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Abstract

Understanding the mechanism of metastatic dissemination is
crucial for the rational design of novel therapeutics. The secreted
protein acidic and rich in cysteine (SPARC) is a matricellular
glycoprotein which has been extensively associated with human
breast cancer aggressiveness although the underlyingmechanisms
are still unclear. Here, shRNA-mediated SPARC knockdown great-
ly reduced primary tumor growth and completely abolished lung
colonization of murine 4T1 and LM3 breast malignant cells
implanted in syngeneic BALB/c mice. A comprehensive study
including global transcriptomic analysis followed by biological
validations confirmed that SPARC induces primary tumor growth
by enhancing cell cycle and by promoting a COX-2–mediated
expansion of myeloid-derived suppressor cells (MDSC). The role

of SPARC inmetastasis involved a COX-2–independent enhance-
ment of cell disengagement from the primary tumor and adher-
ence to the lungs that fostered metastasis implantation. Interest-
ingly, SPARC-driven gene expression signatures obtained from
these murine models predicted the clinical outcome of patients
with HER2-enriched breast cancer subtypes. In total, the results
reveal that SPARC and its downstream effectors are attractive
targets for antimetastatic therapies in breast cancer.

Implications: These findings shed light on the prometastatic role
of SPARC, a key protein expressed by breast cancer cells and
surrounding stroma, with important consequences for disease
outcome. Mol Cancer Res; 15(3); 304–16. �2016 AACR.

Introduction
Breast cancer is the second cause of cancer-related death among

women in most countries. Only 25% of the patients with met-
astatic disease survive after 5 years (1). Global transcriptomic
analysis of primary breast cancer samples has shown the existence

of a molecular signature predictive of metastatic development
embedded in the primary tumor (2) indicating that the cell
clones responsible for cancer dissemination are already present
in the primary tumor.

Previous studies performed in women who died of metastatic
breast cancer showed that more than 80% of metastasis deposits
were in the lungs and pleura (3). SPARC has been heralded as
one of the very few genes that acts in a concerted way to promote
the establishment of lung metastasis (4). SPARC expression in
breast cancer was associated with the less differentiated grade 3
samples (5) and with the more aggressive CD44þ basal-like
samples (6). SPARC was proposed as an independent marker
of poor prognosis for in situ ductal carcinoma (7), invasive ductal
carcinoma (8), and breast cancer as a whole (9). mRNA sequenc-
ing studies identified SPARC as one of the top 6 transcripts in
breast cancer primary tumor samples (10). In silico analysis
associated SPARC expression with poor prognosis in patients
with HER2-enriched breast cancer (11). While most studies
associated SPARC expression with the more aggressive forms of
breast cancer and with poor prognosis, other studies seem to
contradict this view. The expression of SPARC in combination
with TIMP3, FN1, and LOX was significantly associated with
distant metastasis-free survival in lymph node–negative patients
(12). Additional studies showed that strong expression of stro-
mal cell–derived SPARC in breast cancer samples appear to
correlate with survival (13). In addition, low SPARC staining
has been shown to correlate with poor prognosis in patients with
luminal A or triple-negative breast cancer (TNBC; ref. 14).
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This controversy was also observed in in vitro and in vivo
studies using murine models. SPARC has been identified as one
of the four genes that promotes lung metastasis (4) and its
expression in MCF-7 cells promoted epithelial–mesenchymal
transition (EMT), through Snail (15). Knockdown of its expres-
sion in MCF7 cells impaired motility and invasive capabilities
(16). Moreover, breast cancer cells respond to SPARC by
showing increased activity of MMP-2, a potential mechanism
that might facilitate cell dissemination (17). On the contrary,
enforced overexpression of SPARC in MDA-MB-231 cells
diminished bone metastases through the reduction of tumor
cell–platelet aggregation (18).

Using immunocompromised mice models, it was shown that
knockdown of SPARC expression in human melanoma cells
induced tumor rejection by an IL8/GRO–driven recruitment
and activation of polymorphonuclear cells (19, 20). SPARC-
producing mammary carcinoma cells exhibited a reduced
tumor growth in SPARC-null mice and an increased infiltration
of CD45þ leucocytes compared with wild-type mice (21).
Moreover, SPARC expressed by tumor-infiltrating macrophages
increased the dissemination of 4T1 mammary cancer cells in a
SPARC-null mice model (22). These reports suggest a link
between SPARC and the inflammatory response that cannot
be fully assessed in immunocompromised models. Here, we
performed a comprehensive study in immunocompetent mice
models aimed to clarify the role of SPARC in breast cancer
progression and identify downstream mechanisms and effec-
tors. By knocking down SPARC expression in malignant breast
cancer cells, we show that SPARC promotes primary tumor
growth and dissemination through downstream effectors that
affect cell cycling/viability, immune response, and extracellular
matrix remodeling. A SPARC-dependent molecular signature
derived from these studies was able to identify patients with
worse prognosis in the HER2-enriched human breast cancer
subtype.

