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Processes that promote cancer progression such as angiogenesis
require a functional interplay between malignant and nonmalig-
nant cells in the tumor microenvironment. The metalloprotease
aminopeptidase N (APN; CD13) is often overexpressed in tumor cells
and has been implicated in angiogenesis and cancer progression.
Our previous studies of APN-null mice revealed impaired neoangio-
genesis in model systems without cancer cells and suggested the
hypothesis that APN expressed by nonmalignant cells might pro-
mote tumor growth. We tested this hypothesis by comparing the
effects of APN deficiency in allografted malignant (tumor) and
nonmalignant (host) cells on tumor growth and metastasis in APN-
null mice. In two independent tumor graft models, APN activity in
both the tumors and the host cells cooperate to promote tumor
vascularization and growth. Loss of APN expression by the host and/
or the malignant cells also impaired lungmetastasis in experimental
mouse models. Thus, cooperation in APN expression by both cancer
cells and nonmalignant stromal cells within the tumor microenvi-
ronment promotes angiogenesis, tumor growth, and metastasis.
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Aminopeptidase N (APN, CD13; EC 3.4.11.2) is a widely
expressed type II membrane-bound metalloprotease (1, 2). It

functions in the enzymatic cleavage of peptides, in endocytosis,
and as a signaling molecule and has been implicated in the reg-
ulation of complex and diverse processes, including cell migra-
tion, cell survival, viral uptake, and angiogenesis (3). APN has also
been linked specifically to cancer, having been identified as a cell-
surface marker for malignant myeloid cells (4–7) and reaching
high levels of expression in association with the progression of
tumors, including breast, ovarian, and prostate cancer (8–14).
Indeed, vascular endothelial growth factor (VEGF), a key an-
giogenesis regulator, induces the expression of APN at an early
stage of tumor growth (15), again highlighting the role of this
enzyme in angiogenesis, a process crucial for sustained growth of
most solid tumors (16). Studies of bestatin, a CD13 inhibitor and
antiangiogenic agent, also suggest that APN enzymatic activity is
relevant for tumorigenesis (17, 18). Nevertheless, the substrates
of APN in the context of angiogenesis are still unknown. The only
well-defined substrate is angiotensin III in the renin–angiotensin
pathway, in which APN cleaves the NH2-terminal arginine residue
of angiotensin III to form angiotensin IV. Consistent with several
lines of evidence, we have previously identified APN as a target
for inhibition of tumor vascularization and growth (18–20).
Tumor growth relies on a complex microenvironment in which

malignant cells cooperate with various other cell types: endothe-
lial cells of the blood and lymphatic circulation, mesenchymal
stromal cells/cancer-associated fibroblasts, and a variety of bone
marrow-derived cells such as myeloid-derived suppressor cells and
lymphocytes (21, 22). Some of these cell populations cooperate in

inducing desmoplasia and angiogenesis. A body of indirect evi-
dence suggests a role for APN in regulating these aspects of tumor
progression. Indeed, APN is expressed by both cancer cells and
nonmalignant cells such as environmental vascular endothelial
cells, neutrophils, and stromal cells (8, 14), but it remains unclear
where and how APN acts to regulate tumor angiogenesis.
We recently generated APN-null mice and found them to have

impaired neovascularization in response to hypoxia or growth
factor stimulation in the absence of tumor cells (23). We rea-
soned that the APN-null mouse combined with syngeneic tumor
allografts would provide an ideal model system to sort out the
roles of tumor and alternative sources of APN in tumor growth
and metastasis. Here, we assessed the tumorigenic properties of
B16F10 melanoma and Lewis lung carcinoma (LLC) in which
APN expression was specifically silenced (knocked down) with
small hairpin (sh)RNA. Analysis of APN-expressing and APN-
shRNA grafts in wild type (WT) and APN-null mice indicated
that the contribution of both tumor and host APN sources is
essential for tumor vascularization. Notably, both primary tumor
growth and experimental lung metastases were impaired when
APN was absent from either host or tumor cells, and its absence
from both cell sources had a cooperative effect. These allograft
data indicate that APN is an important angiogenic factor sup-
plied by both nonmalignant host and malignant tumor cells and
that both sources contribute to cancer progression.

