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Abstract
Background Disseminated tumor cells (DTCs) can enter a dormant state and cause no symptoms in cancer patients. 
On the other hand, the dormant DTCs can reactivate and cause metastases progression and lethal relapses. In prostate 
cancer (PCa), relapse can happen after curative treatments such as primary tumor removal. The impact of surgical 
removal on PCa dissemination and dormancy remains elusive. Furthermore, as dormant DTCs are asymptomatic, 
dormancy-induction can be an operational cure for preventing metastases and relapse of PCa patients.

Methods We used a PCa subcutaneous xenograft model and species-specific PCR to survey the DTCs in various 
organs at different time points of tumor growth and in response to tumor removal. We developed in vitro 2D and 3D 
co-culture models to recapitulate the dormant DTCs in the bone microenvironment. Proliferation assays, fluorescent 
cell cycle reporter, qRT-PCR, and Western Blot were used to characterize the dormancy phenotype. We performed 
RNA sequencing to determine the dormancy signature of PCa. A drug repurposing algorithm was applied to predict 
dormancy-inducing drugs and a top candidate was validated for the efficacy and the mechanism of dormancy 
induction.

Results We found DTCs in almost all mouse organs examined, including bones, at week 2 post-tumor cell injections. 
Surgical removal of the primary tumor reduced the overall DTC abundance, but the DTCs were enriched only in the 
bones. We found that osteoblasts, but not other cells of the bones, induced PCa cell dormancy. RNA-Seq revealed 
the suppression of mitochondrial-related biological processes in osteoblast-induced dormant PCa cells. Importantly, 
the mitochondrial-related biological processes were found up-regulated in both circulating tumor cells and bone 
metastases from PCa patients’ data. We predicted and validated the dormancy-mimicking effect of PF-562,271 (PF-
271), an inhibitor of focal adhesion kinase (FAK) in vitro. Decreased FAK phosphorylation and increased nuclear 
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Background
Prostate cancer (PCa) is the most frequently diagnosed 
cancer and the second leading cause of cancer-related 
deaths in men in the United States [1]. Up to 90% of 
patients with advanced-stage PCa develop bone metasta-
ses, but only 10% are diagnosed with bone metastases at 
initial diagnosis [2–4]. Primary PCa cells can disseminate 
early and remain dormant in distant organs before reacti-
vation, causing metastasis and recurrence [5–8]. Despite 
various therapies, including prostatectomy and enzalu-
tamide treatment, 20–45% of these patients relapse years 
later [9–14]. The mechanisms of PCa cell dissemination, 
dormancy, and reactivation, particularly the impact of 
treatments on these processes, are poorly understood.

Tumor dormancy can be categorized as tumor mass 
dormancy and cellular dormancy [5, 6, 15]. Tumor mass 
dormancy is when a small, undetectable tumor reaches 
an equilibrium between proliferation and cell death, 
resulting in no progression or overt metastases. Cel-
lular dormancy occurs when a cancer cell enters a state 
of quiescence with significantly reduced proliferation. 
Tumor dormancy is often a combination of both, and 
the mechanisms of tumor dormancy can be attributed 
to cancer cell-intrinsic and acquired quiescence result-
ing from external stimuli, including the microenviron-
ment and drug treatment [16–26]. Dormant cancer cells 
are under cell cycle arrest, are neither actively prolifera-
tive nor apoptotic, and express reduced levels of Ki67 and 
cell cycle-related genes but higher levels of dormancy 
makers, such as the nuclear receptor subfamily 2 group 
F member 1 (NR2F1) [17, 22, 27–30]. Due to cancer cell 
heterogeneity, distinct dormancy markers are expected 
and identified under different microenvironment set-
tings and for various cancers. Therefore, our study aims 
to investigate the effects of tumor removal on PCa cell 
dissemination, determine clinically relevant dormant 
PCa profiles, and explore approaches to harness PCa cell 
dormancy.

