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Abstract

Following treatment with androgen receptor (AR) pathway inhibitors, ≈20% of prostate 

cancer patients progress by shedding their AR-dependence. These tumors undergo epigenetic 

reprogramming turning castration-resistant prostate cancer adenocarcinoma (CRPC-Adeno) into 

neuroendocrine prostate cancer (CRPC-NEPC). No targeted therapies are available for CRPC-

NEPCs, and there are minimal organoid models to discover new therapeutic targets against these 

aggressive tumors. Here, using a combination of patient tumor proteomics, RNA sequencing, 

spatial-omics, and a synthetic hydrogel-based organoid, putative extracellular matrix (ECM) cues 

that regulate the phenotypic, transcriptomic, and epigenetic underpinnings of CRPC-NEPCs are 

defined. Short-term culture in tumor-expressed ECM differentially regulated DNA methylation 

and mobilized genes in CRPC-NEPCs. The ECM type distinctly regulates the response to 

small-molecule inhibitors of epigenetic targets and Dopamine Receptor D2 (DRD2), the latter 

being an understudied target in neuroendocrine tumors. In vivo patient-derived xenograft in 

immunocompromised mice showed strong anti-tumor response when treated with a DRD2 

inhibitor. Finally, we demonstrate that therapeutic response in CRPC-NEPCs under drug-resistant 

ECM conditions can be overcome by first cellular reprogramming with epigenetic inhibitors, 

followed by DRD2 treatment. The synthetic organoids suggest the regulatory role of ECM in 

therapeutic response to targeted therapies in CRPC-NEPCs and enable the discovery of therapies 

to overcome resistance.
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Graphical Abstract

TOC

Neuroendocrine prostate cancer is epigenetically transformed tumors for which no targeted 

therapies exist. Using a combination of transcriptomics, proteomics, spatial omics, and 

microscopy on patient biopsies, the extracellular matrix tumor microenvironment is defined. 

Informed by these findings, synthetic hydrogel-based prostate cancer organoids are developed to 

grow patient tumor cells under the defined microenvironment conditions, leading to the discovery 

of novel therapeutics.
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1. Introduction

The acquired drug resistance in advanced prostate cancer to current Androgen Receptor 

(AR) pathway inhibitors, such as abiraterone acetate and enzalutamide, is driven, in part, by 

the ability of cancer cells to adopt AR-independent pathways for growth and survival.[1–3] 

A prolonged AR pathway inhibition can alter the archetypical course of the disease, leading 

to treatment-induced lineage transition where cellular dedifferentiation and alterations in 

the lineage of prostate cancer cells in the form of neuroendocrine differentiation.[1,4–6] 

This lineage plasticity is highly aggressive and acquires a lethal form when castration-

resistant adenocarcinoma (CRPC-Adeno) tumors develop clinical transformation to a small 

cell neuroendocrine carcinoma-like presentation, termed neuroendocrine prostate cancer 

(NEPC).[7,8] CRPC-NEPCs evolve from CRPC-Adeno through genetic alterations and 

dysregulation of at least one epigenetic modifier, histone methyltransferase enhancer of zeste 

2 (EZH2).[7,9–12] There are no targeted therapies currently available for CRPC-NEPCs, and 

the factors that induce tumor resistance to therapeutics remain poorly understood. A major 

limitation has been the lack of tumor models to grow CRPC-NEPC tumors from patients 

in the prostate cancer-specific tumor microenvironment (TME), regulating the tumor growth 

and drug resistance. Although patient-derived xenografts in mice are a viable platform to 

study these factors, one cannot precisely control the input signals to determine the role of 

TME on tumor outcomes. To model small cell NEPC, the only widely available cell line is 

the NCI-H660, initially thought to be small cell lung cancer but later reclassified as prostate.
[13] To overcome these limitations, we have earlier developed Matrigel organoid models of 

patient-derived CRPC-NEPC[14] and discovered EZH2 as a new therapeutic target against 
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these aggressive tumors. However, the success rate of generating these organoids remains 

low,[14] leading to the generation of two patient-derived Matrigel organoids, OWCM-155 

and OWCM-154 by us (Puca et al.[14]). The EZH2 inhibitor (EZH2i) GSK343 decreases 

OWCM-155 and OWCM-154 tumor growth in Matrigel organoids.[14] However, the EZH2i 

alone requires a high dose[14] and may not eliminate the tumor in its entirety, as shown 

in other cancers.[15] Therefore, we can likely realize the full potential of EZH2i for 

CRPC-NEPC treatment if the tumors are grown in a more defined TME that recapitulates 

a controlled microenvironment of CRPC-NEPCs and combined with novel drug targets. 

A significant challenge is that Matrigel-based organoids[14] do not recapitulate patient- 

or disease-specific TME features of human CRPC-Adeno and CRPC-NEPC, such as the 

extracellular matrix (ECM), which is the focus of the current study.

Here, we performed transcriptomic analysis on 111 patients and a combination of 

specialized techniques such as proteomics, spatial omics, and microscopy analysis on 

patient biopsies to define ECM and related microenvironment in CRPC-Adeno and CRPC-

NEPC. Informed by these findings, we developed a synthetic polymer-based, hydrogel 

platform of Maleimide-functionalized poly(ethylene glycol) (PEG-4MAL) to grow CRPC-

Adeno and CRPC-NEPC patient tumor cells under the defined ECM microenvironment. 

We investigated the impact of biomimetic synthetic ECM on tumor morphology, actin 

cytoskeleton, and changes in transcriptomic and epigenetic signature associated with 

CRPC-NEPC progression. We demonstrate an ECM-dependent EZH2i response in CRPC-

NEPCs, where the drug resistance could be overcome by cellular reprogramming with 

EZH2i, followed by treatment with neuroendocrine targeting experimental therapeutics. The 

synthetic hydrogel platform, which presents ECM-specific bioadhesive ligands, can provide 

a more defined microenvironment for CRPC-Adeno or CRPC-NEPCs, currently unavailable 

with Matrigel, subsequently regulating the transcriptome and epigenetics and enabling the 

discovery of novel single and combinatorial therapeutics.

2. Results and Discussion

2.1. CRPC-Adeno Patient Tumors Manifest a High Expression of Cell Adhesion Proteins

ECM-Integrin adhesion receptor interactions[16–22] provide critical signals that regulate 

the cellular and molecular fate of cancer cells, including survival, gene expression, and 

the ability to metastasize.[23–25] ECM-integrin interactions can also influence chromatin 

state through mechanotransduction. However, the ECM composition in TME in advanced 

prostate cancer and the expression of integrins on cells present at the tumor sites are not 

well defined. To address this gap, we performed a proteomic analysis of cell adhesion 

proteins using liquid chromatography-tandem mass spectrometry in de novo CRPC-Adeno 

tumors from 3 patients (primary tumors). We compared them to the adjacent nontumorous 

prostate tissue (benign). Across all three patients, we observed a higher expression of ECM 

proteins, including Collagen 1 (COL1A1), Fibronectin (FN1), Vitronectin (VTN), Laminin 

(LAMC2), and associated integrin (ITG) subunits α2, αV, α4, α5, α6, and several β 
subunits as compared to the benign tissue (Figure 1A). These differences motivated us to 

perform a more comprehensive analysis in CRPC-Adeno and CRPC-NEPC patient biopsies, 

to understand the change in integrin and ECM gene expression across disease subtypes.
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2.2. CRPC-Adeno and CRPC-NEPC Patient Tumors Manifest Similar Bioadhesive 
Microenvironment

We interrogated RNA sequencing results from 111 patient tumors, including 74 patients with 

clinical and histologic features of CRPC-Adeno and 37 with features of CRPC-NEPC, as 

confirmed by pathologic consensus criteria.[8] These tumors were compared to 31 benign 

prostate tissues. We confirmed the disease state of patient samples by the loss of AR gene 

in CRPC-NEPC tumors, relative to benign tissues and CRPC-Adeno tumors[7] (Figure S1A, 

Supporting Information). We did not perform further detailed characterization because we 

have already demonstrated previously, using whole-exome sequencing of metastatic tumor-

normal tissue pairs, that the mutational landscape of CRPC-NEPC tumors is similar to 

that of CRPC-Adeno.[7] A comparative analysis of RNA sequencing readouts from CRPC-

Adeno and CRPC-NEPC patients revealed an upregulated expression of VTN compared 

to benign prostate tissues and comparable, high expression levels of fibronectin (FN1), 

collagen 1 (COL1A1), similar to benign prostate tissues (Figure 1B, Figure S1B, Supporting 

Information). The patient cohort genes encoding for integrin α2 (ITGA2), β1 (ITGB1), 

α4 (ITGA4), and αV (ITGAV) were expressed at comparable levels to benign tissues. 

However, tumor tissues are expected to contain nontumorous stromal cells and the bulk 

RNA-sequencing could reflect the contributions from stroma, therefore we performed 

spatial-omics and protein imaging to confirm that tumor cells expressed the ECM and 

integrins.

