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ABSTRACT

◥

Purpose: Nanoparticle-encapsulated drug formulations can
improve responses to conventional chemotherapy by increasing
drug retention within the tumor and by promoting a more effective
antitumor immune response than free drug. New drug delivery
modalities are needed in sarcomas because they are often chemoresistant cancers, but the rarity of sarcomas and the complexity of
diverse subtypes makes it challenging to investigate novel drug
formulations.
Experimental Design: New drug formulations can be tested
in animal models of sarcomas where the therapeutic response
of different formulations can be compared using mice with
identical tumor-initiating mutations. Here, using Cre/loxP and
CRISPR/Cas9 techniques, we generated two distinct mouse
models of Pten-deleted soft-tissue sarcoma: malignant peripheral
nerve sheath tumor (MPNST) and undifferentiated pleomorphic

Introduction
Soft-tissue sarcomas (STS) are mesenchymal tumors arising from
connective tissues, including the muscle, adipose, and nerve sheath.
These tumors are highly aggressive, with 1-year overall survival of
50%–60% for patients with advanced or metastatic disease (1). Primary
sarcomas are frequently treated with radiotherapy and surgical resection, and chemotherapy is utilized to treat metastatic disease. Doxorubicin is the most common chemotherapy for advanced stage
sarcoma (2–4). However, response rates are low, and there are
signiﬁcant risks for cardiac toxicity associated with high cumulative
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sarcoma (UPS). We used these models to test the efﬁcacy of
chimeric polypeptide doxorubicin (CP-Dox), a nanoscale micelle
formulation, in comparison with free doxorubicin.
Results: The CP-Dox formulation was superior to free doxorubicin in MPNST models. However, in UPS tumors, CP-Dox did
not improve survival in comparison with free doxorubicin. While
CP-Dox treatment resulted in elevated intratumoral doxorubicin
concentrations in MPNSTs, this increase was absent in UPS tumors.
In addition, elevation of CD8þ T cells was observed exclusively in
CP-Dox–treated MPNSTs, although these cells were not required
for full efﬁcacy of the CP nanoparticle–based chemotherapy.
Conclusions: These results have important implications for
treating sarcomas with nanoparticle-encapsulated chemotherapy
by highlighting the tumor subtype–dependent nature of therapeutic
response.
doses of doxorubicin. There are over 50 different subtypes of STS
characterized by distinct genetic proﬁles, cells of origin, tissue histology, and tumor biology. Because of the rarity of each subtype, it is
challenging to develop tailored treatment options for speciﬁc subtypes.
Comparing the therapeutic response of distinct tumor subtypes with
standard and novel therapies could help tailor treatment options for
patients with different types of sarcoma. Two of the most aggressive
forms of STS are undifferentiated pleomorphic sarcoma (UPS) and
malignant peripheral nerve sheath tumor (MPNST). UPS is one of the
most commonly diagnosed STS in adult patients and invades into the
surrounding muscle. MPNSTs arise from the myelinating nerve sheath
and occur in both adult and pediatric patients. Both sarcoma subtypes
have complex karyotypes and harbor similar genetic alterations,
including inactivation of a canonical tumor suppressor (TRP53 or
CDKN2A) and activation of the Ras pathway, usually through loss of
the Ras GAP neuroﬁbromin (NF1; refs. 5, 6).
Despite modest efﬁcacy, doxorubicin is still considered a gold
standard in sarcoma chemotherapy, although the response rate for
single-agent doxorubicin remains low at 17%–27% (7). First-line
therapy regimens for patients with both UPS and MPNST include
adriamycin, an injectable form of doxorubicin hydrochloride. Because
of the low chemoresponsiveness and signiﬁcant cumulative cardiac
toxicities, drug delivery formulations are being developed to increase
bioavailability to the tumor and lower effective dose to some normal
tissues. One nanoparticle-encapsulated approach is based on chimeric
polypeptide (CP) technology. The CP consists of two segments: an
elastin-like polypeptide (ELP) domain and a drug attachment domain
at the C-terminus (8–10). Multiple copies of small-molecule drugs are
conjugated to the drug attachment domain of the CP through an acidlabile linker. When the hydrophobicity of the drug is above a critical
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Response to Nanoparticle-based Chemotherapy in Sarcoma

Translational Relevance
Soft-tissue sarcomas (STS) are aggressive tumors of the connective tissue. Despite low response rates and cardiac toxicity,
doxorubicin is still considered a gold standard in sarcoma chemotherapy. Nanoparticle-encapsulated drug formulations may
provide improved responses and decreased toxicity to conventional chemotherapy in STS. Here, we examine the efﬁcacy of an
experimental nanoparticle-encapsulated doxorubicin formulation (CP-Dox) in two distinct types of STS using primary mouse
models. The CP-Dox formulation improves survival in mice
with malignant peripheral nerve sheath tumors (MPNST) compared with free doxorubicin, but has no survival beneﬁt in mice
with undifferentiated pleomorphic sarcoma (UPS). Pharmacokinetic studies indicate improved biodistribution in CP-Dox–
treated MPNSTs, but not in UPS tumors. In addition, CD8þ
T cells are elevated in CP-Dox–treated MPNSTs, although these
cells are not required for full efﬁcacy of the CP nanoparticle–
based chemotherapy. These results highlight the tumor subtype–
speciﬁc events that deﬁne therapeutic response to nanoparticleencapsulated chemotherapies.

threshold, drug conjugation triggers self-assembly of the CP into
approximately 50-nm-diameter nanoparticles, with the drug sequestered in the core of the nanoparticle. Uptake of these nanoparticles by
tumor cells and subsequent trafﬁcking through the endolysosomal
pathway results in cleavage of the drug from the ELP, followed by
diffusion into the cytosol and transportation to its ultimate intracellular site of action. In vivo, systemically injected CP–drug conjugate
nanoparticles accumulate in the tumor at a higher concentration than
free drug due to the altered permeability of cancer-associated vasculature that allows nanoparticles to accumulate within tumor tissues, a
phenomenon known as enhanced permeability and retention (EPR;
ref. 11). Studies in a wide range of transplanted mouse models have
shown these CP–nanoparticle formulations are superior to free drug
with multiple agents, including doxorubicin (8–10, 12), paclitaxel (13),
and niclosamide (14). In addition to improved survival, increased
tumor uptake, and decreased cardiac toxicity, these agents can also
increase T-cell inﬁltration into treated tumors, an event that is critical
to drug efﬁcacy in syngeneic mouse models (15).
