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ABSTRACT: Accurate assessment and characterization of the pro-
gression and therapy response of prostate cancer are essential for
precision healthcare of patients diagnosed with the disease. MRI is a
clinical imaging modality routinely used for diagnostic imaging and
treatment planning of prostate cancer. Extradomain B fibronectin (EDB-
FN) is an oncofetal subtype of fibronectin highly expressed in the
extracellular matrix of aggressive cancers, including prostate cancer. It is a
promising molecular target for the detection and risk-stratification of
prostate cancer with high-resolution MR molecular imaging (MRMI). In
this study, we investigated the effectiveness of MRMI with an EDB-FN
specific contrast agent MT218 for assessing the progression and therapy
resistance of prostate cancer. Low grade LNCaP prostate cancer cells
became an invasive phenotype LNCaP-CXCR2 with elevated EDB-FN
expression after acquisition of the C-X-C motif chemokine receptor 2 (CXCR2). MT218-MRMI showed brighter signal
enhancement in LNCaP-CXCR2 tumor xenografts with a ∼2-fold contrast-to-noise (CNR) increase than in LNCaP tumors in mice.
Enzalutamide-resistant C4-2-DR prostate cancer cells were more invasive, with higher EDB-FN expression than parental C4-2 cells.
Brighter signal enhancement with a ∼2-fold CNR increase was observed in the C4-2-DR xenografts compared to that of C4-2
tumors in mice with MT218-MRMI. Interestingly, when invasive PC3 prostate cancer cells developed resistance to paclitaxel, the
drug-resistant PC3-DR cells became less invasive with reduced EDB-FN expression than the parental PC3 cells. MT218-MRMI
detected reduced brightness in the PC3-DR xenografts with more than 2-fold reduction of CNR compared to PC3 tumors in mice.
The signal enhancement in all tumors was supported by the immunohistochemical staining of EDB-FN with the G4 monoclonal
antibody. The results indicate that MRMI of EDB-FN with MT218 has promise for detection, risk stratification, and monitoring the
progression and therapy response of invasive prostate cancer.
KEYWORDS: MR molecular imaging, targeted contrast agent, MT218, extradomain B fibronectin, prostate cancer, active surveillance,
drug resistance

■ INTRODUCTION
Prostate cancer is the most common noncutaneous cancer in
men and is the second leading cause of cancer deaths in the
United States. An estimated quarter million men are diagnosed
with prostate cancer in the United States every year.1 Prostate
cancer is a highly heterogeneous disease with significant
variations in the molecular and pathological trajectory.
Although one in eight men will be diagnosed with prostate
cancer in their lifetime, most patients are diagnosed with low-
risk cancer and with an indolent disease course without
treatment. However, about one in five patients are diagnosed
with high-risk cancer and have a substantial risk of prostate-
cancer-related death.2 The five-year survival rate of patients
with localized disease is nearly 100%, while it drops
dramatically to only 28% for those with distant metastases.3

Therefore, accurate early detection, risk-stratification, and

active surveillance of primary prostate cancer are critical to
identify patients with high-risk disease and to monitor the
status and progression of low-risk tumors for precision
healthcare of prostate patients.

Currently, prostate specific antigen (PSA) screening,
diagnostic imaging, and biopsy-based histology are routinely
used for diagnosis of prostate cancer.2,4−6 PSA testing is
inconclusive,7,8 and imaging and biopsy are followed for those
with abnormal levels of PSA.9 Transrectal ultrasound and
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multiparametric MRI (mpMRI) are the most commonly used
imaging modalities for prostate cancer. However, these
strategies have had limited success in localizing and differ-
entiating high-risk prostate tumors from low-risk indolent
tumors.10 Prostate biopsy is still the gold standard for prostate
cancer diagnosis. Unfortunately, the accuracy of prostate
biopsy is often limited by inadequacies of prostate needle
sampling due to the multifocal nature of the disease, the
coexistence of various grades of tumors within the prostate,
and the difficulty in assigning an accurate Gleason grade based
on the minute sample size from the needle-biopsy. There is
about 20% or higher risk of upgrading the score after radical
prostatectomy compared with the original Gleason grade from
the biopsy specimen. Consequently, most patients receive
treatment even for low-risk disease to avoid potential
undertreatment, which also leads to serious treatment-related
long-term side-effects. In addition, prostate biopsies can lead to
increased risks of hematuria, pain, infections, and septicemia.
There is an unmet clinical need for a noninvasive imaging
modality for accurate detection of high-risk prostate cancer and
active surveillance for low-risk tumors for precision care of
prostate cancer patients.

