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Purpose: We tested a recently developed short peptide radioligand for PET imaging of hepatocellular carcinoma (HCC) by targeting 
an oncoprotein, extra-domain B fibronectin (EDB-FN) in the tumor microenvironment.
Methods: The radioligand consists of a small linear peptide ZD2 with 68Ga-NOTA chelator, and specifically binds to EDB-FN. PET 
images were acquired dynamically for 1 hour after intravenously (i.v.) injecting 37 MBq (1.0 mCi) of the radioligand into the 
woodchuck model of naturally occurring HCC. Woodchuck HCC originated from chronic viral hepatitis infection, which recapitulates 
the corresponding human primary liver cancer. The animals were euthanized post-imaging for tissue collection and validation.
Results: For ZD2 avid liver tumors, the radioligand accumulation plateaued a few minutes after injection, while the liver background 
uptake stabilized 20 min post-injection. The status of EDB-FN in woodchuck HCC was confirmed by histology and validated by PCR 
and western blocking.
Conclusion: We have showed the viability of using the ZD2 short peptide radioligand targeting EDB-FN in liver tumor tissue for 
PET imaging of HCC, which can potentially impact the clinical care for HCC patients.
Keywords: peptide ligand, EDB fibronectin, positron emission tomography, woodchuck model

Introduction
Primary liver cancer hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide with 
increasing incidence and mortality.1 Currently, clinical diagnosis of HCC depends heavily on imaging with contrast- 
enhanced CT or MRI angiography to detect a signature vascular flow pattern.2 Yet, some primary liver cancer do not 
show the “typical” vascular flow pattern.3 A significant limitation of these traditional size-based or flow-based imaging 
measurements is that they did not characterize biological aspect(s) of liver cancer and are, therefore, sometimes 
supplemented by biopsies for subsequent histopathology analysis. Positron Emission Tomography (PET) offers mole-
cular and cellular information if an appropriate PET imaging biomarker exists. The clinically used PET radiotracer, 
2-[18F]-fluoro-2-deoxy-D-glucose (FDG) depicts increased cellular glucose metabolism and has dramatically impacted 
patient management with a large variety of cancers. However, we and others discovered that FDG has certain limitations 
for imaging primary liver cancers such as HCC due to a relatively lower FDG uptake leading to high false-negative rate.4 

Many other PET ligands typically exhibit a high background uptake in the liver, which can interfere with the detection of 
liver cancer.

The short peptide ZD2 (Thr-Val-Arg-Thr-Ser-Ala-Asp) specifically binds to the extra-domain B fibronectin (EDB- 
FN, expressed by FN1 gene),5 and was initially developed for imaging prostate,6 breast7 and pancreatic cancers.8 We 
investigated this novel short peptide for radiolabeling with Gallium-68 (68Ga) via 1,4,7-triazacyclononane-1,4,7-triacetic 
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acid (NOTA) chelator into ZD2-(68Ga-NOTA), for PET imaging of HCC. EDB-FN being an oncofetal isoform of 
fibronectin is abundant in the extracellular matrix (ECM) and perivascular space of various aggressive cancers, but absent 
in normal tissues.9,10 Fibronectin, including its oncofetal subtype EDB-FN, is a hall marker of epithelial-to-mesenchymal 
transition (EMT), a process associated with drug resistance and metastatic invasion in aggressive cancers.11–14 High 
EDB-FN expression in primary cancers is correlated with a high incidence of metastasis and poor overall survival of 
patients diagnosed with pancreatic, prostate, breast, ovarian, and head and neck cancer.15–19 Clinical evidence has 
demonstrated that oncofetal fibronectin (FN1) is highly expressed in invasive cancers.20–26 The Cancer Genome Atlas 
(TCGA) data confirmed the high expression of EDB-FN in human HCC, which is inversely associated with patient 
survival.

We tested ZD2-(68Ga-NOTA) for quantitative PET imaging of malignant liver cancer with an animal model of clinical 
relevance, the naturally occurring HCC in woodchucks. The animal model (eastern woodchuck, Marmota monax) 
develops HCC after chronic viral hepatitis infection when it harbors a DNA virus – the woodchuck hepatitis virus 
(WHV),27 a member of the family Hepadnaviridae, of which human hepatitis B virus (HBV) is the prototype. Analogous 
to HBV, WHV infects woodchuck liver to cause acute and chronic hepatitis, leading to the development of HCC within 
2–4 years of life. We have established the value of this animal model for enabling the development and characterization 
for a list of PET radioligands.28–31 The protein sequence of the EDB fragment is conserved among the species, and the 
woodchucks’ EDB-FN is homologous to the humans’.