Genetically engineered mouse models have advanced our molecular
understanding of sarcomas and serve as useful preclinical platforms for
multiple subtypes of STS. We have previously examined chemotherapy
regimens in mouse models of MPNST and UPS, and we demonstrated
that these models have low response rates to traditional doxorubicin
formulations (16–18). These sarcoma mouse models use Cre/loxP
technology to spatially and temporally restrict tumorigenesis. This
approach uses exogenous delivery of an adenovirus expressing
Cre recombinase (Ad-Cre) to delete ﬂoxed genes at the site of
Ad-Cre injection. By altering the site of Ad-Cre delivery, we have
used this technology to generate high-ﬁdelity models of distinct
subtypes of sarcoma, including MPNST (via sciatic nerve injection
of Ad-Cre) and UPS (via muscle injection of Ad-Cre; refs. 19, 20).
We demonstrated that Ad-Cre injection into the sciatic nerve of
Nf1Flox/Flox; Cdkn2a Flox/Flox mice (NC mice) generates MPNSTs
at the site of injection within 3–4 months, while injection into
the gastrocnemius muscle of NC mice generates UPS tumors within
7–9 months (17). These models facilitate preclinical studies because
tumor location is easily monitored and measured by calipers.

AACRJournals.org

Importantly, these primary mouse models arise within a native
tumor microenvironment, facilitating studies on tumor vasculature
and immune inﬁltration. Because NC mice can generate either
MPNST or UPS, these models provide a unique opportunity to
directly compare the preclinical efﬁcacy of novel therapeutic
approaches in different sarcoma tumor contexts using genetically
identical mice.
While the latency for MPNSTs to develop in NC mice is relatively
short, the 7–9 month time frame for UPS tumor development in
NC mice is a limitation for preclinical studies. To shorten the initiation
time required for Nf1/Cdkn2a-null UPS tumors for preclinical
studies, we explored additional patient-relevant mutations that
could accelerate UPS formation in this model. Dysregulation of the
PI3K/AKT/mTOR signaling axis is common across multiple sarcoma
types (5, 21) and correlates with poor response to treatment (22). Both
IHC and gene expression studies have shown that PTEN expression
can be lost in patient samples of aggressive MPNST and UPS through
DNA methylation or copy-number loss (5, 23, 24). Data from multiple
groups demonstrate that combining Pten deletion with loss of either
p53 or Nf1 can generate several distinct types of STS in genetically
engineered mice, including leiomyosarcoma (25), UPS (26), or
MPNST (24, 27). For example, high-grade peripheral nerve sheath
tumors were generated in PtenFlox/Flox; Nf1Flox/Flox mice with Schwann
cell–speciﬁc expression of Cre recombinase (27). However, these mice
died within 20 days of birth due to aggressive tumor burden. On the
basis of these data, we hypothesized that introducing somatic Pten loss
into the NC mouse models would accelerate tumor development to
enhance the feasibility of longitudinal preclinical studies. Here, we
describe Cre/loxP and CRISPR/Cas9 approaches to generate new
spatially and temporally restricted models of Pten-deleted sarcoma
that can serve as accelerated preclinical platforms.
To determine whether CP nanoparticle–based chemotherapy is
a promising therapeutic approach for STS, we tested the efﬁcacy of
CP-nanoparticle doxorubicin (CP-Dox) in MPNST and UPS mouse
models containing identical tumor-initiating mutations. While
MPNST-bearing mice show improved survival after treatment with
CP-Dox in comparison with free doxorubicin, UPS-bearing mice have
similar responses to both free doxorubicin and CP-Dox formulations.
The juxtaposition of two models that demonstrate different survival
beneﬁts from CP-Dox allows for investigations into possible mechanisms driving this response. We observed improved biodistribution in
MPNSTs treated with CP-Dox, but not in CP-Dox–treated UPS
tumors. In addition, we observed elevated CD8þ T-cell inﬁltration
exclusively in CP-Dox–treated MPNSTs, although these cells were not
required for full efﬁcacy of the CP nanoparticle–based chemotherapy.

Materials and Methods
Animals
Nf1Flox/Flox; Cdkn2aFlox/Flox mice were described previously (17).
PtenFlox/Flox mice (28) and the Rosa26-LSL-Cas9 mice (29) were
obtained from Jackson laboratories. All animal experiments were
performed in accordance with protocols approved by IACUC at Duke
University (Durham, NC), and the University of Iowa (Iowa City, IA).
Tumor generation and growth analysis
Cre/loxP tumors were generated as previously described for UPS
and MPNST models (30). Brieﬂy, Ad-Cre (University of Iowa Viral
Vector Core, Iowa City, Iowa) was mixed with calcium phosphate as
described previously (19). The mixture of calcium phosphate/Ad-Cre
was incubated for 15 minutes at room temperature and injected into
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the lower leg (50 mL) or sciatic nerve (25 mL) to generate UPS or
MPNSTs, respectively. CRISPR/Cas9 tumors were generated as
described previously (31). Virus containing Cre and single-guide
RNAs (sgRNA) for Pten or Tomato control were generated by
ViraQuest. sgRNA sequences were described previously (32).
After tumors were detected, mice were measured three times
weekly by calipers to obtain tumor growth kinetics data as
described previously (17). Tumor volumes were calculated using
the formula V ¼ (p  L  W  H)/6, with L, W, and H
representing the length, width, and height of the tumor in mm,
respectively. Tumors were harvested when they reached 1,500 mm3
or when animals showed signs of distress. At sacriﬁce, primary
tumor tissue was collected for cell line generation or placed into
10% formalin for histology.