Materials and Methods
Mice and human samples

Female BALB/c mice (6–8 weeks) were housed at the animal
facility of Leloir Institute (NIH A5168-01). All the in vivo
experiments were approved by the Institutional Animal Care
and Use Committee (IACUC-FIL, Protocols 51 and 69). Paraf-
fin-embedded tumor sections were obtained from the Service of
Pathology, Eva Peron Hospital, San Martín, Buenos Aires,
Argentina following institutional guidelines (Supplementary
Table S1).

Cell culture
Authenticated 4T1 and MCF7 cells were purchased from the

ATCCbetween 2009 and 2011. LM3 cells were kindly provided by
Elisa Bal (Institute of Oncology "Angel H. Roffo", University of
Buenos Aires, Aires, Argentina). All the cell lines were grown in the
recommended media, supplemented with 10% FBS (Natocor)
and antibiotics, and maintained at 37�C, 5% CO2 for no longer
than 5 passages. To generate spheroids, dispersed cells were
seeded in 96-well plates precoated with 75 mL of 1% agarose at
a density of 1�104 cells perwell. All the cellswere routinely tested
for mycoplasma contamination by PCR (23). Stable knockdown
of SPARC and stable expression of COX-2 and SPARC was carried
out as described in the Supplementary Materials and Methods.

In vivo assays
A total of 2 � 105 cells were subcutaneously injected in the

mammary fat pad of BALB/c mice in 50 mL of serum-free PBS.
Tumor volume was calculated as V ¼ ds

2dl/2, where ds and dl are
the smaller and larger diameters, respectively. Whenmice showed
physiologic signs of distress (i.e., piloerection and respiratory
failure), they were euthanized and tumors were removed and
fixed in 10% buffered formalin for immunohistochemical stud-
ies. Metastasis foci were counted after fixing lungs with 10%
buffered formalin. For quantification of circulating tumor cells,
tumor-bearing mice were bled from the submandibular region 7
and 14 days after cell injection. Erythrocytes were lysed with
buffered ammonium chloride solution (ACK buffer) for 5 min-
utes and the remaining cells were resuspended in selective media
with G418 (Invitrogen) and cultured for 4 weeks in 10-cm tissue
culture plates. Images were captured under �100 magnification
and clonogenic GFPþ colonies were counted with a CellProfiler
homemade pipeline (24). For the analysis of lung adhesion
capability, 1 � 105 4T1 cells prestained with DiR (Molecular
Probes) were intravenously injected in 0.05mL PBS. DiR in vivo
tracking on isolated lungs was followed with a Fluorescence
Imaging (FI) IVIS Lumina Bioluminometer (Xenogen). Captured
images were measured as average photons per second per square
centimeter per steridian (p/s/cm2/sr).

Immunohistology and immunofluorescence
After deparaffinization, 5-mm sections of human or murine

samples were incubated with antibodies (Ab) against human
SPARC (1:10, MAB941; R&D Systems), mouse SPARC (1:10,
AF942, R&D Systems), mouse cleaved caspase-3 (1:1,000,
RA15046, Neuromics), and mouse Ki67 (1:400, Cell Signaling
Technology). Staining was revealed using the Vectastain Elite
ABC kit (Vector Laboratories). For total collagen detection,
deparaffinized sections were stained with Masson trichrome
according to the standard protocols. A homemade Matlab
algorithm (The Mathworks, Inc.) was used to quantify SPARC,
Ki67, and collagen staining (details provided in Supplementary
Materials and Methods). Cleaved caspase-3þ cells were counted
manually. COX-2 expression in murine spheroids was assessed
by immunofluorescence. Briefly, spheroids were rinsed twice
with PBS, fixed in 4% PFA for 1 hour, cryopreserved overnight
in 30% sucrose, embedded in tissue optimum cutting temper-
ature (OCT), and stored at �20�C. Cryostat sections of 9 mm
were incubated overnight at 4�C with an anti-COX-2 Ab (1:100,
ab15191, Abcam) followed by 2-hour incubation with 1/200
Cy-5–labeled donkey anti-rat Ab (Jackson Laboratories). Ima-
geJ (25) was used to quantify spheroid fluorescence. Corrected
total spheroid fluorescence (CTSF) was calculated as Integrated
density � (area of selected spheroids � mean fluorescence of
background). All images were captured using BX-60 Olympus
fluorescent microscope.

Microarrays analysis
RNA was obtained from cells and tumors (2-day-old primary

tumors and 30-day-oldmetastasis foci) using the RNeasyMini Kit
(Qiagen). The 2-day-old tumors could be identified as a small but
palpable knobof around1.0–1.5mm3 thatwas clearly seenon the
everted skin (26). Total RNAamplification and cRNA labelingwas
performed using the SuperScript Indirect RNA Amplification
System (Invitrogen). Profiling using the 38.5 k Murine Exonic
Evidence Based Oligonucleotide (MEEBO, Microarray Inc) is
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described in the Supplementary Materials and Methods. Micro-
array profiling datawere deposited intoGEO(GSE83832).mRNA
levels were validated by quantitative RT-PCR as described in
Supplementary Materials and Methods.