Materials and Methods
Woodchuck Model of Naturally Occurring HCC
Three woodchucks (2 males: WC#1701 and WC#1741 and 1 female: WC#1857) of 8–10 lbs (averaged 3.5 kg) body 
weight were ultrasound-screened at Roswell Park Comprehensive Cancer Center (Buffalo, NY), selected and shipped to 
Case Western Reserve University (Cleveland, OH) when their liver nodules were ≥20 millimeters measured along the 
long-axis. The veterinarian at Roswell Park Cancer Center surgically implanted a venous access port (SAI Infusion 
Technologies; Elgin, IL) in each animal before shipment to us in Cleveland to facilitate intravenous (i.v.) administration 
of the radiotracer for PET imaging. The port was flushed regularly with heparinized saline. The food was taken away 4–5 
hours before each PET imaging to facilitate the anesthesia procedure while drinking water was kept accessible. All 
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University.

Bioinformatics
As reported previously, TCGA data were downloaded from the public TCGA Liver Hepatocellular Carcinoma database 
(TCGA-LIHC) and processed as previously reported.32,33 The woodchuck data were collected from the NCBI Gene 
Expression Omnibus (accession number GSE36545 and BioProject PRJNA155585). The data include 102 samples 
(GSM896624-GSM896725) from 13 woodchucks with a total of 42 tumor samples and 60 non-tumor samples.34 The 
data obtained were from a custom NimbleGen Woodchuck Gene Expression HX3 Microarray and formatted in parallel to 
the TCGA dataset, although the two sets of data were processed differently due to the difference in the dynamic range 
inherent to each technology.32,33

The expression of FN1 between liver tumors and non-tumor liver tissues was tallied from the databases. The human 
data came from TCGA, and the woodchuck data from the customized microarray. Homology of amino acid sequences 
between human ([Homo sapiens]) and woodchuck ([marmot]) EDB-FN was determined by using Protein Basic Local 
Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Synthesis of Radiolabeled ZD2-[68Ga-NOTA]
The radiosynthesis of ZD2-[68Ga-NOTA] was performed in closed-system fully automated Scintomics GRP® synthesizer 
(Furstenfeldbruck, Germany) as reported previously.8 Briefly, 68Ge/68Ga generator (model IGG-100) was used as 
a source of radionuclide. In the process of automated synthesis, 68Ga(III) was eluted from a generator with 0.1 
M hydrochloric acid, and the eluent was diluted with water. The resulting solution was passed through the cationic 
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exchange PS-H+ cartridge and subsequently eluted with 5 M sodium chloride solution into a pre-heated reactor 
containing ZD2-NOTA and HEPES buffer. The labeling was performed in 10 min at 125°C. After reaction, the reaction 
content was transferred onto C18 Plus Light SPE-cartridge, and the labeled ZD2-(68Ga-NOTA) was eluted with a mixture 
of water for injection/ethanol (1/1, v/v) through the 0.22 µm membrane sterile filter into the final product vial. Finally, the 
product was diluted with a PBS buffer through the same sterile 0.22 µm membrane filter into the final product vial. 
Samples are then aseptically removed for quality control testing.

PET Imaging and Data Analysis
Woodchucks with an average weight of 3.5 kg were too large to fit into our microPET scanner and were placed prone in 
our clinical Ingenuity PET/CT scanner (Philips, Cleveland, OH) instead. Under 3% isoflurane gas anesthesia, the animals 
had a low-dose CT scan first, followed by i.v. injection of 37 ~ 56 MBq (1.0 ~ 1.5 mCi) ZD2-(68Ga-NOTA) via the 
implanted venous access port. A dynamic PET acquisition in list mode started upon injection and lasted 60 min. The PET 
acquisition was re-binned into a total of 21 frames: 10×30 seconds, 5 X 1-min, 2 X 5-min frames, and 4×10 min, 
respectively, and reconstructed using iterative 3D-OSEM provided by the vendor incorporating the built-in CT-based 
attenuation correction. After the scan, the animals were euthanized for tissue harvesting including tumor and matched 
liver tissues. Some samples were fresh-frozen immediately for later use in PCR or Western blot, while others were fixed 
with formaldehyde for histology.

Standardized Uptake Value (SUV, normalized radiotracer uptake by body weight and injected tracer dose)35 was 
calculated for regions of interest (ROIs) defined over focal uptakes of the ZD2 ligand as well as a nearby ROI over the 
liver background away from focal uptakes, similar to that used for computing FDG uptake.36 Time activity curves in the 
unit of SUV were generated for these ROIs.