Indel analysis
PCR ampliﬁcation of a region of mouse Pten spanning the
sgRNA target site was performed using Phusion High-Fidelity DNA
Polymerase (NEB, M0530L). PCR amplicons were validated on a 2%
agarose gel and then puriﬁed with the Monarch PCR and DNA
Cleanup Kit (NEB, T1030S). Sanger sequencing was performed
by the Genomics Division of the Iowa Institute of Human Genetics
at the University of Iowa (Iowa City, IA). Chromatograms were
analyzed using Synthego ICE (ice.synthego.com) or TIDE (tide.
deskgen.com). Indel frequencies were quantiﬁed using sequence
trace analysis. Indels >50 base pairs (bp) were determined by
band size on a 2% agarose gel. PCR primers for Pten indels
generated a 778 bp fragment in wild-type tissue that ﬂanks the
Pten sgRNA target site (Fw 50 CTGTCACCATTGCCAGGGCT, Rv
50 ATTTTAAGAAGAGACCACAGAGCTCGAC).
In vivo doxorubicin studies
Tumors within a uniform size range (150–300 mm3) were treated
with PBS control or doxorubicin formulations. Each doxorubicin
formulation was given at the MTD. For free doxorubicin, mice were
treated intraperitoneal with a single bolus of 10 mg/kg. CP-Dox was
synthesized as described previously (8–10, 12, 15), and mice were
injected with a single bolus in the tail vein (20 mg/kg). Brieﬂy, CPs
were synthesized by expression of a plasmid-borne synthetic gene of
the CP in E. coli. Activated doxorubicin was covalently linked to
cysteine residues on the CP with n-ßmaleimidopropionic acid hydrazide. To further purify the nanoparticles, the ELP phase transition
was initiated with sodium chloride (2.5 mol/L) to trigger phase
transition of the CP-Dox conjugate into an aqueous immiscible phase,
followed by centrifugation at 4,000 rpm at 30 C for 20 minutes.
The concentration of doxorubicin was determined using the absorbance at 495 nm and the doxorubicin molar extinction coefﬁcient of
1.00  104 mol/L1 cm1. Tumor growth was determined by caliper
measurement three times weekly. Following sacriﬁce, tumor tissue was
collected for histochemical analysis.
Pharmacokinetics and biodistribution studies
Measurement of pharmacokinetics and biodistribution were performed as described previously (8–10, 12, 15). Brieﬂy, 5 mg/kg of free
doxorubicin or CP-Dox was injected intravenously via the tail vein,
and samples were obtained from the tumor, kidney, and muscle at 2
and 24 hours after injection. Tumors were weighed, and doxorubicin
was extracted by homogenizing samples in acidiﬁed isopropanol with
2-mm zirconia beads and a MiniBeadbeater-1TM (Biospec). Samples
were incubated overnight in acidiﬁed isopropanol at 4 C, vortexed,
and centrifuged (14,000 rpm, 10 minutes, 4 C). The amount of
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ﬂuorescent doxorubicin in the supernatant was quantiﬁed using
485 nm for excitation and 590 nm for emission. For each sample,
the background ﬂuorescence was subtracted according to calibration
curves made for each organ, and the remaining counts were converted
to drug concentration using a doxorubicin ﬂuorescence standard
curve, as described previously (33). Tumor values were normalized
to kidney and muscle, as these provided the most consistent baseline
references.
CD8þ T-cell depletion studies
NC mice with tumors within a uniform size range (150–300 mm3)
were injected with 200 mg of anti-CD8a (53–6.72, Bio X Cell) or rat
IgG2a isotype control (2A3, Bio X Cell) starting on the day that each
tumor was ﬁrst identiﬁed (150–300 mm3), and continuing twice per
week until the study endpoint. Twenty-four hours after antibody
delivery, mice were administered either CP-Dox or PBS control, as
described above. Tumor growth was determined by caliper measurement three times weekly. For ﬂow cytometry analysis, tumor tissue was
stained with antibodies against CD45 (BV605, 30F11), CD11b (PE,
M1/70), CD11c (BV421, N418), CD3e (PE-Cy7, 145-2C11), CD4
(AF700, GK1.5), and CD8 (PerCP Cy5.5, 53-6.7) and analyzed by
ﬂow cytometry. All ﬂow cytometry reagents were purchased from
Biolegend.
IHC
Upon sacriﬁce, a portion of tumor tissue was harvested within 30
minutes and stored in 10% neutral buffered formalin for ﬁxation
and subsequent parafﬁn embedment. Antibodies for IHC were used
at 1:200 and include pERK (Cell Signaling Technology, clone
D13.14.4E), pS6 (Cell Signaling Technology, clone D68F8), CD4
(Abcam, clone 183685), and CD8 (Thermo Fischer Scientiﬁc, clone
4SM15). Sections were deparafﬁnized in xylene and rehydrated
through a series of ethanol washes. Antigen retrieval was performed
in citrate-based buffer (Vector Labs). After washing, samples were
stained using VECTASTAIN Elite ABC-HRP kit, as per the manufacturer's instructions (Vector Labs). Slides were counterstained
using IHC-optimized hematoxylin (Vector Labs). Sections were
dehydrated and mounted with Permount. Quantiﬁcation of
immune cell staining was performed on six 20 ﬁelds selected
from at least three individual sections to generate the total number
of positively stained cells.
Western blot analysis
Tumor cell lines were lysed in ice-cold RIPA buffer supplemented
with protease and phosphatase inhibitors (Thermo Fisher Scientiﬁc,
89900, A32961). Protein concentration was determined by BCA
assay (Thermo Fisher Scientiﬁc, 23225) and samples were loaded into
12%–4% Bis-Tris Plus gels (Thermo Fisher Scientiﬁc, NW04120Box)
and then transferred to polyvinylidene diﬂuoride Immobilon-FL
membranes (Millipore, IPFL00010). Membranes were incubated overnight at 4 C with primary antibodies: pAkt, 1:1,000 (4060, Cell
Signaling Technology); pErk, 1:1,000 (4370, Cell Signaling Technology), pS6, 1:1,000 (5364, Cell Signaling Technology), g-Tubulin,
1:10,000 (T5326, Sigma-Aldrich), Erk, 1:1000 (9102, Cell Signaling
Technology), Akt, 1:1000 (4685, Cell Signaling Technology), and
RPS6, 1:1000 (Ab40820, Abcam). Membranes were incubated with
secondary antibodies for 1 hour at room temperature: goat anti-rabbit
IRDye800 (1:5,000 LI-COR, 926-3221) and donkey anti-mouse
IRDye680 (1:10,000 LI-COR, 926-68072). Membranes were imaged
using an Odyssey CLx (LI-COR) and image analysis was performed
using Image Studio Software (LI-COR).