We conducted a comparative analysis of the abun-
dance of the disseminated tumor cells (DTCs) in various 
organs of mice with or without tumor removal. Our find-
ings using an in vitro mixed co-culture model revealed 
that only osteoblasts induced and maintained PCa cell 
dormancy. We profiled the gene expression signature 
of the dormant C4-2B cells and identified that the top 

six enriched biological processes from the significantly 
down-regulated genes were all mitochondria-related. 
Interestingly, we also discovered through PCa patient 
dataset analyses that mitochondria-related biological 
processes were enriched in the up-regulated genes of cir-
culating tumor cells. This indicates that dormancy could 
hinder PCa progression in patients and, conversely, a 
relapse could result from dormancy reactivation. How-
ever, direct mitochondrial inhibition failed to induce PCa 
cell dormancy. To identify a drug that mimics PCa cell 
dormancy in vitro, we used a novel drug prediction arti-
ficial intelligence (AI) platform and predicted PF-562,271 
(PF-271), a potent ATP-competitive and reversible focal 
adhesion kinase (FAK) inhibitor [31–33]. We validated 
the dormancy-mimicking effect of PF-271 by inhibiting 
FAK phosphorylation and inducing FAK nuclear translo-
cation in vitro. Overall, our study provides the first evi-
dence of the effects of primary tumor removal on PCa 
cell dissemination, identified the signature of the osteo-
blast-induced C4-2B cell dormancy, and discovered a 
drug that induces PCa cell dormancy in vitro.

Materials and methods
Cell cultures
Unless specified, cell lines were purchased from ATCC 
(American Type Culture Collection, Manassas, VA). 
Mouse osteoblast MC3T3-E1 cells (gift from Dr. Bart 
Williams, Van Andel Institute) were maintained in 
α-MEM supplemented with 10% fetal bovine serum 
(FBS). Mouse macrophage Raw264.7 cells (gift from Dr. 
Cindy Miranti, Arizona State University), mouse fibro-
blast NIH3T3 cells, and human embryonic kidney 293FT 
cells were maintained in DMEM/HG supplemented with 
10% FBS. Mouse mesenchymal progenitor OP-9 cells (gift 
from Dr. Tim Triche, Van Andel Institute) were cultured 
in MEM-α supplemented with 20% FBS. Murine Osteo-
cyte-like Cell Line MLO-Y4 were grown in α-MEM sup-
plemented with 5% FBS and 5% calf serum (CS) on the 
plate pre-coated with rat tail type 1 collagen (0.15  mg/
mL, Corning, Corning, NY). Human PCa cell lines C4-2B 
(gift from Dr. Leland Chung and purchased from ATCC), 
PC-3, DU-145, and 22Rv1 were cultured in RPMI-1640 
supplemented with 10% FBS. Human primary umbilical 
vein endothelial cells (HUVEC) were cultured in vascu-
lar cell basal media supplemented with BBE endothelial 

translocation were found in both co-cultured and PF-271-treated C4-2B cells, suggesting that FAK plays a key role in 
osteoblast-induced PCa dormancy.

Conclusions Our study provides the first insights into how primary tumor removal enriches PCa cell dissemination 
in the bones, defines a unique osteoblast-induced PCa dormancy signature, and identifies FAK as a PCa cell dormancy 
gatekeeper.
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cell growth kit components. All the cells were maintained 
in a humidified 5% CO2 incubator at 37  °C except for 
hFOB1.19 (34  °C + 5% CO2). All the cells were authenti-
cated using STR profiling in LabCorps (Burlington, NC) 
and maintained mycoplasma-free. Stable cell lines were 
generated via lentivirus infection, as described in the sec-
tions below.

