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The cell of origin and pathogenesis of the majority of
adult soft tissue sarcomas (STS) remains poorly un-
derstood. Because mutations in both the P53 and RB
tumor suppressor genes are frequent in STS in hu-
mans, we inactivated these genes by CreloxP—medi-
ated recombination in mice with floxed p53 and Rb.
Ninety-three percent of mice developed spindle cell/
pleomorphic sarcomas after a single subcutaneous
injection of adenovirus carrying Cre-recombinase.
Similar to human STS, these sarcomas overexpress
Cxcr4, which contributes to their invasive properties.
Using irradiation chimeras generated by transplant-
ing bone marrow cells from mice carrying either
the Rosa26Stop'>**LacZ or the Z/EG reporter, as
well as the floxed p53 and Rb genes, into irradiated
p53loxt/loxPpploxP/loxP mice, it was determined that
sarcomas do not originate from bone marrow—de-
rived cells, such as macrophages, but arise from the
local resident cells. At the same time, dermal mes-
enchymal stem cells isolated by strict plastic adher-
ence and low levels of Sca-1 expression (Sca-1'°%,
CD31"°¢CD45"°%) have shown enhanced potential for
malignant transformation according to soft agar, in-
vasion, and tumorigenicity assays, after the condi-
tional inactivation of both p53 and Rb. Sarcomas
formed after transplantation of these cells have features
typical for undifferentiated high-grade pleomorphic
sarcomas. Taken together, our studies indicate that lo-
cal Sca-1"° dermal mesenchymal stem/progenitor cells
are preferential targets for malignant transformation
associated with deficiencies in both p53 and Rb. (AmJ
Pathol 2010, 177:2645-2658; DOI: 10.2353/ajpath.2010.100306)

Soft tissues sarcomas (STS) are malignant neoplasms
arising from nonepithelial and extraskeletal tissues, such

as connective tissue, muscles, vessels, and peripheral
nerves. While some sarcomas resemble a specific differ-
entiated tissue (eg, muscle, fat, etc), many are poorly
differentiated and their cell of origin remains a debatable
topic. Not surprisingly, diagnosis of STS is a difficult task,
and few reliable prognostic criteria, mainly based on
sarcoma grade and stage, have been identified.’*

During recent years, a concept has been developed
that many STS, particularly those without significant pre-
sentation of cell lineage-specific markers, may arise from
mesenchymal stem cells (MSC). The majority of those
studies have been based on MSC derived from the bone
marrow.>~® The possibility that STS may develop from
bone marrow MSC has been raised by a report that,
according to cell lineage tracing experiments in irradia-
tion chimeras, STS arise from bone marrow-derived
cells.®

Genetically, STS can be divided into two groups. One
group has a consistent set of recurrent genetic alter-
ations, such as translocations (eg, PAX3-FOXO1A in al-
veolar rhabdomyosarcoma) and specific mutations (eg,
KIT activating mutation in gastrointestinal stromal tu-
mors). Another group, which comprises the majority of
STS, is characterized by complex genomic profiles and
frequent presence of mutations in tumor suppressor
genes P53 and Retinoblastoma 1 (RB)."~* Further sup-
porting importance of these genes for sarcomagenesis,
patients with Li-Fraumeni syndrome, which is associated
with germline P53 mutations, as well as patients with
germline RB mutation have a higher frequency of STS.%*
In agreement with known cooperation between P53 and
RB pathways, mutations in both genes are frequent in
STS."9 It has been recently reported that conditional Cre-
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loxP-mediated inactivation of p53 by expression of Os-
terix-Cre transgene in committed osteoblast progenitors
results in formation of osteosarcomas, and loss of Rb
potentiates osteosarcomagenesis.’''? Similar coopera-
tion between p53 and Rb inactivation in acceleration of
sarcomagenesis was also observed after expression of
Prx1-Cre transgene in mesenchymal cells of mouse em-
bryonic limbs.’™ In addition to predominant osteosar-
coma formation, development of poorly differentiated
STS was also reported in that model. However, given that
the majority of human STS affect adults,* interpretation of
this model has been somewhat complicated due to ex-
pression of Prx1-Cre transgene in the early mesenchymal
tissues.

By using conditional activation of K-ras and inactiva-
tion of p53 by intramuscular injection of adenovirus ex-
pressing Cre recombinase (AdCM\VCre) into adult mice,
Kirsch et al'* have established a mouse model of adult
high-grade sarcomas with myofibroblastic differentiation.
We have used a similar approach for initiation of STS
associated with p53 and Rb deficiency by subcutaneous
AdCMVCre administration and demonstrate that the ma-
jority of these neoplasms are undifferentiated high-grade
pleomorphic sarcomas (UPS), also known as malignant
fibrous histiocytomas (MFH). Notably, similar to their hu-
man counterparts, mouse sarcomas overexpress Cxcr4,
and its knockdown results in reduction of invasive prop-
erties of sarcoma cells. Based on bone marrow reconsti-
tution experiments we have determined that STS have
local as opposed to bone marrow origin. Finally, by using
enhanced purification of dermal MSC we have demon-
strated that these cells have superior transformation po-
tential and form UPS after p53 and Rb inactivation.

Materials and Methods

Experimental Animals

Mice with floxed copies of p53 and Rb genes were
prepared as described previously.’®~'® FVB/N mice
were used for controls. Reporter mice Z/EG (Tg(ACTB-
Bgeo/GFP)21Lbe/J;""), Rosa26Stop'*lLacz (B6;129-
Gt(ROSA)26Sor'™?Ser|J:18=19) " B5/FGFP  (FVB.Cg-Tg
(ACTB-EGPF)B5Nagy/J?°) and Rosa26lLacZ (B6; 129S-
Gt(ROSA)26Sor/J;?") were obtained from the Jackson
Laboratory (Bar Harbor, ME). All experiments were con-
ducted under identical conditions, following recommen-
dations of the Institutional Laboratory Animal Use and
Care Committee of Cornell University.

Genotyping

p53XF10xF and Rb'OFF mice were identified by PCR
genotyping essentially as previously described.?? Mice
carrying LacZ were detected with PCR primers LACZ5'
(5'-GCGTTGGCAATTTAACCGCCAGTCA-3') and LACZ3’
(5'-TCAGCACCGCATCAGCAAGTGTATC-3") yielding
240-bp DNA fragment. Mice carrying EGFP were identi-
fied with PCR primers ZEGneo1 (5'-AGAGGCTATTCG-

GCTATGACTG-3’) and ZEGneo2 (5'-TTCGTCCAGAT-
CATCCTGATC-3') yielding 430-bp DNA fragment.