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IC50 Analysis
Cells were seeded onto a 96-well plate at a concentration of
1,000 cells/well and treated with either CP-Dox or free doxorubicin
using three replicate wells per drug concentration. Treatment concentrations started at 500 mmol/L and were serially diluted at a 1:2
ratio. Immediately following administration of therapeutic agent, cells
were placed in the Incucyte Zoom live cell imaging system, where four
locations on each well of the 96-well plate were serially imaged every
2 hours for 3 days. After the experiment was completed, a phase ﬁlter
was created to allow quantiﬁcation of percent conﬂuence for each well
at each time point. IC50 values for each plate was determined using
AUC analysis in the PRISM 7 software (Graphpad).
Statistical analysis
Statistical analysis was performed using the Prism 7 software
(GraphPad), and a P < 0.05 was considered statistically signiﬁcant.
Kaplan–Meier survival curves were analyzed by Gehan–Breslow–
Wilcoxon test. Analysis of tumor growth kinetics and immune inﬁltration studies was performed by one-way ANOVA with Tukey
multiple comparison test, with Bonferroni adjustment. Biodistribution
data were analyzed by ordinary two-way ANOVA.

Results
Cre/loxP and CRISPR/Cas9 mouse models of Pten-deleted
sarcomas
To generate primary mouse models of STS to undertake preclinical
therapeutic studies of CP nanoparticle–based chemotherapy in
MPNSTs and UPS tumors, we chose to accelerate tumorigenesis in
the previously described NC model (17) by introducing Pten loss-offunction mutations. We used two parallel genetic approaches to
generate Pten-deleted sarcoma models in genetically engineered mice
(Supplementary Fig. S1). First, we used a traditional Cre/loxP
approach by crossing PtenFlox/Flox mice with NC mice to generate
PtenFlox/Flox; Nf1Flox/Flox; Cdkn2aFlox/Flox animals (PtenFlox/Flox; NC
mice). Following injection with Ad-Cre into either the sciatic nerve
or muscle, the PtenFlox/Flox; NC mice developed MPNST or UPS,
respectively (Figs. 1A and 2A). Second, we applied our newly developed CRISPR/Cas9 somatic tumorigenesis technology to create complementary models of spatially and temporally restricted Pten-deleted
sarcoma (Figs. 1B and 2B). We recently used this approach to deliver
adenovirus containing Cas9 and sgRNAs to generate STS models that
closely resemble tumors generated by Cre/loxP methods (31). In this
study, we adapted this approach to deliver Pten-directed sgRNAs into
NC mice containing a Cre-inducible Cas9 (Rosa26-LSL-Cas9), which
allows for localized activation of Cas9 at the site of injection (29). By
using a combination of approaches, we can compare models generated
by traditional Cre/loxP methods with more versatile CRISPR/Cas9
approaches.
Somatic Pten deletion accelerates MPNST tumorigenesis
To use Cre/loxP to induce MPNSTs with deletion of Pten, we
injected the sciatic nerve of PtenFlox/Flox; NC mice with Ad-Cre to delete
Pten, Nf1, and Cdkn2a in the nerve sheath. In comparison with mice
with wild-type Pten (NC mice) or heterozygous deletion of Pten
(PtenFlox/þ; NC mice), homozygous deletion of Pten accelerated
MPNST initiation to an average of 69 days after injection
(Fig. 1A). In contrast, NC mice with intact Pten required an average
of 114 days for tumor formation, which is similar to our previously
reported tumor latency for this model (17). To utilize CRISPR/Cas9
technology to mutate Pten in the NC MPNST model, we generated
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mice with a Cre-activatable Cas9 (Rosa26-LSL-Cas9) and ﬂoxed Nf1
and Cdkn2a alleles (Rosa26-LSL-Cas9; Nf1Flox/Flox; Cdkn2aFlox/Flox,
referred to as LSL-Cas9; NC mice). Ad-Cre injection into these mice
activates Cas9 expression by deletion of the upstream ﬂoxed
STOP cassette, as well as deleting the ﬂoxed genes Nf1 and Cdkn2a.
This adenovirus also contains sgRNAs for either Pten (Ad-Cre þ
sgPten) or a negative control designed against a nonexpressed ﬂuorescent Tomato protein (Ad-Cre þ sgTom). When LSL-Cas9; NC mice
are injected in the sciatic nerve with Ad-Cre þ gPten, Nf1/Cdkn2a-null
tumors develop that express Cas9 targeting Pten disruption (Fig. 1B).
As a negative control, LSL-Cas9; NC mice are injected with Ad-Cre þ
sgTom, which does not target Cas9 to a speciﬁc sequence in the mouse
genome. LSL-Cas9; NC mice injected with Ad-Cre þ sgPten develop
tumors more quickly than control mice injected with Ad-Cre þ sgTom
(52 vs. 93 days), similar to results seen with the Cre/loxP approach
in Fig. 1A. To conﬁrm Pten disruption in CRISPR/Cas9-initiated
tumors, we performed indel pattern analysis on tumor-derived cell
lines (Fig. 1C). This method examines the frequency and location of
insertions and deletions within individual tumors generated by
CRISPR/Cas9 targeting (34). For the three MPNST-derived cell lines
in this study, we determined that deletions were more common than
insertion events, and indels most frequently occurred within 1–10 bp
of the cut site. We compared the impact of Pten loss on tumor growth
in both model systems by measuring tumor volume by caliper measurement. While deletion of Pten in the Cre/loxP model does not alter
tumor growth kinetics, Pten mutation in the CRISPR/Cas9 model
appears to accelerate the time required for MPNSTs to triple in volume
(Fig. 1D). Histopathologic examination of tumors from both Cre/loxP
and CRISPR/Cas9 approaches conﬁrmed MPNST features (Fig. 1E).
Taken together, these data are consistent with other studies of Pten
deletion in nerve sheath tumors (24, 27), and provide robust new
spatially and temporally restricted mouse models for preclinical
studies of MPNST.