Results
Generation of APN Knockdown Tumor Cell Lines. Given that APN is
widely expressed, we first analyzed its expression levels in different
mouse cancer cell lines of C57BL/6 background by Western blot-
ting to identify suitable candidates for analyzing APN function.
Various levels of APN expression were detected in B16F1 and
B16F10 melanoma cells, LLC cells, and transgenic adenocarci-
noma of the mouse prostate (TRAMP) clones C2 and C3 (SI
Appendix, Fig. S1A). We chose B16F10 and LLC lines for further
studies because both exhibited intermediate expression levels of
APN and have long been established as tumorigenic andmetastatic
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(24, 25). To evaluate whether expression of APN by tumor cells
contributes to cancer progression, we generated B16F10 and LLC
APN-shRNA cell clones and found decreased production of APN
and reduced enzymatic activity in the shRNA cell clones by
Western blotting and enzymatic activity assays (SI Appendix,Fig. S1
B and C). Proliferation assays showed similar rates of cell division
between control-shRNA and APN-shRNA cell clones at different
time points (SI Appendix, Fig. S1D), thus ruling out cell multipli-
cation rate as a major factor in subsequent tumor growth studies.

Inhibition of APN Expression Reduces Primary Tumor Growth. To
investigate the role of alternative APN tissue sources, we injec-
ted B16F10 cells expressing control-shRNA and APN-shRNA
subcutaneously into WT and APN-null mice. After 11 d, the
B16F10 control-shRNA tumors showed a marked growth in WT
mice, whereas, in contrast, these tumors showed reduced tumor
volume and weight in the APN-null mice (Fig. 1 A and B), re-
vealing the importance of nonmalignant sources of APN in tu-
morigenesis. Furthermore, tumors derived from the B16F10
APN-shRNA clones showed a significant (P < 0.02) reduction in
tumor growth in WT mice, illustrating a crucial role for tumor-
derived APN in tumor progression. The largest inhibitory effect
on tumor growth was observed in the APN-shRNA tumor cells
administrated to the APN-null mice, with almost no growth even
at 2 wk after administration (Fig. 1 A and B), suggesting a syn-
ergistic effect of tumor and host-derived APN. Notably, both
host and tumor cells lack the expression of APN before tumor
establishment (i.e., “prevention” setting). We repeated these
experiments with LLC cells as an alternative tumor model, which

gave essentially the same results (Fig. 1 C and D). Thus, APN
expressed by both the tumor microenvironment and the malig-
nant cells cooperate to promote tumor growth.
We next performed a series of control experiments to exclude

the possibility of genome integration and site-dependent, off-
target effects of lentivirus-delivered shRNA. Namely, for rein-
troduction of APN expression in tumor knockdown lines, we
generated an APN reconstitution (APN-r) cDNA construct by
introducing three silent mutations (+225 C/T, +228 G/A, and
+234 G/A) in the shRNA-binding region (SI Appendix, Fig.
S2A). The APN-r cDNA or mock vector (negative control) was
transfected into B16F10 and LLC APN-shRNA cell clones.
Western blots and enzymatic activity assays demonstrated the
reversal of functional APN expression in shRNA/APN-r B16F10
and LLC cells without any detectable effect on cell proliferation
(SI Appendix, Fig. S2 B–D). To ascertain that tumor growth
modulation depended on APN activity in the graft models, we
administered shRNA/APN-r B16F10–expressing cell clones into
WT and APN-null mice. We detected a significant (P < 0.02)
restoration of tumor growth in the WT mice, whereas APN-null
animals had a 10-fold lower tumor weight (SI Appendix, Fig. S3 A
and B). Similarly, tumor growth was increased for shRNA/APN-r
LLC grafts (SI Appendix, Fig. S3 D and E). By dissecting tumor
cohorts of comparable sizes (∼250 mm3) from individual groups
and measuring enzymatic activity, we confirmed restoration of
APN activity in tumor cells expressing APN-r in each model (SI
Appendix, Fig. S3 C and F). These results confirm that APN
expression by both cancer cells and the host nonmalignant
stromal cells plays an important role in sustaining tumor growth.