Molecular imaging of the markers associated with prostate
cancer could overcome the limitations of the existing
diagnostic methods and provide accurate detection, risk-
stratification, and precision treatment of the disease. Recently,
positron-emitting probes specific to prostate-specific mem-
brane antigen (PSMA) 68Ga-PSMA-11 and 18F-DCFPyl have
been approved for PET imaging of metastatic and recurrent
prostate cancer.11−13 However, their potential for staging or
risk-stratification of primary prostate cancer has not been
conclusively demonstrated in clinical studies.14,15 In addition,
PSMA expression can be absent in localized and metastatic
tumors of some patients, which results in a false negative
diagnosis with PSMA PET.

Extradomain B fibronectin (EDB-FN) is a cancer-associated
isoform of fibronectin (FN) and is highly expressed in
aggressive tumors, including high-risk prostate cancer. It is a
marker of EMT, which is a biological program associated with
invasion, metastasis, and drug resistance of multiple malig-
nancies, including prostate cancer.16−18 Elevated expression of
EDB-FN is associated with EMT induction, cancer cell
invasion, and metastasis.16 It is overexpressed in various
aggressive human cancers and absent in normal tissues.19−22

Clinical evidence demonstrates that EDB-FN is overexpressed
in the ECM of high-risk prostate cancer but not in benign
lesions and benign prostatic hyperplasia.23−25 EDB-FN is a
promising oncotarget for developing molecular imaging
technologies for the detection, risk-stratification, and active
surveillance of high-risk prostate cancer.

MRI is a noninvasive clinical imaging modality and provides
three-dimensional images of soft tissues with high spatial

resolution. It is considered to be the most promising tool for
prostate cancer imaging and well-suited for detecting localized
tumors in the prostate.26,27 mpMRI is currently the preferred
imaging method for precision biopsy and surgery planning of
prostate cancer.28,29 The capability of MRI for precision
diagnostic imaging is restrained by the lack of tumor specificity
of the clinical contrast agents.30 We have recently developed
small peptide targeted gadolinium-based contrast agents
specific to EDB-FN for MR molecular imaging (MRMI) of
cancer.31,32 A lead targeted macrocyclic agent ZD2-N3-
Gd(HP-DO3A), or MT218, has been identified for clinical
translation, Figure 1.32,33 It has a higher T1 relaxivity (6.54
mM−1 s−1) than corresponding nontargeted clinical agent
gadoteridol (4.1 mM−1 s−1).32 It produces stronger signal
enhancement in rodent aggressive tumor models at a
substantially reduced dose (0.04 mmol/kg) than the clinical
agent (0.1 mmol/kg).32,34 Our previous studies have shown
that MRMI of EDB-FN is effective to differentiate high-risk
tumors from low grade tumors in animal tumor models.35,36

In this study, we investigated the potential of MRMI of
EDB-FN with MT218 for monitoring progression and
development of therapy-resistance of prostate cancer. Timely
assessment of disease progression and development of therapy
resistance are essential for precision care of prostate cancer
patients. Demonstration of the capability of MRMI with
MT218 could expand its application for active surveillance and
imaging-aided precision care in addition to detection and risk-
stratification. We assessed the expression of EDB-FN in several
pairs of prostate cancer cells, including LNCaP and LNCaP-
CXCR2, C4-2 and drug resistant C4-2-DR, and PC3 and PC3-
DR cells, in correlation with the invasiveness of the cells. We
then evaluated the tumor signal enhancement of MRMI with
MT218 in different prostate cancer tumor models, including
LNCaP and LNCaP-CXCR2, and drug-resistant tumors. The
potential of MRMI of EDB-FN for precision imaging,
including monitoring disease progression and therapy-resist-
ance, was determined in correlation with EDB-FN expression
and the invasiveness of the cancer cells.

