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Angiopoietin-like protein 2 (ANGPTL2) is a secreted glycoprotein homologous to angiopoietins. Previous studies
suggest that tumor cell-derivedANGPTL2 has tumor-promoting function. Here, we conductedmechanistic analysis
comparing ANGPTL2 function in cancer progression in amurine syngeneicmodel of melanoma and amousemodel
of translocation renal cell carcinoma (tRCC). ANGPTL2 deficiency in tumor cells slowed tRCC progression, sup-
porting a tumor-promoting role. However, systemic ablation of ANGPTL2 accelerated tRCCprogression, supporting
a tumor-suppressing role. The syngeneic model also demonstrated a tumor-suppressing role of ANGPTL2 in host
tumormicroenvironmental cells. Furthermore, the syngeneicmodel showed that PDGFRα+ fibroblasts in the tumor
microenvironment express abundant ANGPTL2 and contribute to tumor suppression. Moreover, host ANGPTL2
facilitates CD8+ T-cell cross-priming and enhances anti-tumor immune responses. Importantly, ANGPTL2 acti-
vates dendritic cells through PIR-B–NOTCH signaling and enhances tumor vaccine efficacy. Our study provides
strong evidence that ANGPTL2 can function in either tumor promotion or suppression, depending onwhat cell type
it is expressed in.
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The tumor microenvironment consists of tumor cells and
various types of stromal cells, such as immune cells, fibro-
blasts, and vascular cells (Balkwill et al. 2012). Tumor
cells and stromal cells secrete numerous signaling mole-
cules, such as cytokines, chemokines, and growth factors,
many of which contribute to tumor progression by pro-
moting tumor growth and tumor cell survival, metastasis,
and chemoresistance (Hanahan and Coussens 2012; Bin-
newies et al. 2018; Emon et al. 2018). However, some

signaling molecules, such as transforming growth factor-
β (TGF-β), reportedly function not only in tumor progres-
sion but also in tumor suppression, depending on context
(Massagué 2008; Lebrun 2012). How those factorsmediate
dual functions is complex and not well understood.
Previously, we and others identified a family of secre-

tory proteins structurally similar to angiopoietin desig-
nated angiopoietin-like proteins (ANGPTLs) (Oike et al.
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2003; Hato et al. 2008). We also reported that one of those
proteins, ANGPTL2, contributes tomaintenance of tissue
homeostasis by facilitating tissue repair (Kubota et al.
2005), while excess ANGPTL2 signaling leads to chronic
inflammation and irreversible tissue remodeling, promot-
ing development and progression of diseases as diverse as
cancer (Tabata et al. 2009; Kadomatsu et al. 2014). Tumor
cell-derived ANGPTL2 promotes tumor cell migration
and invasion by activating downstream signaling via
integrin α5β1, accelerating metastasis in lung and breast
cancers and osteosarcoma (Endo et al. 2012; Odagiri
et al. 2014; Masuda et al. 2015). These findings suggest
that cell-autonomous ANGPTL2 signaling in tumor cells
functions in tumor progression. However, a previous
study reported that ANGPTL2 protein levels in tumor tis-
sues are inversely correlated with patient survival in the
case of ovarian cancer (Kikuchi et al. 2008). These findings
suggest that ANGPTL2 signaling contributes to tumor
suppression in some contexts.

Here, we report that tumor stroma-derived ANGPTL2
contributes to tumor suppression by enhancing dendritic
cell-mediated CD8+ T cell anti-tumor immune responses.
By contrast, we confirm that ANGPTL2 plays a tumor-
promoting role when expressed in cancer cells. Our find-
ings, combined with others, confirm a dual function of
ANGPTL2 signaling in cancer pathology and provide nov-
el insight into the regulation of cancer immunity.

Results

ANGPTL2 expression in tumor versus stromal cells
has opposing effects on cancer progression

Xp11.2 translocation renal cell carcinoma (tRCC) is an
early onset subtype of kidney cancer associated with var-
ious TFE3 gene fusions, and resultant constitutive expres-
sion of TFE3 chimeric proteins and induction of TFE3
targets underlies Xp11.2 tRCC development and progres-
sion (Ross and Argani 2010; Ellis et al. 2014; Kauffman
et al. 2014). To investigate target genes induced by consti-
tutive activation of TFE3 chimeric proteins in renal tubu-
lar epithelial cells, we performed microarray analysis
using HK-2/PRCC-TFE3, HK-2/NONO-TFE3, and HK-2/
SFPQ-TFE3 lines, which are human renal tubular epithe-
lial lines harboring three different doxycycline-dependent
TFE3 fusion genes (Fig. 1A). Numerous genes were up-reg-
ulated doxycycline-treated versus doxycycline-untreated
lines, and 165 of those genes were up-regulated in all three
lines (Fig. 1A; Supplemental Table S1). Interestingly, we
found that ANGPTL2 was up-regulated in all three lines
as a gene of commonly up-regulated 165 genes (Fig. 1B).
Furthermore, we confirmed that ANGPTL2 protein levels
in doxycycline-treated lines were markedly higher than
those in untreated lines (Fig. 1C). Because we previously
showed that increased tumor-cell-derived ANGPTL2
accelerates tumor progression of human lung and breast
cancer cells, and osteosarcoma cells by activating down-
stream signaling via integrin α5β1 (Endo et al. 2012;
Odagiri et al. 2014), we began to investigate whether
ANGPTL2 functions in kidney cancer progression.

To investigate roles of ANGPTL2 in development and
progression of tRCC, we generated Chd16-Cre/
RosaLSL-PRCC-TFE3/+ mice that specifically induce the
PRCC-TFE3 fusion gene in renal tubular epithelial cells
(Supplemental Fig. S1A; Baba et al. 2019; Kurahashi
et al. 2019). Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice devel-
oped renal cell carcinoma characterized by dilated renal
tubules and cyst formation by 40 wk of age, with an inci-
dence of 100%, and their median survival time was 344
d. To evaluate ANGPTL2 function in renal cancer pro-
gression, we crossed Chd16-Cre/RosaLSL-PRCC-TFE3/+

mice with ANGPTL2 mutant mice (either Angptl2−/− or
Angptl2F/F mice) to achieve ANGPTL2 deficiency in ei-
ther thewhole body or specifically in renal tubular epithe-
lial cells, respectively (Fig. 1D; Supplemental Fig. S1A).

Consistent with reported ANGPTL2 tumor-promoting
activity, ANGPTL2 deletion specifically in renal tubular
epithelial cells slowed tRCC progression, and survival of
Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2F/F mice was
significantly prolonged compared with that of Chd16-
Cre/RosaLSL-PRCC-TFE3/+ mice (Supplemental Fig. S1B).
As anticipated, by 40 wk of age, Chd16-Cre/
RosaLSL-PRCC-TFE3/+ mice showed dilated renal tubules,
cyst formation, and tumor development with papillary
structure, whereas such histological abnormalities
were rarely observed in the kidney of Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2F/F mice (Fig. 1E,F), results
in accord with a role for ANGPTL2 in tumor progression.
Unexpectedly, however, survival of Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2−/− mice was significantly
shortened compared with that of Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2F/F mice (Supplemental Fig.
S1B). By 40 wk of age, Chd16-Cre/RosaLSL-PRCC-TFE3/+/
Angptl2−/−mice exhibited striking renal swelling and exac-
erbated tRCC pathologies, including dilated renal tubules
and tumor development (Fig. 1E,F). In addition, at 40 wk
of age,Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice ex-
hibited significantly increased levels of serumblood urea ni-
trogen (BUN), indicating tumor development-associated
renal failure (Supplemental Fig. S1C).