Adenovirus Administration

Recombinant adenoviruses AdCMVLacZ, AdCM\VCre,
AdCMVeGFP, and AdCMVCre-EGFP are modifications of
the adenovirus-5 genome, from which the ela and elb
regions required for viral replication have been deleted
and replaced with Escherichia coli-derived LacZ, Cre, or
enhanced green fluorescent protein (EGFP) adjacent to
the CMV immediate early regulatory sequence®® (Gene
Transfer Vector Core; University of lowa, lowa City, 1A).
After deep anesthesia with intraperitoneal (IP) Avertin
(2.5% vol/vol in 0.85% NaCl; 0.02 ml/g body weight),
mice were shaved and adenovirus (5 X 108 pfu/ul in
saline) was injected into the subcutaneous (SC) tissue of
the dorsal area with 21-gauge needle under the control of
a dissection microscope. The needle was slowly with-
drawn to avoid any accidental leak of adenovirus. Ac-
cording to experiments with AACMVEGFP, AdCM\V/Cre,
and C-dots,?* as well as evaluation of the early stages of
sarcomagenesis (Choi and Nikitin, unpublished), labeled
cells were located in the reticular layer of the dermis and
in the adjacent loose connective tissue of the hypoder-
mis. Given the continuum of both areas, cells of both
regions were used in all experiments and indicated as
“dermal” cells.

Generation of Irradiation Chimeras

Six- to 7-week-old wild-type FVB/N or p53F/oxFRploxtioxt
mice were irradiated at 11 Gy, 2 Gy/min) by using
PRIMUS Linear Accelerator (SIEMENS, Malvern, PA) or
a sealed cesium'” source irradiator Mark 1-68 (JL
Shepherd and Associates, San Fernando, CA). Ac-
cording to the preliminary test experiments, irradiation
in both devices resulted in comparable depletion of
bone marrow cells. Within 4 hours after irradiation,
mice were rescued by tail vein injection of 10°
bone marrow cells derived from the ZEG or the
Rosa26Stop'™*FLacz p53F1FPRBIOF10XF mice as de-
scribed previously.?®2¢ To generate positive control
mice, bone marrow cells from B5/EGFP or Rosa26lLacZ
reporter mice were administrated into irradiated mice.
Fourteen days after bone marrow reconstitution, AAdCM-
VCre was administrated subcutaneously into chimeras to
induce a sarcoma as described above. In addition to
tumor collection, blood for PCR genotyping was collected
from the orbital sinus after anesthesia.

To evaluate a proportion of donor bone marrow cells in
chimeras, bone marrow cells were collected from the
femur and the dermis of chimeras rescued by bone mar-
row cells from B5/EGFP reporter mice. Bone marrow cells
were stained with PerCP-Cy5.5 anti-mouse Gr-1 (#15-
5931-82, eBioscience, Inc., San Diego, CA) for 30 min-
utes on ice and then analyzed by a BD LSRII analyzer
(BD Biosciences, Franklin Lakes, NJ). All collected data
were analyzed by FlowJo software (Tree Star, Inc. Ash-



land, OR). The skin tissues were fixed in 4% paraformal-
dehyde overnight and embedded in paraffin.

Pathological Evaluation

For long-term survival experiments mice were monitored
daily for 600 days, until becoming moribund or until tumor
reached 1 cm in diameter. For short-term experiments,
mice were killed at 1, 3, 7, and 14 days postadministra-
tion of adenovirus. Mice were anesthetized with Avertin
and subjected to cardiac perfusion at 90 mm Hg with
phosphate-buffered 4% paraformaldehyde. Tumor, skin,
lung, liver, and spleen, as well as organs with patholog-
ical changes, were examined during necropsy and
placed into 4% paraformaldehyde for postfixation over-
night. For short-term experiments with EGFP adenovi-
ruses, the entire dorsal skin from the shoulder to hip was
collected and visualized using fluorescence microscopy.
Representative specimens were further characterized by
microscopic analysis of paraffin sections, cut 4 um thick,
and stained with hematoxylin and eosin. All neoplasms
were classified according to current histological classifi-
cation of mouse®” and human* STS.

Immunohistochemical Analyses

For avidin-biotin-peroxidase-based (ABC) detection,
deparaffinized and rehydrated sections were subjected
to antigen retrieval by either boiling in 10 mmol/L sodium
citrate buffer (pH 6.0, 10 minutes) for antibodies to
desmin, procollagen type I, EGFP, and CXCR4 or trypsin
pretreatment for antibodies to CD31 and F4/80. The an-
tibodies to F4/80 (1:200; #MCP497G, Serotec, Raleigh,
NC), procollagen type | (Y-18; 1:50; #sc-8787, Santa
Cruz Biotechnology, Santa Cruz, CA), CD31 (PECAM-1;
1:100; #551262, BD Biosciences), smooth muscle actin
(1:300; #E2464, Spring bioscience, Fremont, CA),
desmin (1:200; #YMPS31, Accurate Chemical & Scientific
Corporation, Wesbury, NY), CXCR4 antibody (1:200; #sc-
9046, Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
B-galactosidase (1:500; #ab616-1, Abcam, Cambridge,
MA), or EGFP (1:500; #NB600-303, NOVUS biologicals,
Littleton, CO) were incubated for 1 hour at room temper-
ature (RT) with the exception of CD31 which was used
overnight at 4°C. The antibody to a-sarcomeric actin
(1:1500; #A2172, Sigma, St. Louis, MO) was incubated
using MOM Kit (Vector, Burlingame, CA) for 20 minutes at
RT. After treatment with 0.3% H,O, in methanol, sections
were incubated with biotinylated secondary antibodies
and ABC complex and visualized using 3,3'-diaminoben-
zidine tetrahydrochloride (DAB) and counterstaining with
hematoxylin essentially as described previously.?® As a
control, primary antibodies were replaced with non-im-
mune sera of the same species.

For immunostaining of human STS tissue arrays
(#8C24011, US Biomax, Inc., Rockville, MD), slides
were incubated at 60°C for 2 hours according to the
manufacturer’s instructions and then processed for
staining with antibody to CXCR4 as described above.
The semiquantitative assessment of staining level was
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performed as follows: —, no detectable staining; +,
<30% of cells are positive, ++ 30 to 60% of cells are
positive, +++, >60% of cells are positive.

For double immunofluorescence analysis the deparaf-
finized sections of 4% paraformaldehyde-fixed tissue
were incubated with rabbit antibodies to EGFP (1:300) for
1 hour at 37°C or rabbit antibodies to CXCR4 (1:100) or
rat antibodies to F4/80 (1:100) for 1 hour, RT, followed by
Alexa Fluor 488 conjugated donkey anti-rabbit or anti-rat
secondary antibody (Invitrogen, Carlsbad, CA) for 30
minutes, RT. Subsequently, goat antibodies to procolla-
gen type | (1:50), Iba-1 (1:200; abcam) or rabbit antibod-
ies to CXCR4 (1:100) were applied for 1 hour, RT, fol-
lowed by Alexa Fluor 594 conjugated donkey anti-goat or
anti-rabbit secondary antibody (Invitrogen) was incu-
bated with sections.

For immunostaining on frozen sections, tissues were
frozen in liquid nitrogen with Tissue-Tek (SAKURA,
McGaw Park, IL). Seven-micrometer-thick tissue sections
were placed onto Superfrost plus-coated slides (Fisher Sci-
entific, Pittsburgh, PA) and fixed in cold acetone (—20°C)
for 10 minutes. Sections were incubated with primary anti-
body to F4/80 (1:100), Iba-1 (1:200), CD31 (1:100), smooth
muscle actin (1:200), and procollagen type | (1:50) at RT for
1 hour or to CD31 (1:100) at 4°C overnight followed by
secondary antibodies conjugated with Alexa Fluor 594.
Counterstaining was performed by incubation for 1 minute
with DAPI (1 mg/ml of an aqueous solution diluted 1:100 in
TBS). Slides were mounted with GEL/MOUNT (Biomeda
corp, Foster City, CA) and viewed with a Zeiss LSM 510-
META confocal microscope.