■ RESULTS

MRMI of EDB-FN for Monitoring Progression of Prostate
Cancer
C-X-C motif chemokine receptor 2 (CXCR2) neuroendocrine
tumor cells are enriched in high-grade and advanced prostate
cancer. CXCR2 expression is associated with therapy resistance
and progression of the disease.37 It may also play a role in the
EMT and ECM remodeling. Since EDB-FN is an oncogenic
ECM protein associated with EMT, we evaluated the
expression of EDB-FN in the LNCaP and LNCaP-CXCR2
prostate cancer cells to determine the potential correlation of
EDB-FN with CXCR2. The CXCR2-positive LNCaP-CXCR2
was obtained by modifying the slow-growing LNCaP cells with

Figure 1. Structure of ZD2-N3-Gd(HP-DO3A), MT218.
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stable integration and overexpression of the pro-inflammatory
and pro-tumorigenic IL8 receptor CXCR2.37 LNCaP-CXCR2
cells also exhibited the mesenchymal feature, i.e., elongated
cellular morphology, in 2D culture and were more invasive, i.e.,
larger spheroids, than the LNCaP cells, as shown in 3D culture

(Figure 2A). Transwell assays showed that more LNCaP-
CXCR2 cells (stained with a purple dye) migrated through a
basement membrane and invaded through a Matrigel layer,
indicating an increased invasiveness of the cells as compared to
the LNCaP cells (Figure 2B). These increased aggressive

Figure 2. EDB-FN overexpression is associated with invasive prostate cancer cells that evolve from low-risk ones. Compared to the low-risk LNCaP
cells, LNCaP-CXCR2 cells showed an elongated mesenchymal feature in 2D culture and high propensity to form 3D spheroids (A), increased
migratory and invasive abilities indicated by strong purple color staining of the cells passing through a membrane filter (migration) and Matrigel
layer (invasion; B), elevated expression of EDB-FN as measured by qRT-PCR (C), and strong ZD2-Cy5.5 binding (red fluorescence) of EDB-FN
in 3D culture (D; *p < 0.05 using unpaired t test).

Figure 3. MRMI of EDB-FN with MT218 facilitates noninvasive assessment of the progression of low-risk prostate cancer. T1-weighted 2D axial
spin echo images were obtained before and 25 min postinjection of MT218 at 0.04 mmol/kg in athymic nu/nu mice bearing LNCaP and LNCaP-
CXCR2 xenografts. Compared to the slow-growing LNCaP tumors, the invasive LNCaP-CXCR2 xenografts show brighter signal enhancement (A),
significantly higher CNR (B, average of n = 6 mice, **p < 0.05 using unpaired t test), and strong EDB-FN staining in post-mortem IHC (C).
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features of LNCaP-CXCR2 cells were consistent with the
previously reported results.37 Correspondingly, LNCaP-
CXCR2 cells exhibited significantly higher EDB-FN expres-
sion, as shown by RT-PCR as compared to the slow-growing
parental LNCaP cells (Figure 2C). The staining of the 3D
spheroids with the EDB-binding peptide fluorescence probe
ZD2-Cy5.5 also showed stronger binding to LNCaP-CXCR2
spheroids (Figure 2D). The EDB-FN expression in LNCaP-
CXCR2 cancer cells is correlated with their acquired
invasiveness.