We further analyzed expression of TFE3 chimeric
protein and ANGPTL2 in kidney tissues from wild-
type (WT), Chd16-Cre/RosaLSL-PRCC-TFE3/+, Chd16-
Cre/RosaLSL-PRCC-TFE3/+/Angptl2F/F, and Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2−/−mice at 40 wk of age (Sup-
plemental Fig. S2). Immunohistochemical analysis for
TFE3 revealed no TFE3-positive cells in kidney tissues
of WT mice (Supplemental Fig. S2A). In contrast, Chd16-
Cre/RosaLSL-PRCC-TFE3/+, Chd16-Cre/RosaLSL-PRCC-TFE3/+/
Angptl2F/F, and Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/−

mice exhibited nuclear accumulation of PRCC-TFE3 chi-
meric proteins in renal tubular epithelial cells and tumor
cells (Supplemental Fig. S2A). Moreover, immunohisto-
chemical analysis for ANGPTL2 in WT mice revealed
that podocytes in kidney tissue, but not renal tubular ep-
ithelial cells or stromal cells, abundantly expressed
ANGPTL2 (Supplemental Fig. S2B). In contrast, we ob-
served increased ANGPTL2 expression in renal tubular
epithelial cells, tumor cells, and some stromal cells in kid-
ney tissues from Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice
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Figure 1. Tumor stroma-derived ANGPTL2 suppresses tumor progression. (A) Gene expression profiling of HK-2/PRCC-TFE3, HK-2/
NonO-TFE3, and HK-2/PSF-TFE3 cells treated with (+) or without (−) doxycycline (Dox) based on microarray analysis. Venn diagram
shows number of genes up-regulated approximately twofold in doxycycline-treated versus doxycycline-untreated cells. (B) Comparison
of ANGPTL2 mRNA levels between doxycycline-treated and doxycycline-untreated cells based on microarray analysis. Levels in doxy-
cycline-untreated cells were set to 1. (C ) Representative immunoblotting of ANGPTL2 and TFE3 chimeric proteins (HA-tag) in HK-2/
PRCC-TFE3, HK-2/NonO-TFE3, and HK-2/PSF-TFE3 cells treated with (+) or without (−) Dox. GAPDH served as a loading control.
(D) Schematic representation of the mouse model used. In kidney tissues of Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice, Angptl2 is expressed
in both renal tubular epithelial cells and stromal cells. However, in Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2F/F mice, Angptl2 is specifi-
cally deleted in renal tubular epithelial cells. In addition, Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice lackAngptl2 in both renal tu-
bular epithelial cells and stromal cells. (E) Gross appearance of kidney of indicated mice at 40 wk of age. (F ) Representative H&E staining
images of longitudinal sections of kidney tissues from indicatedmice at 40wkof age.Bottom panel is amagnification of the corresponding
square in top panel. Arrowheads indicate a tumor. Scale bar, 1 mm (top) and 100 µm (bottom).
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(Supplemental Fig. S2B). However, we did not observe in-
creasedANGPTL2expression in renal tubularepithelial cells
in kidney tissues from Chd16-Cre/RosaLSL-PRCC-TFE3/+/
Angptl2F/F mice, nor did we detect ANGPTL2 in kidney
tissues from Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/−

mice. Taken together, these results suggest that
ANGPTL2 deficiency in the host tumor microenviron-
ment accelerates tumor progression. Furthermore, these
results support the idea that ANGPTL2 has a
dual function in cancer progression and suggest that
ANGPTL2 expression in host tumor microenvironment
contributes to tumor suppression while ANGPTL2 ex-
pression in tumor cells exacerbates tumor progression.

ANGPTL2 deficiency in host tumor microenvironmental
cells enhances tumor growth

To assess ANGPTL2 function in the host tumor microen-
vironment, we used a murine syngeneic cancer model ex-
tensively used to evaluate reciprocal interactions between
cancer cells and the tumor microenvironment, including
host anti-tumor immune responses. Specifically, we
chose a B16-OVAmelanoma model, in particular because
B16-OVA tumor cells do not express ANGPTL2 (Supple-
mental Fig. S3A,B), and use of this system can readily dis-
tinguish ANGPTL2 function in the microenvironment
from that in a tumor cell. B16-OVAmelanoma cells do ex-
press a non-secreted form of chicken ovalbumin (OVA) as
a surrogate tumor antigen, which can be conveniently

used to follow immune responses directed against this an-
tigen. To establish the model, we injected B16-OVA cells
into the back flanks of WT or Angptl2−/− mice and mon-
itored tumor volume. Angptl2−/− mice showed an in-
crease in volume and weight of subcutaneously grafted
B16-OVA cells relative toWTmice (Fig. 2A–C).Moreover,
survival ofAngptl2−/−mice bearing B16-OVA tumors was
significantly shortened compared with that of WT tumor-
bearing mice (Fig. 2D), suggesting a tumor suppressive for
ANGPTL2 in this system.

PDGFRα+ fibroblasts produce ANGPTL2 to inhibit
tumor growth

We next searched for the in vivo source of ANGPTL2 in
the tumor microenvironment. Immunohistochemical
analysis of B16-OVA tumors grown in WT mice revealed
that stromal cells, but not tumor cells, expressed
ANGPTL2 proteins (Supplemental Fig. S3C). ANGPTL2
signals partially colocalized with ER-TR7+ fibroblasts,
but not with CD45+ leukocytes, CD68+ macrophages, or
CD31+ endothelial cells (Fig. 3A). We also examined
Angptl2 mRNA expression in various stromal cells iso-
lated from B16-OVA tumors and confirmed that cancer-
associated fibroblasts (CAFs) abundantly express Angptl2
mRNA, as compared with CD45+ leukocytes and CD31+

endothelial cells (Supplemental Fig. S3D). Platelet-de-
rived growth factor receptor α (PDGFRα) and PDGFRβ
are markers of CAFs (Koliaraki et al. 2017; Bu et al.

A B

C D

Figure 2. Host ANGPTL2 deficiency enhances tumor growth. (A) Comparison of tumor volumes in female WT and Angptl2−/− mice
bearing B16-OVA cells. Data are means± SEM; n =8 tumors per group. (∗) P <0.05, two-way ANOVA test. (B,C ) Gross appearance (B) of
tumors extirpated from WT and Angptl2−/− mice 14 d after implantation and tumor weight (C ). Data are means ± SD; n=6 tumors per
group. (∗∗∗) P <0.001, unpaired t-test. Scale bar, 10 mm. (D) Kaplan–Meier tumor-free survival curves of WT and Angptl2−/− mice bearing
B16-OVA tumors (n =10 per WT group, n =17 mice per Angptl2−/− group). Results are pooled from two independent experiments. (∗∗) P <
0.01, log-rank test.
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2019). PDGFRα+ CAFs and PDGFRβ+ CAFs reportedly
originate from tissue-resident fibroblasts and pericytes,
respectively, and play tumor-promoting roles in various
cancers (Sugimoto et al. 2006; Roswall and Pietras 2012;
Ha et al. 2014; Koliaraki et al. 2017; Bu et al. 2019). Inter-
estingly, we found that ANGPTL2 was predominantly ex-
pressed in PDGFRα+ but not PDGFRβ+ fibroblasts (Fig.
3B). Moreover, expression levels of Angptl2 mRNA in
PDGFRα+ CAFs were higher than those in PDGFRα−

