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Abstract

BACKGROUND AND AIMS: Radiolabeled short peptide ligands targeting prostate-specific 

membrane antigen (PSMA) were developed initially for imaging and treatment of prostate cancers. 
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While many nonprostate solid tumors including hepatocellular carcinoma (HCC) express little 

PSMA, their neovasculature expresses a high level of PSMA, which is avid for Gallium-68-

labeled PSMA-targeting radio-ligand (68Ga-PSMA-11) for positron emission tomography (PET). 

However, the lack of a spontaneous animal model of tumor-associated vascular PSMA 

overexpression has hindered the development and assessment of PSMA-targeting radioligands 

for imaging and therapy of the nonprostatic cancers. We identified detectable indigenous PSMA 

expression on tumor neovascular endothelia in a naturally occurring woodchuck model of HCC.

METHODS: Molecular docking was performed with 3 bait PSMA ligands and compared 

between human and woodchuck PSMA. Initially, PET images were acquired dynamically after 

intravenously injecting 37 MBq (1.0 mCi) of 68Ga-PSMA-11 into woodchuck models of HCC. 

Subsequently, 10-minute static PET scans were conducted for other animals 1-hour after injection 

due to HCC and liver background uptake stabilization at 30–45 minutes after injection. Liver 

tissue samples were harvested after imaging, fresh-frozen for quantitative reverse transcription 

polymerase chain reaction and western blot for validation, or fixed for histology for correlation.

RESULTS: Our preclinical studies confirmed the initial clinical findings of 68Ga-PSMA-11 

uptake in HCC. The agents (ligands and antibodies) developed against human PSMA were found 

to be reactive against the woodchuck PSMA.

CONCLUSION: This animal model offers a unique opportunity for investigating the biogenesis 

of tumor-associated vascular PSMA, its functional role(s), and potentials for future treatment 

strategies targeting tumor vascular PSMA using already developed PSMA-targeting agents.
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Introduction

With its overexpression on the surface of prostate cancer cells and its extracellular binding 

pocket for small-molecule ligands, prostate-specific membrane antigen (PSMA) appears to 

be an effective target for imaging detection and targeted therapy of prostate cancers.1 PSMA 

is also known as glutamate carboxypeptidase II (GCP II, in the brain) or N-acetylated-

alpha-linked-acidic dipeptidase, which hydrolyzes the terminal a-linked glutamate from 

neuropeptide N-acetyl-Asp-Glu (NAAG) and folate hydrolase 1 (along the gastrointestinal 

tract), which hydrolyzes the γ-linked terminal glutamates from polyglutamated folates. In 

fact, targeting PMSA for imaging and treatment of prostate cancer has been an active field 

of development with many groups working on similar PSMA-targeting radioligands.2–9 

These ligands, mostly Glu-urea-Lys or urea-based, would bind to the binding pocket of 

PSMA with high binding affinity like the endogenous (native) ligands, but would not be 

cleaved by the enzymatic activities of PSMA due to the substitution with urea. Two of them 

recently obtained regulatory approval for human use, both urea-based short peptides either 

conjugated via the acyclic radiometal chelator HBED-CC to the radioisotope Gallium-68, 

[68Ga]PSMA-HBED-CC (short for [68Ga]PSMA-11), or directly labeled with fluorine-18 

(F-18) as the small molecule [18F]DCFPyL. [68Ga]PSMA-11 has been used extensively first 

in Europe and then at other places for positron emission tomography (PET) imaging of 
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prostate cancer10–13 and has gained approval from the US Food and Drug Administration 

for PET imaging of PSMA-positive lesions in men with prostate cancer.14 Similarly, 

[18F]DCFPyL obtained US Food and Drug Administration approval for PET imaging to 

identify suspected metastasis or recurrence of prostate cancer.15

Besides prostate cancer, PSMA is recognized for its overexpression in the neovasculature 

associated with nonprostatic solid tumors such as brain, breast, head and neck, and several 

other cancers,16–20 making it a general biomarker for a wide spectrum of cancers even 

though many of these tumors including primary liver cancer hepatocellular carcinoma 

(HCC) do not express PSMA. Since blood vessels in normal tissues express little or no 

PSMA,16 this tumor-associated vascular endothelium overexpression of PSMA is clearly 

an ideal molecular target for cancer imaging in general and vascular-oriented treatment. 