To demonstrate that prostate tumors express collagen 1, we performed multiplexed single-

cell imaging in CRPC-NEPC and CRPC-Adeno patient biopsies. To profile gene expression, 

the fluorescence in situ hybridization (FISH) method[26] was used to localize single RNA 

molecules in 5 μm thin formalin-fixed paraffin-embedded (FFPE) tissues. To amplify the 

FISH signal, a split-probe design of Hybridization Chain Reaction (HCR) assay[27] was 

utilized to efficiently detect RNA distributions in FFPE tissues. FISH-HCR measurements 

correspond to gene expression maps by visualizing RNA dots across the tissues, providing 

similar levels of COL1A1 RNA expression in tumor areas in distinct pathological 

cancer-rich regions of CRPC-NEPC and CPRC-Adeno tumors (Figure 1C, Figure S2A,B, 

Supporting Information). After the RNA visualization in prostate cancer biopsies, FISH 

labels were digested by a DNAse-I-based enzymatic treatment to remove the FISH signal 

on the tissues. To validate tumor-related protein expression on the same tissue sets, an 

immunofluorescence experiment was performed for visualization of EZH2 in CRPC-NEPC 

using antibodies (Figure 1C). Similarly, tissues for CPRC tumors were sequentially stained 

with NKX3.1, yielding positive NKX3.1 expression and confirming tumor regions (Figure 

S2B, Supporting Information). After chemically bleaching the fluorescence from the protein 

stains, the same tissue samples were subjected to hematoxylin-and-eosin (H&E) staining to 

further verify tumor regions (Figure S2B, Supporting Information).

To further confirm that collagen was present within the tumor, we performed protein 

localization analysis using second-harmonic generation (SHG). SHG microscopy illustrated 

that collagen was localized in both the tumor area and surrounding tissues. Figure 1D 

presents an immunohistochemistry stained biopsy slice of CRPC-NEPC cancer imaged by 

SHG under two-photon confocal microscopy. The collagen fibers are evident in the entire 

Mosquera et al. Page 6

Adv Mater. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synaptophysin (SYP)+ tumor region (Figure 1D, Figure S2C, Supporting Information). Last, 

to determine that the tumor cells were expressing integrins identified in RNA-sequencing, 

such as integrin α2 and β1 that forms a heterodimer to bind collagen, we performed 

immunohistochemistry on patient tissue biopsies. Both CRPC-NEPC (SYP+) and CRPC-

Adeno (NKX3.1+) were stained positive for integrin α2 and β1 (Figure 1E). The collective 

proteomic, RNA sequencing, spatial omics, SHG, and immunohistochemistry analysis 

highlights the presence of various ECM proteins and integrin ligands in a whole TME of 

prostate cancer. In contrast to primary prostate tumors, Matrigel organoids include mostly 

the tumor cells and ECM representing mouse sarcoma basement membrane, which consists 

primarily of collagen type IV, entactin, perlecan (heparan sulfate proteoglycan), and laminin.

2.3. CRPC-NEPC Matrigel Organoids Express Distinct Levels of Integrins than CRPC-
Adeno Organoids

To understand whether these integrin proteins and genes found in patient tumor cells are 

expressed in Matrigel organoid models of patient-derived CRPC-NEPC and CRPC-Adeno, 

we first established a new CRPC-Adeno organoid in Matrigel and used CRPC-NEPC 

Matrigel organoids derived from CRPC-NEPC patients, reported earlier as OWCM-154 

and OWCM-155.[14] The OWCM-155 patient cells were from a metastatic liver biopsy 

from a patient with prostatic adenocarcinoma Grade Group 5 (Gleason Score 4+5 = 9). 

We compared both tissue biopsy and Matrigel organoids of OWCM-155 using H&E and 

observed overlapping features between small cell carcinoma and adenocarcinoma (Figure 

S3A, Supporting Information). We have previously performed immunohistochemistry to 

confirm the loss of AR and the presence of SYP, chromogranin A (CHGA), and CD56 in 

OWCM-155 tumors in Matrigel organoids;[14] therefore we did not repeat these markers. 

CRPC-NEPC patients lose luminal morphology and transform into irregular shapes as 

compared to CRPC-Adeno.[28] However, in contrast to patient features, the Matrigel 

organoids adopted a near-spherical shape with semi-filled or hollow appearances (Figure 

S3A, Supporting Information), suggesting Matrigel may not capture morphological features 

of patient tumors.

To compare CRPC-NEPC organoids with CRPC-Adeno organoids, we derived a new 

CRPC-Adeno patient tumor organoid in Matrigel using procedures used earlier for CRPC-

NEPCs.[14] The primary tumor tissues (Figure S1B, Supporting Information) were obtained 

from a rapid autopsy[29] and processed to establish multiple Matrigel organoid lines 

from various tumor sites. After five subsequent passages, we confirmed the identity of 

the CRPC-Adeno tumors in Matrigel organoids by comparing gene expression, using 

NanoString, against known molecular markers of CRPC-Adeno, including AR, KLK3, 

ENO2 (NSE), NKX3.1, AR-V7, CHGA, SYP, PSMA, and HOXB13 (Figure 1F). Among 

these organoids, the lymph node biopsy site expressed the markers associated with CRPC-

Adeno, referred to as OWCM-1358. Immunohistochemistry analysis indicated that both 

patient’s tumor sample and OWCM-1358 tumor organoid manifested similar histological 

features and protein expression (AR, PSMA, and NKX3.1) (Figure 1G). In comparison to 

CRPC-NEPC organoids in Matrigel (OWCM-154 and OWCM-155) (Figure 1H), the CRPC-

Adeno (OWCM-1358) organoids showed strikingly distinct genes, confirming that Matrigel-

derivation did not induce transdifferentiation to neuroendocrine lineage. To determine 
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whether the tumor cells in Matrigel organoids expressed integrins α2 and β1 similar 

to that seen in the patient biopsies, we performed immunohistochemistry and observed 

that while OWCM-155 Matrigel organoids were stained positive for integrin α2 and 

β1, the OWCM-1358 organoids only stained positive for integrin α2 (Figure 1I). Using 

mRNA analysis, we further observed that the OWCM-155 organoids upregulated a few 

integrin genes, including ITGA6 and ITGB1 that correspond to laminin-binding in Matrigel, 

however, unlike patient samples, both CRPC-Adeno and CRPC-NEPC Matrigel organoids 

downregulated ITGA4 (Figure S3C, Supporting Information).

2.4. Defined ECM in Synthetic Hydrogel-Based Prostate Cancer Organoids Regulates 
Phenotype and Morphology of Patient-Derived Cells

CRPC-NEPC and CRPC-Adeno tumors have ECM components not presented in Matrigel. 

Matrigel organoids also have batch-to-batch variability and are not conducive to controlled 

modifications[30,31] to present adhesion ligands of interest. Therefore, we engineered a 

synthetic four-arm PEG-4MAL-based hydrogel as an organoid platform to grow patient 

prostate tumor organoids initially derived in Matrigel and exposed to a week of defined 

ECM conditions in synthetic hydrogels. We were most interested in early changes in 

phenotype and transcriptome within the timeframe of the treatment with EZH2i, and 

therefore these studies focused on up to 7–10 days of cultures. We exploited the click-

chemistry between PEG-4MAL and thiol moieties[31–33] to functionalize thiolated ECM 

mimic peptides and crosslink with di-thiolated materials (Figure 2A). To determine the 

hydrogel crosslinkers that would allow cell-mediated matrix remodeling through proteases,
[34] we examined the metalloproteinases (MMPs) secreted by CRPC-Adeno and CRPC-

NEPC patient tumors using RNA-sequencing. We observed high expression of MMP-3, 9, 

14, and 16 in CRPC-NEPC and CRPC-Adeno tumors compared to benign prostate tissue 

(Figure 2B, Figure S4, Supporting Information). The patient tumors also expressed MMP1 

and MMP2 at an average high levels, however, MMP-2 was expressed at lower levels than 

benign tissues (Figure S4, Supporting Information).

To present defined ECM, we functionalized one of the four Maleimide arms of PEG-4MAL 

with ECM-mimicking peptide ligands. We crosslinked the remaining three arms with 

di-thiolated MMP-2, 9, and −14-degradable peptide[35–39] (GCRDVPM↓SMRGGDRCG, 

referred to as VPM hereafter). However, hydrogels crosslinked with 100% VPM peptide 

biodegraded rapidly over 48 h (Figure S5A, Supporting Information), likely due to secreted 

proteases, therefore, we further optimized the stability of hydrogels by mixing VPM with 

nondegradable crosslinker dithiothreitol (DTT). To determine the effect of co-mixing DTT 

with VPM on tumor growth, we tested the growth of a model AR-negative prostate 

cancer cell line (DU145) in PEG-4MAL hydrogels crosslinked with a mixture of 50:50 

or 25:75 ratio of VPM:DTT, functionalized with a 3 × 10−3 M concentration of fibronectin-

mimicking tri-amino acid peptide sequence, arginine-glycine-aspartate (RGD). A 50:50 ratio 

of VPM to DTT supported the growth of prostate cancer cells over seven days without 

significantly degrading the gels, whereas 25% of VPM crosslinked hydrogels had relatively 

less growth (Figure 2C, Figure S5A, Supporting Information). AR-dependent cell line 

LNCaP responded similarly to the organoid degradation effect (Figure S5B, Supporting 

Information). Therefore, all further studies considered a 50:50 ratio of VPM:DTT.
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Next, we determined the effect of PEG4MAL hydrogel-presented ECM peptide 

mimics (fibronectin/VTN mimicking RGD, fibronectin mimicking REDV, and collagen 

mimicking GFOGER peptide) and Matrigel on the growth of patient-derived CRPC-NEPC 

(OWCM-155) and CRPC-Adeno (OWCM-1358) tumor cells. GFOGER is a triple-helical 

synthetic peptide derived from type I collagen with high binding affinity for α1β1, α2β1, 

α10β1, and α11β1.[40,41] In contrast, REDV is a tetrapeptide Arg-Glu-Asp-Val that mimics 

Fibronectin in its ability to bind α4β1 integrins. RGD is a short linear peptide present in 

VTN, fibronectin, and other ECM proteins and binds several integrins, including αvβ3, 

αvβ1, and α5β1.[42–44] The mRNA analysis indicated that all PEG-4MAL ECM conditions 

retained AR gene expression in CRPC-Adeno (OWCM-1358) patient-derived lines. In 

contrast, the AR expression did not increase in CRPC-NEPC (OWCM-155) patient-derived 

cells suggesting that short-term ECM mimics do not revert to a CRPC-Adeno state from the 

NEPC state (Figure 2D).