Lentivirus packaging and stable cell line generation
Plasmid pLenti-GFP-Blast (gift from Dr. Wei Wu, Tsin-
ghua University) was used for general GFP labeling, and 
pLenti-PGK-Neo-PIP-FUCCI (Fluorescent Ubiquitina-
tion-based Cell Cycle Indicator) (Addgene # 118,616) was 
used for accurate cell cycle phase indicator [34]. GFP-
mouse FAK plasmid was a gift from Dr. Steve Lim, Uni-
versity of Alabama at Birmingham. We subcloned it into 
pLenti-GFP-blast (replacing the original GFP cassette) to 
get pLenti-GFP-mFAK plasmid for overexpressing GFP-
mFAK in C4-2B cells. Luciferase-expressing lentiviral 
particles (puromycin resistance) were purchased from 
GeneCopoeia (Rockville, MD). All the other lentiviral 
supernatants for stable line generation were prepared 
in 293FT cells using ViraPower™ Lentiviral Gateway™ 
Expression Kit (Thermo Fisher) following the manual. 
C4-2B were infected with virus particles/supernatants, 
selected with blasticidin, puromycin, or neomycin for 
7–10 days to get stable cell populations, and later main-
tained at lower antibiotic concentrations. C4-2B/GFP 
and C4-2B/PIP-FUCCI cells were confirmed via fluores-
cence microscopy.

Reagents, chemicals, kits, and plasmids
Listed in Supplementary Table S1.

Mouse models
NSG-SCID mice were originally purchased from Jack-
son Laboratory (Bar Harbor, Maine, USA) and bred and 
maintained in our animal facility. The research proto-
cols were approved by the Institutional Animal Care 
and Use Committee (IACUC) under protocol numbers 
400,066/400,131 at the University of Toledo. NSG males, 
six to eight weeks old, were used for xenografting human 
PCa cells. For subcutaneous xenograft models, 1 million 
C4-2B/Luc cells were suspended in 50 µL PBS, mixed 
with 50 µL Matrigel (Corning, USA), and subcutaneously 
injected into the left flank of the NSG mice. Lumines-
cent imaging (IVIS, Perkin Elmer, Waltham, Massachu-
setts, USA) was performed in a blinded manner once per 
week to monitor tumor growth. D-Luciferin (GoldBio, 
St Louis, MO) was injected intraperitoneally at a dose of 
150 µg/g and incubated for 10 min before scanning in the 
IVIS® Spectrum In Vivo Imaging System (PerkinElmer, 
Waltham, MS).

At 2 weeks (wks) post tumor xenografting, the xeno-
grafted mice with similar sizes of tumors were random-
ized into three groups for DTC detection at different time 
points. In Group 1, the mice were euthanized for organ 
harvest and DTC detection at 2 wks. Group 2 served as 
the control group. In Group 3, the mice received surgi-
cal removal of the tumors at 2 wks. The mice in Group 
2/3 were monitored, imaged, and euthanized at differ-
ent time points, i.e., 6, 8, and 18 wks post PCa injections. 
Note that there are no time points beyond 8 wks for mice 
in Group 2 because xenografted tumors reached the 
euthanization criteria according to the IACUC protocol. 
Various organs and tissues were harvested at endpoints 
for genomic DNA extraction and species-specific PCR to 
detect the disseminated human PCa cells.

For determination of DTC distribution in long bones 
such as tibiae and femurs, we first removed the skeletal 
muscles, then cut the bones open at one end and set it 
into a 0.5 mL open-bottomed centrifuge tube, which was 
placed inside a 1.5 mL centrifuge tube. The bone mar-
rows were centrifuged out at the maximum speed in a 
tabletop Eppendorf centrifuge and collected in the 1.5 
mL centrifuge tube for further uses, either DNA extrac-
tion or immunofluorescence (IF) staining.

Detection of the disseminated tumor cells (DTCs)
Total DNA was extracted from various mouse organs 
using the NucleoSpin Tissue kit (Macherey-Nagel Inc., 
Allentown, PA, USA). The DNAs were used for species-
specific PCR with primers against human α-satellite 
and mouse plakoglobin genomic regions [35]. To semi-
quantify the DTCs, a standard curve was first established 
by performing species-specific PCR from total DNA 
extracted from the mixtures of C4-2B, at 0, 1, 10, 100, 
1,000, 10 thousand (k), or 100 k of cells, and 3  million 
MC3T3-E1 cells. 2 µg DNA for soft organs and 600 ng for 
tibia or femur were used in the PCR reactions for human 
α-satellite; 500 ng DNA was used for mouse plakoglobin. 
Primers are listed in Supplementary Table S2. Gel images 
for verification of species specificity of primers were pro-
vided in Supplementary Data. The final PCR products 
were loaded on 2% agarose gel, and the band intensities 
on raw TIFF images without oversaturation were quan-
tified using Image J (FIJI 1.53c). Human cell numbers 
were relatively quantified via linear regression based on 
the intensity ratios of human α-satellite to mouse plako-
globin. This standard is used to semi-quantify the human 
cell DTC from the harvested mouse tissues. All DTC 
quantifications were performed in a blinded manner, and 
the estimated DTC numbers were listed in Supplemen-
tary Table S3. Representative images were shown in Fig. 1 
and Supplementary Figure S1.