Studies with immune cells
Frequency of myeloid-derived suppressor cells (MDSC;

CD11bþGr-1þ cells) and T lymphocytes (CD4þ or CD8þ cells)
was analyzed by flow cytometry. Briefly, cell suspensions from
spleen, primary tumor, bonemarrow, and lungswere labeledwith
mAb PE/Cy7 anti-Ly-6G/Ly-6C (Gr-1, clone RB6-8C5, Biolegend)
in combination with PE/Cy5 anti-CD11b (clone M1/70, Biole-
gend) for MDSCs or with PeCy5 anti-CD4 (clone RM4-5 BD) or
Alexa-488 anti-CD8 (clone 53-6.7, BD) for T lymphocytes subsets.
Cells were analyzed on a FACSCanto II flow cytometer (BD
Biosciences). CD4þ and CD8þ lymphocytes were depleted in vivo
by intraperitoneal administration of 0.2mg ofmAbs against CD4
(clone YTS 191.1; ATCC) and CD8 (clone YTS 169.4; ATCC)
respectively, at days �1, 1, 8, 15, and 22, relative to inoculation
of malignant cells (27). Control mice received equivalent
amounts of normal mouse IgG at the same days. Depletions were
confirmed in peripheral blood 7 days after tumor challenge by
flow cytometry using non cross-reactive Abs.

Statistical and bioinformatics analysis
Prism5 (GraphPad Software, Inc.) was used. Two groups were

compared with a Student t test for unpaired data. ANOVA using
Bonferroni posttest was used for multiple comparisons. A P value
< 0.05 was considered statistically significant. Functional analysis
over the Kyoto Encyclopedia of Genes and Genomes (KEGG;
ref. 28) andGeneOntology's (GO; ref. 29) biological process (BP)
were performed using the different candidate gene lists for in vivo
and in vitro comparisons in DAVID using the reliably detected
genes for each experimental setting. Association studies between
candidate genes and clinical outcome in breast cancer patients
were carried out by means of survival analyses using distant
metastasis–free survival (DMFS) as endpoint. See Supplementary
Materials and Methods for complete description.

Other methods
Further information about the materials and methods used in

this study are provided in the Supplementary Materials and
Methods section.

Results
Increased SPARC expression is associated with human and
murine breast cancer dissemination

Our initial studies were performed to assess whether SPARC
expression in primary tumor samples from treatment-na€�ve
patients is associated with the presence of axillary lymph node
metastases. We observed that increased SPARC staining in pri-
mary tumors correlated with the presence of axillary lymph node
metastases (Fig. 1A and B; Supplementary Table S1). Average
SPARC intensity staining was significantly higher in primary
tumors with positive axillary lymph nodes than those with no
metastatic nodes (Fig. 1C). Integration of human tumor DNA
microarrays and survival data from Gene Expression-Based Out-
come for Breast Cancer Online tool (GOBO; ref. 30) also showed
that increased SPARC mRNA level was associated with reduced
DMFSonly in the aggressiveHER2-enriched breast cancer subtype

(Fig. 1D; Supplementary Fig. S1). Taken together, these data
confirmed that SPARC expression is associated with increased
aggressiveness and dissemination capacity of human breast
cancer.

4T1 and LM3 cells spontaneously metastasize to the lungs
after implantation in the mammary fat pad of immunocom-
petent BALB/c mice (31, 32). Cell clones stably expressing
the shRNA i52-1 targeting SPARC exhibited up to 90% decrease
in SPARC mRNA and up to 80% decrease in secreted
SPARC that appeared as a unique band of 43 kDa (Supple-
mentary Fig. S2B–S2D). We confirmed no changes in the
expression levels of potential off-targets of the shRNA against
SPARC (Supplementary Table S3). All the 4T1- and the LM3-
SPARC-deficient cell clones showed a strongly impaired capa-
city to grow as primary tumors (Fig. 1E; Supplementary
Fig. S3A). As expected, primary tumors obtained from
SPARC-deficient cell clones showed SPARC expression in stro-
mal cells compared with 4T1-SCR control tumors that
expressed SPARC both in the stromal and the malignant cells
compartments (Supplementary Fig. S3B and S3C). In addition,
SPARC-deficient tumors exhibited a slight but significant
reduction in collagen deposition compared with control
4T1-SCR tumors (Supplementary Fig. S3D and S3E). SPARC-
deficient cell clones completely lost their capacity to generate
spontaneous lung metastases (Fig. 1F and G; Supplementary
Fig. S3F); even when SPARC-deficient 4T1-C1 tumors were
allowed to reach 1,000 mm3, lung metastatic foci were hardly
seen (Supplementary Fig. S3G and S3H). Interestingly, SPARC-
deficient tumors released reduced levels of malignant cells to
the circulation compared with the control tumors and these
cells were unable to colonize the lung after intravenous admin-
istration (see below Fig. 6A and C). These data suggest that
SPARC promotes primary tumor growth and metastatic dis-
semination through independent downstream mechanisms.