Cell Culture

Tissue cultures were maintained using Dulbecco’s mod-
ification of Eagle’s medium (DMEM; Cellgro, Mediatech,
Inc., Manassas, VA), containing 10% heat-inactivated fe-
tal bovine serum (FBS; Sigma), 100 U/ml penicillin, 100
pg/ml streptomycin, 2 mmol/L L-glutamine, and 1 mmol/L
sodium pyruvate (Cellgro, Mediatech, Inc.). Primary fibro-
blast culture was prepared from tail dermis of adult
p53xFloxERpoxF/oxr mice - The collected tissue was
washed three times in 70% EtOH and three times in PBS,
minced finely, and disaggregated with 0.05% trypsin/
0.53 mmol/L EDTA (Cellgro, Mediatech, Inc.) for 1 hour at
37°C. The trypsin was removed by centrifugation, and the
cells were resuspended in medium. The cells were plated
in two 6-cm-diameter tissue culture dishes.

For adenovirus infection adherent or suspension cells
were plated at a concentration of 10° cells in 3 ml of
complete growth medium per well in six-well plates.
When cells reached 70% confluence, they were washed
twice with PBS and AdCMVCre or AACMVEGFP was
added at a concentration of 5 X 10® pfu/ml in 1 ml of
serum free growth medium. After incubation for 2 hours at
37°C with 5% CO,, the virus containing medium was
removed and the cells were washed two times with PBS.
The cells were given at least 3 days to recover in com-
plete growth medium before use in further assays.

Cell lines STN1 and STN2 were established from
angiosarcoma and UPS, respectively, developed in
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53/ IoxPRploxF/IoxE mice after SC AACMVCre injec-
tion. FBN1 cell line was established 40 passages after
Cre-loxP-mediated deletion of p53 and Rb in plastic ad-
herent dermal cells. Cultures were maintained at 37°C and
5% CO,, and medium replaced every 3—-4 days.

Western Blotting

Cells were lysed in RIPA (25 mmol/L Tris, pH 8.2, 50
mmol/L NaCl, 0.1% SDS, 0.5% Nonidet P-40, and 0.5%
deoxycholate) buffer with protease inhibitors as de-
scribed previously.?® Proteins were resolved on SDS-
PAGE gels and transferred to nitrocellulose via semidry
transfer (BioRad, Hercules, CA). Immunoblots were
blocked with 5% milk in TBST for 1 hour and washed
three times with fresh TBST. CXCR4 antibody (1:200;
#sc-9046, Santa Cruz Biotechnology, Inc.) was incu-
bated with immunoblots overnight at 4°C followed by
HRP-conjugated anti-rabbit antibody (1 hour at RT) and
detection with SuperSignal West Pico Chemiluminescent
Substrate (Pierce Biotechnology, Inc., Rockland, IL).

Cxcr4-siRNA Transfection

One day before transfection, cells were plated with 2 ml
of growth medium without antibiotics in a six-well plate.
Cxcr4-siRNA (5 nmol; Accell SMARTpool siRNA, #E-
060184-00-0005, Thermo Scientific, Waltham, MA) or
control-siRNA oligomers (Accell nontargeting pool, #D-
001910-10) was diluted in siRNA buffer (Thermo Scien-
tific) to make a 100 wmol/L siRNA solution. 7.5 ul of the
100 pwmol/L siRNA was combined with 750 ul Accell
delivery media (Thermo Scientific), and 100 wl of the
appropriate delivery mix was added to each well contain-
ing cells with ~50% of confluence. Cells were incubated
at 37°C in a 5% CO, incubator for 72 hours until using for
an invasion assay.

Isolation of Mesenchymal Stem Cells

Plastic adherent dermal (PAD) cells were prepared from
6- to 7-week-old p53OF/1XFRp/XIXE male transgenic
mice according to a protocol by Wilson et al*® with mod-
ifications. Briefly, euthanized mice were shaved and
treated with Nair (Church & Dwight Co., Inc., Princeton,
NJ) before skin removal. Harvested skin was cut into
1-cm? pieces and incubated for 1 hour at 37°C in enzyme
mix A, consisting of 5 U/ml dispase (Sigma) and 3% FBS
in PBS. After this, the epidermis was discarded by me-
chanical dissociation and the remaining tissue was incu-
bated overnight at 4°C in enzyme mix A. Tissue was then
incubated for 2 hours at 37°C in enzyme mix B, consisting
of 1.0 U/ml dispase, 0.13 U/ml collagenase (Sigma), 700
U/ml hyaluronidase (Sigma), and 20 U/ml DNase |
(Sigma) in 1XPBS. Both enzyme mix A and B were com-
bined and forced through a 70-um strainer for a single
cell suspension. Cells were subsequently plated in com-
plete medium at 5 x 10° cells per 10-cm plate. PAD cells
in passage 1 were detached and suspended in antibody
staining buffer, consisting of 0.1% bovine serum albumin

(BSA; Sigma) in PBS. Negative selection was carried out
using magnetic Dynalbeads (Invitrogen) with CD31 (Platelet
Endothelial Cell Adhesion Molecule-1, PECAM-1) and
CD45 (Leukocyte Common Antigen, Ly-5) biotinylated an-
tibodies (#553371 and #553077, respectively, BD Bio-
sciences). Cells were incubated at 4°C for 30 minutes at
a concentration 1 ug of antibodies per 10° cells, accord-
ing to the manufacturer’s instructions. Supernatant con-
taining CD317/CD45™ cells was used for Fluorescence-
Activated Cell Sorting (FACS) after incubation with
fluorescein-conjugated antibodies to Ly-6A/E (#553335,
Sca-1; BD Biosciences) at a concentration of 1 pg of
antibodies per 10° cells at 4°C, in the dark, for 30 min-
utes. Appropriate isotype controls were used for accurate
gating parameters. FACS was conducted using a FAC-
SAria cell sorter (BD Biosciences).

