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ABSTRACT
◥

In this era of precision medicine, numerous workflows for the
targeting of high-recurrent mutations in common tumor types have
been developed, leaving patients with rare diseases with few options.
Here, we implement a functional precision oncology approach
utilizing comprehensive genomic profiling in combination with
high-throughput drug screening, to identify tumor-specific drug
sensitivities for patients with rare tumor types such as myxofibro-
sarcoma. From a patient with a high-grade myxofibrosarcoma, who
was enrolled in the Englander Institute for Precision Medicine
(EIPM) program, we established patient-derived 3D sarco-spheres
and xenograftmodels for functional testing. In the absence of a large
cohort of clinically similar cases, high-throughput drug screening
was performed on the patient-derived cells, and compared with two
other myxofibrosarcoma lines and a benign fibroblast line to
functionally identify tumor-specific drug sensitivities. The addition

of functional drug sensitivity testing to complement genomic
profiling identified multiple therapeutic options that were further
validated in patient derived xenograft models. Genomic analyses
detected the frequently known codeletion of the tumor suppressors
CDKN2A/B together with the methylthioadenosine phosphorylase
(MTAP) and a TP53 E286fs�50 mutation. High-throughput drug
screening demonstrated tumor-specific sensitivity to compounds
targeting the cell cycle. Based on genomic analysis and high-
throughput drug screening, we show that targeting the cell cycle
in these tumors is a powerful approach.

Implications: This study demonstrates the potential of functional
testing to aid clinical decision making for patients with rare or
molecularly complex malignancies when combined with compre-
hensive genomic profiling.

Introduction
Soft tissue sarcomas arise from cells of mesenchymal origin and

represent extremely diverse neoplasms with over 70 histologic sub-
types (1). Sarcomas account for less than 1% of all cancers, and have
significant levels of phenotypic and genomic diversity, which com-
plicate their diagnosis and make it difficult to identify effective
treatments. Myxofibrosarcoma (MFS), formerly known as MFH
(malignant fibrous histiocytoma) myxoid variant, is a soft tissue
sarcoma usually located in the extremities of elderly patients. Tumor
grades vary and tumor growth is characterized by a multinodular
growth pattern with spindle to polygonal sarcoma cells embedded

within a variable myxoid stroma containing long curvilinear ves-
sels (2, 3). The standard of care for primary MFS is surgical resection
and radiotherapy; however, increased tumor grades and stages are
frequently observed after local recurrence (4). The overall survival rate
is approximately 70% at 5 years. However, 30% to 40%of these patients
have metastatic disease that is treated with chemotherapy and the
disease eventually progresses leading to disease-related death (5, 6).
Due to their heterogeneity and complex karyotypes, it is difficult to
isolate the molecular pathogenesis of MFS, thus limiting the use of
targeted therapeutic strategies. Previous molecular studies using com-
prehensive sequencing efforts have described common aberrations
with other related sarcoma subtypes with highly complex karyotypes,
such as undifferentiated pleomorphic sarcoma (UPS). To date, the
most significant alterations described in MFS, are located in tumor
suppressor genes such as TP53, RB1, CDKN2A, CDKN2B, and
NF1 (7–15). Previous work has investigated potential drug targets
but at present no effective targeted therapies are available for patients
with MFS especially in the metastatic setting (14).

Precision medicine approaches have been effectively employed in
related genetically simple soft tissue tumors, for example, gastroin-
testinal stromal tumors (GIST) where imatinib and sunitinib were
identified as effective therapies (16) or more recently in spindle cell
tumors with a NTRK-rearrangement (e.g., infantile fibrosarcoma;
ref. 17). Here, we leverage a novel functional precision oncology
approach that integrates genomic profiling, high-throughput drug
screening, and in vivo validation of patient-derived xenografts to
identify and validate effective therapeutic options for patients with
high-grade MFS.

Materials and Methods
Specimen procurement

Fresh tissue was harvested from a resection specimen, according to
Institutional Review Board (IRB)–approved protocols, from a patient
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(WCM197) suffering from a myxofibrosarcoma that got enrolled in
the Precision Medicine Clinic at Weill Cornell Medicine and New
York-Presbyterian Hospital (WCMC-NYPH). Written informed con-
sent from the patient was obtained in accordance with recognized
ethical guidelines (e.g., Declaration of Helsinki, CIOMS, Belmont
Report, U.S. Common Rule), and the study was approved by an IRB.