Fig. 1. Loss of APN expression by tumor or host nonmalignant cells impairs tumor growth. Control and APN shRNA B16F10 or LLC cells were injected into
the right flank of WT or APN-null mice (n = 5/group), and tumor growth was followed. (A and C) Average tumor volume (mm3) was measured every 2 d
(*P < 0.02). (B and D) Tumor weights were evaluated after 13 d (B16F10) or 35 d (LLC). Bars represent mean tumor weight ± SEM (*P < 0.02). Photographs
show images of representative tumors. (Scale bar, 5 mm.)
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Inhibition of Tumor Angiogenesis Is Associated with Loss of APN
Enzymatic Activity. To evaluate whether decreased vascularization
resulting from APN deficiency accounts for the observed re-
tardation of tumor growth, we subsequently analyzed tumor
vasculature by using antibodies against the endothelial marker
CD31 (PECAM-1). We have optimized the analysis for a “mid-
dle”-size tumor (∼250 mm3), which avoided or minimized ne-
crosis while still having angiogenic and proteolytic attributes.
Immunofluorescence on tumor sections demonstrated that vas-
cular density was decreased in mice lacking APN in either the
host or the B16F10 tumor cells. Quantification studies demon-
strated that, although lack of host APN had a relatively modest
effect, APN knockdown in tumor cells was more severe, with an
approximately threefold reduction in microvascular density (Fig.
2B). The combined APN loss in both host and tumor cells pro-
duced a more dramatic vascular defect (Fig. 2A), with virtually
no CD31-positive blood vessels detected in tumors in the ab-
sence of APN in both host and tumor cells. Although large,
tortuous blood vessels were numerous when both malignant and
host cells expressed APN, loss of APN in either compartment
reduced not only blood vessel density but also blood vessel size
(SI Appendix, Fig. S4A). A clear difference of blood vessel
density was observed in the LLC model (Fig. 2 D and E and SI
Appendix, Fig. S4B). Anti-APN immunofluorescence was re-
duced, as expected, in tumors when the APN gene was deleted or
knocked down in malignant cells (SI Appendix, Fig. S4 A and B).
Finally, APN detection was located in tumor cells and was as-
sociated almost only with CD31-positive endothelial cells in
control-shRNA tumors (SI Appendix, Fig. S5 A and B).

Extracellular proteases participate in angiogenesis by degrading
extracellular matrix proteins (ECM) and/or by producing peptides
with angiogenic properties; therefore, the enzymatic activity is
thought to be central for tumor growth and metastasis. To study
this aspect, we surgically dissected tumors derived from B16F10
and LLC cells when they reached a volume of 250 mm3 and
performed enzymatic activity assays for APN. We found a signifi-
cant (P < 0.03) reduction in substrate cleavage in control-shRNA
tumors obtained from the APN-null mice compared with WT
mice (Fig. 2 C and F), indicating that APN expressed by host cells
is enzymatically active within the tumor microenvironment and is
sufficient to support angiogenesis, at least partially. Likewise,
APN expression by malignant cells only in the APN-null back-
ground was enough for this residual APN activity to support
baseline angiogenesis. When both tumor and host cells lacked
APN, enzymatic activity was decreased to the minimal back-
ground levels observed upon its blockade with the aminopeptidase
inhibitor bestatin (Fig. 2 C and F). Thus, APN expressed both by
tumor malignant cells and by nonmalignant microenvironment
stromal cells contributes to APN’s net extracellular enzymatic
activity, which is required for efficient neovascularization and
tumor growth.