EDB-FN Expression (PCR and Western Blot)
RNA was extracted from previously frozen tissue using Qiagen miRNeasy Mini Kit (Qiagen) according to manufac-
turer’s instructions. The primers for qRT-PCR were designed at The Custom TaqMan® Assay Design Tool based on 
human mRNA sequences for required genes: EDB-FN (custom TaqMan gene expression assay AP47XKP), and 
endogenous control gene GAPDH (assay Hs02758991_g1). qRT-PCR was performed on a StepOne Plus real-time 
thermocycler with 1.33 mL of cDNA for each reaction and the TaqMan Universal Master Mix II with UNG (Applied 
Biosystems). Expression data was processed similarly as before.32,33,37 The relative quantification of gene expression 
(RQ) for the reference sample was set as 1.

The same frozen liver tissues used for PCR above were thawed and processed for Western blotting in a similar 
fashion as before32,33,37 but with the primary antibody specific to EDB-FN (G4, Abcam, Cambridge, MA). The blot was 
incubated with an HRP-conjugated secondary antibody and then treated with a chemiluminescent ECL reagent before 
development. ß-actin in the tissue specimens was used as a reference protein. The blots were washed in TBST and 
developed with ECL Chemiluminescent detection reagent (Cytiva Amersham™). Chemiluminescence signals were 
visualized using the exposure film.

Histology
Fixed tissue samples embedded in the paraffin blocks were cut, and the histological sections were deparaffinized in 
xylene, ethanol, and tap water washes, and then blocked with 10% goat serum (Invitrogen, Carlsbad, CA) in PBS with 
0.1% Tween 20 (PBS-T) (Gibco, Waltham, MA) for 30 min. The staining of the tissue slides was performed with 
a commercial antibody specific to EDB-FN (G4, Abcam). In addition, the tissue slides were incubated with ZD2-Cy5.5 
(500 nM) in PBS-T for 1 hour. Following three washes with PBS-T, the sections were mounted using fluoroshield 
mounting medium with DAPI (Abcam, Cambridge, UK). Images were acquired on a confocal microscope using pre- 
programmed emission and excitation filters for Cy5.5 (635 nm excitation, 693 nm emission) (Olympus, Tokyo, Japan) 
and DAPI (405 nm excitation, 461 nm emission).
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Results
ZD2-[68Ga-NOTA]
The radioactive tracer ZD2-[68Ga-NOTA] was synthesized under the standard GMP conditions. The typical decay- 
corrected radio-chemical yield (d.c. RCY) is ~71% (~54% n.d.c. RCY at EOS).

Quality control tests similar to those for clinical formulations of [68Ga]Ga-labeled peptides showed that the product 
solution was colorless without particles, pH = 7.0, endotoxin test <2 EU/mL, radiochemical purity >90% as show by 
HPLC (C18 RP column, 0.1% TFA/H2O – 0.1% TFA/ACN). The average specific activity was ~6 Ci/μmol. Stability 
studies over the course of 3 hours did not reveal any product degradation, and radiochemical purity remained the same on 
all test chromatograms.

Bioinformatics
The protein sequence of the EDB fragment is conserved in all mammalian species as confirmed by BLAST for the 
woodchucks whose EDB-FN sequence is 100% homology to the humans, as shown in Table 1. TCGA Liver Statistic 
revealed (http://cancergenome.nih.gov) an averaged RPKM (Reads Per Kilobase of transcript, per Million mapped 
reads, a normalized unit for mRNA expression) of 8.7 for FN1 mRNA in liver cancer as compared to an averaged 
RPKM of 1.8 in liver parenchyma. High expression of EDB-FN in HCC is associated with a disadvantage in patient 
survival (https://portal.gdc.cancer.gov/projects/TCGA-LIHC), Figure 1. In comparison, the analysis of the customized 
microarray data also showed a higher EDB-FN expression in the woodchuck HCC comparing to the surrounding 
hepatic tissues (Figure 2A).

PET Imaging of HCC with ZD2-[68Ga-NOTA]
PET imaging revealed a higher uptake of ZD2-[68Ga-NOTA] in woodchuck HCC than that in normal tissues and organs 
including liver, kidney, spleen, and muscle. Figure 3 shows an exemplary animal with HCC, which displayed a high 
uptake in one HCC the along with a rapid renal clearance indicating that the tracer was mainly excreted via renal 
filtration. The accumulation of ZD2-[68Ga-NOTA] in HCC plateaued 10 min after injection and the liver background 
uptake stabilized 20 min post-injection. PET images of other animals and the accompanying time activity curves for their 
ROIs (Figures S1–S4) are presented in the Supplemental Information.