UPS initiation is accelerated by Pten loss
One limitation of our previously described Nf1-driven UPS model is
the long tumor latency, making rigorous and moderate-throughput
preclinical studies challenging. We and others have shown that the
PI3K pathway plays an important role in UPS (16, 24–27), and we
hypothesized that Pten deletion would accelerate tumor formation in
the NC model. Using Cre/loxP technology, injection of Ad-Cre into
the gastrocnemius muscle of NC or PtenFlox/þ; NC mice generates
tumors with an average latency of 138 and 129 days, respectively. In
contrast, deletion of two copies of Pten accelerates UPS latency to an
average of 89.5 days (Fig. 2A). A similar phenotype is observed
using the CRISPR/Cas9 model in LSL-Cas9; NC mice, where injection
of Ad-Cre þ gPten generates tumors in an average of 78 days, but only
2 of 12 LSL-Cas9; NC mice injected with the negative control sgRNA
(Ad-Cre þ sgTom) developed tumors after 5–8 months (Fig. 2B). This
is longer than the time required for tumorigenesis in Cre/loxP-driven
NC mice with wild-type Pten, suggesting that Pten deletion may play a
larger role in tumorigenesis for mice with constitutive Cas9 expression.
Indel pattern analysis shows that cell lines from CRISPR/Cas9-generated UPS tumors have a wide range of indels within Pten, including
one tumor-derived cell line with a large deletion greater than 50 bp
(Fig. 2C). Tumors generated by both methods show the classic spindle
cell morphology commonly observed in UPS (Fig. 2E). Similar to
observations in the MPNST model, deletion of Pten in Cre/loxPgenerated UPS tumors does not alter tumor proliferation, while
mutation of Pten via CRISPR/Cas9 technology appears to accelerate
UPS growth kinetics in comparison with PtenFlox/þ; NC and NC
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Figure 1.
Pten deletion accelerates MPNST formation. A, Cre/loxP homozygous deletion of Pten accelerates MPNST formation in Nf1Flox/Flox; Cdkn2a Flox/Flox (NC) mice. No
acceleration of tumor formation is seen in mice with loss of only a single Pten allele. B, Similarly, CRISPR-mediated mutation of Pten using a sgRNA targeting Pten in
Rosa26-LSL-Cas9; NC mice leads to accelerated tumor formation when compared with a nontargeting guide RNA (gTom) against a ﬂuorescent tdTomato gene.
C, Indel pattern analysis shows the frequency and distribution of insertions and deletions in cell lines derived from tumors generated by injections of Ad-Cre þ gPten.
D, Tumor growth kinetics are reported as the number of days required for tumors to triple in volume. For the Cre/loxP model, PTEN deletion does not alter the tumor
growth kinetics. However, loss of Pten in the CRISPR/Cas9 model accelerates tumor growth in comparison with a nontargeting sgRNA control (P ¼ 0.003).
E, Representative images of hematoxylin and eosin–stained tumors demonstrate MPNST pathology, which shows that deletion of Pten does not alter the histology of
the tumors. Images at 20, scale bar at 50 mm. A “ ” denotes P < 0.05.

models (Fig. 2D). While it is interesting that deletion of Pten via
CRISPR/Cas9 technology appears to accelerate tumor growth in both
UPS and MPNST models, this phenotype requires further validation in
a larger cohort of mice. Taken together, these data show that Pten
deletion can accelerate tumor initiation in mouse models of two
distinct sarcoma subtypes, and that CRISPR/Cas9 approaches to
mutate Pten can accelerate sarcoma development similar to Cre/
loxP-mediated deletion.
Pten-dependent cellular signaling in MPNST and UPS
Disruption of Pten results in pAKT elevation, which can drive cell
proliferation and survival (35). In addition, PI3K signaling can modulate cross-talk with the MAPK/ERK and mTOR/S6 pathways (35, 36).
These distinct signaling arms can play roles in sarcoma progression;
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however, their activation is context-dependent and may rely upon the
presence of additional mutations or sarcoma subtype. To assess PI3K
pathway activation in the Pten/Nf1/Cdkn2a-null sarcoma models, we
used Western blots of tumor-derived cell lines to examine three
frequently activated signaling nodes in the PI3K pathway: phosphoAKT, phospho-S6, and phospho-ERK. In MPNSTs, Pten deletion
elevates phospho-AKT levels in cells derived from both Cre/loxP and
CRISPR/Cas9 models (Fig. 3A). Western blot analysis of Pten-deleted
MPNST cells shows elevation of phospho-S6 in cell lines derived from
CRISPR/Cas9-generated tumors, whereas the induction of phosphoS6 is less pronounced in cell lines derived from Cre/loxP-initiated
tumors. Moderate levels of phospho-ERK are observed in cell lines
from MPNSTs by Western blot analysis, but we are unable to detect
further induction of phospho-ERK with Pten deletion.
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Pten deletion accelerates UPS formation. A, UPS tumor formation is accelerated with Cre/loxP homozygous deletion of Pten in Nf1Flox/Flox; Cdkn2a Flox/Flox (NC) mice.
No acceleration of tumor formation is seen in mice with loss of only a single Pten allele. B, Mutation of Pten with a sgRNA in LSL-Cas9; NC mice leads to accelerated
tumor formation when compared with a nontargeting sgRNA (gTom) against a ﬂuorescent tdTomato gene. Because of the long duration required for tumors to grow,
only two tumors were observed with the control sgRNA (gTom) injections. C, CRISPR/Cas9-generated indels in Pten were conﬁrmed by Sanger sequencing of tumorderived cell lines generated by injections of Ad-Cre þ gPten. Indel pattern analysis shows the frequency and distribution of insertions and deletions. The deletion
observed in M5-3 was too large to be sequenced with the primers using a Sanger sequencing–based approach, so the size of the deletion was estimated by agarose
gel electrophoresis as at least 50 bp, denoted by an asterisk. D, Tumor growth kinetics are reported as the number of days required for tumors to triple in volume.
Similar to observations in the MPNST model, deletion of Pten with Cre/loxP in UPS tumors does not affect tumor growth kinetics, but loss of Pten in the CRISPR/Cas9
model accelerates tumor growth in comparison with PtenF/F, PtenF/þ, and Pten WT Cre/loxP models. E, Representative images of hematoxylin and eosin–stained
tumors show classic UPS spindle cell morphology is preserved with Pten deletion in both Cre/loxP and CRISPR/Cas9 approaches. Images at 20, scale bar at 50 mm.