Incidental clinical findings21,22 on high uptake of [68Ga]PSMA-11 in HCC during PET 

imaging were replicated independently23,24 including ours as shown in Figure A1. The 

literature pointed to tumor-associated vascular PSMA that was overexpressed in HCC and 

responsible for [68Ga]PSMA-11 uptake during PET imaging. However, the induction of 

overexpression and the function(s) of this tumor vascular PSMA were not entirely clear.25 

Investigation on the subject has not progressed satisfactorily in the past due mainly to the 

lack of a suitable model system. Preclinical investigations of vascular expression of PSMA 

in normal and tumor tissues in lab mice have proven difficult. For example, PSMA was not 

detected by a rat monoclonal antibody (mAb), which recognizes both mouse and human 

PSMA, on the vessels of any tumors grown in mice, regardless of the type of tumor, site 

of implantation, or tissue of origin.26 Despite being a promising vascular target, PSMA has 

not been fully explored in the absence of endothelial model systems that overexpress PSMA 

either in vitro or in animal tumor models.

We discovered a detectable level of animal’s native PSMA on tumor-associated vascular 

endothelium of a clinically relevant animal model of HCC in the woodchuck (Marmota 
monax), which is featured by chronic infection with the woodchuck hepatitis virus, 

homologous to human hepatitis B virus. This model has been used for developing antiviral 

treatments27–30 as well as cancer imaging.31 We have been conducting PET imaging studies 

for evaluating a list of PET imaging radioligands32 against the endogenous woodchuck 

targets (homologs to the same targets in human) with this naturally occurring woodchuck 

model of HCC without implanting human tissues/fluids or introducing chemical agents/

toxins. The short peptide ligands designed to target human PSMA and the antibody 

developed to stain human PSMA were found to be reactive with the native woodchuck 

vascular PSMA associated with the spontaneously developed HCC in the woodchucks. 

This manuscript presents the preliminary findings from PET imaging of tumor-associated 

vascular PSMA in woodchuck HCC using the already developed clinical PET radioligand 

against PSMA. This animal model offers a unique opportunity for investigating the 

biogenesis of tumor-associated vascular PSMA, its functional role(s), and its potential 

clinical utilities such as possible HCC treatment strategies targeting tumor vascular PSMA.
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Materials and Methods

Animal Models

Four woodchucks weighed 8–10 lbs (averaged 3.5 kg) and aged 2–4 years were selected 

at the Roswell Park Comprehensive Cancer Center (Buffalo, NY) once their liver lesion 

reached 2 cm in diameter as determined by ultrasound for shipment to the Case Western 

Reserve University (Cleveland, OH). One age-matched control without tumors was also 

shipped. A venous access port (SAI Infusion Technologies, Lake Villa, IL) was surgically 

implanted in each animal to facilitate radiotracer injection in all PET scans. The port 

was flushed regularly with heparinized saline. The food was taken away 4–5 hours before 

each PET imaging session to ease the anesthesia procedure while drinking water was 

not restricted. All procedures were approved by the Institutional Animal Care and Use 

Committee and the Radiation Safety Committee of the University.

Bioinformatics

Homology of amino acid (a.a.) sequences between human (Homo sapiens) and woodchuck 

(Marmota monax) PSMA was determined by using a Protein Basic Local Alignment 

Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The 2 species were searched for their 

sequences of folate hydrolase 1 (National Center for Biotechnology Information Reference 

Sequence: NP_004467.1 [Homo sapiens]; National Center for Biotechnology Information 

Reference Sequence: KAF7476917.1 [Marmota monax]) for homology analysis. The 

woodchuck genome has not been completely sequenced, and KAF7476917.1 is a 

hypothetical predicted protein sequence for woodchuck PSMA based on the analysis of 

the woodchuck biosample (liver tissue).

