hand, they play a critical role in recruitment 
and differentiation of stromal cells. The translational significance 
of this study stems from our findings of the inhibitory effect of 
tumor cell and host SPARC on urothelial carcinogenesis, progres-
sion, and metastasis (Supplemental Figure 11). Forced overexpres-
sion of SPARC in medulloblastoma, ovarian, and colorectal cancer 
cell lines reversed their resistance and enhanced their sensitivity 
to standard of care chemotherapy and radiation therapy (50, 66, 
67). In addition, the inverse relationship between SPARC tumor 
expression and the increased activation of NF-κB and AP-1 target 
molecules represents viable therapeutic targets. The upregulation 
of inflammatory cytokines and mediators can be targeted by small 
molecule inhibitors and neutralizing antibodies to retard meta-
static disease. Of note is our report of the efficacy of targeting the 
CCL2/CCR2 axis in inhibiting lung metastases in models of blad-
der cancer metastasis (29). In view of our findings herein, the use 
of SPARC in urothelial cancer in the adjuvant and/or neoadjuvant 
settings as a single agent or in combination with agents that target 
downstream effectors is warranted.

Methods
Transgenic animal model. All animal protocols were approved by the ACUC 
of the University of Virginia. Sparc–/– mice were originally obtained from 
The Jackson Laboratory. Sparc–/– mice were originally generated by targeted 
disruption of the Sparc locus in mouse ES cells by insertion of neomycin-
resistance genes into exon 4 of the Sparc gene derived from mouse strain 
129Sv and crossed with C57BL/6 mice as earlier detailed (68). Mice used 
in the present study were maintained in C57BL/6 background for at least 
10 generations (16). Four-week-old Sparc–/– and Sparc+/+ mice in a C57BL/6 
background (16, 68) were started on 0.05% BBN in drinking water. An initial 
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In vitro proliferation and microinvasion assays. Collage I from rat tail and 
reduced growth factor Matrigel were purchased from BD Biosciences. Unless 
otherwise stated, all other chemicals were purchased from Sigma-Aldrich or 
Thermo Fisher. CyQuant assay (Invitrogen) was used to determine cell pro-
liferation and DNA content per the manufacturer’s instructions. Chemoin-
vasion assay was carried out with 24-well and 8-μm–pore-size polycarbonate 
filters (Costar; Thermo Fisher) as previously described (7, 11, 18, 28). For 
blocking assays, cells were incubated with 1 mM NAC (stock in deionized 
water) for at least 1 hour at 37°C, followed by the addition of the 10 μM 
DCF; the intensity of the fluorescence was scanned continuously for 1 hour 
in a plate reader at excitation and emission A485 nm and A525 nm. Experi-
ments were repeated twice in quadruplicate.

In vivo tumor xenografts and experimental and spontaneous metastasis models.  
Female athymic (nu+/nu+) mice, 4–6 weeks of age (NCI), were treated 
after approval of our experimental protocols by the Animal Care and 
Use Committee of the University of Virginia. The s.c. tumors were gener-
ated by injecting T24, T24T, and UMUC3 cells (106 cells/0.1 ml phenol 
red–free medium) s.c. into the flanks of 5-week-old nude mice. Animals 
were monitored twice weekly for tumor development as described (16). 
For syngeneic models, Sparc–/– and Sparc+/+ mice were injected s.c. in 1 
flank with 1 × 104 MB49 cells/100 μl phenol red–free RPMI 1640. Ani-
mal survival and the development of s.c. tumors and lung metastasis 
were monitored. At the end of 14 days, lungs were dissected and pro-
cessed as described earlier (16, 28). For experimental metastasis assays, 
mice received injections via lateral tail vein. Mice were euthanized 4 or 
6 weeks after injection, lungs were harvested, and the number of visible 
surface metastases was determined. Tissues were either processed for 
immunostaining or snap-frozen for molecular analyses (28). For early 
metastasis efficiency assays, MB49 cells overexpressing GFP via retro-
viral transduction (1 × 104 cells) and UMUC3-NTsh and shSPARC cells  
(1 × 106 cells) labeled with CellTracker Green CMFDA (10 μM; Molecu-
lar Probes) were i.v. injected via tail veins of Sparc–/– and Sparc+/+ mice 
and nude mice, respectively (28). After 24, 48, and 72 hours, lungs were 
dissected, perfused with 10% neutral buffered formalin in PBS, and then 
fixed in OCT and processed for cryosectioning. The numbers of fluores-
cent tumor cells adherent to the lung vasculature and parenchyma were 
counted in 5 random fields of 10-μm sections (n = 4 animals) under 
fluorescent microscopy (A492/A517, excitation/emission). Fluorescent 
images were analyzed by ImageJ software.