A “ ” denotes P < 0.05.

Similar results are seen in UPS tumors. Western blot analyses
show that deletion of Pten upregulates phospho-AKT levels in
UPS-derived cell lines generated by both Cre/loxP and CRISPR/Cas9
approaches (Fig. 3B). In contrast, levels of phospho-S6 are modestly
upregulated following Pten loss in cell lines from CRISPR/Cas9derived UPS tumors, but show no consistent changes in cell lines
from Cre/loxP-derived sarcomas. These results in UPS cell lines is
similar to results seen in MPNST cell lines and suggests that the
elevated mTOR/S6 activity in these tumors could contribute to
accelerated growth kinetics in tumors with Pten deletion by
CRISPR/Cas9 technology. In contrast to MPNST models, Western
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blots in cell lines from some UPS tumors with Pten loss demonstrate
that levels of phospho-ERK are moderately upregulated. As these
Western blots are examining tumor-derived cell lines, and not tumor
lysates, it is possible the differences in pS6 and pERK levels between cell
lines can be attriuted to additional mutations or epigenetic events that
were gained during culture to select for divergent signaling properties.
Alternatively, our results may reﬂect the heterogeneity of signaling
proﬁles across individual tumors. Regardless, these results show that
Pten loss activates the mTOR/S6 pathway through distinct tumor
context-dependent events, suggesting unique cell signaling paradigms
for different sarcoma subtypes.
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Figure 3.
The impact of Pten deletion on cellular signaling pathways is context-dependent. A, Western blots of key signaling pathways in MPNST-derived cell lines.
Quantiﬁcation is shown as fold change in phosphorylated protein compared with total protein, which is normalized to a Pten wild-type control. Elevation of phosphoAKT is observed in Pten-deleted samples obtained from both Cre/loxP and CRISPR/Cas9 approaches. Phospho-S6 levels are increased in Pten-deleted samples from
CRISPR/Cas9 tumors, but not in cells derived from Cre/loxP tumors. Phospho-ERK levels are not altered by Pten deletion in either model. B, Western blots of key
signaling pathways in UPS-derived cell lines. Quantiﬁcation is shown as fold change in phosphorylated protein compared with total protein, which is normalized to a
Pten wild-type control. Elevation of phospho-AKT is observed in Pten-deleted samples obtained from both Cre/loxP and CRISPR/Cas9 approaches. In UPS-derived
cell lines, Pten loss modestly upregulates phospho-S6 in CRISPR/Cas9 tumors, but has no consistent impact on phospho-S6 levels in cell lines derived from Cre/loxP
tumors. Phospho-ERK levels are elevated in cell lines from Pten-deleted Cre/loxP tumors, but not in cell lines from Pten-deleted CRISPR/Cas9 tumors.

CP-Dox improves survival in a primary mouse model of MPNST
Doxorubicin (adriamycin) is the most common ﬁrst-line chemotherapy for patients with both MPNST and UPS, despite poor overall
response rates. CP nanoparticle–encapsulated doxorubicin (CP-Dox)
has improved bioavailability and extends survival in mouse cell
transplantation models, but has not been tested in primary mouse
models (8–10, 12–15, 37). The shortened latencies of the Pten-deleted
MPNST and UPS models described above facilitate preclinical testing
of CP-Dox. Given the success of CP-formulated drugs in mouse
models of epithelial cancers (8–10, 12–15, 37), we hypothesized that
CP-Dox would improve survival better than free doxorubicin in the
MPNST and UPS sarcoma mouse models. We generated both
MPNSTs and UPS tumors in PtenFlox/Flox; NC mice, as these Cre/loxP
mice were developed before the CRISPR/Cas9 models were available.
After tumors reached 200 mm3, mice were treated with a single
administration of free doxorubicin or CP-Dox at MTDs, as reported
previously (15). It is important to note that the comparison between
free-doxorubicin and CP-Dox were performed not at equimolar
amounts but at equitoxic doses—typically the MTD of each drug—
as it allows for comparisons of clinically relevant doses. Tumor growth
was monitored by calipers three times weekly. In MPNST-bearing
mice, animals treated with vehicle alone have a median survival of
11 days. This is similar to the 14 days median survival for mice
receiving free doxorubicin, demonstrating the lack of survival
beneﬁt with free drug formulation in this model (Fig. 4A). In
contrast, CP-Dox extends median survival to 24 days, signiﬁcantly
longer than free doxorubicin or vehicle treatment (Fig. 4A). The
nanoparticle-encapsulated formulation also slows tumor growth by
increasing the average time required for tumors to double in volume
from 4 days with vehicle treatment to 13.1 days with CP-Dox
(Fig. 4B; Supplementary Fig. S2). To our knowledge, this is the ﬁrst
report of the CP-based nanoparticle delivery improving survival in a
primary mouse model.
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In the UPS model, treatment with free doxorubicin extends median
survival to 44 days compared with 25 days with vehicle alone (Fig. 4C).
However, there was no additional survival beneﬁt with CP-Dox versus
free doxorubicin (43 days vs. 47 days, respectively). Similar results
are observed in tumor growth data, with both drug formulations
extending the time required for tumors to double in volume from
7.4 days with vehicle alone to 23.4 and 21 days with free doxorubicin
and CP-Dox, respectively (Fig. 4D; Supplementary Fig. S2). This is in
contrast to the MPNST model, where only CP-Dox treatment
improves survival (Fig. 4A). Thus, these data suggest CP-Dox can
improve survival compared with free doxorubicin in MPNSTs because
of the poor baseline response of MPNSTs to free doxorubicin, whereas
CP-Dox is unable to extend survival in UPS tumors beyond the beneﬁt
already achieved with free doxorubicin.
Differential biodistribution of nanoparticle-encapsulated drug
in MPNST and UPS models
The differential beneﬁt of CP-Dox observed between MPNST
and UPS mice suggests a fundamental difference in the biology of
these tumors, even with identical initiating mutations in the same
genetic background. To determine whether the improved CP-Dox
response represents an intrinsic property of the cancer cells or is the
result of different tumor-extrinsic factors between tumors located in
the muscle and nerve, we deﬁned the concentration of the drugs
needed to inhibit 50% of cell proliferation (IC50) for tumor-derived
cell lines. Similar to previous reports, both MPNST and UPS cells
are more sensitive to free doxorubicin than CP-Dox (Supplementary Table S1). In addition, MPNST cells are more sensitive to both
free doxorubicin and CP-Dox than UPS cells, and the IC50 for CPDox is approximately 5-fold lower for MPNST cells than UPS cells,
which could partially contribute to the improved responses
observed in vivo. To examine additional factors that play a role
in the efﬁcacy of CP-Dox treatment, we examined several tumor-
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Figure 4.