Differentiation Assay

Sorted cells in passage three were replated onto six-well
plates at a concentration of 5 X 10° cells per well in 3 ml
of a complete growth medium. When cells were conflu-
ent, medium was removed and replaced with appropriate
differentiation or control medium. Control medium con-
sisted of DMEM with 1% FBS to reduce nonspecific dif-
ferentiation. Cells were cultured from 6 to 21 days, de-
pending on the assay type, and had medium replaced
every 2 days. Adipocyte differentiation medium contains
5 wg/ml insulin (Sigma), 1 umol/L dexamethasone
(Sigma), 0.5 mmol/L IBMX (Sigma), and 10% FBS in
DMEM:F12 (Cellgro, Mediatech, Inc.). The cells were
maintained for 7 days, then fixed with 4% paraformalde-
hyde, stained with 0.21% (wt/vol) Oil Red O (Sigma) in
60% isopropanol for 10 minutes, and washed with tap
water. Chondrocytes were maintained in medium consist-
ing of 200 wmol/L L-ascorbic acid 2-phosphate, 100
nmol/L dexamethasone, 10 ng/ml TGF- 1 (R&D Sys-
tems, Minneapolis, MN), 40 ug/ml L-proline (Sigma),
1:100 ITS + Premix (BD Biosciences), and 10% FBS in
DMEM for 14 days. Then, cells were fixed in 2.5% glutar-
aldehyde, 25 mmol/L sodium acetate, and 0.4 mol/L
MgCl, containing 0.05% (wt/vol) Alcian Blue (Sigma) for
48 hours and washed in steps with 3% acetic acid, 3%
acetic acid/25% ethanol, and 3% acetic acid/50% etha-
nol. For the osteocyte differentiation assay, cells were
cultured in 300 wmol/L L-ascorbic acid 2-phosphate
(Sigma), 10 nmol/L dexamethasone, 10 mmol/L B-glycer-
ophosphate (Sigma), and 10% FBS in DMEM:F12 for 21
days. Then, cells were fixed in 70% ice-cold ethanol for 1
hour, stained with 2% (wt/vol) Alizarin Red (Sigma) pH
4.2, for 10 minutes, and rinsed with 1XPBS. Ten random
images of each well were taken at X20 magnification for
quantification.

Soft Agar Colony Formation, Invasion, and
Tumorigenicity Assays
All assays were performed as previously described.3'—33

Briefly, for soft agar colony formation, PAD cells in pas-
sage 3 were suspended in an agar mix at 5 x 10° cells
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Figure 1. Induction of soft tissue sarcomas by conditional inactivation of p53 and/or Rb. A: Sarcomas are detected at the site of AdCMVCre (right lower dorsal
quadrant, arrow) but not AdCMVLZacZ injection (left lower dorsal quadrant) of p53/1xF gpfoxt/oxP mice. In the right mouse, a sarcoma mass was flipped over
together with attached skin during dissection. B: Survival of wild-type, p53/X710xt Rploxt/IoxXE and p53loxt/loxt pploxt’Ioxt” male mice after a single subcutaneous
injection of AdCMVCre. Mice were sacrificed when sarcoma diameter reached 10 mm in diameter. All remaining mice were euthanized on day 600. Median survival
for p53/oxXI/ 1T RRIXI/IONE mjce was 370 days. Compared to wild-type mice, P values for survival curves of p53/ox7 10Xl RploxX/IXE 5 3IoxP/IoxE g nd RO mice
were <0.0001, 0.4096, and 0.4616, respectively. n, number of mice in the experimental group. C: Loss of the p53 and Rb genes in soft tissue tumors according
to PCR analysis. Lanes 1 and 2: STN1 and STN2 cell lines, respectively. Lanes 3 and 4: Cells from primary tumors negatively sorted for F4/80 and CD11b and
analyzed one passage (lane 3) and directly after sorting (lane 4). The 295-, 269-, and 247-bp fragments are diagnostic for floxed, excised, and wild-type alleles
of the Rb gene, respectively. The 585-, 467-, and 432-bp fragments are diagnostic for floxed, excised, and wild-type alleles of the p53 gene, respectively. W, blank
control, Wt, wild-type DNA, loxP, DNA with floxed gene, M, DNA marker.

per 6-cm plate and incubated at 37°C and 5% CO.. CA). Survival fractions were calculated using the Kaplan—
Analysis was conducted by comparing the number of Meier method. Survival curves were compared by log
colonies present in each group after 3 weeks of growth in rank Mantel-Haenszel tests. Means were compared by
soft agar. For uniformity, a colony was considered to be a estimation of the two-tailed P value.

group of four or more cells. For invasion assay, PAD cells
in passage 3 or tumor cells were placed into Matrigel

Invasion Chambers (BD Biosciences, Franklin Lakes, NJ) Results
at concentration 2.5 X 10% cells per well. For PAD cells,
complete medium was added in each chamber. For tu- Conditional Inactivation of p53 and Rb in

mor cells treated with either Cxcr4-siRNA or scrambled Dermal Connective Tissue Cells Results in
siRNA, 400 ng of Sdf-1 (R&D Systems, Inc.) in serum-free F f £ Soft Ti T
medium was added in lower chamber. The plates were ormation or SoIt 1issue 1umors

then incubated for 22 hours at 37°C and 5% CO,, and To test whether inactivation of p53 and/or Rb induces soft
invasion ability was determined by comparing cell tissue sarcomas, AdCMVCre was subcutaneously in-
number on the bottom of control and invasion wells, jected into the right lower dorsal quadrant of wild-type or
respectively, to the original plated density. For tumor- p53°F/oxP andjor REF/XP adult male mice. By 600
igenicity assay, 10° PAD cells in passage 3 were in- days of age, three of 30 p53°°" mice (10%) and two
jected subcutaneously into 7-week-old male SCID/NCr of 26 R mice (8%) developed subcutaneous tu-
mice (Animal —production program, NCI-Frederick, mors (Figure 1A and Table 1). At the same time, tumors
Frederick, MD), and monitoring of tumor growth and were formed in 27 of 29 (93%) p53x~/xPRYEXF/IXP mice
tumor collection were performed as described under starting at 116 days postinjection. After initial detection of
Pathological Evaluation. a small, hard mass on the site of injection, tumors devel-

oped rapidly and aggressively over a period of 1 to 2
Statistical Analyses weeks and frequently showed_ ulceration, necrosis, hem-

orrhage, and decreased survival. No tumors were found
All statistical analyses were performed with the programs in the place of AdCMVLacZ injection, the left lower dorsal
InStat 3.05 and Prism 4.03 (GraphPad, Inc. San Diego, quadrant of the same mice. Similarly, no tumors were

Table 1.  Soft Tissue Sarcomas Induced by a Single Subcutaneous Injection of AdCMVCre into Mice Carrying floxed p53 and/or Rb

Gen Otyp e Js) 5. S/OXP//OXP Rb/oxP//oxP P 5. 3/o><P//oxP Rb/oxP//oxF’ Wil d-t\/ pe
Mice with neoplasms, total, %* 9.1 (3/33)" 7.7 (2/31) 93 (27/29) 0(0/19)
UPS, %* 33.3(1/3) 0(0/2) 70 (19/27) 0 (0/0)
Leiomyosarcoma, % 33.3(1/3) 0(0/2) 11 (8/27) 0 (0/0)
Rhabdomyosarcoma, % 33.3 (1/3) 0(0/2) 7 (2/27) 0 (0/0)
Angiosarcoma, % 0(0/3) 50 (1/2) 4 (1/27) 0 (0/0)
Histocytic sarcoma, % 0 (0/3) 0(0/2) 4(1/27) 0 (0/0)
Fibrosarcoma, % 0(0/3) 0(0/2) 4 (1/27) 0 (0/0)
Dermatofibroma, % 0(0/3) 50 (1/2) 0 (0/27) 0 (0/0)

*Numbers in parentheses indicate number of mice with neoplasm of total number of mice.

tFisher’s exact test. P is 0.2907, 0.5192, and <0.0001 for p530x7/1exP  RploxF/IoxP  and p53xF/1oxPRpoxP/IXP mice  respectively, compared with wild-type
mice.