Transcriptomic analysis of SPARC-deficient cells and tumors
revealed changes in cell cycling/viability, cell–ECM interaction,
and immune response

To gain insight into the downstream effectors of SPARC, we
compared the transcriptome of SPARC-deficient 4T1-C18 cells
with that of 4T1-SCR control cells. Both GO and KEGG
pathway analyses, using 407 differentially expressed genes
(Supplementary Table S4), highlighted terms related mainly
to "Cell cycle" and "cell–ECM interaction" (Fig. 2A and B;
Supplementary Tables S5 and S6). Consistent with these
results, SPARC-deficient cells exhibited a significantly reduced
in vitro proliferative capacity (Fig. 2C; Supplementary Fig.
S4A). Moreover, SPARC-deficient 4T1-C18 cells showed almost
16% increase in the percentage of cells in G1 (46% � 3% vs.
30%� 3%; P < 0,01) and 9% decrease in the percentage of cells
in the S-phase compared with control 4T1-SCR cells (38 � 2 vs.
47 � 5; P > 0,05; Fig. 2D). The lower percentage of 4T1-C18
cells in the S-phase was confirmed by bromodeoxyuridine
(BrdUrd) labeling (Fig. 2E; Supplementary Fig. S4B) and by
following BrdUrd staining and cell-cycle distribution analysis
at different time points after hydroxyurea synchronization
(Supplementary Fig. S4C and S4D). Interestingly, 4T1-C18
tumors exhibited more than 50% reduction of cycling Ki67-
positive cells compared with 4T1-SCR tumors (Fig. 2F; Sup-
plementary Fig. S4E), indicating that SPARC enhanced cell-
cycle entrance also in vivo.
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To further identify the downstream effectors of the protu-
morigenic and prometastatic role of SPARC, we performed a
comparative analysis of the transcriptome of 4T1-SCR pri-
mary tumors, 4T1-C18 SPARC–deficient primary tumors and
4T1-SCR metastases (4T1-SCR MTTS). For transcriptomic stud-

ies, we selected 2-day-old primary tumors (Supplementary
Fig. S5A) to avoid tumor necrosis. Metastatic samples were
obtained from established 30-day-old 4T1-SCR MTTS. Our
previous data as well as the literature suggest the coexistence
in the primary tumors of genes that promote primary tumor
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Figure 1.

SPARC expression is associated with breast cancer progression both in patients and experimental models. A, SPARC immunostaining of primary human
breast cancer (BC) specimens (n ¼ 73) classified into low (n ¼ 17), moderate (n ¼ 27), and intense (n ¼ 29) by a pathologist (A.I. Bravo) at blind.
Representative micrographs are shown. Scale bars, 100 mm. B, Percentage of samples with lymph node metastasis as a function of SPARC staining for
each group. The fractional number of patients with positive lymph node is shown. C, SPARC staining in breast cancer primary tumors as a function of
lymph node status. Results are expressed as mean � SEM, �� , P < 0.01, t test. D, Association between SPARC transcript levels and clinical outcome of
breast cancer patients with HER2-enriched subtype (n ¼ 166, high: 78, low: 88; P < 0.01). See also Supplementary Fig. S1. E, In vivo growth of SPARC-deficient
4T1 cell clones compared with control cells (4T1-SCR) in syngeneic BALB/c mice. Data are the mean � SEM of three experiments (n ¼ 8 mice per group).
��� , P < 0.001, two-way ANOVA and Bonferroni multiple comparisons test. F, Quantification of spontaneous macroscopic lung foci. Results are
expressed as mean � SEM (n ¼ 8 mice per group). ���, P < 0.001, one-way ANOVA and Bonferroni multiple comparisons test. G, Representative
images of the experiment in F are shown. See also Supplementary Figs. S2 and S3.
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(PT) outgrowth, with genes responsible for the early stages of
metastasis (ESM). These genes might be under SPARC control
(S-PT genes and S-ESM genes) or not (PT genes and ESM
genes; Fig. 3A). A third group of genes, responsible for metas-
tasis establishment, were not part of these analyses as SPARC-
deficient cells did not establish lung metastases. On the basis of
this assumption, S-PT genes correspond to the genes differen-
tially expressed between 4T1-SCR and 4T1-C18, shared with the
genes differentially expressed between 4T1-SCR and 4T1-SCR
MTTS (Fig. 3B, top). Using this approach, we identified 156
S-PT genes (Supplementary Table S7; Supplementary Fig. S5B).
GO and KEGG analyses revealed an enrichment in genes
associated with inflammatory/immune response (Fig. 3C and
D; Supplementary Tables S8 and S9). Technical validation of
9 S-PT genes by qPCR confirmed the downregulation of proin-
flammatory genes, like Il6, GRO-a (Cxcl1), and cyclooxygenase-
2 (Ptgs2), in SPARC-deficient 4T1-C18 tumors compared with
4T1-SCR tumors (Fig. 3E). The expression of these proinflam-
matory genes is also downregulated in lung foci compared with
the 4T1-SCR primary tumor (Supplementary Table S7).