CAFs (Supplemental Fig. S3D). We also asked whether
PDGFRα+ fibroblasts were an in vivo source of ANGPTL2
in tRCC lesions. Immunohistochemical analysis of kid-

ney tissues of Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice at
40 wk of age revealed that ANGPTL2 is expressed by
PDGFRα+ fibroblasts (Supplemental Fig. S3E). These re-
sults suggest that PDGFRα+ fibroblasts are the in vivo
source of ANGPTL2.
We asked whether ANGPTL2 produced by PDGFRα+ fi-

broblasts can suppress tumor growth. To do so, we subcu-
taneously injected Angptl2−/− mice with B16-OVA cells
together with PDGFRα+ cells isolated from tumor tissues
of either WT mice (PDGFRα+; Angptl2WT) or Angptl2−/−

mice (PDGFRα+; Angptl2−/−) bearing B16-OVA tumors
(Fig. 3C). Angptl2−/− mice implanted with PDGFRα+;

A

C D E

B

Figure 3. PDGFRα+ fibroblast-derived ANGPTL2 inhibits tumor growth. (A,B) Immunofluorescent staining for ANGPTL2 (red) and in-
dicatedmarker proteins (green) in tumor tissues ofWTmice bearing B16-OVA tumors, 14 d after implantation. Nuclei are counterstained
with DAPI (blue). Scale bar, 100 µm. (C ) Schematic illustrating the experimental design of coinjection of B16-OVA cells and PDGFRα+

cells. PDGFRα+ cells were isolated from tumor tissues of WT mice (PDGFRα+; Angptl2WT) or Angptl2−/− mice (PDGFRα+; Angptl2−/−)
bearing B16-OVA tumors 21 d after implantation. FemaleAngptl2−/−micewere coinjectedwith B16-OVAcells plus PDGFRα+;Angptl2WT

or PDGFRα+; Angptl2−/− cells. (D) Comparison of tumor volumes in Angptl2−/− mice coinjected with B16-OVA cells plus PDGFRα+;
Angptl2WT or PDGFRα+; Angptl2−/− cells. Data are means ± SEM; n =6 tumors per group. (∗∗) P< 0.01, two-way ANOVA test.
(E) Kaplan–Meier tumor-free survival curves of Angplt2−/− mice coinjected with B16-OVA cells plus PDGFRα+; Angptl2WT or PDGFRα+;
Angptl2−/− cells (n =10 mice for PDGFRα+; Angptl2WT group, n=8 mice for PDGFRα+; Angptl2−/− group). Results are pooled from two
independent experiments. (∗∗) P <0.01, log-rank test.
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Angptl2WT cells showed a substantial decrease in tumor
growth relative to Angptl2−/− mice implanted with
PDGFRα+;Angptl2−/− cells (Fig. 3D). Survival of mice im-
planted with PDGFRα+; Angptl2WT cells was also signifi-
cantly prolonged relative to that of mice implanted with
PDGFRα+; Angptl2−/− cells (Fig. 3E). Collectively, this
data suggests that PDGFRα+ fibroblast-derived ANGPTL2
in the tumor microenvironment has tumor-suppressive
function.

ANGPTL2 expression in host tumor microenvironmental
cells is required to promote anti-tumor immune
responses

We next addressed the potential mechanisms of tumor
suppression by ANGPTL2 in this context. Therefore, we
performed histopathology of tumors from WT and
Angptl2−/− mice. We observed decreased numbers of tu-
mor-infiltrating immune cells in Angptl2−/− versus WT
mice (Fig. 4A), a finding confirmed by staining with the

pan-leukocyte marker CD45 (Fig. 4B,C). These suggest
that decreased tumor-infiltrating immune cellsmay be as-
sociated with enhanced tumor growth in Angptl2−/−

mice. Given that the cellular immunity, particularly
CD8+ T cells, plays a central role in mediating robust
anti-tumor immune responses (Gajewski et al. 2013), we
used flow cytometry to evaluate tumor infiltration by
CD8+ T cells in Angptl2−/− and WT mice and observed a
significant decrease in the number of tumor-infiltrating
CD8+ T cells in Angptl2−/− relative to WT mice (Fig.
4D). We also observed less T-cell cross-priming in CD8+

T cells isolated from tumor-draining lymph nodes of
Angptl2−/− mice based on staining for MHC (major histo-
compatibility complex) class I OVA tetramers (H-2Kb;
OVA257–264) (Fig. 4E; Supplemental Fig. S4A). Moreover,
CD8+ T cells isolated from tumor-draining lymph nodes
of Angptl2−/− mice produced lower levels of the effector
cytokine granzyme B (GzmB) than did comparable
cells from WT mice upon ex vivo stimulation with
OVA257–264 (SIINFEKL) peptide (an H-2Kb-restricted

A B

C D E F

Figure 4. Host ANGPTL2 deficiency decreases anti-tumor immune responses. (A) Representative H&E-stained images of tumor tissues
from WT or Angptl2−/− mice bearing B16-OVA tumors, 14 d after implantation. Scale bar, 50 µm. (B) Immunofluorescent staining for
CD45 (red) in tumor tissues from WT or Angptl2−/− mice bearing B16-OVA tumors, 14 d after implantation. Nuclei are counterstained
with DAPI (blue). Scale bar, 50 µm. (C,D) The absolute number of CD45+ cells (C ) and CD8+ T cells (D) infiltrating into the tumor tissues
of WT and Angptl2−/− mice bearing B16-OVA tumors at 14 d after implantation, assessed by FACS analysis. Data are means ± SD, pooled
from three independent experiments; n=9 tumors for each group. (∗) P<0.05, Mann–Whitney test. (E,F ) Frequency of MHC class I OVA
tetramer+ CD8+ T cells (E) andCD8+ T cells expressingGranzyme B (GzmB) (F ) in inguinal lymph nodes ofWTorAngptl2−/−mice bearing
B16-OVA tumors, 14 d after implantation, as assessed by FACS analysis. Frequency of both is shown as a percentage of total CD8+ T cells.
Data are means± SD, pooled from three independent experiments; n =9 mice per group. (∗∗) P <0.01, (∗) P <0.05, unpaired t-test.
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OVA class I epitope) (Fig. 4F; Supplemental Fig. S4B).
These observations suggest that PDGFRα+ fibroblast-de-
rived ANGPTL2 enhances tumor-specific cellular im-
mune responses.
To further confirm an association between ANGPTL2

and anti-tumor immune responses, we asked whether
ANGPTL2 deficiency diminishes anti-tumor immune re-
sponses in tRCC model mice. We observed a mode-
rate number of CD45+ leukocytes in tRCC tumor
lesions from Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice (Sup-
plemental Fig. S5A–C). On the other hand, Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2−/− mice showed fewer tu-
mor-infiltrating CD45+ leukocytes compared with
Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice (Supplemental Fig.
S5A–C). Furthermore, the number of tumor-infiltrating
CD8+ T cells in kidney tissue from Chd16-Cre/
RosaLSL-PRCC-TFE3/+/Angptl2−/− mice significantly de-
creased compared with numbers seen in Chd16-Cre/
RosaLSL-PRCC-TFE3/+ mice (Supplemental Fig. S5D). These
results suggest that ANGPTL2 expression in host tumor
microenvironmental cells is required to promote anti-tu-
mor immune responses not only in a B16-OVA syngeneic
mouse model, but also in a tRCC mouse model.