We observed that the hydrogel ECM type influenced the organoid growth area of 

OWCM-155 patient cells, defined as the total 3D surface area of a cell cluster as measured 

by confocal imaging (Figure 2E). Cell grown in GFOGER conditions grew into the 

largest size organoids over a week compared to REDV and RGD functionalized matrices, 

which remained similar to Matrigel (Figure 2E). Along these lines, total cell count in 

organoids over seven days showed a significantly higher proliferation of OWCM-155 cells 

in GFOGER than in Matrigel, REDV, and RGD organoids (Figure 2F). Cell proliferation 

was confirmed by Ki67+ cell analysis using flow cytometry (Figure S5C, Supporting 

Information) and immunostaining (Figure S5D, Supporting Information).

Confocal imaging suggested that tumors displayed spherical morphology in Matrigel 

organoids (Figure 2G). In contrast, the other three synthetic matrices induced distinct 

morphology. In GFOGER and RGD-functionalized PEG-4MAL organoids, we observed 

increased cell spreading and the expression pattern, distribution, and the amount of 

cytoskeletal protein, Actin (Figure 2G). High-content imaging using Operetta and cell 

cluster sphericity analysis indicated that GFOGER, REDV, and RGD matrices led to a 

wide range of nonspherical tumor clusters formed with both OWCM-155 and OWCM-1358 

patient-derived cells, as compared to Matrigel induced spherical organoids (Figure S6, 

Supporting Information).

Remodeling of the actin cytoskeleton is necessary for epithelial–mesenchymal transition 

in cancer progression and metastasis.[45] To understand how hydrogels with specific ECM 

ligands regulated actin, we performed image analysis on organoids stained with phalloidin 

and DAPI, using the PhenoLOGIC machine-learning tool in Operetta high-content imaging 

system. The machine-learning tool quantifies texture parameters (Spots or Ridges) based on 

a characteristic intensity pattern within the image. In contrast, the symmetry morphology 

parameter quantifies the distribution of either texture or fluorescence intensities inside a 

region of interest. The cellular texture parameters can reflect the cytoskeletal status of 

the cells.[46] Compared to Matrigel, OWCM-155 tumors grown in all three PEG-4MAL-

resented ECMs demonstrated a broader fluorescence distribution concerning cellular 

symmetry of actin filaments (Figure 2H), as well as nuclear stain DAPI (Figure S7A, 

Supporting Information).
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We observed a high correlation between the actin symmetry and nuclear symmetry of 

CRPC-NEPCs in GFOGER (R2 = 0.87), REDV (R2 = 0.84), and RGD (R2 = 0.93) but 

a low correlation in Matrigel organoids (R2 = 0.08) (Figure 2I, Figure S7B, Supporting 

Information). In addition to cell morphology features, the texture parameters of cytoskeletal 

fibers at the 1px scale were determined to measure the cytoskeletal and nuclear structure 

differences. The synthetic hydrogel-based organoids with tumor-specific ECM resulted in 

significantly higher actin spots and ridges in CRPC-NEPC tumors than Matrigel (Figure 

2J, Figure S7C, Supporting Information). However, in contrast to the pattern seen with 

actin symmetry, CRPC-Adeno (OWCM-1358) grown in synthetic ECMs did not show an 

increased texture than in Matrigel (Figure S7D, Supporting Information).

Finally, the physical properties of hydrogels (e.g., stiffness) could account for properties 

independent of ECM-mediated signaling. We changed the polymer weight % of PEG-4MAL 

from 7% to 10% and 12%. For context, the average storage modulus of 6% and 12% 

PEG-4MAL hydrogels are 250 and 430 Pa, respectively,[31] and average loss moduli are 15 

and 20 Pa, respectively.[31] By keeping the adhesive ligand density the same, the change 

in storage modulus did not significantly change the actin symmetry index (Figure 2K), 

suggesting the differences are integrin ligand type-driven and not stiffness, at least in the 

tested conditions, however more detailed analysis is warranted.

2.5. ECM in PEG-4MAL Organoids Modulate the Expression of the Epigenetic Regulator 
EZH2 and Response to EZH2i

The transdifferentiation from CRPC-Adeno to CRPC-NEPC is strongly correlated with 

Polycomb group protein-mediated epigenetic silencing, due primarily to the upregulation 

of epigenetic modifiers EZH2, which methylates histone H3K27Me2 to H3K27Me3 to 

alter the expression of lineage specification genes, cell cycle checkpoint genes, and DNA 

repair genes.[1,7] Immunohistochemistry on patient biopsies confirmed that EZH2 protein 

was more abundant in CRPC-NEPC tumors than in CRPC-Adeno and absent in benign 

prostate tissue (Figure 3A). When grown in Matrigel, CRPC-NEPC (OWCM-155) organoids 

retained high levels and uniform expression of EZH2 (Figure 3A, Figure S8A, Supporting 

Information). In contrast, REDV peptide presentation significantly increased the expression 

of EZH2 and its target histone modification, H3k27Me3, compared to Matrigel (Figure 

3B). Cells grown in RGD-functionalized PEG-4MAL had no significant increase over 

Matrigel, whereas those in GFOGER had increased expression of H3k27Me3. To determine 

whether the H3k27Me3 expression levels were consistent across multiple CRPC-NEPC 

organoids, we repeated the studies with another CRPC-NEPC patient-derived line, OWCM 

154, derived initially in Matrigel from the sternum biopsy site.[14] Similar to OWCM 155, 

the metastatic tumor organoid from liver biopsy, the OWCM 154 patient-derived cells 

also demonstrated significantly increased expression of H3k27Me3 in REDV-functionalized 

hydrogels (Figure 3C), as compared to Matrigel. We observed a positive correlation between 

α4 and β1 integrins and EZH2 in OWCM-155 grown in PEG-4MAL REDV matrices 

and the CRPC-NEPC patient samples, but not in other matrices (Figure 3D). In contrast, 

integrins and EZH2 in PEG-4MAL grown CRPC-Adeno OWCM-1358 organoids showed 

a low correlation score, and therefore we continued with only CRPC-NEPC for EZH2 

inhibition studies.
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We hypothesized that interactions of prostate cancer cells with the ECM ligands regulate 

EZH2 and its activity. We treated PEG-4MAL grown CRPC-NEPC organoids with EZH2i 

GSK343 and evaluated growth using a luminescence assay (Figure 3E). Compared to 

untreated controls, cells in GFOGER- and REDV-functionalized hydrogels demonstrated 

reduced tumor growth when treated with GSK343. In contrast, RGD matrices did not show 

any significant reduction in tumor growth. The reduction in tumor growth in GFOGER 

and REDV matrices correlated with high H3k27Me3 expression, suggesting an increased 

sensitivity to the drug in these synthetic matrices. Similar results were seen with CRPC-

NEPC OWCM-154 patient-derived cells (Figure S8B, Supporting Information).

Next, we characterized the role of EZH2 inhibition on actin localization in organoids using 

high-content imaging of organoids under EZH2 inhibition (Figure 3F,G). In comparison 

to untreated organoids, when treated with EZH2i GSK343, we observed a loss of actin 

cytoskeleton structure in OWCM-155 tumors grown in Matrigel. In contrast, PEG-4MAL 

hydrogel-based organoids did not show the same actin loss. Notably, Matrigel organoids 

had uniform EZH2 expression throughout the nucleus. Contrary to that, the PEG-4MAL 

hydrogel-based organoids showed heterogeneous expression of EZH2 across the nucleus, 

with differences being especially abundant among REDV and GFOGER matrices. We did 

not observe a significant difference in actin symmetry in GFOGER and REDV matrices with 

inhibition of EZH2 (Figure 3F,G). In contrast, RGD-functionalized hydrogels demonstrated 

a significant reduction in actin symmetry with inhibition of EZH2 (Figure 3F). Although 

RGD conditions did not reduce cell growth under EZH2i conditions, they seem to disrupt 

the actin symmetry. These results support the context of ECM ligand dependence of 

CRPC-NEPC biology and drug response. We next determined whether the integrins were 

regulating EZH2 activity, that is, trimethylation of histone 3, through actin cytoskeleton. We 

added Rho-associated protein kinase (ROCK) inhibitor[47] Y-27632 to the REDV organoid 

culture and observed that ROCK inhibition reduced the percentage of H3k27Me3+ cells 

and expression level of H3k27Me3 (Figure 3H,I, Figure S8C, Supporting Information), 

determined via flow cytometry. Our findings provide evidence that ECM may regulate the 

activity of epigenetic markers, such as EZH2.

2.6. The ECM Composition of PEG-4MAL Hydrogel-Based Organoids Regulates the DNA 
Methylation Profile of CRPC-NEPCs

To further explore the effect of ECM components on epigenetics, we performed 

Reduced-representation bisulfite sequencing (RRBS-Seq) to determine DNA methylation 

programming in cells grown in synthetic ECM-functionalized PEG-4MAL hydrogel 

organoids and Matrigel organoids and compared to patient RRBS-Seq. Promoter 

methylation was calculated by averaging the methylation levels of inside CpGs. Genes 

were ranked based on the standard deviation of promoter methylation across all the 

samples. Top 100 genes were selected to generate the plots of Pearson correlation matrix 

and hierarchical clustering. The CRPC-NEPC (OWCM-155) cells grown in PEG-4MAL 

hydrogels functionalized with REDV and RGD ECMs shared higher similarities of promoter 

methylation compared to GFOGER ECM and the patient sample (Figure 4A, Figure S9A, 

Supporting Information). Of note, the patient sample was more similar to RGD and REDV 

compared to GFOGER based on the correlation of promoter methylation (Figure 4B). 