Construction and immunostaining of bladder cancer tissues. Protein expres-
sion pattern of human SPARC was assessed using 2 TMAs (28, 29). Anti-
gen-retrieval methods (0.01% citric acid for 15 minutes under microwave 
treatment) were utilized prior to incubation with mouse monoclonal 
anti-SPARC antibody (R&D Systems Inc.) at 1:500. Staining conditions 
were optimized on sections from formalin-fixed, paraffin-embedded ova-
ries and testes as positive control, as recommended by the manufacturer. 
The absence of primary antibody was used as a negative control. The sec-
ondary antibodies (Vector Laboratories Inc.) were biotinylated horse anti-
mouse antibodies (1:500 dilution). Diaminobenzidine was utilized as the 
final chromogen and hematoxylin as the nuclear counterstain (28, 29).
The consensus value of the 3 or 4 representative cores from each tumor 
sample arrayed was used for statistical analyses. SPARC expression was 
evaluated in the tumor and in the stroma. SPARC “score” was the num-
ber of cells expressing the protein in the cytoplasm and nuclei. SPARC 
staining “intensity” was categorized as negative (–), low (+), intermediate 
(++), and high (+++). Tumor and stroma were evaluated separately. Cut-
offs of expression for prognostic evaluation were selected based on the 
median values of expression among the groups under analyses. “High” 
score was staining of more than 10% of cells. “High” intensity was equal 
to or higher than “low” (+).

tissue mixture was washed 3 times in fresh keratinocyte growth medium-2 
(KGM-2) supplemented with KGM-2 bullet kit and growth factors (Clonet-
ics KGM-2 and SingleQuot Suppl. Kit; Lonza). The remaining bladder tis-
sues were minced and digested in collagenase/dispase (Sigma-Aldrich) for 
4 hours at 37°C and then cultured in DMEM/F12 medium supplemented 
with 10% FBS, 100 μg/ml streptomycin, 50 units/ml penicillin, and 1.5 g/
ml fungizone until adherent fibroblast colonies became confluent. Epithe-
lial and fibroblast phenotypes were confirmed by morphologic appearance 
and by Western blotting for pankeratin, vimentin, and α-smooth muscle 
actin (from Cell Signaling and Santa Cruz Biotechnology Inc.) for cancer 
cells and fibroblasts, respectively. All experiments used primary normal 
(passages 2–3) and cancer urothelial cells (passages 2–4) and fibroblasts 
(passages 2–6). Fibroblast differentiation into CAFs was induced in vitro 
by treating 80% confluent monolayers with 0.1% H2O2 and/or 10 nM 8-iso-
prostane (Cayman Chemicals Inc.). SPARC-depleted CM from 72-hour 
confluent monolayers of MB49 cells were prepared by preclearing CM with 
1 μg goat anti-mouse SPARC (R&D Inc.) for 4 hours followed by protein 
A/G sepharose beads (Sigma-Aldrich) per the manufacturer’s protocol. The 
cleared CM was filter sterilized and added to primary fibroblasts.

Isolation of Sparc+/+ and Sparc–/– monocytes/macrophages. Monocytes were iso-
lated by flushing bone marrow with sterile PBS and were further purified 
by attachment assay. Attached monocytes were induced to macrophage dif-
ferentiation by adding 10 ng/ml of GM-CSF (Peprotech) for 5 days in RPMI 
1640 supplemented with 2 mM l-glutamine and 10% FBS (70). Twenty-four 
hours before the experiments, GM-CSF was omitted from the medium. Pri-
mary monocytes/macrophages were used between passages 2–6.

Cell lines, culture, gene transfer, and NF-κB and AP-1 luciferase assays. All 
cell culture reagents were from Invitrogen. UMUC3, T24, T24T, U937, 
and MB49 cells were obtained from and maintained as recommended by 
ATCC (28). UMUC3, T24T, and U937 cells were transfected with pSPARC 
(12, 13) cloned in pcDNA3.1 or empty vector control using Fugene 6 
(Roche Applied Science) according to the manufacturer’s instructions. 
Stable selection in G418 was used in in vivo experiments. Stable knock-
down of SPARC was done using shRNAs targeting SPARC 5′-CCGGCG-
GTTGTTCTTTCCTCACATTCTCGAGAATGTGAGGAAAGAACAAC-
CGTTTTT-3′ or nontarget shRNA (NTsh) control vector, cloned in 
pLKO.1-puro (Mission-TRC; Sigma-Aldrich) following the manufacturer’s 
protocol. shRNA plasmids were packaged in 293T cells by cotransfection 
with compatible packaging plasmids (Addgene). Culture supernatants 
containing the viral particles were collected 48 hours after transfection 
and filtered through 0.45-μm filters (Fisher Scientific). UMUC3 and T24 
cells were transduced with lentivirus-containing supernatants in the pres-
ence of 8 μg/ml Polybrene (Sigma-Aldrich) for 24 hours. Virus-containing 
medium was replaced with selection medium containing 1 μg/ml puromy-
cin (Sigma-Aldrich) for 2 weeks. Cells with the most efficient knockdown 
were used in subsequent experiments. The activation of NF-κB and AP-1 
promoters was determined in human and murine UC cells, CAFs, and mac-
rophages as described earlier (28).