CP-Dox treatment is superior to free doxorubicin in MPNSTs, but not in UPS tumors. When tumors reach 150–300 mm3, mice receive a single bolus of vehicle, free
doxorubicin, or CP-Dox, followed by caliper measurements three times per week. A and B, In MPNST-bearing mice, treatment with CP-Dox extends survival (A) and
slows tumor growth (B) signiﬁcantly more than vehicle or free doxorubicin. Tumor growth kinetics are reported as the number of days required for tumors to double
in volume. In contrast, in UPS-bearing mice, treatment with either free doxorubicin or CP-Dox extends survival (C) and slows tumor growth (D) signiﬁcantly more than
vehicle alone. Tumor growth kinetics are reported as the number of days required for tumors to double in volume. A “ ” denotes P < 0.05 from one-way ANOVA with
Tukey multiple comparison test.

extrinsic factors, including improved tumor retention and immune
modulation.
To examine tumor retention of the drugs, we obtained tumor,
kidney, and muscle tissue from mice recently injected with 5 mg/kg of
free doxorubicin or CP-Dox. Because of the native red ﬂuorescence of
doxorubicin, pharmacokinetic measurements can easily be performed
on processed samples to determine the amount of drug delivered into
the tumor when normalized to control tissue. At 2 hours postinjection,
both CP-Dox and free doxorubicin are present at similar levels in
MPNSTs relative to normal kidney (Fig. 5A). However, at 24 hours
postinjection, the CP-Dox formulation results in signiﬁcantly higher
intratumoral concentrations of doxorubicin, showing the improved
accumulation and retention of the nanoparticle formulation in the
MPNSTs. In contrast, analysis of UPS tumors shows that similar
amounts of both CP-Dox and free doxorubicin remain in the tumor for
2 hours and 24 hours postinjection (Fig. 5C). Similar results are
seen when biodistribution data are normalized to muscle (Supplementary Fig. S3). This drug accumulation study supports the notion
that CP-Dox improves survival in MPNSTs partially due to increased
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tumor bioavailability. Therefore, the absence of survival beneﬁt
observed with CP-Dox treatment of UPS tumors can be partially
explained by the inability to improve tumor accumulation with the
nanoparticle formulation in these tumors. Taken together, these data
suggest that novel CP nanoparticle–based formulations of doxorubicin
may be beneﬁcial for patients with MPNST, but may not be beneﬁcial
for patients with myogenic tumors. Although these ﬁndings may in
part depend on the increased growth rates of our murine sarcomas
compared with the clinical disease, these results highlight the importance of examining therapeutic outcome in preclinical studies of
different sarcoma subtypes and anatomic locations.
T-cell inﬁltration correlates with response in CP-Dox–treated
tumors but is not required for full efﬁcacy
Recent studies have implicated elevated lymphocyte activity in
CP-Dox efﬁcacy. In a transplant model of mouse 4T1 cells, antibody
blocking studies demonstrated that CP-Dox–associated survival
and prevention of metastasis were dependent on CD8þ T cells (15).
On the basis of these ﬁndings, we hypothesized that CD8þ T-cell
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CP-Dox affects biodisribution and immune inﬁltration in MPNSTs, but not in UPS tumors. A, In MPNSTs, CP-Dox levels remain elevated 24 hours after intravenous
injection, whereas free doxorubicin levels remain at baseline levels. Values are normalized to kidney. B, Levels of CD8þ T cells are elevated in terminally
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inﬁltration would correlate with improved response to doxorubicincontaining therapy. We performed IHC for CD4þ and CD8þ T cells
on terminally harvested MPNST and UPS tumor tissue treated
with either CP-Dox or free doxorubicin. In MPNSTs, CD8þ T-cell
inﬁltration increases in tumors treated with CP-Dox compared with
vehicle (Fig. 5B). In contrast, there is no increase of CD8þ T cells in
MPNSTs treated with free doxorubicin. In UPS tumors, CD8þ T
cells are elevated in both CP-Dox and free doxorubicin-treated
tumors, compared with vehicle alone (Fig. 5D). IHC analysis of
CD4þ T cells shows no statistical change in MPNSTs or UPS tumors
treated with either doxorubicin formulation (Fig. 5B and D). These
data raise the possibility that improved responses to doxorubicincontaining therapy are partially due to CD8þ T-cell recruitment.
While UPS-bearing mice have extended survival and increased
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CD8þ T-cell inﬁltration in response to either drug formulation,
MPNSTs show a survival beneﬁt and elevated CD8þ T-cell levels
only when treated with CP-Dox. To determine whether CD8þ
T cells were necessary for CP-Dox efﬁcacy in MPNSTs, we injected
tumor-bearing mice with a CD8-depleting antibody prior to CPDox injection (Fig. 5E and F). Mice continued to receive isotype
control or anti-CD8 antibody every 3–4 days until tumor harvest.
CP-Dox was able to slow MPNST growth to a similar extent in both
CD8-depleted and isotype control mice. These data suggest that
CD8þ T cells are not required for full efﬁcacy of CP-Dox in MPNST
models. Taken together, the improved response to CP-Dox in
MPNSTs can be at least partially explained by higher doxorubicin
delivery to the tumor, but increased immune cell recruitment is not
required for full efﬁcacy.