Mosquera et al. Page 11

Adv Mater. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These findings suggest that RGD and REDV-functionalized PEG-4MAL hydrigels can better 

recapitulate the epigenetic signatures of CRPC-NEPC

2.7. The ECM Composition of PEG-4MAL Hydrogel-Based Organoids Regulates the Gene 
Mobilization of CRPC-Adeno and CRPC-NEPCs

To further explore the effect of ECM components on transcriptional programming, 

we performed bulk RNA sequencing on cells grown in defined ECM-functionalized 

PEG-4MAL hydrogel-based organoids and Matrigel organoids. PCA analysis of batch 

normalized gene expression suggested that individual CRPC-NEPC organoids were closer 

to their corresponding gene expressions of patient tumor type (Figure 4C), reported earlier.
[7,14] We next normalized genes from tumor cells grown in each PEG-4MAL hydrogel 

condition to genes expressed by tumor cells grown in Matrigel. Using −log2fc > 1 and 

padj < 0.05 or log2fc < −1 and padj < 0.05 as thresholds, we found that no major changes 

were seen in hallmark NEPC genes in PEG-4MAL conditions, relative to Matrigel (Figure 

S9B, Supporting Information). Unsupervised analyses for OWCM-155 and OWCM-1358 

cells suggested that most differentially expressed genes clustered together in GFOGER and 

REDV but were distinct from RGD organoids (Figure 4D). These findings suggest that while 

overall the CRPC-NEPC cells grown in PEG-4MAL conditions are close to patient samples 

in gene expression, the ECM still distinctly upregulates genes and therefore can be used as 

modular systems to investigate the impact of individual ECMs.

RNA sequencing further revealed distinct gene mobilization in CRPC-NEPC OWCM 

155 and CRPC-Adeno OCMW-1358 cells grown in various ECM conditions (Figure 

4E). The gene mobilization was markedly higher in CRPC-Adeno OWCM-1358 grown 

in all PEG-4MAL hydrogels than seen in CRPC-NEPCs grown in the same type of 

ECM-functionalized hydrogels (379 genes in CRPC-Adeno, 84 in CRPC-NEPC in RGD-

functionalized hydrogels) (Figure 4E). The GFOGER matrix upregulated 10 unique 

genes and downregulated 14 genes in OWCM-155 cells (Figure 4F). RGD organoids 

induced changes to 84 uniquely expressed genes in OWCM-155 cells (77 upregulated 

and 7 downregulated) (Figure 4G), not found to be different in GFOGER- and REDV-

functionalized hydrogels (Figure S9C, Supporting Information). Several of these genes were 

associated with cell adhesion or cytoskeletal pathways (highlighted in blue). The REDV-

functionalized hydrogels induced 12 uniquely upregulated genes and four downregulated 

genes in OWCM-155 cells.

In contrast, CRPC-Adeno tumor cells grown in the GFOGER-functionalized PEG-4MAL 

showed an upregulation of 160 genes and downregulation of 99 genes (Figure S10, 

Supporting Information), whereas REDV-functionalized PEG-4MAL induced 30 unique 

upregulated genes and 11 downregulated genes (Figure S10, Supporting Information). None 

of the upregulated genes in OWCM-1358 grown in REDV-functionalized hydrogels could 

be traced to cell adhesion or cytoskeletal pathways. These results highlight that short-term 

exposure to different ECM types can mobilize distinct genes in CRPC-Adeno and CRPC-

NEPC, which could be traced to cell-cell adhesion or cytoskeletal pathways, as well as 

correlate with differences in therapeutic drug responses. These findings further suggest that 

distinct ECM components can differentially regulate gene expression and DNA methylation.
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2.8. ECM Differentially Regulates Gene Expression Pathways in CRPC-NEPCs

Next, we performed gene set enrichment analysis (GSEA) to assess gene expression 

pathways associated with each synthetic ECM (Figure 5, Figures S11 and S12, Supporting 

Information). The enriched pathways and hallmarks were identified by pre-ranked GSEA 

using the gene list ranked by log-transformed p values with signs set to positive/

negative for a fold change of > 1 or <1. GSEA on multiple pathways associated with 

CRPC-NEPCs revealed that PEG-4MAL hydrogel-derived organoids upregulated ECM, 

embryonic morphogenesis, sequence-specific DNA binding, Pattern specification process, 

cell adhesion, neuroendocrine cell differentiation, ECM receptor, EMT transition, epigenetic 

regulator, and EZH2 target pathways as compared to Matrigel organoids (Figure 5A,B, 

Figure S11, Supporting Information). These pathways are distinctly altered in CRPC-

NEPCs, as identified previously by Beltran et al.[7] Interestingly, the results identify that 

while synthetic ECMs enriched for all pathways relative to Matrigel, no single ECM can 

enrich all pathways to the same extent. The ECM pathway was more enriched in GFOGER, 

whereas the epigenetics pathway was more enriched in RGD (Figure 5B).

We observed an upregulated ECM pathway and cell adhesion pathway among CRPC-

NEPCs (Figure 5C), indicating that the cells differentially responded to the distinct 

microenvironment through integrin-ECM interactions. For instance, the RGD-functionalized 

PEG-4MAL matrix enriched for the ITGB3 gene, which corroborates with RGD’s ability to 

bind to integrin αvβ3. Cells grown in RGD-functionalized PEG-4MAL also upregulated 

integrin α3, which was one of the integrins expressed in CRPC-NEPC patient RNA 

sequencing (Figure S1B, Supporting Information). The REDV and GFOGER matrices 

were mostly distinct in the rank metric scores, and some ECM-associated genes were 

downregulated in these two matrices as compared to RGD (e.g., tenascin-X TNXB, 

Hyaluronan, and Proteoglycan Link Protein 2 HAPLN2).

As shown in Figure S9A, Supporting Information, EZH2 is expressed at twofold higher 

in CRPC-NEPC compared to CRPC-Adeno patient tumors. Therefore, we performed an 

epigenetic pathway analysis and EZH2 target gene analysis (Figure 5C, Figure S12A, 

Supporting Information) to identify the role of ECM ligand type in modulating EZH2 

target gene expression. Several genes were enriched in organoids grown in synthetic 

ECMs, compared to Matrigel. Among these, a few genes were differentially regulated 

within GFOGER, REDV, and RGD functionalized PEG-4MAL hydrogels. Specifically, we 

observed differences in the enrichment of HIC1 (Figure S12B, Supporting Information), 

which plays a role in chromatin condensation, with lower enrichment in REDV and 

GFOGER. Among other EZH2 target genes, G protein α subunit 14 (GNA14) was 

differentially enriched, with negative scores in REDV and GFOGER (Figure 5C). GNA14 

depletion inhibits the proliferation of cells and potentially slows down growth genes or cell 

cycle genes.[48] EZH2 facilitates cell proliferation by repressing cyclin-dependent kinase 

inhibitors, especially CDKN2A (p16Ink4a p14Arf), a canonical Polycomb target gene 

and tumor suppressor, and inhibits progressions from G1 into S phase.[49] We observed 

a modest enrichment of CDKN2A in all three PEG-4MAL ECM organoids relative to 

Matrigel organoids (Figure S12, Supporting Information). RGD also had a markedly large 

number of enriched genes in Embryonic Morphogenesis and Sequence-Specific DNA 
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binding pathways, with RGD and REDV being more aligned with each other than GFOGER 

(Figure 5C). In contrast. RGD was largely distinct from REDV and GFOGER in Pattern 

Specification process pathway analysis.

A hallmark of CRPC-NEPCs is that they exhibit reactivation of epithelial–mesenchymal 

transition plasticity. Therefore, we suspected that, among neuroendocrine tumors, distinct 

integrin ligands would further upregulate genes to drive an epithelial–mesenchymal 

transition. While we observed an enrichment of the epithelial–mesenchymal transition 

pathway in all three matrices, OCWM-155 tumors grown in REDV- and GFOGER-

conditions had a distinct signature than those grown in RGD-functionalized hydrogels 

(Figure S12B, Supporting Information). These findings further suggest that while overall 

gene expression is close to patient samples for all PEG-4MAL organoids, different ECM 

ligands induce distinct changes to pathways in CRPC-NEPCs. This distinction cannot 

be captured in Matrigel alone, therefore emphasizing the need for a synthetic, modular 

ECM. Among genes near equally enriched in all three ECMs, as compared to Matrigel, 

cytoskeletal gene vimentin (VIM) was significantly upregulated for all 3 ECM ligands 

(Figure 5D). Vimentin is an intermediate filament protein that forms networks extending 

from a juxtanuclear cage to the cell periphery. Using confocal microscopy, we observed that 

Vimentin was upregulated at the protein level in REDV-functionalized hydrogels than in 

Matrigel and localized near the nucleus (Figure 5E).

2.9. Dopamine Receptor D2 (DRD2) as a Novel Therapeutic for CRPC-NEPCs

To identify a potential new targeted therapy, we hypothesized that differentiation to a 

neuroendocrine phenotype would result in a greater expression of genes associated with a 

neural lineage. RNA sequencing analysis in patient tumors revealed that Dopamine Receptor 

D2 (DRD2) was significantly upregulated in CRPC-NEPC patients than CRPC-Adeno 

patients and benign tissues (Figure 6A). Neuroendocrine cancers upregulate DRD2, and 

its targeting has emerged as a promising therapy in the treatment of glioma.[50] However, 

DRD2’s comparative presence in CRPC-NEPC and CRPC-Adeno is not well understood. 