SWISS-MODEL

There are no 3D protein structures for woodchuck PSMA deposited in the protein 

database (PDB). Therefore, SWISS-MODEL (https://swissmodel.expasy.org/interactive), a 

Web-based integrated service dedicated to protein structure homology modeling,33 was 

used to guide us in building protein homology models for woodchuck PSMA. A high-

resolution (1.4 Å) crystal structure analysis for homology modeling with SWISS-MODEL 

was performed. The a.a. sequence of the target protein, KAF7476917.1, was used as an 

input. The automatic pipeline identified a list of suitable templates based on Basic Local 

Alignment Search Tool and HHblits34 to generate a 3D protein structure of woodchuck 

PSMA. The 2 woodchuck 3D protein models were selected from the list generated based 

on the top-ranked templates of human PSMA deposited in PDB; 3BXM, structure of an 

inactive mutant of human GCP II combined with the native ligand NAAG, and 4P4E, X-ray 

structure of human GCP II combined with a phosphoramidate ligand MP1D. An additional 

woodchuck 3D protein model was generated based on a specified human PSMA template; 

5O5T, X-ray structure of human GCP II combined with a urea-based inhibitor PSMA-1007. 

The generated 3D homologous models were saved in PDB format for docking and display.
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Molecular Docking

Docking was performed using the GOLD software from Cambridge Crystallographic Data 

Centre (https://www.ccdc.cam.ac.uk). Protein structures were accessed from the Research 

Collaboratory for Structural Bioinformatics PDB database for human PSMA or generated 

using SWISS-MODEL as mentioned above for woodchuck PSMA. Bait ligands (NAAG, 

MP1D, and PSMA-1007) were obtained from the Research Collaboratory for Structural 

Bioinformatics PDB database or generated through ChemDraw (PerkinElmer Informatics, 

Waltham, MA). Ligand editing was performed using the HERMES software package also 

from Cambridge Crystallographic Data Centre.

Each individual ligand was docked according to the developer’s guidelines using 20 runs of 

the general algorithm, with 100,000 operations per run. To maintain a level of diversity in 

the docking positions, docking was performed both with and without the diverse solutions 

option. The minimal root mean square deviation of the diverse solutions was set to 1.5A. 

Docking was preformed using ligands with physiologic protonation states, and all solute 

water molecules were removed. Protein structures were fully protonated according to 

developer’s guidelines. The CHEMPLP scoring function includes a combination of energy 

terms from both the CHEM-SCORE as well as the Piecewise linear potential scoring 

functions.35

Radiotracers

For PET imaging, [68Ga]PSMA-11, a urea-based ligand, was synthesized automatically with 

the Scintomics module (Fürstenfeldbruck, Germany) with prepared cassettes and using the 

sequences provided by the vendor.

Imaging Experiments and Data Analysis

For each scan, the animal was placed prone in the clinical ingenuity PET/computed 

tomography (CT) scanner (Philips, Cleveland, OH) and under 3% isoflurane gas anesthesia 

throughout the scan. After a low-dose CT scan, 52–80 MBq (1.46–2.1 mCi) of 

[68Ga]PSMA-11 was injected intravenously through the implanted venous access port and 

followed by a dynamic PET scan of 60 minutes in list mode on the Philips PET/CT system. 

The woodchucks with an average weight of 3.5 kg would not fit into the micro-PET. 

PET acquisition was rebinned into a total of 21 frames: 10 × 30-second, 5 × 1-minute, 

2 × 5-minute, and 4 × 10-minute frames, respectively. After the initial batch, animals 

were scanned 55 minutes after injection with 10-minute static scan based on tracer kinetic 

analysis. After the experiment, the animals were euthanized for tissue harvesting. Some of 

the tissue samples were fixed for histology while others were fresh-frozen immediately for 

later use in real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

or western blot.