On the other hand, S-ESM genes are among those differentially
expressed between 4T1-SCR and 4T1-C18 and shared with the
genes differentially expressed between 4T1-C18 and 4T1-SCR
MTTS (Fig. 3B, bottom; Supplementary Table S10; Supplementary
Fig. S5C). GO and KEGG analysis of the 165 S-ESM genes showed

enrichment in terms related with ECM organization (Fig. 3E;
Supplementary Table S11) and "ECM–receptor interaction",
respectively (Fig. 3F; Supplementary Table S12). We technically
validated by qPCR the expression levels of S-ESM genes widely
associated with cell–ECM interaction, such as fibronectin 1 (Fn1),
osteopontin (Spp1), and collagen 6 (alpha1) (Col6a1; Fig. 3G)
among others. Thus, SPARC-driven cell–ECM interaction appears
to play a key role in breast cancer dissemination and colonization
of the lungs.

Expression of COX-2 in SPARC-deficient cells restores
primary tumor growth but not the metastatic capacity

From the previous analysis, COX-2 seems to be a candidate to
validate the existence of S-PT genes. Initially, we observed no
correlation between SPARC and COX-2 levels in cells growing in
two-dimensional layers (Fig. 4A). As the in vivo transcriptome
study was performed on 2-day-old tumors, we hypothesized that
the in vivo changes occur very early and might be related to the
tumor architecture rather than the tumor–stroma interaction. To
mimic this scenario, we prepared spheroids and observed a
dramatic decrease in COX-2 levels in SPARC-deficient spheroids
compared with 4T1-SCR spheroids (Fig. 4B and C). COX-2
expression in 4T1-C18 spheroids was rescued upon exogenous
SPARC addition (Fig. 4C and D). Moreover, enforced expression
of SPARC in MCF7 spheroids also induced a dramatic increase in
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Figure 2.

SPARC modulates cell cycling. A and B, Clusters of GO Biological Process (BP) and KEGG pathway enrichment analysis of differentially expressed
genes between 4T1-SCR control and SPARC-deficient 4T1-C18 cells in vitro. Name of clusters in A were arbitrary assigned according to their functionality.
C, In vitro cell proliferation of the different SPARC-deficient 4T1 clones compared with control cells (4T1-SCR) analyzed by MTS assay. Data are the mean �
SEM of three experiments. ��� , P < 0.001, two-way ANOVA and Bonferroni multiple comparisons test. D, Percentage of 4T1-SCR or 4T1-C18 cells in different
phases of the cell cycle analyzed by flow cytometry of propidium iodide–stained cells. E, Percentage of cells in S-phase assessed by BrdUrd
immunostaining under basal conditions. F, Quantification of Ki-67 staining in 4T1-SCR and 4T1-C18 tumor sections, 5 days after cells inoculation in the
mammary fat pad. E and F, Data are the mean � SEM of three experiments. ��� , P < 0.001; �� , P < 0.01; � , P < 0.05; ns, nonsignificant, t test. See also
Supplementary Fig. S4.
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Figure 4.

SPARC-driven COX-2 expression affects primary tumor growth. A, RT-qPCR of COX-2 mRNA levels in cells growing as monolayer. B, RT-qPCR of COX-2
mRNA levels in cells' spheroids. C, COX-2 immunofluorescence in spheroids sections. Spheroids were grown in the presence of 2 mg/mL human
purified SPARC (þ) or vehicle (�) and fixed after 72 hours. Scale bars, 100 mm. D, Quantification of COX-2–specific fluorescence in the experiment
depicted in C. Data are presented as mean � SEM and are representative of three experiments. ��� , P < 0.001, ns not significant, one-way ANOVA,
and Bonferroni multiple comparisons test. E, RT-qPCR of SPARC and COX-2 mRNA levels in spheroids of MCF7 cells transduced with a lentivirus
expressing GFP or hSPARC cDNA (MCF7-GFP and MCF7-SPARC respectively). F, In vivo growth of 4T1-SCR, 4T1-C18(E), 4T1-C18 (COX2-C7), and 4T1-C18
(COX2-C15) tumors in BALB/c mice (n ¼ 9–13 mice per group). G, Quantification of Ki-67–positive area in tumor sections obtained at the end of the
experiment depicted in F (n ¼ 3). H, Quantification of cleaved caspase-3 positive cells in tumor sections at the end of the experiment depicted in F. I,
Number of macroscopic foci in the lungs. Data were obtained when primary tumors reached a size of 1 cm3 (n ¼ 4–6). Data are representative of
three experiments. ��� P < 0.001; �� P < 0.01; � , P < 0.05, ns not significant, one-way ANOVA and Bonferroni multiple comparisons test. See also
Supplementary Fig. S6.
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COX-2 levels (Fig. 4E) confirming that COX-2 expression is under
SPARC control.