ANGPTL2 activates dendritic cells to promote CD8+

T cell cross-priming

Although numerousmechanisms regulate anti-tumor im-
mune responses, given that we observed attenuated CD8+

T cell cross-priming in Angptl2−/− mice (Fig. 4E; Supple-
mental Fig. S4A), we hypothesized that ANGPTL2 stimu-
lates cross-presentation by antigen-presenting cells. To
test this, we assayed the effects of ANGPTL2 on MHC
class I-restricted cross-presentation using bone-marrow-
derived dendritic cells (BMDCs) as antigen-presenting
cells. Antigen cross-priming of OVAwas monitored using
the CD8+ T cell hybridoma B3Z expressing OVA-specific
T-cell-receptor, which carry β-galactosidase construct
controlled by the interleukin-2 (IL-2) promoter (Karttunen
et al. 1992). We found that lipopolysaccharide (LPS)-acti-
vatedWT orAngptl2−/− BMDCs similarly promoted anti-
gen cross-presentation (Fig. 5A) and showed comparable
production of the effector cytokine IL-12 following LPS
stimulation (Fig. 5B). Moreover, qRT-PCR analysis re-
vealed that WT BMDCs expressed minimal levels of
Angptl2 mRNA (Supplemental Fig. S6A), suggesting that
ANGPTL2 released from PDGFRα+ fibroblast activates
dendritic cells to enhance antigen cross-presentation. To
assess this mechanism, we prestimulated WT BMDCs
with recombinant ANGPTL2 protein (rANGPTL2) and
conducted an in vitro cross-presentation assay. Pre-treat-
ment of WT BMDCs with rANGPTL2 significantly aug-
mented antigen cross-presentation relative to untreated
BMDCs (Fig. 5C). rANGPTL2-pretreated BMDCs showed
increased IL-12 production (Fig. 5D; Supplemental Fig.
S6B), MHC class II expression (Fig. 5E; Supplemental
Fig. S6C), and expression of costimulatory molecules
(CD86, CD80, and CD40) (Fig. 5F; Supplemental Fig.
S6D), indicative of BMDC activation. Overall, these re-
sults suggest that exogenous ANGPTL2 activates den-

dritic cells and enhances antigen cross-presentation to
facilitate CD8+ T cell cross-priming.
To evaluate whether ANGPTL2-activated dendritic

cells inhibit tumor progression in vivo, we performed an
adoptive transfer experiment in which mice implanted
with B16-OVA cells are subcutaneously injected with
SIINFEKL peptide-pulsed BMDCs, pretreated with or
without rANGPTL2 (Fig. 5G). Adoptive transfer of
BMDCs pulsed with or without SIINFEKL peptide had
no significant anti-tumor effects compared with PBS
group (Fig. 5H,I). However, mice transferred with
rANGPTL2-pretreated BMDCs pulsed with SIINFEKL
peptide showed decreased tumor volume and significantly
prolonged survival relative to PBS group (Fig. 5H,I), sug-
gesting that ANGPTL2-activated dendritic cells might
be capable of inducing an anti-tumor immune response.

ANGPTL2 activates dendritic cells via PIR-B–NOTCH
signaling

We next investigated molecular mechanisms underly-
ing dendritic cell activation by ANGPTL2. We previously
demonstrated that ANGPTL2 signals through integrin
α5β1 in endothelial cells (Tabata et al. 2009), cancer
cells (Odagiri et al. 2014), and macrophages (Yugami
et al. 2016). Flow-cytometry analysis revealed that
CD11c+MHC IIlo immature BMDCs express various types
of integrins, including α5 and β1 (Supplemental Fig. S7A).
To determine whether ANGPTL2 activates dendritic
cells via integrin α5β1, we treated BMDCswith anti-integ-
rin α5 or anti-integrin β1 blocking antibody to inhibit
integrin signaling; however, neither treatment inhibited
BMDC activation by ANGPTL2 relative to cells treated
with control Ig (Fig. 6A), suggesting that integrin α5β1
does not mediate ANGPTL2 signaling in dendritic cells.
A recent study demonstrated that murine-paired immu-
noglobulin-like receptor-B [PIR-B; also known as LILRB2
(leukocyte immunoglobulin-like receptor B2) in human]
mediates ANGPTL2 signaling in hematopoietic stem
cells (Zheng et al. 2012), and PIR-B is expressed on mye-
loid cells, including dendritic cells (Colonna et al. 2000;
Brown et al. 2004). First, we confirmed PIR-B expression
in CD11c+MHC IIlo immature BMDCs (Supplemental
Fig. S7B). We then found that unlike PIR-B-expressing
BMDCs, BMDCs engineered to lack PIR-B expression
did not show increases in IL-12 production (Fig. 6B),
MHC class II expression (Fig. 6C), or costimulatory mole-
cule expression (Fig. 6D) when treated with rANGPTL2,
suggesting that PIR-B is required for ANGPTL2-depen-
dent activation of dendritic cells in this context.
The ANGPTL2–PIR-B axis reportedly activates

NOTCH signaling in hematopoietic stem cells (Lin et al.
2015). Furthermore, NOTCH signaling facilitates den-
dritic cell maturation (Lewis et al. 2011; Guilliams and
Scott 2018; Kirkling et al. 2018). Therefore, we hypothe-
sized that ANGPTL2 may stimulate dendritic cells via
PIR-B–NOTCH pathway. Indeed, immunoblot analysis
showed that treatment of BMDCs with rANGPTL2 in-
creased abundance of both full-length and cleaved forms
of NOTCH2 protein, leading to activation of the NOTCH
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pathway, as evidenced by elevated expression of the
NOTCH target gene Hes1 (Fig. 6E; Supplemental Fig.
S8A). Furthermore, ANGPTL2-induced up-regulation of
Hes1 was not observed in Pirb−/− BMDCs (Supplemental
Fig. S8A). Importantly, blocking NOTCH signaling by
treating BMDCs with the γ-secretase inhibitor DAPT

(N-[N-(3, 5-difluorophenacetyl-L-alanyl)]-S-phenylglycine
t-butyl ester) significantly attenuated ANGPTL2-induced
dendritic cell activation and maturation compared with
untreated BMDCs, based on decreased IL-12 production
(Fig. 6F), MHC class II expression (Fig. 6G), and expression
of costimulatory molecules (Fig. 6H). These findings
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Figure 5. ANGPTL2 stimulates dendritic cell-mediated immune responses. (A) In vitro cross-presentation of OVA proteins by LPS-stim-
ulated or LPS-unstimulated bone-marrow-derived dendritic cells (BMDCs) derived from WT or Angptl2−/− mice using the CD8+ T-cell
hybridoma B3Z. β-galactosidase activity in B3Z cells incubated with unstimulated BMDCs untreated with OVA proteins was set at
1. Data are means ± SD; n =4 per group. (ns) Not significant (P >0.05), one-way ANOVA test followed by Tukey’s multiple comparison
test. (B) Comparison of levels of Il12p40 transcripts in LPS-stimulated or LPS-unstimulated BMDCs derived from WT or Angptl2−/−