Tissue sample processing
For next-generation sequencing, the Maxwell 16 Tissue DNA

Purification Kit (Promega) was used to extract DNA. DNA prepara-
tion, sequencing, and computational analysis were performed as
previously described (18, 19).

In vitro models
A 3D sarco-sphere model with a corresponding monolayer cell

strain was established from a myxofibrosarcoma resection specimen
(WCM197). The OH931 cells were kindly provided by Dr. J. Bridge,
Nebraska Medical Center, Omaha, NE, and the NMFH-1 cell line was
obtained via the REDKEN tissue bank at the University of Tokyo,
Japan, upon the kind approval from Dr. Ogose (20, 21). The Human
Foreskin Fibroblast (HFF) cells were provided by Dr. Carla Grandori,
SEngine Precision Medicine, Seattle, WA, as a control specimen for
high throughput drug screening (22). All three sarcoma cells
(WCM197, OH931, NMFH-1) were sequenced using the comprehen-
sive genomic profiling platform FoundationOne in the Laboratory
from the University Hospital in Zurich for validation. All cell strains
and cell lines used in this work were maintained in RPMI (Invitrogen)
with 10% FBS (Denville), 100 U/mL penicillin and 100 mg/mL
streptomycin (Gibco). For the 3D sarco-spheremodel, cells were plated
in individual Matrigel drops (growth factor reduced, Corning) 5 mL.
Drops were plated in suspension plates, after they solidified the plates
were filled with media and kept in a cell culture incubator at 37�C and
5% CO2. Twenty-four hours after plating, the individual Matrigel
drops were mechanically detached from the plate and the sarco-
spheres were grown in suspension.

High-throughput drug screening
Each step was done by laboratory automation, that is, cell plating,

drug addition, and plate reading. A range of 900 to 2,000 cells (a value
determined by optimization studies for doubling time for each cell
type) were plated in 384-well plates on day one and treated with six
different drug concentrations 24 hours after plating. Drug concentra-
tions ranged from 10mmol/L to 33 pmol/L. Cell viability wasmeasured
at 6 days following the drug treatment using Cell-Titer Glo 2.0
(Promega). Cell-Titer Glo 2.0 was selected to assess cell viability as
it was previously determined to exhibit the broadest linear range and
minimally affected by the time necessary to process multiple plates. A
Biotek Synergy H4 plate reader was used to read the luminescence
signal. Raw luminescence obtained from each well was normalized to
the average of multiple DMSO control wells to be considered 100%
viability (maximalDMSOconcentration usedwas 0.1%).MitomycinC
and/or bortezomib were used as positive controls, as these are drugs
with high toxicity in amajority of cell types. Dose response curves were
generated for each drug and area under the curve (AUC) and IC50 were
calculated for each drug as described (23). Drug Library: The 395-
compound library was purchased from Selleck Chemicals and targets a
broad range of cancer-related pathways (Supplementary Table S1).
The drug library contains FDA-approved and tool compounds that
target a broad range of oncogenic processes, including PI3K, HDAC,
mTOR, CDK, JAK, and RTK. Drugs were diluted to an 8-point dose
curve incorporating a 3-fold dilution step. The highest final drug

concentrations were 5 mmol/L; DMSO or PBS remained consistent
across the wells at 0.05%. For drug combinations, the IC30 was used as
a sensitizer drug combined with the entire library as previously
published (23). For manual validation the same sensitizing concen-
tration (IC30) was used as with the high-throughput screen.