To validate that the bone marrow DTC is intact, 
we resuspended the bone marrow cells in the 1.5 mL 
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centrifuge tube, lysed red blood cells with ACK Lys-
ing Buffer (ThermoFisher), and further mounted them 
onto the slides using Cytospin. Cells on the slides were 
fixed with 4% Paraformaldehyde (PFA), permeated with 
0.2% Triton, and blocked by 3% BSA. Slides were fur-
ther incubated overnight at 4◦C with primary antibody 
against human mitochondrial marker. On the second 
day, the slides were washed three times and further incu-
bated with Alexa Fluor 568 conjugated goat-anti-mouse 
IgG secondary antibody. Then the cells were stained with 
DAPI solution and washed three times before mount-
ing with Fluoromount-G® Anti-Fade Mounting Medium 
(Southern Biotech, Birmingham, AL). Images were cap-
tured using Zeiss Observer Z1 confocal microscope 

(Carl Zeiss, Oberkochen, Germany) and processed using 
Image J.

In vitro co-culture models
For the mixed co-cultures, stromal cells, MC3T3-
E1 (3 × 105/well), RAW264.7 (1 × 105/well), NIH3T3 
(5 × 104/well), OP-9 cells (3 × 105/well), MLO-Y4 
(3 × 105/well), hFOB1.19 (3 × 105/well), or HUVEC 
(3 × 105/well) were seeded in a 6-well plate and allowed 
for adherence for 20 to 24 h at 37 °C (hFOB1.19 at 34 °C). 
PCa cells (C4-2B, PC-3, 22Rv1, or DU-145) labeled with 
GFP (1 × 104/well) were then added. For the transwell co-
culture, MC3T3-E1 cells (3 × 105/well) were seeded in the 
low chamber, while C4-2B cells (1 × 104/well) were added 

Fig. 1 Primary tumor removal limited PCa DTC in the bone. (A). The schematic diagram of experimental design. (B). Representative weekly luminescent 
images of subcutaneous C4-2B/Luc tumors in mice. Pre- and Post-tumor removal indicate the time points right before the surgery and after recovery in 
the same week. (C). The standard curve for DTC number estimation is based on band intensities from the species-specific PCR of genomic DNA. Plakoglo-
bin was used here to normalize the genomic input. (D). The heatmap for estimated abundance of DTCs in different tissues. Color scale: 0, not detected; 
1, 1–10 DTCs; 2, 10–100 DTCs; 3, > 100 DTCs. (E). Diagram of separation of the bone cortex from the bone marrow of mouse tibiae or femurs. (F). DTC 
abundance in mice’s bone cortex and bone marrow post xenografting. Upper panel, representative species-specific PCR gels; lower panel, heatmap for 
estimated DTC abundance. For genomic DNA loading, 2 µg total genomic DNA for α-satellite PCR of bone marrow, 0.6 µg for α-satellite PCR of bone 
cortex, and 0.5 µg for all plakoglobin PCR were used. (G). Representative pictures of IF staining of the bone marrow cells using a human species-specific 
mitochondrial antibody (red). DAPI (blue) was used to show the nucleus. Scale bar, 50 μm. Experiments were repeated at least twice with triplicates
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in the upper chamber. The culture media for correspond-
ing stromal cells were used for co-culture unless speci-
fied. Cells were harvested at certain times for further 
analysis.