To assess the potential of MRMI of EDB-FN with MT218
to monitor the progression of the slow growing LNCaP
prostate tumor to an invasive form after its acquisition of
CXCR2, we performed MRI studies in mice bearing the
LNCaP and LNCaP-CXCR2 prostate cancer xenografts after
intravenous injection of MT218. Figure 3 shows the
representative MRI images of LNCaP and LNCaP-CXCR2
prostate cancer xenografts established in athymic nu/nu mice.
The images were acquired before and 25 min after intravenous
injection of MT218 at 0.04 mmol/kg. Strong signal enhance-
ment was observed in the invasive LNCaP-CXCR2 tumors,
while only slight signal enhancement was observed in the low-
grade LNCaP tumors (Figure 3A). Quantitative analyses of the
signal intensities showed over 3-fold increased CNR in the
LNCaP-CXCR2 tumors with MT218, while the LNCaP
tumors had only about a 50% CNR increase (Figure 3B).
Post-mortem immunohistochemical (IHC) analysis of the
tumor tissues with an anti-EDB-FN G4 monoclonal antibody
showed strong staining of EDB-FN in the LNCaP-CXCR2
tumors as compared to the low EDB-FN staining in the
LNCaP tumor sections, indicating differential expression of
EDB-FN in the LNCaP and LNCaP-CXCR2 tumors (Figure
3C). The IHC data corroborated the MRMI results, suggesting
that MRMI of EDB-FN with MT218 is able to monitor the
progression of slow growing prostate cancer to invasive tumors
after acquisition of CXCR2.

MRMI of EDB-FN for Monitoring Enzalutamide-Resistance
of Prostate Cancer

The expression of EDB-FN and its potential as a molecular
marker for imaging therapy resistance was evaluated in C4-2
and enzalutamide-resistant C4-2-DR prostate cancer cells and
tumor models. The C4-2-DR cells were an enzalutamide-
resistant prostate cancer cell line generated by acquired
resistance to 20 μM enzalutamide, an androgen-receptor
antagonist.37 Evaluation of the morphological and functional
features of the cell lines demonstrated significantly increased
propensity of C4-2 cells to form tumor spheroids in 3D culture
compared to LNCaP cells (Figures 4A and 2A). Compared to
C4-2 cells, C4-2-DR cells showed a similar 3D growth but
significantly higher migration and invasion (Figure 4B). The
C4-2-DR cells exhibited a significantly increased expression of
EDB-FN over the C4-2 cells (Figure 4C). Additionally, in 3D
culture, the resistant C4-2-DR cells were more invasive and
showed proliferative tumor spheroids with significantly
increased EDB-FN secretion compared to the C4-2 spheroids,
evidenced by intense ZD2-Cy5.5 staining (Figure 4D).

MRMI showed bright tumor enhancement in C4-2 tumors
in the mice at 25 min postinjection of MT218 (0.04 mmol/kg)
as compared the precontrast tumors, while brighter signal
enhancement was seen in the more invasive enzalutamide-
resistant EDB-FN-rich C4-2-DR tumors (Figure 5A).
Quantitative analyses of the signal intensities showed that
MT218 at the same dose resulted in an over 5-fold CNR
increase in the C4-2-DR tumors as compared to about a 2.5
CNR increase in the C4-2 tumors. C4-2-DR tumors had about
a 2-fold higher CNR increase over their nonresistant C4-2
counterparts, indicating elevated EDB-FN expression in the
drug-resistant tumors (Figure 5B). Post-mortem IHC analysis
of EDB-FN also showed significantly elevated levels of EDB-
FN expression in the drug-resistant tumors over the C4-2
tumors. The results correlated well with the differential signal
enhancement in the C4-2 and C4-2-DR tumors, indicating that

Figure 4. EDB-FN overexpression is associated with invasive prostate cancer cells that acquire resistance to androgen-deprivation therapy.
Compared to their parent C4-2 cells, the enzalutamide-resistant C4-2-DR cells show comparable propensity to form 3D spheroids in 3D culture
(A), increased migratory and invasive abilities (B), and significantly elevated expression of EDB-FN as measured by qRT-PCR (C) as well as ZD2-
Cy5.5 binding in 3D culture (D; *p < 0.05 using unpaired t test).
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MRMI of EDB-FN with MT218 has the promise to monitor
the development of resistance to antiandrogen therapy in
prostate cancer.