The enforced expression of COX-2 in SPARC-deficient cells
(Supplementary Fig. S6A) restored only partially their capacity
to grow as a primary tumor (Fig. 4F). The partial restoration in
tumor growth occurred despite a reduced staining in Ki67-
positive cells (Fig. 4G; Supplementary Fig. S6B). Besides, these
cells showed reduced in vivo apoptosis compared with control
and SPARC-deficient tumors (Fig. 4H'; Supplementary Fig. S6C
and S6D), suggesting that reduced in vivo apoptosis is associ-
ated with the partial restoration of tumor growth in COX-2–
expressing SPARC-deficient cells. Most remarkable was the
evidence that SPARC-deficient cells overexpressing COX-2
were unable to establish pulmonary metastases (Fig. 4I; Sup-
plementary Fig. S6E), not even after intravenous administra-
tion (data not shown). These data suggest that COX-2 is not
involved in SPARC-driven capacity of tumor cells to metasta-
size in the lungs.

SPARC modulates MDSC expansion through COX-2
Current evidence indicates that 4T1 tumors support its out-

growth in BALB/c mice by inducing a strong immunosuppres-
sive state with systemic accumulation of MDSCS (33, 34)
mainly due to tumor expression of COX-2 (35). To assess
whether SPARC induces immunosuppression, we compare
MDSCs (CD11bþGr-1þ) levels in control and SPARC-deficient
tumor-bearing mice. We observed a systemic reduction in the
percentage of MDSC in spleens (6.9% � 3.2% vs. 25.3 � 2.0%;
P < 0.001; Fig. 5A and B), lungs (0.7% � 0.2% vs. 6.2% � 0.9%;
P < 0.001; Fig. 5C and D), and bone marrow (48.0% � 6.4% vs.
62.1%� 5.3%; P > 0.05; Fig. 5E and F), in mice bearing 4T1-C18
tumors compared with mice bearing 4T1-SCR tumors. Interest-
ingly, enforced expression of COX-2 in SPARC-deficient 4T1-
C18 cells restored the expansion of CD11bþGr-1þ cells dem-
onstrating that the SPARC-driven MDSC expansion is mediated
by COX-2 (Fig. 5G). The reduced systemic levels of MDSCs was
associated with an increased infiltration of CD4þ and CD8þ

cells in SPARC-deficient primary tumors (Fig. 5H and I). Deple-
tion of both CD4þ and CD8þ T cells partially restored 4T1-C18
primary tumor growth in BALB/c mice (Fig. 5J) but had no effect
on the establishment of metastatic foci (Fig. 5K). Overall, these
results suggest that SPARC drives a COX-2–mediated MDSC
expansion to evade immune surveillance affecting only primary
tumor growth, but not metastatic dissemination to the lungs.

SPARC knockdown impairs lung foci colonization through
the modulation of cell–ECM interaction

Gene enrichment analyses indicated that S-ESM genes are
associated with cell–ECM interaction. SPARC has been widely
associated with the modulation of cell–ECM interactions (36).
As mentioned before, SPARC-deficient 4T1-C18 cells exhibited
a reduced capacity to enter into circulation compared with
control 4T1-SCR cells (Fig. 6A) that was coincidental with
the reduced in vitro invasiveness of SPARC-deficient cell clones
(Fig. 6B; Supplementary Fig. S7A). SPARC-deficient cell clones
injected intravenously generated less than five experimental
metastatic foci per lung compared with more than 100 foci
generated by control cells (Fig. 6C). This was confirmed by
in vivo infrared tracking of DiR-prelabeled cells showing that
4T1-C18 cells were unable to colonize the lungs, suggesting an
active role of SPARC in the initial establishment of the meta-

static niche in the lung (Fig. 6D and E). Consistent with this,
SPARC-deficient 4T1-C18 cells displayed a reduced ability to
adhere to a fibronectin matrix (Fig. 6F). Further analysis of the
S-ESM genes showed that the expression of fibronectin 1 was
downregulated in SPARC-deficient tumors compared with both
the 4T1-SCR tumors and the 4T1-SCR metastases (Fig. 3G;
Supplementary Table S10). Overall, these data indicate that
SPARC regulation of cell–ECM interaction is essential for lung
colonization.

The S-PT and S-ESM molecular signatures predict outcome
of patients with HER2-enriched breast tumors

Wenext askedwhether the orthologs of SPARC-regulated genes
in 4T1 primary tumorsmight play a role in the clinical outcome of
human breast cancer patients. We used GOBO tool (30) to
stratified samples into two groups based on hS-PT or hS-ESM
gene expression quantiles and performed Kaplan–Meier analysis.
Interestingly, we found significant differences in DMFS between
two groups of worse and better outcome in all breast cancer
patients (Fig. 7A and C) and in HER2-enriched subtype using
both the hS-PT and hS-ESM gene sets (Fig. 7B and D; and
Supplementary Fig. S8).