Histology
EDB-FN expression was also determined in the tumor sections using immunofluorescence staining with G4 anti-EDB- 
FN monoclonal antibody.38 As shown in Figure 4A, substantial expression of EDB-FN was observed in HCC, while no 
expression was observed in normal liver, consistent with the reported results in other cancers.39 The high expression of 
EDB-FN was mainly observed in the extracellular matrix of the HCC.

Specific binding of ZD2 peptide to EDB-FN in HCC was tested by incubating ZD2-Cy5.5 with the tumor sections. As 
shown in Figure 4B, strong binding of ZD2-Cy5.5 (red) was observed in tumor tissues, similar to the immunofluores-
cence staining in Figure 4A. Little fluorescence staining was observed for the HCC specimens pre-incubated with G4 
antibody and followed by ZD2-Cy5.5, indicating blockage of ZD2-Cy5.5 binding by G4 antibody (blocking). The results 
suggest that both ZD2-Cy5.5 and G4 specifically bind to the same EDB-FN protein target in the tumor tissues. Taken 
together, ZD2 peptide is a promising targeting agent for specific binding of EDB-FN in HCC.

Table 1 BLAST of EDB-FN Amino Acid Sequence Showing 100% Homology Between Human and Woodchuck

Human 1 EVPQLTDLSFVDITDSSIGLRWTPLNSSTIIGYRITVVAAGEGIPIFEDFVDSSLGYYTV 
EVPQLTDLSFVDITDSSIGLRWTPLNSSTIIGYRITVVAAGEGIPIFEDFVDSSLGYYTV

60

Marmot 1267 EVPQLTDLSFVDITDSSIGLRWTPLNSSTIIGYRITVVAAGEGIPIFEDFVDSSLGYYTV 1326

Human 61 TGLEPGIDYDISVITLINGGESAPTTLTQQT 
TGLEPGIDYDISVITLINGGESAPTTLTQQT

91

Marmot 1327 TGLEPGIDYDISVITLINGGESAPTTLTQQT 1357
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Expression of EDB-FN
The expression of EDB-FN was also determined in harvested tissue samples from the woodchucks carrying HCC with RT- 
PCR (Figure 2B) and Western blotting (Figure 2C). The results indicate that EDB-FN is highly expressed in the woodchuck 
HCC. In comparison, according to human Protein Atlas (https://www.proteinatlas.org/ENSG00000115414-FN1), FN1 gene 
mRNA expression is high in the lung, liver, and placenta tissues in that order. However, protein levels are high in kidney and 
placenta, while moderate to low in other organs (cerebellum, adrenal glands, lungs, etc.). The level of FN1 protein in the liver 
is low.

Discussion
Currently, standard radiological imaging (CT or MRI) supplemented with histopathological evaluation following tissue 
biopsy is the mainstay diagnostic approach for the detection and diagnosis of HCC. These conventional clinical imaging 
modalities could be improved by using PET imaging if a suitable PET imaging biomarker exists. We have successfully 
examined a long list of small molecular PET radioligands with a clinically relevant animal model of HCC in woodchucks 
to validate the corresponding findings in a clinical setting regarding radiotracer uptake mechanisms.28–31,40–46

EDB-FN (FN1), an oncofetal isoform of fibronectin, which is abundant in ECM and perivascular space of tumor 
microenvironment, is assembled by stromal cells such as cancer-associated fibroblasts (CAFs, or tumor-associated 
fibroblasts: TAFs),47,48 linking to high malignancy and poor prognosis, while benign tumors have little or no presence 
of the protein.19,22 As discussed below, one of the cell surface markers of these CAFs or TAFs used for targeting was the 
fibroblast activated protein (FAP),49 which is not our target. Strong expression of EDB-FN in primary tumors is 
correlated with a high incidence of metastasis and poor overall survival of patients diagnosed with pancreatic, prostate, 
breast, ovarian, and head and neck cancer. TCGA (http://cancergenome.nih.gov) data demonstrated that EDB-FN is also 
highly expressed in HCC and is inversely correlated with patient survival (Figure 1).