MRMI of EDB-FN for Assessing Paclitaxel-Resistant PC3
Prostate Cancer

PC3 prostate cancer cells are a PSMA-negative and highly
aggressive cell line that is commonly used as an aggressive
tumor model in prostate cancer research. Interestingly, PC3-
DR cells, which were generated from PC3 cells by acquired
resistance to 200 nM paclitaxel, showed a different trend with
decreased ability for invasion as compared to the parental PC3
cells.38 This observation exemplifies the heterogeneous natures
of prostate cancer. We investigated the ability of MRMI of
EDB-FN for characterizing decreased invasiveness of the PC3-
DR tumors in vivo. PC3-DR cells showed no change in 2D and
3D growth and increased migration as compared with PC3
cells (Figure 6A). Interestingly, PC3-DR cells demonstrated a
decreased ability to invade Matrigel-coated membranes (Figure
6B). EDB-FN expression was significantly reduced in PC3-DR
cells as compared to parental cells (Figure 6C) as well as
reduced staining of EDB-FN in the spheroids with ZD2-Cy5.5
(Figure 6D).

Figure 7A shows T1-weighted axial spin−echo images of
PC3 and PC3-DR tumors before and after the injection of
MT218 at 0.04 mmol/kg. PC3 tumors showed robust signal
enhancement and about 4-fold CNR increase with MT218,
consistent with previous observations.32,33 In contrast, the
PC3-DR tumors only showed moderately enhanced signal
enhancement and a 1.5-fold CNR increase over the precontrast
images (p = 0.07). The invasive PC3 tumors showed
significantly higher CNR with contrast enhancement by
MT218 than that of the less invasive PC3-DR tumors (Figure
7B). The imaging results were further validated by the strong
immunohistochemical EDB-FN staining in the invasive PC3
tumors over the less-invasive PC3-DR ones (Figure 7C),
suggesting that EDB-FN upregulation is associated only with
the invasiveness of prostate cancer, irrespective of drug
resistance.

Figure 5. MRMI of EDB-FN MT218 facilitates noninvasive
assessment of the development of resistance to anti-androgen therapy
in prostate cancer. T1-weighted 2D axial spin echo images were
obtained before and 25 min postinjection of MT218 (0.04 mmol/kg)
in athymic nu/nu mice. Compared to the nonresistant C4-2 tumors,
enzalutamide-resistant C4-2-DR xenografts showed robust signal
enhancement (A), significantly elevated CNRs (B, average of n = 6
mice, **p < 0.01 using unpaired t test), and strong EDB-FN staining
in post-mortem IHC (C).