In vitro drug validation
For monolayer drug validation, 2,000 cells were plated in triplicates

in 96-well plates for monolayer drug testing. Twenty-four hours after
plating, drugswere tested in a 6-point dilution dose response log scale to
determine the IC50 values, the highest dose was 10 mmol/L and the
lowest dose was 4.7 pmol/L with an assay time of 96 hours. We used
Cell-Titer Glo 2.0 and CyQuant NFCell Proliferation Assay (Promega)
for the endpoint read-out in monolayer culture. Plates were read using
the Spectra Max L (Molecular Devices) at 570 nm. Analysis was
performed running a nonlinear regression (curve fit) method in Prism
6 for Mac OS X. For 3D drug validation, up to ten 5 mL (500 cells/mL)
Matrigel:cell suspension mix were plated in a 6-well suspension plate
(SARSTEDT Ltd). Twenty-four hours later, drugs were added. Drug
combinationsweredonewith onedrug at the IC30 and theother drug in
a 6-point dilution dose response log scale to determine the IC50 values,
the highest dose was 10 mmol/L and the lowest dose was 4.7 pmol/L
with an assay time of 96 hours. For sarco-sphere imaging, they were
incubated up to one hour with the CyQuant NF Cell Proliferation
Assay. Pictures were continuously taken over several days using a x-cite
series 120Q UV-lamp and an Olympus CKX41 microscope.

Western blotting
Lysates were prepared in 1� CST Lysis Buffer. Protein concen-

tration was evaluated with the BCSA Kit (Pierce). Lysates were run
out on a 4% to 20% Tris-Glycerin Gels (Thermo Fisher Scientific).
Primary antibodies against CDKN2A (1:2000, Abcam Cat#
ab208349), MTAP (1:2000, Abcam Cat# ab126623), RB (1:1000,
Abcam Cat# ab32513), Cleaved Caspase-3 (Asp 175; 1:1,000, Cell
Signaling Technology, Cat# 9664), cleaved PAPR (aSP214; 1:1,000,
Cell Signaling Technology, Cat# 32563), and Actin (1:2,000, EMD
Millipore clone 4, Cat# 1501) were incubated overnight at 4�C in 5%
bovine serum albumin. Following three washes with TBS-T, the blot
was incubated with horseradish peroxidase–conjugated secondary
antibody and immune complexes were visualized by enhanced
chemiluminescence detection (ECL Plus Kit, Pierce).

Xenograft studies
Animal procedures were approved by the IACUC protocol 2013–

0016. For xenograft development, 1� 106 WCM197 cells were mixed
with Matrigel 1:1 (v/v) in a total volume of 100 mL and injected
subcutaneously in the lower abdomen from nude mice (The Jackson
Laboratory). For in vivo drug studies, 5 mice were tested per treatment
arm (N¼ 5), for each of four independent experiments. Treatment was
initiated after tumors reached a diameter of approximately 0.65 cm,
typically 8 days postinjection. The following drugs and dosing sche-
dules were used: abemaciclib: low-dose 45 mg/kg and high-dose
90 mg/kg diluted in 1% HEC/PBS (pH2), oral gavage daily, pralatrex-
ate: 35 mg/kg diluted in 10% DMSO and 60% PEC solution day (1, 4,
11, 14, 21, 24 i.p), Leucovorin was given 50 mg/kg diluted in 0.9%
sterile NaCl intraperitoneally the 2 following days after pralatrexate
injections (days 2, 3, 5, 6, 12, 13, 22, 23, 25, 26), volasertib 2 mg/kg
diluted in 10% DMSO with 30% PEC intraperitoneally once a week.
Body weight was taken once per week. Tumor size was evaluated by
caliper three times a week. Volumes were calculated using the formula
4/3p�((sqrt(L�W))/2) 3, where L is the minor tumor axis andW is the
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major tumor axis. Tumors were harvested when their diameter
reached a size >1.5 cm at which point portions were snap frozen and
fixed for 24 hours with Paraformaldehyde Solution (4% in PBS,
Affymetrix) for paraffin embedding and sectioning.

Immunohistochemistry
Xenograft tumor sections (2 mm) were antigen retrieved with

10 mmol/L citrate acid, 0.05% Tween 20, pH6.0), and stained using
a Bond III automated immunostainer (Leica Microsystems). Anti-
bodies targeting Ki67 (1:500; Abcam Cat# ab16667) 1:500 and
cleaved caspase-3 (Asp175;5A1E; 1:200; Cell Signaling Technology,
Cat# 9664) were used.

Data availability statement
Raw data for this study were generated at the Englander Institute for

Precision Medicine and the tumor profiling laboratory in the Depart-
ment for Pathology and Molecular Pathology, University Hospital
Zurich. Derived data supporting the findings of this study are available
from the corresponding author upon request.