*Numbers in parentheses indicate number of particular neoplasm of total number of neoplasms.
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Figure 2. Characterization of soft tissue sarcomas. Az
Pathology of soft tissue sarcomas induced by p53
and/or Rb inactivation. Expression (arrows, brown
color) of F4/80 and procollagen type I (PrC), desmin,
smooth muscle actin (SMA), a-sarcomeric actin (a-SA),
e 1 and CD31 in undifferentiated high-grade pleomorphic
3 sarcoma (UPS), leiomyosarcoma (LS), thabdomyosar-
“ coma (RS), and angiosarcoma (AS). AS features endo-
5 g \‘f thelial nuclear atypia (arrow). Hematoxylin and eosin
2 - & (left column images), and ABC Elite method with
AS " o= ‘ e ¥ A ‘l\ Yo l?‘ hematoxylin counterstaining (right column images).
’ ot " Calibration bar = 50 um (all large images), 20 um (all
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found in wild-type mice injected with AACMVCre. PCR
genotyping of primary cells, as well as established cell

lines from tumors of p53*/1XFREXIX mice  showed
deletion of both p53 and Rb (Figure 1C).

Characterization of Soft Tissue Sarcomas

The majority of tumors were high-grade pleomorphic
sarcomas and contained highly variable areas consist-
ing of plump spindle cells intermixed with more polyg-
onal or round, frequently giant cells with hyperchro-
matic irregular nuclei (Figure 2A). Multiple mitotic
figures and some apoptotic cells were observed and
the stroma consisted of delicate collagen fibrils encir-
cling individual cells. Invasion of surrounding tissues
was commonly observed and pulmonary metastasis
were detected in 1 of 3 (33%) and 7 of 29 (24%)
sarcomas of p53/(:»(/3‘/10)(/3' and p53loxP/loxPRbloxP/loxP
mice, respectively. Few neoplasms had distinct histo-
logical features consistent with angiosarcoma, histio-
cytic sarcoma, fibrosarcoma, and dermatofibroma (Ta-
ble 1). Angiosarcoma and histiocytic sarcoma,

\v

insets). B: Gating of STS cells positive (double pos,
17%) or negative (double neg, 6%) for F4/80 (PE) and
CD11b (FITC) during FACS based isolation. C: Detec-
tion of Cre-loxP-mediated deletion of the Rb gene by
PCR in F4/80+CD11b+ (+) and F4/80—CD11b— (—)
cell subpopulations isolated by FACS from primary STS.
JoxP, DNA with floxed gene, S1 and S2 indicate repre-
sentative individual tumor samples. See Figure 1 for
description of PCR fragments.

respectively expressed markers of endothelial (CD31)
and histiocytic (F4/80) differentiation.

According to immunohistochemical analysis signifi-
cant areas of desmin and either smooth muscle actin or
a-sarcomeric actin were detected in several pleomorphic
sarcomas which were respectively classified as leiomyo-
sarcoma and rhabdomyosarcoma. However, 70% of sar-
comas (18 of 27) and 33% (1 of 3) in p53/oxF/lexFRploxrioxt
and p53°F mice, respectively, did not demonstrate
any significant (more than 5%) differentiation with an
exception of procollagen type |, a marker of collagen
producing cells, such as fibroblasts. Additionally, sar-
comas frequently contained a significant number of
cells expressing the macrophage marker F4/80 (Figure
2A). However, these cells did not have neoplastic mor-
phology. Consistently, macrophage population se-
lected by fluorescence-activated cell sorting with anti-
bodies to F4/80 and CD11b, contained only traces of
Cre-loxP mediated deletion of the Rb gene (Figure 2, B
and C), likely due to phagocytosis of neoplastic
cells and/or presence of contaminating neoplastic
cells.



Histogenesis of Soft Tissue Sarcomas 2651
AJP November 2010, Vol. 177, No. 5

Table 2 Expression of CXCR4 in Human Soft Tissue Tumors
Frequency of tumors with specific level of staining, %*

Tumor type - + ++ +++
UPS 26.7 (4/15) 0 (3/15) 46.7 (7/15) 6.7 (1/15)
Fibrosarcoma 28.6 (2/7) 9 (3/7) 28.6 (2/7) 0(0/7)
DFSP* 100 (5/5) 0 (0/5) 0 (0/5) 0(0/5)
Neurofibrosarcoma 50 (2/4) 5(1/4) 25 (1/4) 0(0/4)
Liposarcoma 18.8 (3/16) 0 (8/16) 31.3 (5/16) 0 (0/16)
Leiomyosarcoma 18.2 (2/11) 2 (2/11) 45.5 (5/11) 18.2 (2/11)
Rhabdomyosarcoma 0(0/1) 0 (1/1) 0(0/1) 0 (0/1)
Hemangiosarcoma 0(0/1) 0(0/1) 0(0/1) 100 (1/1)
M. Schwannoma 100 (1/1) 0 (0/1) 0(0/1) 0(0/1)

*Numbers in parentheses indicate number of particular tumors with specific level of CXCR4 expression of total number of neoplasms of the same

type.

TExpression CXCR4 is significantly lower in dermatofibrosarcoma protuberance (DFSP) compared with UPS (Fisher's exact test, P = 0.0081) and

leiomyosarcoma (Fisher’s exact test, P = 0.0048).

CXCR4 Overexpression Contributes to Invasive
Properties of STS
It has been reported that the expression of CXCR4 in

human STSs is associated with poor prognosis and me-
tastasis,®* particularly in malignant nonround cell tumors

such as UPS and leiomyosarcoma. In agreement with

these observations, we determined high expression of
CXCR4 in human UPS (MFH) and leiomyosarcoma (Table
2). Notably, we observed that expression of CXCR4 was
high in UPS, moderate in fibrosarcoma, and negligible in
dermatofibrosarcoma protuberans (Figure 3A).
Consistent with observations in human STS, mouse
sarcomas expressed Cxcr4 according to immunostaining
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Figure 3. CXCR4 overexpression contributes to
invasive properties of STS. A: CXCR4 expression
(brown color) in human undifferentiated, high-
grade sarcoma (UPS), fibrosarcoma (FS), and
dermatofibrosarcoma protuberans (DFSP). Note
preferential expression of CXCR4 in UPS. ABC
Elite method with hematoxylin counterstaining.
B: Colocalization (yellow color) of Cxcr4 expres-
sion in cells containing procollagen type I (PrC)
but not F4/80. Double immunofluorescence
with DAPI counterstaining. A and B: Calibration
bar = 50 um. C, Left: Cxcr4 expression in wild-
type (Wo) and p);’l"”/"’“ RU'T10xP fibroblasts
two (p4/2) and four (p6/4) passages after expo-

STN1 STN2 sure to AACMVCre, and in established cell lines
+ - + - FBNI1 (passage 43), STN1 and STN2 (both pas-
- + - + sage 39). Right: Cxcr4 expression after exposure

of cell lines FBN1, STN1, and STN2 to Cxcr4 or
control siRNA. D: Effects of Sdfl (left) and
siRNA-mediated knockdown of Cxcr4 (right) on
cell invasion in Matrigel assay. All values are the
mean * SD, 7 = 4 (FVBN1 and STN1D) or n = 3
(STN2). Control siRNA, scrambled siRNA.
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Table 3. Percentage of EGFP-Expressing Cells in Dermal Cell Populations 3 Days after AdCMVCre-EGFP Infection
Cell marker Pro-collagen type | F4/80 Iba-1 Smooth muscle actin CD31
Mean=SD (%)~ 38.88 = 18.77 44.33 = 14.38 42.28 = 6.53 32.8 £ 33.37 15.66 * 26.46