Monoclonal antibodies have been developed to specifically target EDB-FN in cancer. Imaging probes have been 
developed and tested in kind using some antibodies or their fragments such as L19 targeting EDB-FN.50,51 Because of 
their large size and long circulation time, a lengthy waiting time is required for the clearance of unbound antibody- 
derived radiotracers from the circulation and background for better cancer imaging, which is not convenient for both the 
patients and clinicians. ZD2, a seven-amino acid peptide, was selected for radiolabeling and PET imaging in this project 
due to its high appearance frequency during phage display and water solubility suitable to be a PET tracer, which are 
advantageous features for minimizing non-specific tissue binding. The affinity was measured at 132 nM, which is in 
accord with the predicted affinity to EDB-FN investigated with AutoDock Vina.52 ZD2 did not bind to any cell surface 
target(s), rather to the abundant onco-fibronectin in the tumor microenvironment. Due to this amplification, radiolabeled 
ZD2 with a modest binding affinity directly depicted EDB-FN distribution associated with the tumor during PET 
imaging. This is different from the recently developed FAP inhibitor (FAPi)-based radioligands,53,54 which target the 
FAP on cell surface of CAFs or TAFs. The ZD2 ligand was synthesized using standard solid-phase peptide chemistry and 
chelated to 68Ga as a small molecular PET probe ZD2-(68Ga-NOTA) prior to imaging. The radiosynthesis was performed 

Figure 1 TCGA data showing higher EDB-FN expression in HCC compared with that in the liver (A), and the inverse correlation of EDB-FN expression in HCC with 
patient survival (B).
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with the existing GMP facility for clinical Ga-68 tracers with a high yield and purity. The peptide and ZD2-(68Ga-NOTA) 
are highly water-soluble. The small size and water solubility allow rapid diffusion of ZD2-(68Ga-NOTA) into tumor 
tissues, thereby effectively binding to EDB-FN in the tumor ECM. Its high hydrophilicity would also minimize non- 
specific interactions with normal tissues, including the liver, and allow quick clearance via renal filtration for timely and 
efficacious diagnostic imaging, as shown in Figure 3.

Figure 2 Validation results indicating highly expressed EDB-FN in the woodchuck HCC. (A) Higher EDB-FN expression in the woodchuck HCC compared to the 
surrounding hepatic tissues analyzed from the customized microarray data; Higher EDB-FN expression in HCC compared to the surrounding liver determined in harvested 
tissue samples from the woodchucks carrying HCC with RT-PCR (B) and Western blotting (C).
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Our long-term goal is to develop molecular PET imaging of EDB-FN, which has the potential to provide non-invasive and 
accurate diagnosis and risk-stratification of HCC to supplement standard clinical imaging such as ultrasound, contrast- 
enhanced multi-phase CT, and MR scans. This project started to characterize EDB-FN expression in a clinically relevant 
animal model of HCC in woodchucks and performed quantitative PET imaging analyses for assessing the potential of the EDB- 
FN-targeting peptide for future clinical translation. EDB-FN is highly conserved between species (Table 1). Our preliminary 
PET imaging studies using this spontaneous woodchuck model of HCC clearly displayed a high tumor uptake of the EDB-FN- 
targeting peptide labeled with 68Ga, while showing a rapid liver background washout. The animal model came with a level of 
hepatic fibrosis (which contributed to liver background uptake) leading to the development of HCC but did not manifest to the 
degree of clinical cirrhosis. Conversely, cirrhosis is also absent in a sub-population of HCC patients with chronic HBV.55 The 
HCC in woodchucks is thus valuable recapitulating the human HCC with similar pathology and natural history.27,56

Accurate determination of EDB-FN expression in tumor microenvironment is critical for distinction of aggressive 
HCC to assist decision-making in patient care. Furthermore, patients with liver cancer often carry other underlying 
liver or non-liver sickness such as cardiovascular diseases, or digestive disorders, or neural-brain illness. Identifying 
aggressive HCCs will help risk-stratification for prioritizing overall treatment plans. Future efforts will be directed 
towards clinical translation to establish oncofetal protein EDB-FN as a new target and ZD2-[68Ga-NOTA] as the 
matching radioligand for PET imaging of primary liver cancers to supplement standard clinical scans and to reduce 
the need of liver biopsies.

Figure 3 PET imaging of ZD2-[68Ga-NOTA] with woodchuck (#1701). (A) PET/CT overlays of coronal (left) and axial (right) cuts showing uptake in one HCC (T1 for tumor 1) 
with L for liver, S for stomach, and H for heart; (B) region-based uptake (in SUVs) as time activity curves for these organs.
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Conclusion
Our results revealed that EDB-FN as an oncoprotein is a molecular target for sensitive imaging of HCC. The ZD2 short 
peptide radioligand targeting EDB-FN in liver cancer microenvironment seemed suitable for PET imaging of HCC. This 
will potentially impact the clinical management of patients with HCC.
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