mice. Levels in unstimulated WT BMDCs were set to 1. Data are means ± SD; n=3 per group. (ns) Not significant (P>0.05), one-way
ANOVA test followed by Tukey’s multiple comparison test. (C ) In vitro cross-presentation of OVA proteins by WT BMDCs stimulated
with or without recombinant ANGPTL2 (rANGPTL2) protein using B3Z cells. β-galactosidase activity in B3Z cells incubated with unsti-
mulated BMDCs untreated with OVA proteins was set to 1. Data are means± SD; n =4 per group. (ns) Not significant (P >0.05); (∗∗∗) P <
0.001, one-wayANOVA test followed byTukey’smultiple comparison test. (D) Comparison of levels of Il12p40 transcripts inWTBMDCs
treated with or without rANGPTL2. Levels in ANGPTL2-untreated BMDCs were set to 1. Data are means ± SD; n=3 per group. (∗∗∗) P <
0.001, unpaired t-test. (E) Frequency of CD11c+MHC class II (MHC II)hi cells in WT BMDCs treated with or without rANGPTL2, as as-
sessed by FACS analysis. Frequency is calculated as a percentage of total CD11c+ cells. Data aremeans ± SD; n=3 per group. (∗∗∗) P< 0.001,
unpaired t-test. (F ) Relative expression levels (median fluorescence intensity, MFI) of costimulatory molecules (CD86, CD80, and CD40)
in WT BMDCs treated with or without rANGPTL2, as assessed by FACS analysis. Levels in ANGPTL2-untreated BMDCs were set to
1. Data are means ± SD; n =3 per group. (∗∗∗) P <0.001, unpaired t-test. (G) Schematic illustrating the experimental design of dendritic
cell immunization of WTmale mice. rA2, recombinant ANGPTL2 protein; SINFEKL, H-2Kb-restricted OVA class I epitope. (H) Compar-
ison of tumor volumes in C57BL/6malemice bearing B16-OVA cells transferred with untreated dendritic cells (DC) or ANGPTL2-treated
(DC+ rA2+SIINFEKL) or untreated (DC+SIINFEKL) DCs pulsed with SIINFEKL. Data are means ± SEM; n =6 tumors per group. (ns) Not
significant (P >0.05); (∗∗) P<0.01, two-way ANOVA test comparing each group with the PBS group. (I ) Kaplan–Meier tumor-free survival
curves of mice bearing B16-OVA cells transferred with untreated dendritic cells (DC) or ANGPTL2-treated (DC+ rA2+SIINFEKL) or un-
treated (DC+SIINFEKL) DCs pulsed with SIINFEKL (n =5 mice for PBS and DC groups or n =4 mice for DC+SIINFEKL and DC+ rA2+
SIINFEKL groups). (ns) Not significant (P >0.05); (∗) P <0.05, log-rank test comparing each group with the PBS group.
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suggest that ANGPTL2 acts through PIR-B to activate
NOTCH signaling in dendritic cells, facilitating their acti-
vation and maturation.
Finally, we further assessed expression levels of

NOTCH target genes, Hes1, in dendritic cells isolated
from kidney tissues of Chd16-Cre/RosaLSL-PRCC-TFE3/+

and Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice

(Supplemental Fig. S8B). Hes1 expression levels in den-
dritic cells derived from Chd16-Cre/RosaLSL-PRCC-TFE3/+/
Angptl2−/− mice were significantly lower than those
seen in dendritic cells derived from Chd16-Cre/
RosaLSL-PRCC-TFE3/+ mice. These results suggest that
NOTCH pathway activation in dendritic cells is impaired
in Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice and

A B C
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Figure 6. ANGPTL2 activates dendritic cells via PIR-B-NOTCH signaling. (A) Comparison of Il12p40 transcript levels in ANGPTL2-
stimulated WT BMDCs pretreated with control Ig (cIG) or anti-integrin antibodies. Levels in ANGPTL2-untreated WT BMDCs were
set to 1. Data are means ± SD; n=3 per group. (ns) Not significant (P>0.05), one-way ANOVA test followed by Tukey’s multiple compar-
ison test. (B) Comparison of Il12p40 transcript levels in ANGPTL2-treated or ANGPTL2-untreated BMDCs derived from WT or Pirb−/−

mice. Levels in ANGPTL2-untreatedWT BMDCswere set at 1. Data aremeans± SD; n =3 per group. (∗∗∗) P <0.001, one-way ANOVA test
followed by Tukey’s multiple comparison test. (C,D) Frequency of CD11c+MHC IIhi cells (C ) and relative expression levels (MFI) of co-
stimulatory molecules (D) in ANGPTL2-treated or -untreated BMDCs derived from WT or Pirb−/− mice, as assessed by FACS analysis.
Frequency is reported as a percentage of total CD11c+ cells. Expression levels of costimulatory molecules in ANGPTL2-untreated WT
BMDCswere set at 1. Data aremeans± SD; n= 3 per group. (∗∗∗) P<0.001, one-way ANOVA test followed by Tukey’smultiple comparison
test. (E) Representative immunoblotting of NOTCH2 in ANGPTL2-treatedWT BMDCs. HSC70 served as a loading control. (F ) Compar-
ison of levels of Il12p40 mRNA in ANGPTL2-stimulated WT BMDCs pretreated with or without the NOTCH inhibitor DAPT. Expres-
sion levels in WT BMDCs untreated with both ANGPTL2 and DAPT were set to 1. Data are means± SD; n =3 per group. (∗∗∗) P<0.001,
one-way ANOVA test followed by Tukey’s multiple comparison test. (G,H) Frequency of CD11c+MHC IIhi cells (G) and relative expres-
sion levels (MFI) of costimulatory molecules (H) in ANGPTL2-stimulated WT BMDCs pretreated with or without DAPT. Frequency is
reported as a percentage of total CD11c+ cells. Expression levels of co-stimulatory molecules in WT BMDCs untreated with both
ANGPTL2 and DAPT were set at 1. Data are means ± SD; n= 3 per group. (∗∗∗) P< 0.001, one-way ANOVA test followed by Tukey’s mul-
tiple comparison test.
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that ANGPTL2 derived from host cells in the tumor mi-
croenvironment is required to activate NOTCH signaling
in dendritic cells.

Discussion

Here, we demonstrate that ANGPTL2 deficiency in tu-
mor stroma accelerates tumor progression in both a
mouse kidney cancer model and a murine syngeneic tu-
mor model. Importantly, we found that the PDGFRα+ fi-
broblasts in the tumor microenvironment abundantly
express ANGPTL2 and demonstrate that tumor progres-
sion in Angptl2−/− mice is inhibited by transfer of
PDGFRα+;Angptl2WT cells but not PDGFRα+;Angptl2−/−

cells. We also found that ANGPTL2 deficiency in tumor
stroma leads to decreased infiltration of tumor-specific
CD8+ T cells into tumor tissues. Moreover, we present
data suggesting that ANGPTL2 activates NOTCH signal-
ing in dendritic cells via PIR-B, and promotes dendritic
cell activation and maturation and subsequent CD8+

T cell cross-priming. These findings suggest that
PDGFRα+ fibroblast-derived ANGPTL2 activates den-
dritic cells via PIR-B–NOTCH signaling, enhancing
CD8+ T cell anti-tumor immune responses (Fig. 7).

Activated fibroblasts called cancer-associated fibro-
blasts (CAFs) are particularly abundant stromal cells in
the tumor microenvironment (Kalluri and Zeisberg
2006; Cortez et al. 2014). Several studies report that
CAFs secrete growth factors, cytokines, and chemokines
that promote acquisition of aggressive phenotypes by can-
cer cells (Mueller and Fusenig 2004; Shiga et al. 2015; Gas-

card and Tlsty 2016). Furthermore, CAF abundance in
tumor tissues is reportedly associated with poor prognosis
of cancer patients (Calon et al. 2015). On the other hand,
some studies suggest that some CAF subpopulations in-
hibit tumor progression:Depletionof α-smoothmuscle ac-
tin (SMA)+ CAFs accelerates tumor growth in a pancreatic
cancer mouse model (Özdemir et al. 2014). IL-4 receptor-
expressing tumor stromal fibroblasts reportedly facilitate
tumor rejection in amurine syngeneic tumormodel based
on a mouse plasmacytoma cell line (Reynolds et al. 2002).
Moreover, PDGFRα+ CAFs are suggested to play tumor-
inhibitory roles in colon cancer (Koliaraki et al. 2017).
Our data suggests that PDGFRα+ fibroblasts expressing
ANGPTL2 accelerate tumor rejection. Furthermore, anal-
yses using 277 data sets of the PrognoScan database (Miz-
uno et al. 2009) revealed that in 27 studies PDGFRA
transcript levels in tumor tissues were significantly corre-
lated with clinical outcomes of the cancer patients, and
that in 16 of those studies, higher levels of PDGFRA tran-
scripts in tumor tissues, including both tumor and stromal
cells, were correlated with better prognosis in cases of
lung, breast, colorectal, and ovarian cancer (Supplemental
Table S2). Taken together, these suggest findings that the
PDGFRα+ fibroblasts expressing ANGPTL2 could consti-
tute a CAF subpopulation with anti-tumor properties.