Before testing the ECM effect, we confirmed a high expression of DRD2 among the 

OWCM-155 cells grown in PEG-4MAL hydrogel-based organoids and Matrigel organoids 

(Figure 6B). In contrast, OWCM-1358 cells did not express DRD2 among any synthetic 

ECM conditions or Matrigel (Figure 6B).

As a potential therapeutic strategy targeting DRD2, we tested emerging therapeutics, 

imipridone, anti-cancer compounds that possess a three-ring heterocyclic core structure 

with two substitutable amines. We specifically tested two emerging small molecule 

inhibitors ONC201 and ONC206. ONC201 (benzyl-benzylmethyl-imipridone or 1,2,6,7,8,9-

hexahydroimidazo[1,2-a] pyrido[3,4-e]pyrimidin-5(4H)-one) is a small molecule discovered 

through a phenotypic screen for p53-independent inducers of TRAIL-mediated apoptosis—

currently in Phase II and Phase I clinical trials for high-grade glioma, with an emphasis 

in diffuse midline glioma. Using a Bayesian machine-learning approach, we had recently 

identified that the ONC201 binding target is DRD2,[51] and the drug is in Phase I clinical 

trial with solid glioma tumors, which express high DRD2.[50] ONC201 has also shown that 

it is effective against certain subtypes of glioma. It is currently in two Phase II clinical 
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trials[50] and being tested in metastatic neuroendocrine tumors [ClinicalTrials.gov Identifier: 

NCT03034200]. Similarly, ONC206 (benzyl-flurobenzyl impridone) is an imipridone with 

highly potent activity in preclinical models of neuroendocrine tumors. Imipridones have 

shown high bioavailability and an excellent clinical safety profile and, therefore, a promising 

neuroendocrine tumor approach. Although ONC201 has been tested with hormone-sensitive 

prostate cancers,[52] the effect of ECM on the efficacy of ONC201 and ONC206 in CRPC-

NEPC remains to be explored.

We first performed high-content imaging to characterize the morphological response of 

organoids to the DRD2 antagonist (Figure 6C). Among OWCM-155 tumors grown in 

Matrigel and RGD-functionalized PEG-4MAL hydrogels, we observed no response to 

ONC201 and ONC206 drug treatment. However, organoids in both REDV and GFOGER-

functionalized hydrogels had a significantly smaller cluster area after treatment with either 

ONC201 or ONC206. Intriguingly, since DRD2 can act on cytoskeleton inhibition through 

microtubules,[51] we examined the changes in actin symmetry after the addition of the 

DRD2 antagonist. A comparison of maximum intensity projections yielded that among 

organoids grown in Matrigel and RGD-based hydrogels, cell clusters maintained their 

actin cytoskeletal structure (Figure 6D). On the other hand, organoids grown in REDV 

matrices treated with DRD2 antagonists were notably less symmetrical, with a partial 

loss of underlying actin structure (Figure 6D). We observed a strong correlation between 

ECM-binding integrins and DRD2 expression among PEG-4MAL hydrogel-based organoids 

in RNA sequencing results (Figure 6E), suggesting that the ECM mimicking peptides may 

have impacted the interactions between DRD2 and the corresponding ECM genes.

We tested whether the synthetic ECM matrices could impact the anti-tumor response 

to ONC201 and ONC206. Using a metabolism-based luminescent assay, we determined 

that drug treatment up to supraphysiological doses failed to kill cells in Matrigel or RGD-

functionalized PEG-4MAL hydrogels. In contrast, cells grown in GFOGER-functionalized 

PEG-4MAL hydrogels showed susceptibility to treatment at sub-micromolar doses, among 

both ONC201 and ONC206 treatment (Figure 6F, Figure S14, Supporting Information). 

We next hypothesized that EZH2 mediates the link between ECM sensing and response 

to therapeutics. We disrupted EZH2 by pre-treatment with EZH2i GSK343 for five days 

and observed that PEG-4MAL-based RGD-functionalized organoids became susceptible 

to DRD2 inhibition, while cells grown in Matrigel organoids remained less responsive 

to ONC201. A comparison of area under the curve suggested low tumor growth under 

GFOGER and drug conditions (Figure 6F), and a synergistic effect of EZH2i and DRD2 

in both GFOGER and RGD conditions, but not Matrigel. We tested whether the EZH2i 

mediated reprogramming was also observed with other drugs reported in prostate cancer 

treatment, Cabazitaxel and Trametinib. We found that the single-agent treatment with 

Cabazitaxel and Trametinib was ECM-type dependent (Figure 6G). The combinatorial effect 

with EZH2i was more significantly effective in GFOGER conditions than RGD or Matrigel. 

These findings underscore the importance of engaging defined ECM with tumor cells and 

synergistic epigenetic targeting in the treatment of CRPC-NEPCs.

Finally, to establish the in vivo efficacy of DRD2 as a novel therapeutic target for CRPC-

NEPCs, we performed in vivo studies by subcutaneously engrafting the CRPC-NEPC 
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patient tumors in immunodeficient mice. For xenograft propagation, tumors were harvested 

from an established PDX developed from OWCM-154 tumors. Subsequently, 4 tumor 

fragments, each measuring 2 mm × 2 mm × 2 mm, were transplanted subcutaneously into 

the flank of seven-week old male nude mice. Once the subcutaneous tumors reached a 

volume of ≈150 mm3, mice were randomized into 2 treatment groups, ONC201 and vehicle 

(n = 5 each). ONC201 was administered at 125 mg kg−1 diluted in PBS once a week by 

oral gavage for a total of 5 weeks after which the mice were humanly euthanized. Mouse 

weight was monitored throughout the experiment. Mice receiving the PBS control had 

markedly large tumors and significantly larger tumor volume as compared to mice receiving 

ONC-201 treatment (Figure 7A–C). The area under the curve was significantly smaller for 

the ONC-201 treatment group (9272 ± 670) as compared to the control PBS group (15 632 ± 

1500) (Figure 7C).

3. Conclusion

A major hurdle in the study of CRPC-NEPC tumors is a lack of existing preclinical 

models and very few CRPC-NEPC organoids exist. In this work, we have engineered 

synthetic hydrogel-based ECM to grow CRPC-NEPC and CRPC-Adeno organoids. The 

synthetic ECM was bioinspired from patient tumor tissue proteomics, spatial omics, 

immunohistochemistry, and transcriptomics data. In contrast to Matrigel, we demonstrated 

that bioengineered ECM regulated the growth, EZH2 expression, and its activity, DNA 

methylation status and mobilized distinct genes in CRPC-NEPC, which could correlate 

with differences in therapeutic drug responses. These findings suggest that distinct ECM 

components can differentially regulate gene expression and DNA methylation. Using these 

synthetic PEG-4MAL hydrogel-grown organoids, we have identified a potential therapeutic 

target, DRD2 inhibitor ONC-201, for CRPC-NEPC and elucidated how ECM-integrin 

interactions can render these tumors susceptible to EZH2 and DRD2 antagonist activity. 

We anticipate that this work will motivate future efforts to study long-term responses in 

the ECM-specific TME and incorporate other cell-based factors, including cancer-associated 

fibroblasts, immune cells, and stromal cells. We further anticipate that the PEG-4MAL 

organoids will improve the success rate of deriving patient organoids from patients’ primary 

tumors, which currently remain at 16% (4/25) with Matrigel.[14]

4. Experimental Section

Proteomics Analysis:

Prostate cancer tissue processing and mass spectrometric analysis were performed as 

reported earlier with minor modifications.[53] Briefly, tissues were homogenized, and protein 

was extracted using 9M urea. After extraction, protein samples were subjected to reduction 

with DTT (Sigma) and alkylation with iodoacetamide (Sigma) before overnight digestion 

with Trypsin (Gibco) at 37 °C. The resulting peptides were desalted and labeled with the 

tandem mass tag (TMT) reagents according to the manufacturer’s protocol (catalog no. 90 

110, Thermo Fisher Scientific). Labeled peptides were mixed and desalted before peptide 

fractionation by high-pH reverse phase chromatography to obtain 12 fractions. About 5% 

of each fraction was desalted and used for protein expression profiling, and 95% was used 
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for phosphopeptide enrichment by titanium dioxide (TiO2). These fractions were analyzed 

by Liquid Chromatography with tandem mass spectrometry (LC-MS). For the LC-MS 

data acquisition, a Thermo Fisher Scientific EASY-nLC 1200 coupled online to a Fusion 

Lumos mass spectrometer was used. Buffer A (0.1% formic acid in water) and buffer B 

(0.1% formic acid in 80% acetonitrile) were used as mobile phases for gradient separation. 

A 75 μm I.D. column (ReproSil-Pur C18-AQ, 3 μm, Dr. Maisch GmbH, German) was 

packed in-house for peptides separation. Peptides were separated with a gradient of 5–10% 

buffer B over 1 min, 10%−35% buffer B over 110 min, and 35%−100% B over 10 min 

at a flow rate of 300 nL min−1. The Fusion Lumos mass spectrometer was operated in 

data-dependent mode. Full MS scans were acquired in the Orbitrap mass analyzer over a 

range of 400–1500 m/z with a resolution of 120 000 at m/z 200. The top 15 most abundant 

precursors were selected with an isolation window of 0.7 Thomson and fragmented by 

higher-energy collisional dissociation with a normalized collision energy of 40. MS/MS 

scans were acquired in the Orbitrap mass analyzer. The automatic gain control target value 

was 1 × 106 for full scans, and 5 × 104 for MS/MS scans, respectively, and the maximum ion 

injection time was 54 ms for both.

The raw data files were processed for protein identification using the MaxQuant[54] 

computational proteomics platform version 1.6.1.0 (Max Planck Institute, Munich, 

Germany). The fragmentation spectra were used to search for the UniProt human 

protein database (downloaded September 21, 2017). Oxidation of methionine and protein 

N-terminal acetylation were used as variable modifications for database searching. 