Standardized uptake value (SUV), which is the normalized radiotracer uptake by body 

weight and injected dose,36 was calculated based on the circular regions of interest placed in 

the liver as well as focal uptakes of the tumors, and time activity curves in the unit of SUV 

were generated for these regions of interest.
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Histology

Fixed issue samples were embedded in paraffin blocks, and adjacent slides were cut and 

deparaffinized for hematoxylin and eosin (H&E) staining and immunohistochemical staining 

with mouse mAb against human PSMA (1:200 dilution, Catalog #NCL-L-PSMA, clone 1D6 

from Leica Biosystems, Newcastle, United Kingdom).

Quantitative Reverse Transcription Polymerase Chain Reaction

RNA was extracted from the frozen tissue using a Qiagen miRNeasy Mini Kit (Cat. 

No.217004) according to manufacturer’s instructions. Total RNA (0.1 μg for each reaction) 

was used to generate complementary DNA (cDNA) with the High-Capacity RNA-to-cDNA 

Kit (Cat. No. 4387406; Applied Bio-systems). The primers for qRT-PCR were designed 

using the Custom TaqMan Assay Design Tool based on marmot mRNA sequences for 

required genes: PSMA (based on XP_015332802.1) and endogenous control gene GAPDH 

(based on XM_015500718.1). 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 (Cat. No. 4440038; Applied Biosystems). Expression data were obtained 

for each gene from each sample as threshold cycle (Ct). ΔCt was calculated as the Ct of 

endogenous control gene minus the Ct of the gene of interest. ΔΔCt was then calculated as 

the ΔCt of the reference sample minus the ΔCt of another sample. The relative quantification 

of gene expression was calculated as 2−(ΔΔCt).

Western Blot

The frozen animal tissue samples were homogenized using pestle mortar method and were 

then added into the radio-immunoprecipitation assay buffer. The homogenized samples were 

passed 2–3 times through a 25G needle, and after that the samples were incubated for 1 

hour on ice and were then centrifuged for 30 minutes at 28,000 × g at 4 °C to remove 

any remaining insoluble material. The supernatant was used for western blot analysis, while 

the pellet was discarded. Protein content was determined using BCA Protein Assay Kit 

(# 23225; Thermo Fisher Scientific) according to manufacturer’s instructions. For western 

blot analysis, 20 μg of protein was tested for loading into 7.5% precast polyacrylamide 

gel (Bio Rad) analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

and transferred onto a polyvinylidene difluoride membrane using an iBlot Dry blotting 

system (Invitrogen). The membranes were incubated in blocking buffer overnight followed 

by incubation with mouse anti-PSMA antibody (ab76104; Abcam) in 5% nonfat dry 

milk in TBS at 1:1000. The blots were washed thrice in tris-buffered saline containing 

0.1% Tween-20 for 5 minutes each followed by incubation with peroxidase-conjugated 

goat antimouse secondary antibody in 1:1000 dilution. β-Actin (D6A8) rabbit mAb (Cell 

Signaling Technology) were used as an endogenous control at 1:1000 dilution following 

peroxidase-conjugated goat antirabbit secondary antibody at 1:2000 dilution. Finally, blots 

were washed in tris-buffered saline containing 0.1% Tween-20 and developed with ECL 

chemiluminescent detection reagent (Cytiva Amersham). Chemiluminescence signals were 

visualized using the exposure film.
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Results

Genome blast between human and woodchuck (marmot) PSMA showed 100% homology 

from exon 1 to exon 4 between the human and woodchuck PSMA. The protein sequence 

(FASTA) also showed high (89%) identity between human and woodchuck PSMA (Figure 

A1A). Using the SWISS-MODEL for homologous modeling, we were able to dock the 

native ligand such as the neuropeptide NAAG as well as the radioligands to the binding 

site in PSMA for both the human and woodchuck proteins (Figure 1). In addition, the a.a. 

residues Glu424, Tyr552, Asn519, Arg210, Arg536, Arg534, and Arg463 (the so-called 

arginine patch), as well as other a.a. residues in the vicinity of this binding pocket that 

have functional structures, were found to be preserved between humans and woodchucks as 

shown in Figure A2B.