Analyses using 230 data sets of the PrognoScan database
revealed 28 studies that showed a significant (P < 0.05)
correlation between the ANGPTL2 expression in tumor
tissues, including tumors themselves and surrounding
microenvironmental cells, and differential clinical out-
comes in patients with lung, breast, cancer, or colorectal
cancer (Supplemental Table S3). Interestingly, in 17 of

Figure 7. Model proposing regulation of anti-tumor immunity by host ANGPTL2 signaling. In the tumor microenvironment, PDGFRα+

fibroblasts abundantly express ANGPTL2. PDGFRα+ fibroblast-derived ANGPTL2 activates dendritic cells via PIR-B-NOTCH signaling,
enhancing CD8+ T cell anti-tumor immune responses, contributing to tumor suppression.

Horiguchi et al.

1650 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on March 8, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329417.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329417.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.329417.119/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


these studies, up-regulatedANGPTL2 expressionwas cor-
related with poor prognosis, and in 11, up-regulated
ANGPTL2 expression was correlated with more favorable
prognosis. Moreover, others have reported that increased
ANGPTL2 expression in tumor tissues, including both tu-
mor and stromal cells, is associated with better prognosis
of patients with ovarian cancer (Kikuchi et al. 2008).
These data suggest overall that ANGPTL2 signaling has
complex activity in human cancers, serving both as a tu-
mor promoter and tumor suppressor.
Actually, we and others previously showed that tumor-

derived ANGPTL2 promotes progression of some cancers,
such as skin, lung, breast, pancreatic, and colon cancers,
and osteosarcoma (Aoi et al. 2011, 2014; Endo et al.
2012; Horiguchi et al. 2014; Odagiri et al. 2014; Carbone
et al. 2015). Tumor cell-derived ANGPTL2 promotes tu-
mor cell migration and invasion, tumor angiogenesis,
and the epithelial–mesenchymal transition (EMT), accel-
erating tumormetastasis (Aoi et al. 2011; Endo et al. 2012;
Odagiri et al. 2014). We also previously demonstrated that
suppressing ANGPTL2 expression in tumor cells inhibits
tumor metastasis in a xenograft mouse model, suggesting
that tumor cell-derived ANGPTL2 could be a novel ther-
apeutic target against tumor metastasis (Endo et al. 2012;
Odagiri et al. 2014). Furthermore, serum ANGPTL2 re-
portedly serves as a diagnostic biomarker for some can-
cers, such as colon and pancreatic cancers (Toiyama
et al. 2014; Yoshinaga et al. 2015, 2018). The present study
also demonstrated that ANGPTL2 deficiency in renal tu-
bular epithelial cells slows progression of kidney cancer in
Xp11 tRCC model mice. Thus, these findings suggest
overall that cell-autonomous ANGPTL2 expression in tu-
mor cells has tumor-promoting activity. On the other
hand, the present study also provide evidence that tumor
stroma-derived ANGPTL2 exhibits anti-tumor activities
in both amouse kidney cancermodel and amurine synge-
neic tumor model and conclude that tumor- versus tumor
stroma-derived ANGPTL2 plays opposing, context-
dependent roles in cancer pathology, as has been shown
for other signaling factors. For example, nuclear factor-
κB (NF-κB) reportedly functions as a tumor promoter and
tumor suppressor in macrophages and hepatocytes, re-
spectively (Maeda et al. 2005; He et al. 2010). In addition,
several studies report that changes in post-translational
modification regulate activity of various proteins in can-
cer cells (Netsirisawan et al. 2015; Ho et al. 2016).
ANGPTL2 is reportedly glycosylated and secreted into
the extracellular space (Kim et al. 1999). Therefore, chang-
es in ANGPTL2 glycosylation between tumor and
stromal cells maymodulate its function in tumor progres-
sion. Future studies are needed to address this possibility.
Previous studies report that PIR-B or LILRB2 functions

as an immune inhibitory receptor and that its activation
in tumor-infiltrating immune cells, such as myeloid-
derived suppressor cells (MDSCs), establishes a tumor-
permissive microenvironment by accelerating M2-like
phenotypes (Ma et al. 2011; Chen et al. 2018). On the other
hand, others have demonstrated that Pirb−/− BMDCs
show impaired activation and maturation (Ujike et al.
2002). Accordingly, we showed that ANGPTL2-induced

dendritic cell activation and maturation are suppressed
in Pirb−/− BMDCs. Therefore, PIR-B may either promote
or suppress tumor formation, depending on cell type.
Moreover, in the present study we demonstrated that
NOTCH activation underlies ANGPTL2-PIR-B signal-
ing-mediated dendritic cell activation and maturation.
ANGPTL2-PIR-B signaling reportedly activates calcium/
calmodulin-dependent protein kinase (CAMK) 2 and 4 in
hematopoietic stem cells (Zheng et al. 2012). Since
CAMK2 also contributes to activation of dendritic cells
(Liu et al. 2010), CAMKs might be implicated in
ANGPTL2-PIR-B signaling-mediated dendritic cell acti-
vation and maturation.
Treatment of BMDCswith rANGPTL2 increased abun-

dance of both full-length and cleaved forms of NOTCH2
proteins in parallel. In addition, rANGPTL2 treatment
significantly increased Hes1 expression in BMDCs in a
PIR-B-dependent manner. A recent study reported that
in hematopoietic stem cells, ANGPTL2–PIR-B interac-
tion promotes NOTCH cleavage by γ-secretase (Lin
et al. 2015). We also demonstrated that treatment with a
γ-secretase inhibitor significantly attenuated ANGPTL2-
induced dendritic cell activation. Therefore, NOTCH2
activation in dendritic cells may be induced by
ANGPTL2–PIR-B interaction. However, it remains un-
clear how activity of the ANGPTL2–PIR-B axis increases
levels of full-length NOTCH2 protein, a question that re-
quires further investigation.
In the present study, we demonstrated that PIR-B, but

not integrin α5β1, is required for ANGPTL2-dependent ac-
tivation of dendritic cells. However, these results do not
negate the idea that ANGPTL2 binds integrin α5β1 and
activates integrin signaling in BMDCs. ANGPTL2 report-
edly binds both integrin α5β1 and PIR-B, while integrin
α5β1-mediated ANGPTL2 signaling does not contribute
to dendritic cell activation. ANGPTL2–integrin α5β1 sig-
naling promotes cell migration (Tabata et al. 2009; Kado-
matsu et al. 2014) and thus is implicated in dendritic cell
migration. Further studies are necessary to investigate
roles of ANGPTL2–integrin α5β1 signaling in dendritic
cells.
One hallmark of anti-tumor immune responses is a

long-term T-cell response. Memory T cells play essential
roles in immunological memory and are associated with
longer survival of cancer patients (Fridman et al. 2012).
Furthermore, it is reported that treatment with immune
checkpoint inhibitors enhances T-cell memory formation
and function (Pedicord et al. 2011). Here, we demonstrated
that ANGPTL2 promotes dendritic cell activation and
maturation and subsequent CD8+ T-cell cross-priming.
However, it remains unclear whether ANGPTL2 func-
tions in induction of long-term T-cell responses. Because
Angptl2−/− mice injected with B16-OVA cells show re-
duced tumor-specific effector CD8+ T cell responses,
development of tumor-reactive effector memory CD8+

T cell may also be impaired in Angptl2−/− mice. Further
studies are needed to determine whether ANGPTL2 con-
tributes to long-term anti-tumor immunity.
In summary, tumor stroma-derived ANGPTL2 inhibits

tumor progression by enhancing dendritic cell-mediated
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CD8+ T-cell anti-tumor immune responses, activities that
contrast with tumor progression associated with tumor-
cell-derived ANGPTL2. Our findings support the idea
that ANGPTL2 signaling has a dual function in cancer,
and they provide novel insight into regulation of anti-tu-
mor immunity.