Functional APN Promotes Experimental Lung Metastasis. Metastasis
is a complex multistep process during which malignant cells
disseminate to distant organs through the systemic circulation
(21, 22). Expression of APN has been previously associated with
tumor invasion and metastasis (26, 27). However, the relative
effects of cancer cell-expressed and host-expressed APN on

Fig. 2. Reduction of blood vessel density in tumors correlates with reduction of APN activity. (A and D) Immunofluorescence analysis of sections from B16F10
or LLC tumors (as indicated) collected at the study end point was performed with anti-CD31 and secondary FITC-conjugated antibodies (green). (Scale bar, 100
μm.) (B and E) Quantification of blood vessel numbers by manual counting (16 randomly chosen 10× fields per group) in APN WT and APN knockout (null)
mice injected with APN knockdown (shRNA) or control-shRNA. (C and F) Enzymatic activity of APN in protein extracts derived from APNWT and APN-null mice
carrying control and APN-shRNA B16F10 tumors. Soluble tumor protein extracts were incubated with L-leucine-p-nitroanilide substrate in the presence (+) or
absence (−) of enzymatic inhibitors (bestatin, leupeptin, and PMSF). The bars represent mean values of enzymatic activity ± SEM from triplicates (*P < 0.03).
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tumor cell dissemination have not been previously compared.
Through enzymatic activity assays and immunofluorescence, we
demonstrated that normal lungs express functional APN (SI
Appendix, Fig. S6 A and B), a result suggesting that lungs might
be an appropriate organ to test the effects of host and tumor
APN on metastasis. We evaluated the formation of pulmonary
metastases in the lungs of APN-null mice after i.v. administration
of either B16F10 shRNA or APN-positive cells. After 19 d, there
was a significant (P < 0.01) difference in lung weight between
control and APN-shRNA cell clones and WT and APN-null mice
(Fig. 3A), indicating a clear difference in metastasis burden.
Moreover, macroscopic analysis confirmed that APN knockdown
cells formed fewer lung metastatic foci than control cells of WT
mice, compared with the more significant (P < 0.006) reduction
in metastatic colony density observed in APN-null mice (Fig. 3 B
and C). Hematoxylin and eosin (H&E) staining served to vali-
date the identity of malignant colonies in the lungs of mice that
had received tumor cells intravenously. (Fig. 3D). Importantly,
histological analysis confirmed that tumor cells generated not
only fewer but also much smaller metastatic foci in the APN-null
mice, with B16F10 APN-shRNA further reducing the metastatic
burden. Finally, analysis of homogenized lung tissue demon-
strated that APN enzymatic activity in the lungs of WT and
APN-null mice also correlated with the metastatic burden (Fig.
3E), indicating that APN was active.
To validate the prometastatic function of APN in an in-

dependent model, we administered LLC cells expressing control-
shRNA or APN-shRNA intravenously into WT and APN-null
mice. After 8 wk, the lungs were removed, weighed, fixed, and

stained with H&E. Consistent with the B16F10 melanoma model,
enzymatically active APN expressed by either host or malignant
cells contributed to the formation of metastases (Fig. S6 C–E).
Collectively, these findings indicate a functional role for APN
enzymatic activity in lung metastases.

Discussion
In this report, we generated B16F10 and LLC cancer cell lines
stably expressing shRNA that efficiently abrogated APN trans-
lation, allowing us to dissect possible roles of alternative enzyme
sources in WT and APN-null mice. We excluded the likelihood
that the lentivirus carrier of the shRNA was generating artifacts
in the tumor cell clones by showing that tumorigenicity was
reestablished by reintroduction of APN resistant to shRNA
degradation. Our data demonstrate the main point that both
host cells and cancer cells serve as sources of APN that promotes
local tumor growth and tumor metastasis to a distant site. Our
study is based on syngeneic tumor models in APN-null mice
showing that nonmalignant stromal cells in the local microenvi-
ronment and malignant tumor cells cooperate in establishing the
APN activity levels that regulate tumor angiogenesis, growth,
and metastatic cell survival at a secondary site.
Our results add a relevant contribution to the body of evidence

for the role of APN in genesis of pathological vasculature (28).
We have previously reported that APN is expressed in tumor
blood vessels and is necessary for pathological angiogenesis (15,
18, 19, 23), a function also confirmed by others (8–14). Re-
duction in angiogenesis likely accounts for the tumor growth
defect resulting from enzyme inactivation. APN is expressed not