Figure 6. EDB-FN overexpression is not associated with paclitaxel-resistant prostate cancer cells that do not acquire invasive abilities. Compared to
their high-risk parent PC-3 cells, PC3-DR cells show comparable propensity to form 3D spheroids in 3D culture (A) and increased migratory but
decreased invasive abilities (B). The decreased invasion of taxane-resistant PC3-DR cells is accompanied by significant downregulation of EDB-FN,
as measured qRT-PCR (C) and ZD2-Cy5.5 binding to EDB-FN in 3D culture (D; *p < 0.05 using unpaired t test).
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■ DISCUSSION
Molecular imaging of the biological signatures of the initiation,
proliferation, and invasion of prostate cancer has long been
sought for accurate noninvasive characterization of prostate
cancer to guide personalized care and treatment. MRI is
advantageous over other imaging modalities for diagnostic
imaging and treatment planning of localized prostate cancer
due to its high spatial resolution for visualizing soft tissues. The
challenge for MRMI of cancer is the low sensitivity of contrast
enhanced MRI and the low concentration of the protein
markers expressed on cancer cell surface. Although targeted
macromolecular and nanosized paramagnetic agents have been
developed for MRMI of cancer, clinical translation of these
agents is hindered by several drawbacks, including slow
excretion and potential toxic side effects associated with slow
excretion. MT218 is a conjugate of a small linear peptide of
seven amino acids (Thr-Val-Arg-Thr-Ser-Ala-Asp) to a clinical
macrocyclic contrast agent Gd(HP-DO3A), one of safest
GBCAs used in clinical practice.39 MT218 specifically binds to
oncoprotein EDB-FN in the ECM of aggressive tumors
including prostate cancer. The abundant presence of EDB-
FN in the ECM of aggressive tumors allows ready access of
freely diffusible, hydrophilic small molecule like MT218.
Efficient binding of MT218 and rapid clearance of unbound
agent generate robust contrast enhancement in EDB-FN rich
tumors in MRMI. Thus, MRMI with MT218 overcomes the
limitations of targeting biomarkers expressed only on cancer
cell surface. In addition, the small size and moderate binding
affinity of MT218 allow rapid excretion after diagnostic
imaging to minimize tissue retention of the bound MT218
and avoid any toxic side effects from long-term gadolinium
retention.

Heterogeneity of prostate cancer presents a major challenge
for the precision healthcare of patients. Accurate risk-
stratification and active surveillance play a major role in
identifying high-risk prostate cancer and monitoring low-grade
tumors in the clinical management of the disease. Previously,
we demonstrated that MT218-MRMI could effectively differ-
entiate invasive PC3 prostate tumors from slow-growing
LNCaP tumors in mice and rats.32,33 This study further
explored the potential of MT218-MRMI for active surveillance
or monitoring the progression and therapy response of prostate
cancer in six tumor models that exhibited a variety of
invasivenesses, representing the heterogeneous nature of the
disease. Among these models, LNCaP-CXCR2 and LNCaP
represented a progression of low-grade prostate cancer into an
invasive phenotype associated with an increased expression of
CXCR2. C4-2, C4-2-DR, PC3, and PC3-DR represented
heterogeneous progression of the disease in response to
different treatments. Consistent with our previous observation
in other cancer models,16,36,40,41 the expression levels of EDB-
FN correlated well with the invasiveness of the prostate cancer
cell lines. EDB-FN expression was significantly higher in the
invasive LNCaP-CXCR2, C4-2-DR, and PC3 cells than in the
correspondingly less invasive LNCaP, C4-2, and PC3-DR cells.
MT218-MRMI provided accurate characterization of the
invasiveness of the tumor models based on the contrast
enhancement and correlated with the EDB-FN expression
levels in the tumors. The results further demonstrated the
potential of MT218-MRMI for noninvasive risk-stratification
of high-risk prostate cancer and also showed its promise for
noninvasive active surveillance of low grade prostate cancer
and monitoring tumor response to therapies.