*At least 50 DAPI-stained cells per field were counted in 10 fields at magnification x400.

and Western blot analyses (Figure 3, B and C). The
majority of Cxcr4d expressing cells also expressed pro-
collagen type | but not macrophage marker F4/80. Levels
of CXCR4 were negligible in primary fibroblast cell cul-
tures but increased after inactivation of p53 and Rb. To
test whether Cxcr4 plays role in sarcoma progression,
Matrigel invasion assays were performed with STS cell
lines STN1 and STN2 as well as p53 and Rb-deficient
fibroblastic cell line FBN1. Cells of all lines showed in-
creased invasion after addition of Cxcr4 ligand Sdf-1
(Figure 3D). At the same time, siRNA-mediated knock-
down of Cxcr4 significantly reduced invasion activity of
these cells (Figure 3D).

Connective Tissue Cells Targeted with
Adenovirus

To establish which dermal cells were targeted by adeno-
virus, expression of EGFP was detected within 1 to 14
days after subcutaneous injection of adenovirus express-
ing Cre-EGFP (AdCMVCre-EGFP). EGFP expression in
subcutaneous tissues was strongest at 1 and 3 days after
infection. According to cell phenotyping, 39% of fibro-
blasts (procollagen type 1+), 44% (F4/80+) or 42% (Iba-
1+) of macrophages, 33% of smooth muscle cells
(smooth muscle actin+), and 16% of endothelial cells
(CD31+) were labeled with AACMVCre-EGFP (Table 3
and Figure 4A).

To test whether adenovirus also infected MSC, this
population was isolated from dissociated dermal cells by
strict plastic adhesion followed by negative selection for
CD45, a marker for cells of hematopoietic origin, includ-
ing hematopoietic stem cells, and for endothelial cell
marker CD31 and positive selection for Sca-1 expression
(Figure 4B). Although all plastic adherent cells had a
potential for differentiation toward adipogenic and osteo-
genic differentiation,® our studies demonstrated that fur-
ther selection for Sca-1"°" fraction results in additional
enrichment for cells with enhanced ability to form adipo-
cytes, chondrocytes and osteocytes (Figure 4C). All cell
subpopulations of plastic adherent cells were equally
well infected with AACMVEGFP (Figure 4D).

Local Origin of STS

To discriminate between bone marrow and local dermal
cell of origin of STS, irradiation chimeras reconstituted
with donor-derived bone marrow cells isolated from mice
with reporter transgenes were generated (Figure 5).

To evaluate a proportion of donor bone marrow cells,
bone marrow cells and the dermal cells were evaluated
for EGFP expression at 1, 3, 7, and 14 days after irradi-
ation and transplantation of bone marrow cells from B5/

EGFP reporter mice. Reduced numbers of cells express-
ing Gr-1, a marker for granulocytes and monocytes, and
limited EGFP expression was detected at 1 and 3 days
after irradiation followed by immediate bone marrow
transplantation (Figure 6A). Both cell populations in-
creased by day 7 and were within normal range for a
B5/EGFP reporter mouse. These results were consistent
with detection of EGFP transgene copy numbers similar
to those in B5/EGFP mice by multiplex PCR (Figure 6B).
At the same time, 24% of Iba-1+ macrophages (98.5 =
29, Mean =+ SD, out of 410 * 86.3 counted) expressed
EGFP 14 days postirradiation (Figure 6C).

To determine whether any STS developed from bone
marrow—derived cells, sarcomas were initiated by a sin-
gle subcutaneous injection of AACM\VCre into irradiated
53 IoxERpoxF/IXE (0 = 29) and wild-type mice (n = 9)
reconstituted with bone marrow from mice carrying floxed
053 and Rb as well as Rosa26Stop'*LacZ or Z/EG re-
porter constructs. In these reporter constructs, expres-
sion of B-galactosidase or EGFP, respectively, is possible
only after deletion of a STOP codon flanked by loxP sites.
Additionally, another group of p53X1FRp/F/IXP mice
(n = 4) was reconstituted with bone marrow of mice
carrying constitutively expressed EGFP (B5/EGFP) or
LacZ (Rosa26LacZ) transgene. In parallel with collecting
tumors, blood from each chimera was collected and
genotyped by PCR analysis to confirm the reconstitution
with donor cells.

All chimeric mice with host p53°X7/xPRp/exF/I0xF gano-
type (n = 33) but none of wild-type (n = 9) developed
sarcomas independently of the type of donor mouse
strain. The sarcomas were diagnosed as UPS similar to
the majority of sarcomas associated with p53 and Rb
deficiency. The immunohistochemistry results showed
that tumors from control chimeras rescued with bone
marrow of mice carrying constitutively expressed EGFP
(B5/EGFP) or LacZ (Rosa26lacZ) transgene contained
numerous cells expressing EGFP or B-galactosidase
(Figure 7A). These cells did not have atypical cytological
features and expressed macrophage marker F4/80 but
no procollagen type | (Figure 7B). At the same time,
sarcomas developed from chimeras that contain bone
marrow cells from the ZEG (n = 19) or the
Rosa26STOP " acZ (n = 10) reporter mice did not show
any GFP or B-galactosidase expression (Figure 7A). Thus
none of the 38 mice developed STS from bone marrow
with floxed p53 and Rb. Taken together with complete
reconstitution of bone marrow cells and 24% reconsti-
tution of the dermal macrophage population, these
results indicate that STS associated with p53 and Rb
inactivation most likely originate from the local resident
cells as opposed to bone marrow derived cells, such
as macrophages.
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MSC Have Enhanced Potential for Malignant
Transformation

To investigate whether dermal MSC could be a target for
malignant transformation in our model, these cells were
subjected to a series of transformation-related assays
after ACMVCre-mediated inactivation of p53 and Rb.
First, the ability of the three plastic adherent dermal cell
populations to form colonies in soft agar was compared.
Interestingly, Sca-1'"" cells showed an increase in the
number of colonies when compared to the other 2 plastic
adherent dermal cell populations (Figure 8A). Secondly,
invasion ability of transformed plastic adherent dermal
cells among Sca-1"°9, Sca-1"°%, and Sca-1"" popula-
tions was tested using a Matrigel invasion chamber. Sca-
1'% cells once again exhibited the greatest potential for
malignant transformation compared to the other two plas-
tic adherent dermal cell populations (Figure 8A). Finally,
tumorigenicity of MSC was tested after their subcutane-

1
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Figure 4. Identification of connective tissue
cells infected with AdCMVCre-EGFP adenovirus.
A: Colocalization (yellow color, arrows) of
EGFP and fibroblastic (procollagen type I, PrC),
macrophage (F4/80), smooth muscle (smooth
muscle actin, SMA), or endothelial (CD31) mark-
ers. Calibration bar = 50 wm. B: Expression of
CD45, CD31, and Sca-1 in plastic adherent der-
mal cells (left). Sorting gates for isolation of
Sca-1"#h Sca-11°% and Sca-1" cell populations
after negative selection for CD45 and CD31
(right). C: Sca-1'°% cells have a greater potential

Adipocyte Differentiation for differentiation into adipocytes (P = 0.00706),

chondrocytes (P = 0.0139), and osteocytes (P =

3004 0.0006) compared with Sca-1"&" population.