Fig. 3. Disruption of APN expression in tumor and/or nonmalignant stromal cells affects formation of lung metastases. B16F10 melanoma cells (control
and APN-shRNA) were injected into a tail vein of WT and APN-null mice. Lungs (n = 5) were dissected 3 wk later. (A) Lung weights are shown as means ± SEM
(*P < 0.01; **P < 0.006). (B) Representative photographs of lungs. (Scale bar, 5 mm.) (C) Metastatic foci were counted on lungs of WT and APN-null mice
(*P < 0.01; **P < 0.002). (D) Formalin-fixed lung sections were stained with H&E. Black arrows indicate lung metastatic foci. (Scale bar, 100 μm.) (E) Enzymatic
activity of APN was evaluated in lungs with metastasis. Bars represent means ± SEM (*P < 0.0001).
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only by endothelial cells, but also by pericytes and myeloid and
mesenchymal stromal cells (29–34), all of which are central
components of the tumor microenvironment.
Our future goals will include the identification (i) of various

cell components with functional APN activity and (ii) of native
substrates that might promote tumor growth and metastasis. In
addition, one might be able to explore the genetic expression
of either alternative aminopeptidase family members or other
proteases that might functionally compensate for the lack of
APN enzymatic activity in the host and tumor cell compartment.
Previous reports have shown that APN cleaves ECM proteins

(such as entactin and type IV collagen, among others) during cell
invasion (35, 36). In addition, to promote cell survival, tumors se-
crete growth factors to sustain proliferation and stimulate angio-
genesis. For example, VEGF induces the early expression of APN
in endothelial cells and fibroblast or stromal cells, so that both
tumor and nonmalignant components might cooperate in complex
tumorigenic and/or angiogenic paracrine-type mechanisms (17).
Relating our work to the clinical importance of APN, analysis

of human lung carcinoma tissue revealed that stromal fibroblasts
are the most numerous of the APN-positive cells, and their APN
expression correlated positively with increased angiogenesis and
poor prognosis; similar results were obtained in patients with
pancreatic carcinoma (13, 37–39). These observations suggest
that tumor cells might secrete growth factors to induce a sustained
APN expression in normal lung cells, which thus provide a fa-
vorable local environment (i.e., a “niche”) for metastases. Pre-
vious reports have shown that tumor cells lacking APN expression
have decreased invasive and metastatic capacity (26, 27). Thus, an
impaired APN expression in both host and malignant cells might
conceivably affect mechanisms to support tumor colony growth in
the lungs. Given that the lungs have a dual (bronchial and pul-
monary) vasculature with different ligand-receptor targeting
attributes (40), the regulation of metastasis through APN may be
even more complex. The importance of APN expression by ma-
lignant cells in primary tumors and metastases is also supported
by clinical studies (9). Recently, APN has been described as a
surface marker for tumor-initiating cells in human liver cancer
cell lines and in clinical samples (41). Whether APN functions as
a marker of tumor-initiating cells in the systems studied in this
work remains to be determined.
Previously, bestatin, an APN inhibitor, has been shown to

suppress tumor growth in experimental xenograft models (18, 42–
44), further suggesting that APN enzymatic activity is important
for tumorigenesis. However, bestatin has multipharmacological
functions (45), and its activity on other aminopeptidases could
also account for tumor growth inhibition. Here, by inactivating
APN specifically, we demonstrate unequivocally that activity of
APN by both host and grafted malignant cells contributes to
cancer progression in a genetically engineered mouse model.
Identification of APN substrates implicated in tumor growth and
metastasis is another required next step. A number of cytokines,
growth factors, and extracellular matrix molecules implicated in
angiogenesis have been reported as putative APN substrates (46–
55), and testing their possible roles in the models presented here
will be the focus of future studies.
To add a further level of complexity when one analyzes tumor

versus stroma-derived APN, two functional aspects must be taken
into account: (i) differential activity of the various APN isoforms
(56, 57) and (ii) accessibility to a circulating ligand (17). Specifically,
APN is a heavily glycosylated protein with at least five diverse
molecular isoforms corresponding to differences in oligosaccharide
composition (56, 57) and/or site-specific expression and accessibility
(17), which have thus far been detected in various myeloid cells,
epithelia, and tumor-associated vascular endothelium (57, 58). In
the work presented here, we did observe a clear correlation be-
tween tumor-derived and host-derived APN. Whether such