Docking scores were computed using the ChemPLP scoring function, which is an empirical 

scoring function built upon the Protein-Ligand ANT system algorithm which relies upon 

weighted energy terms to approximate the binding affinity between the protein and substrate. 

Table presented the comparison of docking scores of 3 small-molecule PSMA ligands 

docked into the protein structures of human and woodchuck PSMAs. In column #1, the 

endogenous ligand NAAG was docked into the 3D protein structure 3BXM (that was 

determined in a binding complex with NAAG) for human PSMA as well as a homologous 

woodchuck PSMA protein structure modeled using the human 3BXM as its template. In 

column #2, a small phosphoramidate ligand 2-(phosphonomethyl)-pentandioic acid was 

docked into the protein structure 4P4E (that was determined in a blinging complex with 

another phosphoramidate ligand MP1D) for human PSMA and a homologous woodchuck 

protein structure modeled after 4P4E. In column #3, a small urea-based F-18-labeled 

radioligand [18F]DCFPyL was docked into the 5O5T (that was determined in a binding 

complex with another F-18-labeled urea-based ligand [18F]PSMA-1007) for human PSMA 

and a homologous woodchuck structure modeled after 5O5T. The docking scores are 

consistently comparable between humans and woodchucks although the woodchuck scores 

were slightly lower in each column most probably due to the nature of the homologous 

protein models used since no protein structures of woodchuck PSMA have been submitted.

PET scans using [68Ga]PSMA-11 with the woodchuck models of HCC showed regional 

quantification of radiotracer uptake, in terms of SUV, in liver cancer. Figure 2A 

demonstrates the sustained uptake of [68Ga]-PSMA-11 in HCC at 1 hour after injection 

of the radiotracer, and again 5 hours later. The scan of a control animal without HCC 

at 1 hour after injection was also displayed in comparison. Figure 2B showed a typical 

time-activity curve of the radiotracer up-take, obtained during the initial 60-minute dynamic 

PET scan, in which the SUV plateaued at 4.0 in HCC after 30–40 minutes while the liver 

background SUV dropped below 2.0, suggesting a favorable time window around that time 

span after injection for a suitable static PET scan for the radio-tracer uptake in liver cancer. 

Longitudinal tracking by PET imaging was also performed for some animals showing a 

steady tracer uptake in the tumor despite of the progression of HCC in size. The tumor SUV 

remained at similar levels 100 days apart, which is approximately 1.5 woodchuck years, 

when the tumor increased from 2.5 cm to 4.7 cm along the long axis (Figure 2C).
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Histological staining was performed with tissue samples harvested after imaging for 

correlation with the imaging results. H&E staining was shown in Figure 3A indicating 

mostly moderately differentiated HCCs. The mouse mAb against human PSMA used for 

immunohistochemical staining revealed positive microvascular PSMA staining within the 

woodchuck HCC as shown in Figure 3B corroborating that the existing [68Ga]-PSMA ligand 

developed for imaging human PSMA positively depicted native woodchuck vascular PSMA 

associated with its HCC in this spontaneous animal model. The woodchuck liver without 

HCC was also stained with the same H&E and PSMA as a control.

Harvested tumor tissues were processed for western blot using the mouse mAb against 

human PSMA. Figure 4 (top) presents the positive western blotting results from HCC1 

(1), HCC2 (2), and HCC3 (3) compared to liver tissues from the liver of the carrier 

with HCC3 (4), normal control (5), and tumor margin of the carrier with HCC3 (6), 

further demonstrating that reagents developed against human PSMA are applicable toward 

woodchuck PSMA. PCR results (Figure 4, bottom) showed that tumor tissue PSMA 

expression was 1.7- to 3.1-fold higher than that in normal liver. The questionable tissues 

between the tumor and liver were designated as the “Margin”, which was also used for 

western blot (above). However, kidney sample showed the highest PSMA expression (3.6- 

to 6.1-fold increase from the liver). Not all animals had margin tissues collected, and only 

some animals had kidney tissues collected during tissue harvest.