Phosphorylation on serine, threonine, and tyrosine was also used as a variable modification 

for the phosphopeptide analysis. The precursor and fragment mass tolerances were set to 7 

and 20 ppm, respectively. Both peptide and protein identifications were filtered at a 1% false 

discovery rate based on a decoy search using a database with the protein sequences reversed.

Patient Cohort Description, Pathology Classification, and Organoid Development:

Fresh tumor biopsy specimens were obtained and processed into organoids, as outlined 

in the previous work.[14] Briefly, discarded biopsy specimens were obtained through a 

next-generation sequencing-based clinical study[55,56] approved by the Institutional Review 

Board at Weill Cornell Medicine (IRB #1305013903). Pathologists reviewed all hematoxylin 

and eosin-stained and immunohistochemistry slides. Histologic criteria were from the 

proposed classification of prostate cancer with neuroendocrine differentiation.[8]

For tissue processing and development, the pipeline outlined in the previously established 

work was followed again.[14] Fresh biopsy samples were isolated and placed in DMEM 

(Invitrogen) supplemented with GlutaMAX (1×, Invitrogen), 100 U Lml−1, 100 μg mL−1 

streptomycin (Gibco), Primocin 100 μg mL−1 (InvivoGen), and 10 μmol L−1 ROCK 

inhibitor (Selleck Chemical Inc.). Tissue samples were washed 2×, and the tissue was then 

enzymatically digested in 250 U mL−1 collagenase IV (Life Technologies) and TrypLE 

Express (Gibco) in a 1:2 ratio. Incubation time was dependent on the amount of tissue, 

ranging from 30–90 min.

After digestion, tissue fragments were washed in Advanced DMEM/ F12 and centrifuged 

at 300 rcf for 3 min. The pellet was resuspended with prostate-specific culture media 
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composed of Advanced DMEM (Invitrogen) with GlutaMAX (1×, Invitrogen), 100 U mL−1 

penicillin, 100 μg mL−1 streptomycin (Gibco), Primocin 100 μg mL−1 (Invitrogen), B27 

(Gibco), N-acetylcysteine 1.25 × 10−3 M (Sigma-Aldrich), Mouse Recombinant EGF 50 ng 

mL−1 (Invitrogen), Human Recombinant FGF-10 20 ng mL−1 (Peprotech), Recombinant 

Human FGF-basic 1 ng mL−1 (Peprotech), A-83–01 500 × 10−9 M (Tocris), SB202190 

10 × 10−6 M (Sigma-Aldrich), Nicotinamide 10 × 10−3 M (Sigma-Aldrich), (DiHydro) 

Testosterone 1 × 10−9 M (Sigma-Aldrich), PGE2 1 × 10−6 M (R&D Systems), Noggin 

conditioned media (5%), and R-spondin conditioned media (5%). The final resuspended 

pellet was combined with Matrigel (Corning) in a 1:2 volume Matrigel, with 6 50 μL 

droplets pipetted onto each well of a six-well suspension culture plate (Sarstedt LTD). 

The plate was then incubated for 30 min at 37 °C to crosslink Matrigel before 3 mL of 

media was added to each well. The culture was replenished with fresh media changed twice 

a week. Throughout prostate organoid development, cultures were screened for various 

Mycoplasma strains using the MycoAlert Kit (Lonza) and confirmed negative before being 

used for experimental assays.

Immunohistochemistry and Scoring:

Immunohistochemistry (IHC) for Integrin Alpha-2 (ITGA-2), CD29, Synaptophysin (SYN), 

and NKX3.1 was performed on 4 μm-thick unstained slides using the following primary 

antibodies: monoclonal rabbit anti-ITGA-1 EPR5788 (Abcam, Cambridge, MA, USA), 

monoclonal rabbit anti-CD29 (EP1041Y Epitomics, Cambridge, MA), monoclonal mouse 

anti-Synaptophysin 27G12 (Leica, Buffalo Grove, IL, USA), and polyclonal rabbit anti-

NKX3.1 (Biocare Medical, Pacheco, CA, USA). IHC was performed on the BenchMark 

ULTRA automated staining system (Leica Bond Systems, Inc.). IHC scores were given 

based on intensity: weak (1+), moderate (2+), or intense (3+), and extent: local, multifocal, 

or diffuse. At least 5% of positive tumor cells were considered positive. Positive and 

negative controls were included in each run.

Development of PEG-4MAL Hydrogel Organoids of Prostate Cancer:

To engineer synthetic hydrogel-based organoids using a four-arm PEG-4MAL (MW 22 

000, Laysan Bio, Inc., >90% purity), the PEG-4MAL macromers were functionalized with 

adhesive peptides and crosslinked using di-thiolated crosslinkers as reported earlier.[33] 

The following single thiol adhesive peptides were used: RGD (GRGDSPC), GFOGER 

(GYGGGP(GPP)5GFOGER(GPP)5GPC), REDV (GREDVSPC), all purchased from Apptec 

Peptides. Dilithiolated crosslinker peptide VPM: GCRDVPMSMRGGDRCG was purchased 

from Apptec Peptides. PEG-4MAL was dissolved in HEPES buffer at a 20 × 10−3 M 

concentration and functionalized with bioadhesive peptides RGD, REDV, or GFOGER 

(in HEPES at a 10.0 × 10−3 M concentration to achieve a 5× final ligand density) with 

at a 4:1 macromer-to-peptide ratio. The PEG-4MAL macromers were crosslinked with 

di-thiolated MMP-degradable VPM (GCRDVPMSMRGGDRCG) peptide and a mixture of 

nondegradable DTT at a defined ratio and a 4:1.5 macromer-to-crosslinker molar ratio at 

37 °C and 7.4 pH. The final peptide concentration of adhesive peptides in PEG hydrogels 

was 3 × 10−3 M. OWCM-155, OWCM-154, and OWCM-1358 cells grown in Matrigel 

were isolated at passage 25–27, as described earlier,[14] and re-encapsulated in PEG-4MAL 

hydrogels, followed by culture in the prostate cancer media conditions. The OWCM-155 and 

Mosquera et al. Page 18

Adv Mater. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OWCM-154 were previously established[14] and OWCM-1358 was the newly established 

Matrigel organoid in the current study.

RNA Sequencing and Analysis of Synthetic Hydrogel-Based Organoids:

RNA-sequencing and data processing of synthetic organoids was performed according to 

the protocol described earlier.[7,57] Briefly, RNA was extracted from frozen material for 

RNA-sequencing (RNA-seq) using the Promega Maxwell 16 MDx instrument, (Maxwell 

16 LEV simplyRNA Tissue Kit (cat. # AS1280)). Specimens were prepared for RNA 

sequencing using TruSeq RNA Library Preparation Kit v2. RNA integrity was verified using 

the Agilent Bioanalyzer 2100 (Agilent Technologies). cDNA was synthesized from total 

RNA using Superscript III (Invitrogen). Sequencing was then performed on GAII, HiSeq 

2000, or HiSeq 2500.[7,57] All reads were independently aligned with STAR_2.4.0f1[58] 

for sequence alignment against the human genome sequence build hg19, downloaded via 

the UCSC genome browser (http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/), and 

SAMTOOLS v0.1.19[59] for sorting and indexing reads. Cufflinks (2.0.2)[60] was used to 

estimate the expression values (FPKMS), and GENCODE v19[61] GTF file for annotation. 

Rstudio (1.0.136) with R (v3.3.2) and ggplot2 (2.2.1) was used for the statistical analysis. 

The gene counts from htseq-count[62] and DESeq2 Bioconductor package[63] were used to 

identify differentially expressed genes. The hypergeometric test and GSEA[64] were used to 

identify enriched signatures using the different pathways collection in the MSigDB database.
[65,66] The GSEA pre-ranked method from GSEA was used for the purpose.

Nanostring Analysis:

Molecular characterization was completed on both patient samples and organoids. A 

targeted gene panel described previously was utilized.[67] Briefly, a targeted gene panel 

was utilized for this study using the NanoString nCounter that was applied to FFPE, biopsy, 

and RP tissues with limited RNA input requirement (<300 ng). The gene panel included 163 

genes based on known or potential roles in prostate cancer progression. Raw data counts 

were normalized using the nSolver analysis software version 2.0, which normalizes samples 

according to positive and negative control probes. The edgeR package was used to determine 

genes that were differentially expressed when comparing the treated and untreated cases. 

The differentially expressed genes were identified by fitting a generalized linear cluster 

model, comparing specimens between disease subtypes. Hierarchical clustering in edgeR 

library package distance was used.

Flow Cytometry, Immunohistochemistry, and Microscopy:

Tissue sections of patient samples were obtained from the Translational Research 

Program at Weill Cornell Medicine, previously collected under IRB#1305013903. 

Immunohistochemistry was performed on deparaffinized FFPE sections (organoid, 

xenograft, or patient tissue) using a Bond III automated immunostainer (Leica 

Microsystems, IL, USA). Heat-mediated antigen retrieval was performed using the Bond 

Epitope Retrieval solution 1 (ER1) at pH 6 or 2 (ER2) at pH9. EZH2 antibody was used at a 

1:20 dilution (clone 11/EZH2, BD Biosciences, CA, USA; ER1, 1:20 dilution.)
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For flow cytometry analysis, organoids were digested in TrypLE (Gibco) for Matrigel or 

collagenase (Worthington Biomedical) for PEG-4MAL. After digestion, cells were spun 

down at 400× to attain single-cell suspensions. Cells were subsequently blocked for half 

an hour in PBS with 1% BSA (Sigma). Cells were subsequently washed (400×) and 

resuspended in FACS buffer. After an hour of incubation on ice, cells were washed 3× 

before being analyzed on an Accuri C6 flow cytometer (Becton Dickinson). Flow cytometry 

analysis was performed using FlowJo (Treestar). All antibodies or their fluorophore 

variations were used in these studies at a 1:250 dilution. The list of antibodies, clones, 

and vendors is available in Figure S15, Supporting Information.