a synergistic effect is quantitative, qualitative, or both remains an
open question to be addressed in future studies, but it is certainly
conceivable—perhaps even likely—that a complex CD13-medi-
ated interplay in the tumor microenvironment exists. If so, one
could speculate that functionally different or site-specific iso-
forms might be differentially targeted either by ligand motifs
[such as asparagine–glycine–arginine (NGR)] (5,18,19) or by
certain anti-CD13 monoclonal antibodies (58). Previous studies
from our laboratory have demonstrated reduction of tumor
growth by targeting an isoform of APN expressed in the tumor
vasculature with NGR coupled to doxorubicin in murine models
(18–20). These preclinical studies have been followed with phase
II/III clinical trials based on NGR genetically fused to tumor
necrosis factor α for the treatment of hepatocarcinomas, pleural
mesotheliomas, and colorectal cancer (59–64). The APN-null
mouse-based model that we have established here will be useful
for further investigation of the role of distinct APN isoforms
expressed by individual populations of cells in cancer and of their
potential relevance for additional medical applications.

Materials and Methods
Tumor Models. APN heterozygous mice (23) were backcrossed (N4) onto a
C57BL/6 genetic background by the use of speed congenics (Genetic Services
and MD Anderson Cancer Center). Male 8- to 12-wk-old WT and APN-null
mice were injected either subcutaneously or intravenously with 105 B16F10 or
LLC cells. Tumor size was measured with a caliper, and ellipsoid volume was
calculated as 1/2× length×width× height (65) every 2–3 d until themicewere
killed. The lungs were removed, rinsed with phosphate buffer saline (PBS),
andweighed. Blackmetastatic foci were counted under a binocular dissecting
microscope. LLC cells (1 × 105) were injected subcutaneously and intravenously
into APN-null and WT mice; animals were killed at 35 and 54 days, re-
spectively. The Institutional Animal Care and Use Committee of the University
of Texas M. D. Anderson Cancer Center approved all animal experiments.

Retroviral Transduction. The lentiviral plasmidencodingAPN-short hairpin and
vectors pMD2.VSVG, pRSV-Rev, pCCLsin.PPT.hPGK.GFP.Wpre, and pMDLg/
pRRE (gift from L. Naldini, “Vita Salute San Raffaele” University, Milan, Italy)
were mixed with lipofectamine 2000 (Invitrogen) and added to confluent
HEK-293FT cells (Invitrogen). Viral particles in the supernatant were collected
24, 48, and 72 h after transfection, filtered, and centrifuged at 50,000 × g for
4 h at 20 °C. Purified lentiviral particles were superimposed on cells overnight
and replaced with complete media for 24 h. Cells were selected with 10 μg/mL
of puromycin (Sigma) for 7 d.

Reconstitution of APN Expression. We used the endotoxin-free Maxiprep kit
(Sigma) to purify the APN reconstitution (APN-r) cDNA and mock-expressing
vectors. B16F10 and LLC APN-shRNA cell lines were lipofectamine-transfected
with APN-r and mock expression vectors. After 3 wk of neomycin selection at
5 mg/mL, single clones expressing APN-r in the B16F10 APN-shRNA and LLC
APN-shRNAcellswere isolated.APNexpressionwasconfirmedbyWesternblot.

APN Enzymatic Activity Assay. APN enzymatic activity was measured spec-
trophotometrically with L-leucine-p-nitroanilide (Peptide Institute) as a sub-
strate. Confluent monolayers of B16F10 and LLC cells were grown in 24-well
plates. Tissues were prepared as described (19). The enzymatic inhibitor
bestatin (Sigma) was incubated for 30 min at 37 °C before substrate addi-
tion. Next, cells were washed with PBS, 1.6 mM of the substrate was added
in a final volume of 400 μL, and cells were incubated for 2 h at 37 °C. APN
enzymatic activity was estimated by the absorbance at 405 nm in a micro-
plate reader (SpectraMax M5; Molecular Devices).

Statistical Analysis. All data are presented as means ± SD. Statistical differ-
ences between groups were measured by Student’s t tests with P < 0.05
deemed as statistically significant.
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