2504 Additionally, Sca-1'°% cells have greater adipo-

2001 cyte (P = 0.0001) and chondrocyte (£ = 0.0001)

1504 potential compared with Sca-1"°% cells. Values

1004 (mean * SD, n = 4) represent percentage of
1 controls without differentiation medium. All ex-
od

periments were repeated at least twice and sub-
jected to unpaired #tests with two-tailed P val-
ues. D: Flow cytometry analysis of expression of
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Sca-1 (y axis) and EGFP (x axis) 1 week after
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ous transplantation into SCID mice. Sca-1'°" cells formed
tumors faster (Figure 8B). Importantly, tumors were UPS
histologically similar to conditionally induced sarcomas in
53 loxERpoxF/Iox mice (Figure 8C). These tumors ex-
pressed procollagen type | but no other diagnostic
markers in neoplastic cells, including desmin (Figure
8C). These results indicate that Sca-1'"" multipotent
dermal stem/progenitor cells are a preferential target
for malignant transformation associated with p53 and
Rb deficiency.

Discussion

STS are relatively uncommon neoplasms and constitute
less than 1% of all cancers, with an estimated 10,660 new
STSs diagnoses and 3820 related deaths in 2009.26 How-
ever, lack of identifiable precursor lesions and high het-
erogeneity of these neoplasms, as well as incomplete
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Figure 5. Identification of soft tissue sarcoma cellular origin in irradiation
chimeras. p53/ox /71Xl Rploxt/loxt (p53LREE) or wild-type mice were ex-
posed to lethal dose (11 Gy) of irradiation, followed by rescue with bone
marrow cells derived from the Rosa26Stop'™*LacZ (Rosa26Stop"LacZ) or the
Z/EG reporter mice containing either wild-type or floxed p53 and Rb. Soft
tissue sarcomas were induced by the subcutaneous AdCMVCre injection 14
days after bone marrow reconstitution.

understanding of ontogenesis and phenotypical plasticity
of normal connective tissue cells represent a continuous
challenge for diagnosis, which is reflected in continuous
shift in STS classifications. Therefore, development of
mouse models which accurately recapitulate both mor-
phological features and frequent genetic alterations of
human STS is of critical importance. The mouse model of
STS reported here addresses this need because histol-
ogy of induced sarcomas is similar to those of human
STS. Furthermore, mutations in p53 and Rb are the most
common genetic alterations occurring in sarcomas with
complex genotype, such as UPS, fibrosarcoma, and
leiomyosarcoma.

Similarity between human STS and sarcomas in our
mouse model was further confirmed by observation of
expression of CXCR4 which is a receptor of chemokine
CXCL12 (SDF-1a). It has been previously reported that
signaling through CXCR4 plays an important role in pro-
gression of a broad variety of malignancies, including
breast cancers,®” prostate cancers,® malignant melano-
mas,3”3° gastric cancer,*® osteosarcomas,*' and rhab-
domyosarcomas.*? In agreement with a previous report
that expression of CXCR4 is associated with poor prog-
nosis of STS®** we observed that expression of CXCR4 is
significantly higher in high-grade sarcomas, such as UPS
and leiomyosarcomas as compared to low-grade der-
matofibrosarcoma and fibrosarcoma. Furthermore, ac-
cording to our Matrigel invasion assays, stimulation of
Cxcr4 by addition of Sdf-1 increased invasion of sarcoma
cells, while siRNA-mediated knockdown of Cxcr4 signif-
icantly reduced their invasion. Taken together, these re-
sults demonstrate that the CXCR4/SDF-1 axis is an im-
portant mediator in sarcoma progression. It has been
reported that CXCR4 expression is repressed by p53.43
Our observations of increased Cxcr4 expression in fibro-
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Figure 6. Assessment of bone marrow rescue in irradiation chimeras. A:
Efficiency of reconstitution of bone marrow cells according to coexpression
of donor-derived EGFP and granulocyte/monocyte marker Gr-1 between 1
and 14 days after irradiation and transplantation of bone marrow from
B5/EGFP mice (lower row). Wt and B5/EGFP, Gr-1/EGFP profiles of bone
marrow cells from wild-type and B5/EGFP mice, respectively (upper row).
B: Detection of ACTBStop'*"EGFP transgene (430 bp) by PCR analysis of
blood from chimeras that were transplanted with bone marrow cells from the
Z/EG reporter mice. The 316-bp DNA fragment diagnostic of floxed p53 was
used as internal reference control. (W, water control; C, DNA from a mouse
carrying the Z/EG reporter, as well as floxed p53 and Rb genes; M, marker).
Silver staining of acrylamide gels. C: Coexpression of EGFP and macrophage
marker Iba-1 in dermal cells 14 days after irradiation and transplantation of
bone marrow cell-derived B5/EGFP donor mice. DAPI counterstaining.
Arrows indicate the same area in all images. Calibration bar = 50 um.

blasts after p53 and Rb inactivation is consistent with that
report and indicate that inactivation of p53 during sar-
coma initiation may predetermine some of the advanced
metastatic traits.

Diagnosis of UPS, also known as MFH, is a matter of
a particular controversy. Given the lack of specific
immunohistochemical markers and firm diagnostic cri-
teria of this neoplasm, it is not surprising that the
frequency of UPS/MFH diagnosis ranges from 5% to
70%.%~*4* MFH was originally described by A. P. Stout
and colleagues**~*” as a neoplasm consisting of histi-
ocyte-like and fibroblast-like cells. Some initial studies
performed on human cells and tissues, as well as in
transplantation experiments, have supported an origin
of these sarcomas from bone marrow—derived cells of
the mononuclear phagocyte system, that is histiocytes/
macrophages.*®*#53 However, later observations based
on advanced ultrastructural and immunohistochemical
characterization of neoplastic cells, as well as studies of
sequential evaluation of sarcoma formation in rats and



Figure 7. Detection of bone marrow—derived cells in soft tissue sarcomas.
A: Expression of B-galactosidase (B-gal, arrow) and EGFP (arrow) in sar-
comas initiated by a single SC AdCMVCre injection into lethally irradiated

DpSBlONIONP RRfoxt/IoXt mice transplanted with bone marrow cells from

Rosa26LacZ (upper left panel) and B5/EGFP reporter mice (lower left
panel) but not in those with Rosa26Stop’*"LacZ (upper right panel) or a
Z/EG (lower right panel) bone marrow cells. ABC Elite method with
hematoxylin counterstaining. B: Expression of EGFP, procollagen type I
(PrC), and F4/80 markers in sarcomas of p33/X1/1xPRpIOXI/IOXE jrradiation
chimeras reconstituted with bone marrow cells from a B5/EGFP (left) and
Z/EG reporter mice (right). Note coexpression (yellow color) of EGFP and
F4/80 in sarcoma of mouse reconstituted with B5/EGFP bone marrow. Dou-
ble immunofluorescence with DAPI counterstaining. Calibration bar: 50 wm
(A and B).

mice, favor a view that UPS/MFH originate from fibroblas-
tic or mesenchymal precursor/stem cells.254%” These
studies have also demonstrated that UPS/MFH frequently
contain a large number of nonneoplastic infiltrating mac-
rophages.®”%° Consistent with those reports we ob-
served that cells expressing macrophage markers
F4/80 and/or Ibal do not have neoplastic morphology
and lack Cre-loxP-mediated recombination.