Intracellular ROS formation in cells and tissues. To examine accumulation of 
superoxide anions, cells and frozen bladder sections were incubated with 10 
μM DHE (Molecular Probes) for 30 minutes at 37°C, after which they were 
analyzed by fluorescent microscopy (Leica). Cellular oxidation in the blad-
der tissue was assayed by quantifying the fluorescence intensity at A510/A595 
excitation/emission in 6 fields/section (n = 6/group). Image analysis was 
performed using Image J software (http://rsbweb.nih.gov/ij/index.html). 
Alternatively, cells were loaded with 10 μM of 2′,7′-dichlorofluorescein 
diacetate (H2DCFDA, for brevity DCF) (Molecular Probes), a marker of cel-
lular oxidation by hydrogen peroxide H2O2. At the end of incubation, cells 
were washed in PBS and exposed to different stimuli for the indicated times. 
The intensity of DCF was measured at A485/A525 excitation/emission (33).
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parisons were considered significant at P < 0.05. Statistical analysis of the 
CES of SPARC, phospho–p65–NF-kB, and phospho–c-Jun in mouse tissue 
was performed using Kruskal-Wallis 1-way ANOVA followed by Dunn’s 
and Bonferroni’s multiple comparison post-hoc analyses (GraphPad Prism 
5.0). Associations of SPARC expression in TMAs with DSS were evaluated 
using the log-rank test. DSS time was equivalent to months between trans-
urethral resection or cystectomy and death of disease. Survival plotted 
using Kaplan-Meier methodology (SPSS) (28, 29)

Study approval. All animal experiments were performed after approval of 
protocol and in compliance with guidelines of the Animal Care and Use 
Committee of the University of Virginia. Bladder cancer TMAs were con-
structed at the Spanish National Cancer Institute (28, 29). These arrays 
included primary urothelial cell carcinomas of the bladder belonging to 
patients recruited under Institutional Review Board–approved protocols; 
patients gave informed consent in studies referenced (28, 29).
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Immunostaining of mouse tumor tissues was performed with Vecta-
stain ABC ELITE or a MOMA Kit (Vector Laboratories, Inc.) according 
to manufacturer’s instructions and counterstained with hematoxylin. 
Antigen retrieval was achieved as described above. We used monoclonal 
and polyclonal antibodies against the following: phospho–p65–NF-κB, 
phospho–c-Jun (Cell Signaling), Ki67 (Dako Cytomation), mac1 and CD31 
(eBioscience), and goat anti-mouse SPARC (R&D Systems Inc.). Scoring of 
the expression of phospho–p65–NF-κB, and phospho–c-Jun in the cyto-
plasm and nuclei of urothelial (normal and cancerous) and stromal cells 
was carried out using a composite expression score (CES) combining the 
frequency and intensity of staining. The frequency of positive staining 
was determined by the number of positive cells per 100 cells counted in 6 
independent fields/bladder section. Frequency score was set based on the 
percentage of positive cells: 10% (score 0); +, 11%–40% (+), 41%–70% (++), 
and more than 70% (+++). The intensity of staining intensity score was as 
described above. For each section, a CES was generated by transforming 
the frequency and intensity scores into numeric values. This scoring sys-
tem allows compensation for tumor heterogeneity as well as the sequential 
phosphorylation and nuclear translocation of these transcription factors. 
In all immunostaining experiments, negative controls were performed 
omitting the primary antibodies. In SPARC immunostaining, the specific-
ity of the antibodies was validated by including recombinant human and 
murine SPARC (R&D Systems Inc.) during staining to competitively inhibit 
the reaction of the antibodies with tissue SPARC (Supplemental Figure 12).

Statistics. The relationships among tumor histology, genotype, and age 
were assessed by applying the χ2 test. All other comparisons between 
Sparc−/− and Sparc+/+ groups were performed with 2-tailed Student’s t test. 
The changes of the levels of cytokines/chemokines, growth factors, and 
inflammatory mediators as a function of tumor progression in either 
Sparc−/− or Sparc+/+ tumors were analyzed by 1-way ANOVA. Analyses were 
carried out with GraphPad Prism 5.0 software and Microsoft Excel. Com-
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