Discussion
Tumor heterogeneity is a hallmark of solid adenocarcinomas

including human breast cancer. Most studies have shown that
paired primary tumor and asynchronous metastasis are clonally
related (37); the frequency of certain mutations associated to
specific primary tumor cell clones prevails in the invasive and
metastatic carcinoma indicating that a signature of metastasis is
present in the primary tumor (2, 38). On the basis of these
findings, we decided to knock down SPARC expression looking
for changes that might affect breast cancer progression in an
immunocompetent model.

Our study showed that SPARC produced by breast cancer
epithelial cells plays a fundamental role in primary tumor growth
and lung metastatic colonization in immunocompetent mam-
mary tumor models. This comprehensive study, which involved
knocking down SPARC expression in malignant epithelial cells
followed by transcriptomic analysis, demonstrates that SPARC
drives primary tumor growth and metastasis through indepen-
dent, but not mutually exclusive, mechanisms. SPARC promotes
primary tumor growth through the regulation of cell cycling and
viability as well as the induction of an immunosuppressive state.
The role of SPARC in lungmetastasis ismainly associatedwith the
stimulation of the ability of themalignant cells to detach from the
primary tumor, invade, and enhance its adhesion in the lung
parenchyma. The relevance of SPARC in human breast cancer
progression is here highlighted by the predictive capacity of the
molecular signatures associated with SPARC on the outcome of
patients with the HER2-enriched breast cancer–aggressive
subtype.

Both the in vitro and the in vivo transcriptome analyses con-
firmed that SPARC controls cell cycling. SPARC silencing induced
a p53-independent delay in the cell-cycle progression of 4T1 cells
(Supplementary Fig. S4F), with extended G1 and G2 phases; this
effect was associated with the induction of Wee1 and Cdc27
expression as well as the downregulation of Cyclin B1 and B2
(Supplementary Table S4). In coincidence, SPARC-deficient
tumors exhibited reduced levels of Ki67-positive cells coupled
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Figure 5.

SPARC drives MDSCs expansion through COX-2. Percentage of spleen (A), lung (C), and bone marrow (E) CD11bþGr-1þ cells in mice harboring
different tumor types (n ¼ 4 mice per group). B, D, and F, Representative dot plots of data depicted in A, C, and E, respectively. Numbers within dot
plots correspond to the percentages of cells in each marked region. G, Percentage of CD11bþGr-1þ cells in spleen of mice challenged with different
tumor types (n ¼ 4 mice per group). H and I, Percentage of intratumoral CD4þ and CD8þ cells in mice harboring the different tumor types (n ¼ 4 mice per
group). J,In vivo tumor growth of 4T1-SCR or 4T1-C18 cells. Mice were treated with an intraperitoneal injection of the indicated mAbs. Control mice received
the equivalent amounts of normal rat IgG at the same days (CI; n ¼ 4 mice per group). B, D, and F–J, Data are presented as mean � SEM and are
representative of three experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant, one-way ANOVA, and Bonferroni multiple comparisons
test. K, Number of lung macroscopic foci of 4T1-SCR and 4T1-C18 tumor-bearing mice. Tumor-bearing mice were treated with the indicated mAbs.
Data are presented as mean � SEM. ns, not significant, unpaired t test, with Welch correction.
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with increased levels of apoptotic cells; this balance between cell
cycling and cell viability could explain at least in part the reduced
capacity of SPARC-deficient cells to grow into a primary tumor.
The current data are consistent with previous findings showing
that SPARC depletion in melanoma cells promoted G2–M cell-
cycle arrest anddownregulation of cdk1 andCyclin B1 expression,
through a p53/p21Cip1/Waf1–dependent mechanism (39, 40).
Notably, the overexpression of COX-2 completely restored the
viability of SPARC-deficient cells. However, these changes in cell
viability had only a partial effect on the capacity of SPARC-
deficient cells to grow as a primary tumor indicating that addi-
tional mechanisms were implicated in this process.