Discussion

Currently, clinical diagnosis of HCC depends heavily on imaging with contrast-enhanced 

CT or magnetic resonance imaging angiography for detecting the typical vascular flow 

patterns.37 However, some primary liver cancers such as HCC do not show the “typical” 

vascular flow pattern,38 while other nontumor hepatic lesions and benign liver tumors are 

also hypervascular.39 Radiological findings, therefore, are often supplemented by biopsies 

for subsequent histopathology confirmation. PET may offer an alternative provided an 

appropriate PET radiotracer is available. Unfortunately, PET imaging using the commonly 

available glucose analog [18F]fluorodeoxyglucose (FDG), which measures increased cellular 

glucose metabolism and has dramatically improved patient management in a large variety 

of cancers, has severe limitations for imaging primary liver cancers such as HCC due to a 

high false-negative rate as many HCCs have relatively low FDG uptake.40 The ability of 

FDG-PET to depict extrahepatic lesions metastasized from HCC is also doubtful as shown 

in Figure A1. Other PET imaging markers of HCC are sought after.

The preclinical PET scans presented in Figure 2 confirmed the clinical findings on the 

uptake of [68Ga] PSMA-11 in HCC. PSMA is conserved enough between humans and 

woodchucks in terms of ligand binding (Figure 1, Table and Figure A2) allowing further 

investigation into the possibility of “repurposing” this class of developed prostate cancer 

radioligands for PET imaging of tumor-associated neovasculature through the spontaneous 

woodchuck model of HCC. Compared to other small-molecule PET tracers that have been 

tested for liver cancer imaging, PSMA-targeting imaging is vascular centric as HCC tumor 

cells do not express PSMA (Figure 3). Approximately, only up to 15% of the harvested liver 

tissues contain endothelial cells,41 and those associated with HCC are a further fraction. 
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This may explain the slightly lower than expected intensity in western blot and relative 

quantification of gene expression values from the PCR (Figure 4). The liver has a baseline 

PSMA expression, but at a much lower level than HCC (Figure 4), which corroborated the 

low background uptake of the PSMA radiotracer in the liver (Figure 2).

The strong kidney uptake was noticed in both woodchuck and human scans, and PCR 

also showed a high renal expression of PSMA. Although renal cell carcinoma (RCC) is 

not the topic of this investigation, preliminary clinical experiences indicated the potential 

of PSMA-PET imaging for clinical staging of RCC,42 especially for detecting metastatic 

RCC,43 due to the much higher PSMA expression in RCC compared to the high baseline 

PSMA expression in the normal kidneys.

Although PSMA has been reported to be overexpressed in the neovasculature of many 

solid human tumors, the lack of spontaneous animal models has hindered the development 

and assessment of PSMA-targeted radioligands for imaging and therapy of human tumors 

other than prostate cancers. Investigations of neovascular PSMA expression were hampered 

as both tumor xenografts and patient-derived xenograft models (where the original human 

endothelial cells were replaced by the mouse counterparts after 1 passage) do not express 

native murine PSMA in tumor-associated vasculature.44 It is unclear why murine tumor 

vascular endothelium lacks detectable expression of PSMA.45

We have identified insofar the woodchuck model of chronic viral infection-induced primary 

liver cancer HCC with detectable indigenous woodchuck PSMA on tumor-associated 

neovasculature. Although HCCs originated from etiologies other than HBV infection need 

to be looked into for a similar PSMA expression pattern, a range of studies with PSMA 

as a tumor vascular marker can be conducted with the woodchuck model of HCC for 

the biogenesis of its overexpression in primary liver cancer going through multistep but 

different processes, potentially in relation to stromal reaction as well as for its function(s). 

For example, tumor-associated vascular PSMA may play a role independent of major 

endothelium activator, vascular endothelial growth factor, in tumor angiogenesis.46,47 The 

clinical utility of PET imaging with vascular targeting [68Ga]PSMA-11 for liver cancers is 

yet to be determined as trails are ongoing (NCT03983407, NCT04310540, NCT04762888). 