For confocal imaging, cells were seeded onto a glass-bottom coverslip (Matsunami). After 

culture for seven days to allow organoids to grow, dishes were carefully washed 3× 

with PBS. Cells were fixed with 4% PFA for 30 min, and organoids were then stained 

with Phalloidin (40× dilution) for 40 min on ice. Organoids were then permeabilized by 

incubation with 0.5% Triton x-100 in PBS for 30 min, with a subsequent 3× wash in PBS. 

Organoids were then incubated with primary antibody for 60 min, washed 3×, and then 

incubated with secondary antibody for a subsequent 60 min. Finally, organoids were stained 

with DAPI for ten min. Cells were imaged on an LSM 710 microscope (Zeiss).

For high-content imaging, cells were stained as indicated above except on a 96-well glass-

bottom plate (X) and imaged using Operetta CLS High-Content Analysis System. Organoid 

clusters were identified and analysis was performed using Harmony High-Content Imaging 

and Analysis Software v4.9. Downstream analysis of organoid readouts was performed in 

Excel and Graphpad Prism 8 (Graphpad).

Human Prostate Cancer Tissue and Second-Harmonic Generation (SHG) in Collagen:

NEPC and CRPC tissues from patients were screened for this study. The tissue samples were 

embedded in paraffin, sectioned at a thickness of 5 μm, and stained with Synaptophysin 

(SYP). Optical images of the tissue immunostaining were acquired by scanning the slides in 

the Leica Aperio AT2 brightfield slide scanner at 40× magnification.

The SHG of tissue samples were imaged on a deparaffinized unstained slide using a two-

photon microscope (Leica SP8 with DIVE optics, Wetzlar, Germany). The sample was 

excited at 780 nm using a Mai Tai DeepSee femtosecond pulsed laser tunable between 

690–1040 nm (Spectra-Physics, Milpitas, CA). The SHG signal from collagen was detected 

at a wavelength range of 380–407 nm. Images were acquired with either a 5×/0.15 numerical 

aperture (NA) or 10×/0.4 NA dry objective. Autofluorescence images were acquired for 

reference between 443–561 nm.

Drug Treatment Studies:

For drug treatment studies, organoids were seeded into either Matrigel or a PEG-4MAL 

hydrogel. Study timelines were defined as per the drug mechanism of action and previous 

work.[14] For EZH2 studies, the organoids were allowed to grow for two days, followed 

by treatment with EZH2 inhibitor GSK343 at a concentration of 3 × 10−6 M, according to 

the previously established EC50 in Matrigel organoids. The organoids were grown further 

for five days, and proliferation was quantified using a CellTiterGlo-3D assay (Promega). A 
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more extended incubation period (5 days) with an EZH2 inhibitor was necessary to facilitate 

the cells’ epigenetic reprogramming. CellTiterGlo-3D was added to the organoid culture at a 

1:1 ratio with media, and after 30 min, luminescence was evaluated using a Biotek Synergy 

H4 plate reader.

For DRD2 antagonist studies, cells were grown for five days and added DRD2 antagonists 

pre-determined concentrations according to a sixfold dilution, and incubated for two more 

days. For luminescence studies, a similar protocol was used as described for the EZH2 

studies. For high-content imaging, cells were stained with phalloidin and DAPI as described 

above and imaged them on Perkin Elmer Operetta CLS High-Content Analysis System 

(PerkinElmer). For synergistic studies, organoids were grown for two days, without any 

drug, followed by the addition of EZH2i (GSK343) for five days, and finally, the DRD2 

antagonist was added for two days and quantified luminescence.

Reduced-Representation Bisulfite Sequencing (RRBS-Seq):

For DNA Methylation studies, 24 PEG-4MAL hydrogels of 125 μL each with 1000 cell 

μL−1 were fabricated. For Matrigel organoids, 30 droplets of 100 μL each with 1000 cell 

μL−1 were fabricated. The organoids were allowed to grow for 10 days and the cells were 

then extracted from the Matrigel using Gibco TryplE Express (Cat #12 605 028) and from 

the PEG-4MAL gels using 125 U mL−1 Collagenase IV (Cat # 17104–019) solution in 

media. The organoid cell pellets were processed using the Omega Mag-Bind Blood & Tissue 

DNA HDQ kit (M6399–01), using the standard cell pellet protocol. Briefly, cells were 

resuspended in 180 μL ice-cold PBS and the standard protocol was followed as per the 

manufacturer.

RRBS data were aligned to the bisulfite-converted hg19 reference genome using Bismark. 

Promoters were defined as the regions encompassing 2 kb upstream and downstream of 

the transcription start site (TSS) of UCSC genes. Only promoters with a minimum of 5 

CpGs covered by at least 10 reads were included in the analysis. Promoter methylation was 

calculated by averaging the methylation levels of inside CpGs. Genes were ranked based on 

the standard deviation of promoter methylation across all the samples. Top 500 genes were 

selected to generate the plots of principal component analysis (PCA), Pearson correlation 

matrix, and hierarchical clustering.

In Vivo PDX Studies:

For xenograft propagation, established PDX developed from OWCM-154 tumors were 

prepared as 4 tumor fragments, each measuring 2 mm × 2 mm × 2 mm, and transplanted 

subcutaneously into the flank of seven-week old male nude mice. Once the subcutaneous 

tumors reached a volume of ≈150 mm3, mice were randomized into 2 treatment groups, 

ONC201 and vehicle. Five mice per group were used. DRD2 inhibitor ONC201 was 

administered at 125 mg kg−1 diluted in PBS once a week by oral gavage for a total of 

5 weeks after which the mice were humanly euthanized. Mouse weight was monitored 

throughout the experiment. Animal care and experiments were carried out following Weill 

Cornell Medicine’s IACUC guidelines.
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Statistical Analysis:

Graphpad Prism 8.0 (Graphpad) was used to perform all statistical analyses, and 

experimental conditions and analysis are detailed in figure captions. All groups were 

compared by a one-way ANOVA or a two-way ANOVA, with a posthoc Tukey’s test. In 

select studies, a t-test was performed. In all studies, significance is defined as *p < 0.05, **p 
< 0.01, ***p < 0.001, and ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proteomic, transcriptomic, and spatial omic analysis of patient tumors and establishment 

of CRPC-Adeno Matrigel organoids. A) Mass spectrometry analysis of ECM components 

(left) and integrin signaling-related components (right) in primary CRPC-Adeno tumors 

relative to adjacent normal tissue (average of n = 3). B) RNA-seq transcriptomic analysis of 

ECM components and integrins in CRPC-Adeno and CRPC-NEPC patient tumor biopsies, 

as compared to benign tissues (n = 74 CRPC-Adeno, n = 37 CRPC-NEPC, n = 31 

benign samples). Data presented as mean ± SEM. C) Multiplexed single-cell spatial omics 

RNA analysis of prostate tumors. Left column: Immunostaining of EZH2 on CRPC-NEPC 

prostate tumors. Zoomed in images of single-cell EZH2 distributions (green) in the second 

and third rows. Right column: FISH based detection of single COL1A1 and β-actin RNA 

molecules in the same area of the CRPC-NEPC prostate tumors using a FISH signal 

amplification assay, HCR. Zoomed-in images of single-cell RNA distributions of COL1A1 
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(yellow) and β-actin (magenta) in the second and third rows. Data representative of two 

patient biopsies. D) SHG microscopy images of collagen fibers in CRPC-NEPC tissues. 

The tissue samples were embedded in paraffin and stained with Synaptophysin (SYP). 

The SHG of tissue samples were imaged on a deparaffinized unstained slide using a two-

photon microscope. Data representative of two patient biopsies. E) IHC staining of CRPC-

NEPC and CRPC-Adeno patient biopsies. SYP and NKX3.1 staining for CRPC-NEPC 

and CRPC-Adeno, respectively, and expression of integrin α2 and β1. Data representative 

of two patient biopsies. F) Development and characterization of a new CRPC-Adeno 

organoid (OWCM-1358) from a patient tumor biopsy. Nanostring analysis of hallmark gene 

expression in multiple metastatic sites and derived Matrigel organoids. G) H&E and IHC 

staining of CRPC-Adeno patient and OWCM-1358 Matrigel organoid that demonstrated 

CRPC-Adeno gene signature. H) Nanostring-based comparative analysis of prostate cancer-

associated genes among CRPC-Adeno (OWCM-1358) and CRPC-NEPC Matrigel organoids 

(OWCM-154, OWCM-155). I) IHC staining of CRPC-NEPC and CRPC-Adeno Matrigel 

organoids. SYP and NKX3.1 staining for CRPC-NEPC and CRPC-Adeno, respectively, and 

expression of integrin α2 and β1. Data representative of two samples.
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Figure 2. 
Development and characterization of PEG-4MAL-based synthetic hydrogels to grow 

prostate cancer organoids. A) Schematic of prostate tumor tissue processing, Matrigel 

organoid derivation of primary tumors, and serial implantation into ECM-specific 

PEG-4MAL hydrogels. B) RNA-seq transcriptomic analysis of the patient cohort for matrix 

MMPs (n = 74 CRPC-Adeno, n = 37 CRPC-NEPC, n = 31 benign samples). Data presented 

as mean ± S.E.M. C) Growth of DU145 prostate cells in PEG-4MAL organoids with varying 

VPM:DTT ratios (n = 5). Data presented as mean ± S.E.M. D) AR gene expression in 

CRPC-Adeno (OWCM-1358) and CRPC-NEPC (OWCM-155) organoids of Matrigel and 

PEG-4MAL (n = 3 per condition). Data presented as mean ± S.E.M. E) Phase-contrast 

image of Matrigel and PEG-4MAL organoids and quantified organoid cluster area from 

confocal microscopy. Each plot represents 3 hydrogels. Data presented as mean ± S.E.M. 