To separate C4-2B/GFP prostate cancer cells from co-
cultures with osteoblast (MC3T3-E1 or hFOB1.19), we 
aspirated the media from the 3-day co-culture, and gen-
tly rinsed the cells once with 1 mL PBS. Subsequently, 
we detached the C4-2B/GFP cells into 1 mL PBS by care-
fully pipetting with a 1 mL pipette. The cell suspension 
in PBS was transferred to a new well in a 6-well plate, 
while an additonal 1 mL PBS was added to the remaining 
osteoblasts. To ensure the successful separation between 
C4-2B (GFP-positive in all cells) and osteoblasts (no GFP 
expression), we examined both fractions under fluores-
cence microscopy. This separation method consistently 
yielded near 100% efficiency, as validated by fluorescence 
microscopy and genomic DNA PCR (shown in Fig. 2I for 
MC3T3-E1 co-culture separation and Supplementary 
Figure S3A for hFOB1.19 co-culture separation).

For conditioned media (CM) treatment, we collected 
CM at day 3 from C4-2B, MC3T3-E1, the mixed co-cul-
ture of C4-2B and MC3T3-E1 cells, or the transwell co-
cultures (MC3T3-E1 cells in the well and C4-2B cells in 
the inserts with 0.4 μm pore membrane). CM was mixed 
with fresh α-MEM media at a 1:1 ratio to treat C4-2B 
cells. Cell proliferation was then monitored using Incu-
cyte S3 based on the GFP signals for 3 days.

The 3D co-culture protocol was modified based on 
previous studies [36–39]. Briefly, C4-2B cells or the mix-
ture of MC3T3-E1 and C4-2B (30:1) were encapsulated 
at 1 × 106 cells/mL seeding density within collagen type I 
solution (Corning, USA) and neutralized to pH 7 ~ 8 with 
chilled 1  N NaOH to a final collagen concentration of 
3 mg/mL. The cell-collagen solutions were added to the 
silicon chambers and polymerized at 37 °C for 1 h, pro-
ceeded with adding 1 mL complete media and incubated 
for 3 days at 37  °C and 5% CO2 before harvest for gene 
expression analyses.

Cell division and cell cycle analyses
To monitor cell divisions, the C4-2B or PC-3 cells were 
labeled by CellTrace™ Violet Cell Proliferation Kit (Ther-
moFisher) according to the manufacturer’s manual. This 
chemical dye can be saturated in cells and is diluted 
into half every time the cell divides, thus indicating the 
cell division [40]. The cells with various dye intensities 
(suspended at a density of 1 × 106 cells/mL in PBS) were 
examined using flow cytometry on a FACS Cytek Aurora 
flow cytometer. Data were analyzed with FlowJo soft-
ware. Gating parameters were determined using non-
stained negative control samples.

C4-2B/PIP-FUCCI (PCNA-Interacting Protein degron 
version of Fluorescent Ubiquitination-based Cell Cycle 

Indicator) cells were used to monitor the cell cycle [1]. 
Note that PIP-FUCCI is different from original FUCCI, 
i.e., cells with pure green and red fluorescence are in the 
G0/G1 and late S/G2/M phases, respectively. We counted 
the total cells and cells with either green or red color 
under 20x magnitude at 6 random areas per group. Cell 
counting was performed in a blinded manner.

Cell apoptosis assay
For cell apoptosis, cells were stained with Hoechst 33342 
(5 µg/mL, ThermoFisher) at 37  °C for 30 min, refreshed 
with fresh media, and captured under fluorescence 
microscopy. The cell nuclear morphologies from multiple 
views were recorded and apoptotic nuclei were counted 
in a blinded manner. C4-2B cells treated with 1 mM 
H2O2 for 2 h were used as the positive control for apop-
tosis [41].

Mitochondrial gene copy analysis
After 3 days’ cultures, the C4-2B cells cultured alone or 
co-cultured with MC3T3-E1  were harvested for DNA 
extraction using the NucleoSpin Tissue kit (Macherey-
Nagel Inc.). Primers against the nuclear and mitochon-
drial genomes were used for qRT-PCR (sequences 
provided in Supplementary Table  S2) and the Ct values 
were used for calculating the mitochondrial gene copies 
per cell [42].