Materials and methods

Animals

Genetically engineered mice used in this study were: Angptl2–/–

mice (Tabata et al. 2009) on a C57BL/6N background, Pirb−/−

mice (Endo et al. 2008) (kindly provided by Dr. Takai [Tohoku
University]) on a C57BL/6N background, RosaLSL-PRCC-TFE3/+

mice on a C57BL/6N background (Kurahashi et al. 2019),
Angptl2F/F mice (Tian et al. 2016) on a C57BL/6J background,
and Tg mice overexpressing Cre driven by the murine Cad-
herin16 promoter (Cdh16-Cre) (Shao et al. 2002) on a C57BL/
6N background. Male C57BL/6N mice were purchased from
CLEA (Japan). All experimental procedures were approved by
the Ethics Review Committee for Animal Experimentation of
Kumamoto University.

Generation of translocation renal cell carcinoma model mice

To generate Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice,
RosaLSL-PRCC-TFE3/ LSL-PRCC-TFE3/Angptl2−/+ female mice were
mated with Chd16-Cre/ Angptl2−/− male mice. To
generate Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2F/F mice,
RosaLSL-PRCC-TFE3/+/Angptl2F/F female mice were mated with
Chd16-Cre/Angptl2F/F male mice.

Cell culture

The human renal tubular epithelial cell line HK-2 harboring
PRCC-TFE3, NONO-TFE3, or SFPQ-TFE3 fusion genes was
maintained inDMEM/F-12 containing 10%FCS, 0.8 μg/mL puro-
mycin, and 10 μg/mL blasticidin. To induce fusion gene expres-
sion, cells were treated with 100 ng/mL doxycycline for 48 h.
C2C12 cells, 3T3-L1 cells, and B16-OVA melanoma cells,

which express a non-secreted form of chicken ovalbumin (OVA)
as a surrogate tumor antigen, were cultured in DMEM (Wako)
supplemented with 10% fetal calf serum (FCS), penicillin, and
streptomycin (Wako) at 37°C in a humidified 5% CO2

atmosphere.

Tumor transplantation

B16-OVAmelanoma cells (2 × 105) in 50 µL PBSwere injected sub-
cutaneously into both back flanks of 8–12-wk-old mice. Tumor
growth was measured with calipers to calculate tumor volume
(= width2 ×height × 0.523). In survival analysis, to minimize suf-
fering, mice were euthanized when the tumor diameter exceeded
15 mm.
For coinjection of tumor cells and fibroblasts, PDGFRα+ cells

were isolated from tumor tissues of mice bearing B16-OVA tu-
mors at 21 d after implantation bymagnetic-activated cell sorting
(MACS) using a CD140a (PDGFRα) microbeads kit (Miltenyi Bio-
tec). Isolated PDGFRα+ (2 × 105) and B16-OVA (2 × 105) cells were
coinjected subcutaneously into right back flanks of 8-wk-old
mice.
For analysis of Angptl2 mRNA expression in tumor stromal

cells, B16-OVA cells (2 × 105) were injected subcutaneously into

both back flanks of 8-wk-oldmice. At 17 d after implantation, tu-
mor stromal cells were isolated from pooled three tumor speci-
mens by MACS using a CD45, CD31, or CD140a microbeads
kit and/or a tumor-associated fibroblast isolation kit (Miltenyi
Biotec). Isolated cells were subjected to qRT-PCR analysis.

Histology, immunohistochemistry, immunofluorescence

For histological analysis, tumor tissue samples were fixed with
4% paraformaldehyde, embedded in paraffin, sectioned with a
microtome, and stained with hematoxylin and eosin (H&E).
For TFE3 immunohistochemistry, deparaffinized sectionswere

pretreated with 3%H2O2 in Tris-buffered saline (TBS) (pH 7.6) to
inhibit endogenous peroxidases. Sections were then heated to
121°C for 15 min in Target Retrieval Solution (Dako), blocked
with 5% goat serum, and incubated with anti-TFE3 antibody
(1:100, Sigma-Aldrich, HPA023881) overnight at 4°C. After TBS
washing, sections were incubated with EnVision+System-HRP
Labelled Polymer Anti-Rabbit (Dako) as secondary antibody for
1 h at room temperature. Sectionswerewashedwith TBS and per-
oxidase activitywas visualized by incubationwith a 3,3-diamino-
benzidine solution followed by hematoxylin counterstaining.
Immunohistochemical staining for mouse ANGPTL2 was per-

formed as described (Horiguchi et al. 2017). For double immuno-
fluorescent staining, frozen sections were fixed in pre-cold
acetone for 20 min and then blocked for 20 min with 5% serum
at room temperature. Samples were incubated with anti-mouse
ANGPTL2 rabbit monoclonal antibody (1:50) (Motokawa et al.
2016) and antibody for CD45 (1:150, BD, BD550539), ER-TR7
(1:100, Novus biologicals), CD31 (1:100, BD, 555444), CD68
(1:100, Bio-Rad, MCA1957), PDGFRα (1:100, BioLegend,
135909), or PDGFRβ (1:100, eBioscience, 14-1402-81) overnight
at 4°C. For ANGPTL2, staining was performed using a Tyramide
Signal Amplification (TSA) kit (Perkin Elmer). For CD45,
ER-TR7, CD31, CD68 PDGFRα, and PDGFRβ, samples were in-
cubated for 60 min with Alexa Fluor 488-conjugated secondary
antibody (Thermo Fisher Scientific, 1:200) at room temperature.
Nuclei were stained for 20 min with DAPI.

Kidney tissue digestion for flow cytometry and cell isolation

The kidney was minced into 1-mm3 pieces and digested with
1 mg/mL collagenase D and 0.5 mg/mL dispase for 30 min on a
shaking 37°C incubator. Tissue was then passed through a 100-
µm cell strainer by mechanical disruption. Digested tissue was
treated with red-blood-cell lysis buffer (0.15 M NH4Cl, 10 mM
KHCO3, and 1 mM EDTA, pH 7.2–7.4). The cell suspension
was centrifuged and suspended inMACS buffer (Miltenyi Biotec).
To isolate dendritic cells, CD11c+ dendritic cells were isolated

from kidney tissues of Chd16-Cre/RosaLSL-PRCC-TFE3/+ mice and
Chd16-Cre/RosaLSL-PRCC-TFE3/+/Angptl2−/− mice at 45 wk of
age by MACS using a CD11c microbeads kit (Miltenyi Biotec),
and isolated cells were subjected to qRT-PCR analysis.

Flow cytometry

Cells were suspended in MACS buffer and incubated with anti-
CD16/32 mAb (BioLegend, 101310) for Fc receptor blocking.
Cells were stained with the following fluorochrome-conjugated
antibodies: PerCP/Cy5.5 anti-CD45 (BioLegend, 103131), PE
anti-CD45 (BioLegend, 109807), FITC anti-CD8 (MBL, D271-4),
APC anti-CD8 (BioLegend, 100712), PE anti-GzmB (BD,
561142), PerCP/Cy5.5 anti-CD11c (BioLegend, 117328), PE/Cy7
anti-MHC II (BioLegend, 107630), PE anti-CD86 (BioLegend,
105008), APC anti-CD80 (BioLegend, 104713), FITC anti-CD40
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(BioLegend, 102905), PE anti-ITGα5 (BioLegend, 103805), anti-
ITGα4 (BioLegend, 103607), anti-ITGαv (BioLegend, 104105),
anti-ITGβ1 (BioLegend, 102207), anti-ITGβ2 (BioLegend,
101407), anti-ITGβ3 (BioLegend, 104307), and anti-PIR-A/B (BD,
550349). For analysis of OVA-specific CD8+ T cells, cells were in-
cubated with PE-conjugated H-2Kb-SIINFEKL-tetramer (MBL),
according to the manufacturer’s instructions. Stained cells were
analyzed by BD FACSVerse (BD bioscience). Data analysis was
performed using FlowJo software (Treestar).