COX-2 is a marker for highly aggressive human breast cancer
(41) and promotes tumor progression in experimental models
by reducing cancer cell apoptosis and inducing immune escape
(35, 42). We observed the downregulation of COX-2 expression
in SPARC-deficient tumors and further confirmed that COX-2
expression levels are under SPARC control. Interestingly, reex-
pression of COX-2 in SPARC-deficient cells partially restored
primary tumor growth capacity but had no effect on lung
metastasis establishment, not even when experimental metas-
tases were induced by direct injection through the tail vein.
These experiments confirmed that COX-2 belongs to the S-PT
genes group. Interestingly, COX-2 was shown to play a role as a
downstream mediator of SPARC effect on MDSC expansion.
MDSC render the tumor microenvironment less permissive to
the functionality of the T cells (43). In close correlation with a
more permissive microenvironment, we observed an increased
infiltration of CD4þ and CD8þ T cells in SPARC-deficient

tumors. However, depletion experiments revealed that T cells
were involved only in restricting primary tumor growth with no
remarkable role in SPARC-driven lung metastasis establish-
ment. Previous data in immunocompromised mice models
suggested that SPARC produced by malignant cells might affect
the innate immune response against human xenografted
tumors (19, 20, 44). This is the first work showing that both
the innate and the adaptive immune response are under the
control of SPARC produced by the malignant cells. This
immune response, mediated in part by COX-2, played a sig-
nificant role on the primary tumor growth but not on the
establishment of metastatic foci. During the time this work
was under revision, an article was published showing that the
overexpression of SPARC in HER-2–induced SPARC-negative
breast cancer cells induced an epithelial–mesenchymal transi-
tion accompanied by a COX-2–mediated expansion of MDSC
(45). This study confirms our conclusions in terms of COX-2–
mediated expansion of MDSC although we were unable to see
changes in the expression levels of genes associated with EMT
in our model (data not shown). Other matricellular proteins,
such as galectin-1 and osteopontin (whose expression is reg-
ulated by SPARC), also promote breast tumor evasion from
innate and adaptive immune response, suggesting the existence
of a shared function of this pleiotropic family of proteins in
tumor progression (46, 47).

Independently from the abovementioned processes, SPARC
promotes metastasis by regulating cell–ECM interaction driving
the disengagement ofmalignant cells from theprimary tumor and
the adherence to the lung parenchyma. Indeed, the amounts of
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Figure 6.

SPARC modulates the early stages of
metastatic dissemination and
establishment of lung foci. A, Amount
of circulating tumor cells. B, In vitro
invasion assays. C, Number of
macroscopic metastatic foci after tail
vein injection of the tumors indicated
in each panel (n ¼ 3 mice per group).
D, Quantification of fluorescence
intensity in lungs of na€�ve mice five
hours after intravenous injection of
DiR-stained cells. The average
radiance of lungswas relativized to the
average radiance of spleen (n¼ 3mice
per group). E, Adhesion assays on
fibronectin showing cells perfield after
20 minutes plating. Data are the mean
� SEM of three experiments. ��� , P <
0.001; �� , P <0.01; � , P < 0.05, one-way
ANOVA, and Bonferroni multiple
comparisons test. See also
Supplementary Fig. S7.

Sparking Murine Breast Tumor Progression with SPARC

www.aacrjournals.org Mol Cancer Res; 15(3) March 2017 313

on June 12, 2017. © 2017 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst December 28, 2016; DOI: 10.1158/1541-7786.MCR-16-0243-T 

http://mcr.aacrjournals.org/


circulating tumor cells decreased in SPARC-deficient tumor-bear-
ing mice and such changes correlated with the reduced in vitro
invasiveness of SPARC-deficient cells. Moreover, intravenously
injected SPARC-deficient cells were unable to colonize the lung
and establishmetastatic foci, mainly because of an impairment in
their ability to adhere to the lung. In the article that appeared
when this manuscript was under revision, it was also suggested
that MDSCs play a key role in the metastatic capabilities of
mammary tumor cells (45). Although we cannot rule out the
involvement of MDSCs in lung colonization, our data point to
SPARC regulation of cell–ECM interaction as the driven mecha-
nism. Consistent with the evidence that SPARC can regulate cell-
to-cell and cell–ECM interaction, a recent report demonstrated
that SPARC expressed by melanoma cells induced vascular per-
meability, extravasation, and lungmetastasis through direct inter-
action with VCAM1 (48).

A remarkable finding in the current study was that both SPARC
and SPARC-driven gene signatures predict the outcome of the
HER2-enriched group of breast cancer patients. As we mentioned
in the Introduction, most studies including the current one, favor
the view that SPARC expression is associated with a more aggres-
sive, less differentiated phenotype of human breast cancer. Inter-
estingly, in silico studies found a clear association between high
SPARC levels and poor prognosis in the HER2-enriched breast
cancer subtype (11). Here, we confirmed and extended those
findings by showing that not only SPARC but also downstream

effectors associated with inflammatory/immune responses and
cell–ECM interactions have prognostic significance in HER2-
enriched breast cancer patients. Interestingly, immune response
and tumor invasion, two processes regulated by SPARC in the
current studies, were also associated with prognosis in HER2þ

breast cancer patients (49–51), suggesting a potential link
between SPARC-driven effects and HER2-enriched patients'
outcome.

In conclusion, the current study confirms that SPARC plays a
protumorigenic and prometastatic role in breast cancer through
alternative, non-exclusive mechanisms. The present data high-
lights the tumor-associated pathways under SPARC control and
points SPARC, and its downstream effectors, as attractive targets
for the design of rational therapies.
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