Figure 7. MRMI of EDB-FN with MT218 facilitates noninvasive assessment of noninvasive drug-resistant prostate cancer. T1-weighted 2D axial
spin echo images were obtained before and 25 min postinjection of MT218 (0.04 mmol/kg) in athymic nu/nu mice. Compared to high-risk PC3
tumors, noninvasive drug-resistant PC3-DR xenografts show reduced signal enhancement (A), significantly lower CNRs (B, average of n = 6 mice,
**p < 0.01 using unpaired t test), and weaker EDB-FN staining in post-mortem IHC (C).
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Currently, prostate biopsy is still the gold standard for
diagnosis, risk-stratification, and active surveillance of prostate
cancer in clinical practice. Imaging modalities, including
transrectal ultrasound and mpMRI, are routinely used to
improve the accuracy of prostate biopsy and diagnosis.
However, MRI guided biopsy still suffers from inaccuracy,
including underdiagnosis of some tumors.42 Clinical applica-
tion of a cancer-specific MRI contrast agent may improve
diagnostic accuracy. MT218 is able to produce robust contrast
enhancement in aggressive tumors and differentiate aggressive
prostate cancer from low grade tumors in preclinical models at
a substantially reduced dose, 0.04 mmol/kg vs 0.1 mmol/kg of
a clinical GBCA.32 The low effective dose of MT218 is clearly
a safety advantage over the clinical agents in addition to its
specificity for aggressive tumors. The effectiveness of MRMI
with MT218 for the precision imaging of high-risk prostate
cancer needs to be demonstrated in extensive clinical trials
before clinical implementation in diagnostic imaging of
prostate cancer. Currently, MT218 is in clinical trials for the
MRMI of solid tumors. The phase 1 clinical trial in healthy
men showed an excellent safety profile and pharmacokinetics
indistinguishable from those of clinical contrast agents.43 Later
phase clinical trials are underway to assess its feasibility for
detecting EDB-FN positive prostate cancer in patients.

■ CONCLUSION
We have further demonstrated that EDB-FN is an ECM
marker of invasive prostate cancer. We have previously
demonstrated that MT218-MRMI is promising for the
detection and risk stratification of invasive prostate cancer.
This study has shown that it also has potential to noninvasively
assess progression of a low-grade prostate tumor to an invasive
cancer and to monitor tumor response to therapies, whether
the tumor becomes a more invasive therapy-resistant
phenotype or a less invasive resistant phenotype based on
the changes of EDB-FN levels in the tumors. MRMI of EDB-
FN with MT218 has promise for detection, risk stratification,
and assessment of progression and therapy response of invasive
prostate cancer.

■ MATERIALS AND METHODS

Cell Culture
Prostate cancer cell lines LNCaP, C4-2, and PC3 were purchased
from ATCC (Manassas, VA). The paclitaxel-resistant derivative of
PC3 (PC3-DR) was a kind gift from Dr. Aaron Mohs (University of
Nebraska, Omaha, NE). LNCaP-CXCR2 and enzalutamide-resistant
C4-2-DR cells were developed in the lab of Dr. Jiaoti Huang (Duke
University, Durham, NC) by stable integration of CXCR2 plasmid
and with resistance to 25 μM enzalutamide (SelleckChem, Houston
TX), respectively.37 The prostate cancer cell lines were cultured in
RPMI1640 medium (Sigma, St. Louis, MO). Both of the media were
supplemented with 10% fetal bovine serum and 100 units/mL of
penicillin/streptomycin. All of the cells were cultured at 37 °C and 5%
CO2.
Invasion and Migration Assays
Transwell assays, with and without Matrigel, were performed to assess
the invasive and migratory properties of the different PCa cells. To
evaluate migration, 1 × 105 prostate cancer cells (starved overnight)
were plated in transwell inserts (VWR, Radnor, PA). The next day,
nonmigrated cells were removed by swabbing the insets, and the
migrated cells at the bottom of the insets were fixed (10% formalin for
10 min) and stained with 0.1% crystal violet (20 min). The cells were
imaged using a Moticam T2 camera after removal of excess stain and
overnight drying. To evaluate the ability of the cells to invade through

a basement membrane in addition to the transwell membranes, 100
μL of 0.5 mg/mL Corning Matrigel membrane matrix was added atop
the transwell membrane and incubated at 37 °C to solidify and form a
gel coating (Corning, NY). The cells (2 × 105) were starved overnight
and seeded onto the gel coating, and the assay was performed as
described above.