F) Growth of OWCM-155 cells under Matrigel and defined ECM conditions (n = 3). Data 
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presented as mean ± S.E.M. G) Representative confocal imaging of organoid morphology 

across ECM conditions (DAPI: purple, actin: green). H) Actin symmetry index across 

organoid ECM conditions from high-content imaging (CRPC-NEPC: Matrigel n = 128, 

GFOGER n = 32, REDV n = 26, RGD n = 20; CRPC-Adeno: Matrigel n = 45, GFOGER 

n = 38, REDV n = 17, RGD n = 23 cell clusters). The box plots show mean (+), median, 

quartiles (boxes), and range (whiskers). I) Correlation between DAPI and Actin symmetry 

between Matrigel and GFOGER organoids (Matrigel n = 128, GFOGER n = 32, REDV n 
= 26, RGD n = 20 cell clusters). J) Texture analysis of actin morphology among organoids. 

The box plots show mean, median, quartiles (boxes), and range (whiskers). K) Actin 

symmetry index across organoid stiffness and ECM conditions from high-content imaging. 

The box plots show mean, median, quartiles (boxes), and range (whiskers). For (C), an 

unpaired t-test was performed. For all remaining comparisons, groups were compared by a 

one-way analysis of variance (ANOVA), with posthoc Tukey’s test. For *p < 0.05, **p < 

0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 3. 
Synthetic ECM regulates EZH2 expression and therapeutic response to EZH2 inhibitor 

in CRPC-NEPC organoids. A) IHC staining demonstrating EZH2 expression in benign 

prostate, CRPC-Adeno, and CRPC-NEPC patient tumor biopsies. Comparative EZH2 levels 

in OWCM-155 (CRPC-NEPC) Matrigel organoids. B) Flow cytometry analysis of EZH2 

and H3k27Me3 expression across OWCM-154 (CRPC-NEPC) organoid conditions (n = 5 

per condition). Box plots show mean, median, quartiles (boxes), and range (whiskers). For 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. C) Flow cytometry analysis 

of H3k27Me3 expression across organoid conditions (n = 5 per condition). Box plots 

show mean, median, quartiles (boxes), and range (whiskers). For *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. D) Integrin and EZH2 gene expression correlation 

matrices for CRPC-NEPC and CRPC-Adeno organoids. Average of n = 3. E) Fold change 

in OWCM-155organoid growth area under treatment with an EZH2i GSK343 (Matrigel 
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n = 19, Matrigel+EZH2i n = 14, GFOGER n = 12, GFOGER+EZH2i n = 6, REDV n 
= 25, REDV+EZH2i n = 31, RGD n = 11, RGD+EZH2i n = 10). A two-tailed t-test 

evaluated each treated and untreated comparison with *p < 0.05 and ****p < 0.0001. 

The box plots show mean, median, quartiles (boxes), and range (whiskers). F) Actin 

symmetry index from high-content imaging (Matrigel n = 128, Matrigel+EZH2i n = 49, 

GFOGER 7% n = 32, GFOGER 7%+EZH2i n = 27, GFOGER 10%+EZH2i n = 32, 

GFOGER 10%+EZH2i n = 11). The box plots show mean, median, quartiles (boxes), and 

range (whiskers). G) Representative images of organoids from high-content imaging under 

EZH2 inhibition and untreated conditions. (Purple: EZH2, blue: DAPI, green: actin). H,I) 

Percentage H3K27Me3+ cells (H) and expression level of H3k27Me3 (I) under ROCKi 

Y27632 conditions. The flow cytometry plots represent gating strategy (H) and histogram 

overlay represents a shift in the H3k27Me3 signal (I). Data are presented as mean ± S.E.M. 

An unpaired two-tailed t-test was performed for (H) and (I). For all other comparisons, a 

one-way ANOVA, with posthoc Tukey’s test was performed with *p < 0.05, **p < 0.01.
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Figure 4. 
ECM-dependent differential DNA methylation and gene mobilization in Peg-4MAL 

hydrogel-based prostate cancer organoids. A) Heirchial clustering heatmap of the DNA 

methylation levels of the top 100 most variable promoters of methylation. Genes were 

ranked based on the standard deviation of promoter methylation across all the samples. 

Data represent pooled cells from 24 PEG-4MAL hydrogel-based organoids and 30 Matrigel 

organoids. B) Pearson correlation of methylation profiles between patient samples and 

organoids. The numbers represent pair-wise Pearson correlation coefficients between each 

pair. Promoter methylation was calculated by averaging the methylation levels of inside 

CpGs. C) PCA for gene expression in organoids compared to primary patient tumors 

CRPC-NEPC, CRPC-Adeno, and localized prostate adenocarcinoma PCa. D) Heatmap of 

differentially expressed genes in CRPC-NEPC OWCM-155 and CRPC-Adeno OWCM-1358 

cultured across GFOGER, RGD, and REDV-functionalized PEG-4MAL hydrogel and 
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normalized to Matrigel. Data represent an average of 3 organoids per condition. Yellow 

(high), blue (low). E) Number of differentially expressed unique genes in OWCM-155 and 

OWCM-1358 tumors grown in PEG-4MAL organoids relative to Matrigel. Data represent 

an average of 3 organoids per condition. F) Unique genes expressed by OWCM-155 tumors 

grown in GFOGER hydrogels. Blue indicates genes that are related to cell adhesion or 

cytoskeletal pathways. G) Unique genes expressed by OWCM-155 tumors grown in RGD 

hydrogels. The blue bars indicate genes that are related to cell adhesion or cytoskeletal 

pathways. The data represent an average of 3 organoids per condition.
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Figure 5. 
ECM in synthetic hydrogels drives a transcriptionally distinct phenotype. A) Cumulative 

enrichment plot of CRPC-NEPC OWCM-155 grown in PEG-4MAL organoids. B) False 

discovery rate q-values of GSEA pathways. All samples were compared to Matrigel, 

and a q-value below 0.25 is considered significant. C) Heat maps of pathway-specific 

enriched genes for OWCM-155 tumors grown in RGD, REDV, and GFOGER-functionalized 

PEG-4MAL hydrogels. Heat map values are relative to Matrigel. All sequencing data 

presented here were generated from whole transcriptome sequencing of n = 3 organoids 

per condition. D) Expression of Vimentin in CRPC-NEPC tumors grown in PEG-4MAL 

hydrogel-based organoids. E) Representative confocal imaging of Matrigel and REDV 

organoids for Vimentin (red), DAPI (blue), and Actin (green).
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Figure 6. 
Dopamine Receptor 2 as a single agent and combinatorial therapeutic target in CRPC-

NEPC. A) Transcriptomic expression of Dopamine Receptor 2 (DRD2) gene across disease 

progression from the patient cohort (n = 31 Benign, n = 74 CRPC-Adeno, n = 37 

CRPC-NEPC). A one-way ANOVA compared all groups with a posthoc Tukey’s test 

with ****p < 0.0001. B) DRD2 gene expression in PEG-4MAL and Matrigel prostate 

organoids (n = 3 per condition). C) Fold change in the organoid growth area, determined 

by high-content imaging of cultures grown under DRD2 inhibition conditions. A one-way 

ANOVA, with posthoc Tukey’s test with **p < 0.01, ***p < 0.001, and ****p < 0.0001 

was used for comparison. D) Left, representative high-content imaging of Matrigel and 

PEG-4MAL organoid architecture, cultured with ONC201. (DAPI: blue, Actin: green). 

Right, quantification of actin symmetry of organoids under DRD2 antagonist treatment. 

Treated groups were compared to untreated controls by a one-way ANOVA, with posthoc 

Mosquera et al. Page 35

Adv Mater. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tukey’s test with **p < 0.01, ***p < 0.001, and ***p < 0.0001. E) Correlation heatmap of 

transcriptomic expression of DRD2 signal with genes differentially expressed by synthetic 

organoids (n = 3 per condition). F) Drug response curves for ONC201 treatment with 

and without EZH2 inhibitor, GSK343 (n = 5 per condition). Each growth condition was 

normalized to untreated conditions for that group. G) Drug response for Cabazitaxel 

and Trametinib single-agent treatment and with the EZH2 inhibitor, GSK343 (n = 5 per 

condition). A one-way ANOVA, with posthoc Tukey’s test with **p < 0.01, ***p < 0.001, 

and ****p < 0.0001 was used for comparison.
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Figure 7. 
DRD2 inhibitor ONC-201 reduces tumor volume in the PDX-engrafted nude mouse model 

of CRPC-NEPC. A) Representative images of mice bearing tumors obtained at week 5. PDX 

line developed from OWCM-154 Matrigel organoids were transplanted subcutaneously into 

the flank of male nude mice and once the tumors reached a volume of ≈150 mm3, mice 

were randomized into treatment groups (n = 5 each), with ONC-201 administered at 125 

mg kg−1 once a week by oral gavage for a total of 5 weeks. B) Representative images of 

tumors harvested from mice at week 5. C) Tumor volume curves for nude mice implanted 

with CRPC-NEPC OWCM-154 PDX tumors and weekly treated with Saline or ONC-201 

(125 mg kg−1, oral) continuously until they reached the study endpoint (n = 5). D) Average 

area under the curves for the CRPC-NEPC OWCM-154 PDX-engrafted nude mice in the 

different treatment groups (n = 5).
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