Some UPS may represent other STS that exhibit high
degree of phenotypical plasticity during tumor progres-
sion.®'-®% However, findings of MFH-specific genomic
alterations®® %8 and gene expression profiles®® 7" indi-
cate that diagnosis of UPS/MFH corresponds to a distinct
nosological entity and may reflect development of these
neoplasms from MSC.

Recent progress in isolation of MSC and their potential
use in therapeutic approaches” "2 have renewed inter-
est in assessment of transformation potential of these
cells. By using human bone marrow MSC Matushansky et
al® demonstrated that the expression pattern of these
cells correlates with that of UPS/MFH. Furthermore, they
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Figure 8. Neoplastic potential of dermal mesenchymal stem cells (MSC)
after conditional inactivation of p53 and Rb. A: Compared with Sca-1"® and
Sca-1Me" subpopulations, the Sca-1'" MSC cells have significantly higher
propensity for forming colonies in soft agar (left panel, mean * SD, n = 3,
P < 0.0001) and invasion in Matrigel chamber (right panel, mean = SD, n =
3, Sca-1'°% versus Sca-1"®, P = 0.0002; Sca-1'°% versus Sca-1"#" p <
0.0001). B: Accelerated formation of tumors after SC transplantation of MSC
(median survival 44 days, n = 3) compared with mesenchymal non-stem
cells (MnSC, median survival 74 days, 7 = 6; P = 0.0376). C: Undifferentiated
high-grade pleomorphic sarcoma with mitotic figures (H&E, arrow) and
expression of procollagen type I (PrC, arrow) formed after MSC implanta-
tion. Desmin is detected only in smooth muscle cells of blood vessels
(arrow). Left panel, Hematoxylin and eosin, lower, middle, and right
panels, ABC Elite method with hematoxylin counterstaining. Calibration
bar = 50 um.

demonstrated that MSC immortalized with SV-40 large T
antigen recapitulated UPS/MFH morphology after subcu-
taneous transplantation into nude mice. Consistently, for-
mation of UPS was reported after transplantation of bone
marrow—derived mouse MSC treated with 2-methylchol-
anthrene.” Intriguingly, it has been reported that accord-
ing to cell lineage tracing experiments in irradiation chi-
meras, spontaneous fibrosarcomas arise from bone
marrow—derived cells in the mouse.”

To evaluate a possibility of bone marrow origin of STS
in our model, we have performed irradiation chimera
experiments in which donor and recipient cells carried
floxed copies of p53 and Rb. Given 24% reconstitution of
dermal macrophage population in irradiation chimeras,
70% frequency of UPS in our model and near equal
infectivity of macrophages and fibroblasts by adenovirus,
one would expect that sarcomas in six to seven mice
could arise from macrophages. However, none of 38
mice developed STS from bone marrow with floxed p53
and Rb. These results provide the direct experimental
evidence that UPS/MFH do not arise from macrophages
and indicate that initiation of sarcomas from bone mar-
row—derived cells is unlikely.

To test whether STS may preferentially arise from local
resident MSC after p53 and Rb inactivation we have
isolated dermal mesenchymal stem/progenitors cells



2656 Choi et al
AJP November 2010, Vol. 177, No. 5

based on their adherence to plastic and expression of
Sca-1 marker (Ly-6A/E) in combination with negative se-
lection for CD45 and CD31. Sca-1 has been shown to be
an effective marker for stem cells in many different tis-
sues, including MSC.”>7"® Interestingly, in our experi-
ments the Sca-1'°" population was enriched for multipo-
tent cells. It was reported that Sca-1'°" population was
more enriched for stem cells than the expected Sca-1M9"
population in the mammary epithelial cells® and low
levels of positive staining for Sca-1 were detected in
spermatogonial stem cells.2" Similar to these observa-
tions we also found that prolonged culturing of cells,
before staining and FACS, induced expression of Sca-1
(our unpublished observations). Therefore, it is quite pos-
sible that the culture step necessary to select for plastic
adherence upregulated Sca-1 expression in the PAD
cells, throwing off the Sca-1 expression levels that would
be expected based on the majority of studies that sort
cells before any culturing.”>:2

By using isolated dermal MSC enriched in the Sca-1'""
fraction we were able to demonstrate their increased
transformation potential, as comported to more differen-
tiated connective tissue cells of the dermis, after inacti-
vation of p53 and Rb. Interestingly, transformation of der-
mal MSC resulted in formation of UPS, consistent with
previous reports which used bone marrow MSC.57 At the
same time, Rodriguez et al®*® reported formation of fibro-
sarcomas with areas of adipose tissue differentiation after
subcutaneous injection of MSC derived from adipose
tissue of p271~/~ p53~/~ mice into immunodeficient mice.
These variations in tumor type may reflect either different
differentiation potential of MSC derived from different
locations or gene-dependent differentiation potential.

Recent observations indicate that p53 and Rb tumor
suppressors have important functions in stem cells. p53
has been shown to mediate the onset of senescence of
endothelial progenitor cells, to negatively regulate prolif-
eration and survival of neural stem cells, to induce differ-
entiation of embryonic stem cells, and to control effi-
ciency of induced pluripotent stem cell generation.83-8°
Rb and its pathway are involved in control of stem cell
cycle progression, senescence and tissue homeosta-
sis.®8 It has been reported that fibroblasts lacking Rb
form spheres and become cancer stem cells.®” Notably,
p16/Rb and ARF/p53 pathways are extensively con-
nected and may be coordinately regulated by Bmi-1,
which is required for maintenance and self-renewal of
hematopoietic and neural stem and progenitor cells.®®
Consistently it has been demonstrated that combined
p53 and Rb deficiency results in prostate cancer arising
from the prostate stem cell compartment.®® Further stud-
ies of established STS model will address the specific
molecular and cellular mechanisms responsible for co-
operation of p53 and Rb in control of MSC and their
malignant transformation. It also remains to be ad-
dressed whether sarcomas with distinct differentiation
features, such as leiomyosarcoma and angiosarcoma,
originate from MSC or more committed progenitor cells
which are less prone to transformation after p53 and Rb
inactivation. It is of interest that according to comparative
genomic hybridization studies, UPS/MFH share similari-

ties with leiomyosarcomas,”®®° consistent with frequent
observations of areas of smooth muscle differentiation in
UPS, including our model.

In conclusion, we have established a genetically engi-
neered mouse model of the STS by temporally and spa-
tially controlled p53 and Rb inactivation in connective
tissue cells of the dermis. We have also demonstrated
that STS develop locally, most likely from MSC. This
mouse model of STS will serve as a valuable basis for
future studies of STS pathogenesis, particularly of those
for sarcomas with complex genotypes. This model also
provides new opportunities for exploration of targeted
therapies and screening for novel therapeutic agent to
treat the disease.
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