RNA extraction and qRT-RCR
Total RNA extractions from cells were performed using 
TRIzol (ThermoFisher). RNA was further reversely 
transcribed into cDNA using the High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher) following 
the manufacturer’s protocol. The quantitative real-time 
PCR (qRT-PCR) was performed using SYBR Select Mas-
ter Mix (Bio-Rad). Relative quantities of target mRNA 
expressions were performed on cycle threshold (Ct) val-
ues of target mRNAs and the reference gene GAPDH, 
using the 2–∆∆Ct method. Primers are validated for spe-
cies specificity and the sequences are listed in Supple-
mentary Table S2.

RNA-Sequencing
For RNA-Seq, total RNAs were extracted from cells cul-
tured alone or the mixed co-culture using the RNeasy kit 
and were decontaminated of the DNA using RNase-Free 
DNase Set (Qiagen, Hilden, Germany). Libraries were 
prepared by the Van Andel Institute Genomics Core from 
500 ng of total RNA using the KAPA stranded mRNA kit 
(v4.16) (Kapa Biosystems, Wilmington, MA). RNA was 
sheared to 300–400 bp. Before PCR amplification, cDNA 
fragments were ligated to IDT for Illumina UDI adapt-
ers (IDT, Coralville, IA). The quality and quantity of the 
libraries were assessed using a combination of Agilent 
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DNA High Sensitivity chip (Agilent Technologies, Santa 
Clara, CA) and QuantiFluor® dsDNA System (Promega). 
Individually indexed libraries were pooled and 50  bp, 
paired-end sequencing was performed on an Illumina 
NovaSeq 6000 sequencer using 100 cycle sequencing kit 
(Illumina Inc., San Diego, CA) to a minimum read depth 
of 40 M reads/library. Base calling was done by Illumina 

RTA3 and the output of NCS was demultiplexed and 
converted to FASTQ format with Illumina Bcl2fastq 
v1.9.0. The Raw read FASTQ files can be accessed via 
GEO (GSE210751).

We applied three pipelines, Xenome [43], XenofilteR 
[44], and Kallisto [45], to process the human-specific gene 
expression changes from the RNA-Seq data (FASTQ) 

Fig. 2 Osteoblasts induced PCa cell dormancy via physical contacts. (A). The schematic diagram of the co-culture model. Relative cell confluence of GFP-
labelled C4-2B cells. GFP-positive areas of each time point were normalized to the ones at the co-culture seeding. (C). Cell division of C4-2B cells cultured 
alone or co-cultured with MC3T3-E1 cells. C4-2B cells were stained with CellTrace™ Violet (CT Violet) before seeding. FACS analyses of the CT Violet signal 
intensities were conducted 72 h. (D). Cell cycle analyses with PIP-FUCCI reporter. Cells with only green color, G1; Cells in red, late S/G2/M. Representa-
tive fluorescent and bright field pictures were shown. (E). C4-2B cells cultured alone or co-cultured with MC3T3-E1 for 72 h or treated with H2O2 for 2 h 
(positive control for apoptosis) were stained with Hoechst 33342 for examination of apoptotic cells (red arrows) based on the nuclear morphology. (F/H). 
C4-2B cells were cultured alone or co-cultured with MC3T3-E1 for 72 h. The mRNA expressions of marker genes p21 (F), NR2F1, Ki67, and Cyclin D1 (H) 
were examined using qRT-PCR. Human-specific primers were used, and relative expressions were calculated and plotted after normalization with GAPDH 
expressions. (G). C4-2B cells were treated with different conditioned media (CM) as indicated for 72 h. (I). Separation of C4-2B cells (GFP labeled) from co-
culture of MC3T3-E1 cells (not labeled) was confirmed using both fluorescence microscopy (left) and species-specific PCR (right). (J). Immunoblotting of 
NR2F1 in C4-2B cultured alone or separated from the co-cultures. (K). The mRNA expression changes of marker genes in the 3D co-culture model. All the 
experiments were independently repeated at least twice. The data in curves and bar plots are presented as the mean ± SD of each set of triplicate samples. 
Scale bars, 50 μm (D&E), 200 μm (I). * p < 0.05, ** p < 0.01, *** p < 0.001
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from the mixed co-culture samples. For Xenome, the raw 
reads were first filtered to keep the human-only reads and 
then aligned to the human reference genome (GRCh38 
for humans) via HISAT2 [46], and read counts were 
called using FeatureCounts in the subread package [47]. 
For XenofilteR, the FASTQ files were first split into files 
of 50 million sequences via the split2 function from the 
SeqKit toolkit [48], then aligned via HISAT2 to human 
(GRCh38) and mouse (GRCm38) reference genomes, 
respectively. The sorted bam files for both human and 
mouse alignment were loaded into XenofilteR to filter out 
mouse reads and merged for read counts calling via Fea-
tureCounts. For Kallisto, we merged human and mouse 
transcriptome reference sequences (downloaded from 
Gencode) [49] and created a cross-species transcrip-
tome index for human-specific gene expression quantifi-
cation. Raw reads from C4-2B cells cultured alone were 
also applied to the same three algorithms with the same 
parameter settings for comparative DE analyses. DESeq2 
was used in all three pipelines to perform DE analyses (a 
gene with |log2FC| >= 1 & padj < 0.05 was considered as 
a DE gene) based on the FeatureCounts files (Xenome 
and XenofilteR) or gene counts (Kallisto). Genes identi-
fied to be DE by at least two pipelines were considered 
for Gene Ontology (GO) and KEGG enrichment analyses 
in a blinded manner via EnrichR [50] or ShinyGO v0.61 
[51]. The DE lists from all three pipelines were provided 
in Supplementary Table  S5. Codes are available upon 
request.