Results
CDKN2A/CDKN2B and MTAP codeletion – targeting a common
alteration in a subgroup of patients with high-grade MFS

A senior female patient presenting with a swelling on hermedial left
thigh was enrolled into the precision medicine clinic at Weill Cornell
Medicine inNewYork. The patient underwent tumor excision andwas
diagnosed with a high-grade MFS. Fresh tissue was harvested for the
EXaCT-1 (whole-exome sequencing) test and ex vivo model devel-
opment. Histological analysis showed a high-grade MFS and whole-
exome sequencing identified a common homozygous codeletion of
the tumor suppressors CDKN2A/CDKN2B and the methylthioade-
nosine phosphorylase (MTAP) beside a TP53 E286fs�50 mutation.
We established a novel 3D sarco–sphere model (WCM197) and the
corresponding monolayer cell strain from this sarcoma. These
models were used for functional testing (Fig. 1A–E). Drug sensi-
tivity of the patient-derived cells (WCM197) was compared with
two previously established and published MFS lines (OH931,
NMHF-1) and a primary human fibroblast line (HFF) as a normal
control. CDKN2A/B/MTAP and RB1 status was confirmed in all the
cell lines by comprehensive genomic profiling (FoundationOne-
Heme). Comprehensive genomic profiles are listed in the supple-
ments (Supplementary Table S2). OH931 and WCM197 share RB1
wild-type and CDKN2A/B/MTAP–null status, while NMFH-1 was
confirmed as RB1 and CDKN2A/B/MTAP wild type. The simulta-
neous loss of the tumor suppressors CDKN2A/MTAP and MTAP
was therapeutically targeted and we found that the CDKN2A/B/
MTAP–null cells (WCM197, OH931) were highly sensitive to a
combination with the CDK4/6-inhibitor abemaciclib, a third line
selective CDK4/6-inhibitor and the antifolate, pralatrexate, which
has been shown to inhibit de novo purine biosynthesis (Fig. 2A
and B). In the WCM197 and OH931 (CDKN2A/B and MTAP-null)
cell models, a combination of abemaciclib and pralatrexate showed
increased cell death compared with abemaciclib or pralatrexate as a
single agent (Fig. 2C–F).

Personalized high-throughput drug screening nominates
potential drug targets of response

All three MFS lines (WCM197, OH931, NMFH-1) and the normal
control line (HFF) were subjected to high throughput drug screening
using a customized Selleckchem library containing 386 drugs, includ-

ing FDA-approved and tool compounds targeting a broad range of
oncogenic processes, including PI3K, HDAC, mTOR, CDK, JAK, and
RTK (Supplementary Table S1). These broad drug screens demon-
strated resistance of all three MFS lines to the majority of targeted
agents in the library as compared to the HFFs. The tumor cells did
show moderate sensitivity to a number of microtubule-inhibiting
chemotherapies such as docetaxel, paclitaxel, vinblastine, and vincris-
tine. More interesting was the sensitivity of WCM197 and OH931
(CDKN2A/B, MTAP-null, RB1 wild type) to methotrexate and prala-
trexate and the higher sensitivity to the CDK4/6 inhibitor abemaciclib
as compared with NMFH-1 and HFF (CDKN2A/B, MTAP, and RB1
wild type), demonstrating a selectivity of these therapies for these
tumors (Fig. 3A and B). We also observed a selective sensitivity of the
CDKN2A/B/MTAP mutant lines to polo-like kinase 1 (PLK1) inhi-
bition. The relative sensitivity of these lines to PLK inhibitors vola-
sertib and rigosertib was validated in the 3D sarco-sphere model. The
induction of apoptosis in the tumor cells by volasertib was demon-
strated ex vivo via western blot for cleaved caspase-3 and cleaved PARP
(Fig. 3C–F).