Total RNA extraction and real-time quantitative RT-PCR

Total RNA was isolated from cells and tissues using TRIzol re-
gent (Invitrogen). DNase-treated RNA was reversed-transcribed
with a PrimeScript RT regent Kit (Takara Bio). PCR products
were analyzed using a Thermal Cycler Dice Real Time System
(Takara Bio). PCR primer sequences (forward and reverse, respec-
tively) were 5′-GACCATCACTGTCAAAGAGTTTCTAGAT-3′

and 5′-AGGAAAGTCTTGTTTTTGAAATTTTTTAA-3′ for
mouse Il12p40; 5′- GGAGGTTGGACTGTCATCCAGAG-3′

and 5′-GCCTTGGTTCGTCAGCCAGTA-3′ for mouse Angptl2;
5′-AAAGACGGCCTCTGAGCAC-3′ and 5′-GGTGGTTCAC
AGTCATTTCCA-3′ for mouse Hes1; 5′-GGTACCCAGTGCC
TTTGAGAA-3′ and 5′-ATGCTCAGATAACGGGCAAC-3′ for
mouse Hey1; 5′-TTCTGGCCAACGGTCTAGACAAC-3′ and
5′-CCAGTGGTCTTGGTGTGCTGA-3′ for mouse Rps18. Rela-
tive transcript abundance was normalized to that of Rps18
mRNA.

BMDC culture and treatment

Mouse BMDCswere differentiated and cultured as described (Jing
et al. 2003) with minor modifications. Briefly, BM cells were ob-
tained from femur and tibia and cultured in RPMI 1640 medium
(Wako) containing 10% FCS, penicillin, streptomycin, 50 µM
2-mercaptoethanol, and 20 ng/mL GM-CSF (BioLegend). After
3 d, an equal volume of complete medium containing 20 ng/mL
GM-CSF was added. At day 6, non-adherent cells were collected
and used as immature BMDCs. In some experiments, immature
BMDCs were treated for 6 h with vehicle or recombinant mouse
ANGPTL2 protein (5 µg/mL). For anti-integrin antibody treat-
ment, immature BMDCs were pretreated with 20 µg/mL isotype
control IgG (Biolegend, 400916) or antibody against mouse integ-
rin α5 (Biolegend, 103908) or mouse integrin β1 (Biolegend,
102210) for 60 min and then treated for 6 h with recombinant
mouse ANGPTL2 protein in the presence of each antibody. For
DAPT treatment, immature BMDCs were pretreated with 20
µMDAPT (Wako) for 60min and then treated for 6 h with recom-
binant mouse ANGPTL2 protein in the presence of DAPT.

In vitro cross-presentation assay

OVA presentation in the context of H-2Kb was assessed in vitro
using the B3Z CD8+ T cell hybridomas (Karttunen et al. 1992)
as described (Ghosh and Shapiro 2012). BMDCs were stimulated
with LPS (10 ng/mL) or recombinant ANGPTL2 protein (5 µg/
mL) for 6 h. After stimulation, BMDCs were cultured with B3Z
cells at a 1:1 ratio for 24 h in the presence of 10 µg/mL OVA pro-
tein. β-Galactosidase activity was detected by adding chlorophe-
nol red-β-D-galactopyranoside (CPRG) and absorbance was
measured at 595 nm. B3Z activation was expressed as an increase
in absorbance relative to B3Z cells incubated with unstimulated
BMDCs in the absence of OVA protein. β-Galactosidase activity
in B3Z cells without BMDCs in the presence of OVA protein
served as background control.

In vivo dendritic cell immunization and adoptive transfer

WT BMDCs were stimulated with 5 µg/mL recombinant mouse
ANGPTL2 protein for 4 h and then pulsed with OVA peptide
SIINFEKL (MBL) for 6 h more. After washing with PBS, BMDCs
were suspended in PBS. For adoptive transfer experiments, B16-
OVA melanoma cells (2 × 105) were injected subcutaneously
into both back flanks of 8-wk-old C57BL/6 male mice, and
mice were randomly divided into four groups. On days 3 and 8 af-
ter implantation, mice were injected subcutaneously with PBS or
1 × 106 unstimulated BMDCs, unstimulated BMDCs pulsed with
OVApeptide, or ANGPTL2-stimulated BMDCs pulsedwithOVA
peptide. Mice injected with PBS served as control. Tumor growth
wasmeasuredwith calipers to calculate tumor volume (=width2 ×
height × 0.523). For survival analysis, to minimize suffering, mice
were euthanized when the tumor diameter exceeded 15 mm.

Immunoblot analysis

Solubilized proteins were subjected to SDS-PAGE, and proteins
were electrotransfered to nitrocellulose membranes. Immuno-
blotting was performed with antibodies against ANGPTL2
(1:1000, R&D Systems, BAF1444), NOTCH2 (1:1000, Cell
Signaling Technology, #5732), GAPDH (1:1000, Cell Signaling
Technology, #5174), HA-tag (1:1000, Cell Signaling Technology,
#3724), and Hsc70 (1:2000, Santa Cruz Biotechnology, #sc7298).
Immunodetection was carried out using an ECL kit (GE Health-
care) according to the manufacturer’s protocol.

DNA microarray analysis

HK2 cell lines, which express HA-PRCC-TFE3, HA-SFPQ-TFE3,
or HA-NONO-TFE3 doxycycline-dependently, were established
by two sequential lentiviral transductions using the full-length
rtTA3(Tet-on) gene (Takara) and the HA-PRCC-TFE3, HA-
SFPQ-TFE3, or HA-NONO-TFE3 genes under control of the
TRE-tight promoter. Cells were cultured in Advanced DMEM/
F-12 with 1.5% Tetracycline-Free Fetal Bovine Serum (Takara)
and selection antibiotics, 2 µg/mL Blasticidin S, and 0.8 µg/mL
Puromycin. For gene expression profiling, HK2 lines were cul-
tured with or without 200 ng/mL doxycycline. Total RNA was
isolated from cells using TRIzol reagent (Invitrogen). cDNA prep-
aration and hybridization were performed according to the man-
ufacturer’s protocol (Affymetrix). Affymetrix GeneChip Human
GenomeU133 Plus 2.0 arrays were applied. RMA-based data nor-
malization and subsequent data analysis, including PCA and
ANOVA, were performed with Partek Genomics Suite 6.6.

Quantification of serum BUN

BUN concentration in mouse sera was determined using a UREA
NITROGEN (BUN) Colorimetric Detection Kit (ARBOR AS-
SAYS), according to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using GraphPad prism 7 soft-
ware (GraphPad Software). Statistical parameters and methods
are reported in respective figures and figure legends. Results
with P-values <0.05 were considered significant. (∗) P< 0.05; (∗∗)
P<0.01; (∗∗∗) P <0.001). Comparisons between two groups were
performed using unpaired two-tailed t-test or theMann–Whitney
U-test. Comparisons between three or more groups were per-
formed using one-way ANOVA with Tukey’s multiple compari-
son test. For comparisons with two or more independent
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variable factors, we used two-way ANOVA followed by Bonferro-
ni’s multiple test. Survival rate was analyzed by log-rank test.

Data resources

Patient epidemiological data were obtained from the PrognoScan
database: See Supplemental Tables S2 and S3.
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