3D Culture and ZD2-Cy5.5 Staining
To test the ability of the prostate cancer cells to grow in a 3D Matrigel
culture, 200 μL of Corning Matrigel membrane matrix was added to
each well of an eight-well microslide (Ibidi, Fitchburg, WI) and
incubated at 37 °C to solidify and form a gel coating. The cells (1 ×
105) were seeded onto the gel coating in each well. 3D growth was
monitored and imaged for up to 3 days by using the Moticam T2
camera. To evaluate the expression of EDB-FN, the 3D cultures were
stained with 100 nM ZD2-Cy5.5 and 5 μg/mL Hoechst 33342 for 30
min. Excess stains were removed with PBS washes, and fluorescence
microscopy was performed on an Olympus confocal microscope
(Japan).

qRT-PCR
Total RNA was extracted from prostate cancer cells using the RNeasy
Plus Mini Kit (Qiagen, Germantown, MD). Reverse transcription and
qPCR were performed using the miScript II RT Kit (Qiagen,
Germantown, MD) and SyBr Green PCR Master Mix (Thermo
Fisher Scientific), respectively. Fold change expression was measured
by the 2−ΔΔCt method with β-actin as the housekeeping gene. The
following primer sequences were used: EDB-FN: Fwd 5′-CCG CTA
AAC TCT TCC ACC ATT A-3′, Rev 5′-AGC CCT GTG ACT GTG
TAG TA-3′; β-actin: Fwd 5′-CAT CCA CGA AAC TAC CTT CAA
CTC C-3′, Rev 5′-GAG CCG CCG ATC CAC ACG-3′.
Xenograft Mouse Models
Nude athymic mice (6-week-old nu/nu males) were purchased from
The Jackson Laboratory (Bar Harbor, MA) and housed in the animal
facility at CWRU. All the animal experiments were performed
according to the protocol approved by the IACUC of CWRU. About
(5−6) × 106 LNCaP, LNCaP-CXCR2, C4-2, C4-2-DR, PC3, and
PC3-DR cells suspended in a Matrigel-PBS mixture (1:1) were
subcutaneously injected in the left flanks of nude mice (100 μL per
mouse, six mice per group times six models = 36 mice). MRMI was
performed on the six xenograft models with a 0.04 mmol/kg dose of
MT218 after the tumors reached volumes of about 50−75 mm3. After
imaging, the animals were euthanized, and the tumors were harvested
for post-mortem histology and immunohistochemistry (IHC).

MRMI of EDB-FN with MT218
MRMI was conducted in a 3T MRS 3000 scanner (MR Solutions,
Surrey, UK) with a mouse short quad coil. The mice were
anesthetized with isoflurane, and a tail vein catheter was setup. T1-
weighted MR images were obtained before (precontrast) and 25 min
after injection (postcontrast) of 0.04 mmol/kg dose of MT218. The
following two sequences were used with respiratory gating: axial fast
spin echo (FSE; TR = 305 ms, TE = 11 ms, FA = 90°, FOV = 40 mm
× 40 mm, slice thickness = 1 mm, slice number = 15, Nav = 2, matrix =
256 × 256) and coronal FSE (TR = 305 ms, TE = 11 ms, FA = 90°,
FOV = 90 mm × 90 mm, slice thickness = 1 mm, slice number = 20,
Nav = 1, matrix = 248 × 512). Contrast-to-noise ratios (CNRs) were
calculated using the following formula: (average tumor intensity −
average muscle intensity)/standard deviation of noise. Image and
CNR analyses were performed using FIJI (FIJI = Just ImageJ)
software.

Immunohistochemistry
Staining and IHC services were provided by the Tissue Resources
Core Facility of the Case Comprehensive Cancer Center (grant P30
CA43703). The tumor tissues were fixed in 10% neutral buffered
formalin. Paraffin-embedded specimens were sectioned and H&E-
stained to visualize morphology. IHC was performed using an anti-
EDB-FN antibody G4 clone (1:100 dilution, Absolute Antibody,
UK). All the slides were assessed by a certified pathologist.
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Statistical Analyses
All of the experiments were independently replicated at least three
times (n = 3), unless otherwise stated. Data are represented as mean
± s.e.m. Statistical analysis was performed using Graphpad Prism.
Data between two groups were compared using an unpaired Student’s
t test. p < 0.05 was considered to be statistically significant.
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