In vivo validation of drug efficacy
We assessed the in vivo efficacy of the identified therapeutics

abemaciclib with pralatrexate and volasertib in mice bearing PDX
tumors fromWCM197. To generate the xenografts, half a million cells
from this patient’s tumor, were engrafted (0.5 � 106) in the lower
abdominal region of nude mice. The selective CDK4/6 inhibitor
abemaciclib, and the antifolate pralatrexate, either administered as
single agents or in combination were compared to vehicle and tumor
growth was assessed. Both agents used as monotherapies showed
reduced tumor growth, pralatrexate being more effective as a mono-
therapy for suppressing tumor growth in the PDX model. The
combination of the two compounds was able to induce stable disease
in these highly aggressive xenografts without noticeable toxicity (as
gauged by weight loss; Fig. 4A and B). All mice treated with prala-
trexate received leucovorin to reduce potential toxic effects of the
antifolate pralatrexate that have been noticed in other mouse studies
and is a common supplement in humans receiving pralatrexate or
related therapies. Immunohistochemical analysis showed a marked
reduction in the number of proliferating cells as indicated by Ki67
staining of the treated tumors, especially those from themice receiving
the combination of abemaciclib and pralatrexate (Fig. 4C). Recipro-
cally, the tumors from these mice showed increased levels of apoptosis
as indicated by staining for cleaved caspase-3 (Fig. 4D).

Considering the elevated age of the patient population suffering
from these tumors that abemaciclib is a well-tolerated drug, we further
investigated a dose dependent monotherapy approach with CDK4/6
inhibitor (24). We tested low (45 mg/kg) versus high (90 mg/kg) dose
daily in an experiment together with volasertib (PLK1-inhibitor) once
a week. Using abemaciclib at a higher dose once daily as a single agent
we were able to prolong survival and retard tumor growth without any
noticeable toxicity in the animals as gauged by behavior or weight loss
(Fig. 4E and F). Volasertib dosed once weekly as monotherapy was
also well tolerated and reduced tumor growth. Taken together, these
results show the beneficial effect of targeting the cell cycle in amodel of
myxofibrosarcoma and highlight a potential new venue of treatment
for this rare tumor type.

Discussion
The complex genomics of MFS, have made the identification

of effective targeted therapeutics for patients who progress after
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surgical resection and radiation therapy challenging. Using our
functional precision oncology platform (18, 23), that includes next-
generation sequencing, high-throughput drug screening, and valida-
tion in patient-derived models, we demonstrate the potential clinical
utility of this precisionmedicine approach for patients with rare tumor
types. In this instance through our pipeline, we were able to identify
multiple therapeutic options for the treatment of this tumor.

Deletions of CDKN2A, CDKN2B, and MTAP genes frequently
cooccur due to their physical proximity on 9p (25), and account for
approximately 15% of MFS according to the TCGA and other pub-
lished studies (13). As one of our patients showed this codeletion, we
functionally investigated the G1 checkpoint as a potential treatment
approach. Drug screening and validation of patient derived models
independently demonstrated that cells from this tumor had enhanced
sensitivity to compounds which target the cell cycle. Specifically,
selective CDK4/6 inhibitors, such as abemaciclib and antifolates such
as pralatrexate as well as PLK-1 inhibitors, such as volasertib were
identified by high-throughput drug screening. As the cell cycle is one of
the hallmarks of cancer and seems to be altered rather frequently in
sarcoma, we considered the cell cycle a reasonable target for novel
treatment strategies. Abemaciclib has a very high selectivity for CDK4
and CDK6 and a safety profile that allows for continuous dosing,

resulting in sustained target inhibition (24) with a low toxicity profile.
Of note, this tumor had no RB1 alterations (13), which is crucial in
order for CDK4/6 inhibitors to be effective. Cells with loss of MTAP
function cannot cleave endogenous methyl-thioadenosine to adenine
and 5-methylthioribose-1-phosphate, a precursor of methionine, and,
therefore show enhanced sensitivity to inhibitors of de novo purine
biosynthesis, such as pralatrexate an antimetabolite (26). We demon-
strate that MFS cells and tumors with CDKN2A/B andMTAP loss and
RB1 wild type status show high sensitivity to these drugs in combi-
nation. The use of single agent palbociclib as the most advanced
CDK4/6 inhibitor has been preclinically and clinically tested in
different soft tissue tumor types such as uterine leiomyosarcoma,
dedifferentiated liposarcoma, and chordoma (27, 28). CDK4/6 inhi-
bitors mainly have a cytostatic effect. Their use as a single agent has led
to prolonged disease stabilization (PFS) at 12 weeks for palbociclib in
57.2% (NCT01209598) and for abemaciclib in 76% (NCT02846987) of
patients with well- and de-dedifferentiated liposarcoma. There is an
unmet need for more effective combination treatments as these have
been shown to be more promising (29). Recently, dual targeting of
CDK4/6 inhibitors and IGF-1R inhibitors was shown to have syner-
gistic effects in patients with Ewing sarcoma (30). In our case, the
combination of drugs was guided by the functional high-throughput

Figure 1.