Perhaps, PET imaging with [68Ga]PSMA-11 can be incorporated in future clinical trials to 

identify liver cancer patients with vascular PSMA overexpression for better assessment of 

the response to PSMA-targeting therapies so as to supplement current standard clinical scans 

and also to reduce the frequency of invasive liver biopsies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper:

a.a. amino acid

cDNA complementary DNA

Ct threshold cycle

CT computed tomography

F-18 fluorine-18

FDG [18F]fluorodeoxyglucose

Ga-PSMA-11 [68Ga]PSMA-HBED-CC

GCP II glutamate carboxypeptidase II

H&E hematoxylin and eosin

HCC hepatocellular carcinoma

mAb monoclonal antibody

NAAG N-acetyl-Asp-Glu

PDB protein database

PET positron emission tomography

PSMA prostate-specific membrane antigen

qRT-PCR quantitative reverse transcription polymerase chain reaction

RCC renal cell carcinoma

SUV standardized uptake value
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Figure 1. 
The crystal structure of human PSMA (left) and α-NAAG binding complex and that of 

the woodchuck PSMA (right) docked with the same α-NAAG. The amino acid residues 

involved in ligand binding within the pocket are identical between the 2 species. Zinc is in 

orange. NAAG, N-acetyl-Asp-Glu.
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Figure 2. 
PET imaging of woodchuck HCC with clinical radiotracer [68Ga]PSMA-11. The blue 

arrows point to the heterogenic uptake in HCC; the grey arrows point to the liver. The 

letter H (red) indicates the heart. (A) sustained uptake of [68Ga]PSMA-11 in HCC at 1 hour 

after injection of the radiotracer, and again 5 hours later in maximum intensity projection. 

The strong retention in kidneys is similar to the human scans with the same radiotracer 

(see Figure A1 right panel). A control animal without HCC was also scanned at 1 hour 

after injection; (B) typical time-activity curves of the radiotracer uptake, obtained during 

the initial 60-minute dynamic PET scan; (C) longitudinal tracking of tumor progression 

(100 days apart) from a coronal slice of PET/CT overlay showing a steady tracer uptake in 

the tumor despite HCC progression. The same tumor slipped from left to right within the 
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abdomen during the positioning for PET scans. The freshly excised liver with HCC after 

the 100-day scan was shown on the right side of (B). HCC, hepatocellular carcinoma; SUV, 

standardized uptake value.
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Figure 3. 
IHC staining reveals microvascular PSMA staining within the woodchuck HCC. (A) H&E 

staining (×20) showing mostly moderately differentiated HCC. (B) IHC staining (×20) 

control liver and HCC tumor with an antibody against human PSMA. H&E, hematoxylin 

and eosin; HCC, hepatocellular carcinoma; IHC, immunohistochemical; PSMA, prostate-

specific membrane antigen.
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Figure 4. 
Top: Western blotting using harvested tissue samples from HCC1 (1), HCC2 (2), and HCC3 

(3) and the liver from the carrier with HCC3 (4), normal liver from the control (5), tumor 

margin from the carrier HCC3 (6), all with loading of 20 μg. The primary antibody was 

diluted 1:1000, and only PSMA monomers were pulled down. Bottom: qRT-PCR of PSMA 

expression from woodchuck tissue samples normalized to corresponding liver tissues. HCC, 

hepatocellular carcinoma; PSM, prostate-specific membrane; RQ, relative quantification of 

gene expression.
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Table

Comparison of ChemPLP Docking Scores Between PSMA and Its Ligands

Model ligand

Species 3BXM/NAAG 4E4P/2-PMAM 5O5T/DCFPyL

Human 114.98 99.41 105.68

Woodchuck 107.52 90.29 101.04

The human 3D protein structures (3BXM, 4E4P, 5O5T) are from PDB. The woodchuck 3D homologous models were generated after the 
corresponding human templates, see Materials and Methods/SWISS-MODEL.
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