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Discussion
To directly compare the preclinical efﬁcacy of CP nanoparticle–
based chemotherapeutic formulations in genetically identical tumors
of different sarcoma subtypes, we generated MPNST and UPS models
with deletions in Pten, Nf1, and Cdkn2a using both Cre/loxP and
CRISPR/Cas9 approaches. In the MPNST model, we observed that
CP-Dox signiﬁcantly extends animal survival and slows tumor growth
(Fig. 4A and B). To our knowledge, this is the ﬁrst demonstration in a
primary tumor model that CP-Dox improves response in comparison
with free doxorubicin. In contrast to our observations in MPNSTs, we
found that CP-Dox has no survival advantage over conventional
doxorubicin in the UPS tumors (Fig. 4C and D). By developing two
mouse models of sarcoma with different responses to CP-Dox, we can
explore possible mechanisms contributing to drug efﬁcacy. Our data
show that improved response to CP-Dox correlates with (i)
increased tumor uptake of CP-Dox versus free doxorubicin and
(ii) increased CD8þ T-cell inﬁltration into treated tumors (Fig. 5).
However, pretreatment with an anti-CD8 antibody does not
decrease the efﬁcacy of CP-Dox in MPNSTs, suggesting CD8þ T
cells are not required for full efﬁcacy of the drug in this model.
Taken together, our in vivo studies point to an important role for
enhanced biodistribution in efﬁcacy of nanoparticle formulations
and have important implications for clinical approaches in sarcoma
by highlighting the context-dependent nature of therapeutic
response in different sarcoma subtypes.
The hypothesis that CP-Dox is superior to free doxorubicin across
many solid tumor types because the nanoparticle formulation can
deliver a higher concentration of drug to the tumor (8–10) is supported
by our observations in the MPNST sarcoma model. Our work raises
the possibility that the EPR model of nanoparticle retention may be
different in MPNSTs versus UPS tumors. In MPNSTs, CP-Dox is
retained at higher levels than free doxorubicin, as predicted by the EPR
theory. In contrast, both CP-Dox and free doxorubicin are retained at
similar levels in UPS tumors (Fig. 5). This implies that while MPNSTs
display the increased permeability expected for cancer-associated
vasculature, UPS tumors may have vasculature that is not hyperpermable to CP-Dox to the same extent, which may explain the lack of
elevated CP-Dox accumulation in these tumors. This comparison
further illustrates the importance of evaluating therapies across multiple subtypes of genomically matched sarcomas.
These studies suggest the role of T cells in CP-Dox activity is
context dependent. While the effect of CP-Dox in our primary
model of MPNST is CD8 independent, previous studies have
demonstrated that CD8þ T cells are required for full efﬁcacy of
CP-Dox in a cell transplant model of breast cancer (15). Several
factors could contribute to these differences including differences in
immune cell function between breast cancer and sarcoma models.
However, we speculate that this ﬁnding may simply reﬂect differences between cell transplant and primary mouse models, as studies
have shown that transplant models, but not autocthonous models,
demonstrate a requirement for adaptive immunity in chemotherapy
responses (38–41).
We also performed a side-by-side comparison of in vivo models of
Pten deletion using Cre/loxP and CRISPR/Cas9 methods. With the
advent of CRISPR/Cas9 tools in cancer modeling, a direct comparison
of conventional genetically engineered mice and new CRISPR/Cas9
approaches is instructive. A major advantage of classical Cre/loxP
models is the ability to compare between gene dosage (loss of one
copy vs. two copies). These data demonstrate that homozygous loss of
Pten is required to accelerate MPNST or UPS tumor formation, as
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heterozygous Pten loss was not sufﬁcient to accelerate tumor onset.
Advantages of CRISPR/Cas9 somatic tumorigenesis methods include
comparing distinct genetic mutations with a rapidly adaptable
approach without the need for generating additional genetically
engineered conditional mice and the time required for breeding
schemes. For example, while the role of Pten loss in MPNST biology
has been well established, CRISPR/Cas9 tools allow for rapid screening
of other mutations in the future without the need for multiple genetic
crosses. In comparing our Cre/loxP and CRISPR/Cas9 models, we
determined that Pten deletion can accelerate sarcoma initiation in both
MPNST and UPS models. As expected for Pten deletion and PI3K
pathway activation, levels of phosphorylated AKT are observed with
Pten deletion in cell lines derived from all tumors. However, there are
several differences in activation of cellular signaling pathways downstream of PI3K between the different models. For example, PI3Kmediated phospho-S6 induction is observed only in tumor-derived cell
lines where Pten is mutated by CRISPR/Cas9 technology, not with Cre/
loxP technology, and the upregulation of phospho-ERK is detected
only in some cell lines derived from UPS tumors, but not MPNSTs.
There are several hypotheses that could explain the differences in
Pten deletion–driven phenotypes across the multiple models. First, the
Rosa26-LSL-Cas9–containing mice are on a different genetic background that could be more sensitive to Pten deletion, resulting in
altered cellular signaling. Second, constitutive activation of the Cas9
enzyme could increase phospho-S6 levels in tumors from LSL-Cas9;
NC mice, potentially inﬂuencing signaling cascades. Third, Pten
deletion may increase phospho-ERK levels in UPS tumors due to
relatively low levels in Pten wild-type tumors, whereas phospho-ERK
levels are already elevated in Pten wild-type MPNSTs, and therefore
Pten loss may be unable to activate the MAPK/ERK pathway beyond
baseline levels.
Efforts are underway to test CP-based formuations in other animal
models. A recent study of the pharmacokinetics of CP-Dox in dogs
showed that CP-Dox nanoparticles circulate far longer in systemic
circulation than free drugs, similar to the data obtained in mice (33).
These results are encouraging, given the recent interest in canine
models for preclinical studies (42–44), and suggest that the better
efﬁcacy of CP-Dox nanoparticle compared with free drug seen in
mouse models may translate to humans. Current studies are focused
on further improving the bioavailability of drugs by designing newer
CP nanoparticles that present multiple copies of an albumin-binding
protein domain on their exterior, facilitating binding of endogenous
albumin to sheath the nanoparticle with an albumin corona (33).
Encouraging results in a mouse transplanted colon cancer model
suggest that these albumin-coated nanoparticles represent the
“next-generation” of CP-Dox formulations. Our study in primary
mouse models of MPNST and UPS suggests that CP-Dox and nanopariticle formulations in general may be a promising treatment
approach for patients with MPNSTs. Given the diversity of biology
across STS subtypes, there is increasing appreciation that systemic
sarcoma therapies need to be tailored to each subtype. The development of new approaches to model patient-relevant mutations in
preclinical models of different sarcoma subtypes will accelerate
bench-to-bedside studies of new treatment paradigms.
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