Preclinical functional precision cancermodel of amyxofibrosarcomapatient.A andB,Elderly female patientwith amass in her left thigh. Gross examination showed a
soft tissue tumor and the histology was compatible with a high grade myxofibrosarcoma (scale bar, 100 mm). A novel patient derived 3D sarco - sphere model for
functional testing (high throughput drug screening) and in vivomodeling was established. C, Shows cells grown in monolayer, scale bar, 20 mm and the 3D sarco-
sphere model, scale bar, 1 mm (D and E).
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drug screen and complemented by molecular profiling for drug
validation. CDK4/6 inhibitors are causing cell-cycle arrest in the G1

phase, while antimetabolites such as pralatrexate, primarily act in the
S-phase of the cell cycle and induce apoptosis, whichwe also confirmed
by Western blot in our cell model. Using this drug combination, we
targeted the G1 and S phase of these cells and induced cell death.

The serine/threonine kinases Polo-like kinase (PLK) 1 is a key
regulator of cell cycle with themain functions in the transition fromG2

toM-phase, the regulation of themitotic entry and the coordination of
centrosomes as well as spindle assembly, chromosome segregation,
and entry into mitosis (31). Cells exposed to PLK1 inhibitors are
unable to establish a bipolar spindle and cannot align chromosomes in

the metaphase plate, which in turns activates cell-cycle checkpoints,
leading to a mitotic arrest and eventually cell death. This vulnerability
of MFS to a major regulator of the mitotic spindle is also consistent
with the finding that the only active chemotherapies detected in the
broad high-throughput drug screen, taxanes, and vinca alkaloids were
all related to microtubule function. Inhibitors of PLK1 have been
previously explored in cell lines of different sarcoma type as mono-
therapy or in combination in a preclinical setting with promising
results (25, 29, 30) but clinical trial experience is still minimal. While
volasertib was recognized as “innovative therapy for leukemia” and
granted orphan drug designation by the FDA, recent studies in animal
models indicate cardiovascular toxicity associated with PLK1

Figure 2.

A and B, Ex vivo drug testing of the novel patient-derived cell model (WCM197) together with the OH931, NMFH-1, and HFF (benign human fibroblasts) using
abemaciclib, a second-line CDK4/6 inhibitor and pralatrexate, an antifolate inhibitor in a 6- to 8-point dilution dose response log scale to determine the IC50 values,
highest dose was 10 mmol/L and lowest dose was 4.7 pmol/L with an assay time of 96 hours. Greater cytostatic and cytotoxic effect was seen in the cells with the
CDKN2A/B andMTAP-null status (WCM197 andOH931) comparedwithCDKN2A/B andMTAPwild-type status (NMFH-1 andHFF).C, The combination of pralatrexate
(IC30) andabemaciclib killed all our patient cellswithin 48hours comparedwith the vehicle and abemaciclib andpralatrexatemonotherapy.D,WCM197 sarco-sphere
formation is completely inhibited with the combination of abemaciclib and pralatrexate. E, Drug combination of abemaciclib and pralatrexate causes massive cell
swellings and cytoplasmatic vacuole formation. F, Cleaved caspase-3 and cleaved PARP at 24, 48, and 72 hours were detected with the combination of abemaciclib
and pralatrexate, indicating the induction of cell death in the tumor cells after treatment.

Pauli et al.

Mol Cancer Res; 20(2) February 2022 MOLECULAR CANCER RESEARCH248



inhibitors (31). Thus, careful dosing should be considered. As we
showed here, a once a week scheduling was well tolerated in mice.
Clinical trial data showa good tolerance of these inhibitorswhen giving
them once every 3 weeks as infusion (32). Because sarcomas are such a

rare disease, the ability to identify and validate targeted therapies for
patients with these tumors after they have failed standard-of-care
therapy lags behind that of other cancer types for which there is
significantly greater patient volume. By utilizing functional testing of

Figure 3.

A,High-throughput drug screening of all 4 cell strains (HFF, OH931,WCM197, NMFH-1) shown as a heatmap (blue is sensitive to red resistant). RB1wt andCDKN2A/B/
MTAP null cells (WCM197 and OH931) show higher sensitivity to CDK4/6 inhibitors such as abemaciclib (indicated by the yellow arrows) and the antifolate
pralatrexate andmethotrexate (indicated by the green arrows) comparedwith theCDKN2A/B/MTAPwild-type lines (NMFH-1 andHFF). Selective sensitivity to PLK-1
inhibitorswas detected inWCM197 andOH931 cells comparedwith the NMFH-1 and the control line HFF, shown in orange arrows.B,Graphs show the response of the
sarcoma cells to each compound in the library as area under the curve (AUC) comparedwith the benign human foreskinfibroblast line (HFF) as a normal control.C and
D, Ex vivo drug validation of the two PLK-1 inhibitors (volasertib and rigosertib) confirms high sensitivity for WCM197 and OH931 cells. E and F,WCM197 3D sarco-
spheres are completely inhibited in growth under volasertib treatment and show cell death indicated by cleaved caspase-3, PARP, and cleaved PARP. Cell deathwas
monitored with cleaved caspase-3 and cleaved PARP over 96 hours with a peak at 24 to 72 hours.
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patient-derived models to complement comprehensive genomic pro-
filing demonstrated the potential of function precision oncology for
patients with rare tumor types.

Moving forward, the precision medicine community needs to work
with regulatory bodies to develop mechanisms for implementing
patient-specific therapeutic strategies for these underserved patients,
who are in need of therapeutic options. Building off previous work by
our group and others examining common tumor types for which
precision medicine approaches are able to identify effective therapeu-
tics, many of which had already been validated through clinical trials

(e.g., EGFR inhibitor therapy for KRAS wild-type colon cancer), we
demonstrate that the precision medicine approach can be effectively
implemented even for patients with rare tumor types. The next step
will be to develop a mechanism through which these individualized
approaches can be validated in the clinic so that they can be utilized for
the benefit of patients with rare diseases for which traditional large
scale therapeutic trials are not possible. The current clinical trial
formats are designed to validate drugs and drug combinations in the
context of larger populations. Here, we extend the potential of
precision medicine approaches for patients with rare tumor types,

Figure 4.

A andB, In vivo validation of drug sensitivity. Patient-derived xenografts fromWCM197were treatedwith abemaciclibmonotherapy, pralatrexatemonotherapy, and
the combination of these two drugs versus a vehicle. A significant effect upon tumor growthwas observed with the combinationwhen comparedwithmonotherapy
with pralatrexate (two-way ANOVA: � , P¼0.0068) and abemaciclib (two-wayANOVA: ��, P¼0.0042). Similarly, tumormass at endpoint was significantly reduced
in the mice treated with combinations of abemaciclib and pralatrexate compared with the monotherapy with pralatrexate (Student t test: �, P ¼ 0.0123) and
abemaciclib (Student t test: � ,P¼0.0201).C andD,Representative imagesof immunohistochemical stains against cleavedcaspase-3 (C) and theproliferationmarker
Ki67 shows highest cell death and lowest proliferation in the drug combination (D), comparedwith either drug as single treatment, scale 200 mm. E and F,Due to the
low toxicity profile of abemaciclib, we tested different concentrations as a monotherapy in patient-derived xenografts from WCM197. A higher daily dose of
abemaciclibwas beneficial and showed greater tumor growth inhibition, and prolonged survival comparedwith the lower dose. Noweight losswas observed in these
animals. Interestingly, using volasertib once a week also extended the survival of these mice up to 55 days.
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providing experimental support for the idea that functional modeling
can supplement large genomic data and be leveraged to improve
patient treatment options by focusing on tumor-specific sensitivities.
The crucial next step will be to identify a mechanism through which
functional precision medicine approaches can be brought to the clinic
without endangering the patients whom they seek to help.
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