Western blotting
Western blotting experiments were performed as previ-
ously described [52]. Antibodies were purchased from 
various companies. The application, the concentration, 
and the sources of the antibodies were listed in Supple-
mentary Table S4. An antibody was selected based on its 
validations, including positive and negative controls, and 
references. Original blot images were provided in Supple-
mentary Data.

Statistical analysis
The normality of data was determined before perform-
ing statistical analyses. For experiments without repeated 
measures, data were analyzed using a two-way analysis 
of variance (ANOVA) when there were two independent 
variables. Otherwise, a two-tailed Student’s t-test was 
used. The analyses on the statistical significance of all 
data sets were performed using GraphPad Prism 9. If not 
mentioned, a two-tailed p-value was computed, and sta-
tistical significance was set at p < 0.05.

Results
Tumor removal limits disseminated tumor cells (DTCs) to 
the bones
We subcutaneously injected human C4-2B/Luc cells (sta-
bly expressing firefly luciferase) into immunodeficient 
NSG male mice and monitored tumor growth weekly 
using bioluminescent imaging and caliper measurements. 
At week 2 (the week numbers hereafter indicate weeks 
post PCa cell injection), all subcutaneous tumors reached 
similar sizes in host mice (within the range of 144+/-37 
mm3). The mice were then randomly assigned to three 
groups (Fig.  1A): Group 1 was sacrificed at the 2-week 
point, Group 2 (termed the Control group) maintained 
the tumors, and Group 3 (termed the Tumor removal 
group) underwent tumor removal surgery. We monitored 
the mice in Groups 2 and 3 until week 8 (when the tumor 
size reached the euthanasia criteria) for organ harvest. 
The luminescent signals of tumors increased in mice 
from the Control group but remained absent in mice 
from the Tumor removal group (Fig. 1B).

To profile PCa cell dissemination, species-specific 
PCRs (α-satellite gene for humans and plakoglobin for 
mice) were performed. We used 2  µg or 600 ng DNA 
extracted from each dissected mouse tissue and semi-
quantified the numbers of DTCs (Fig. 1C). We detected 
DTCs at week 2 post-tumor cell injections in vari-
ous organs examined, such as the liver, lung, and bones 
(Fig. 1D & Supplementary Figure S1). The estimated DTC 
numbers were 1–10 cells/2 µg total DNA (approximately 
0.001–0.01% of the total cells) in most organs (Fig.  1D 
& Supplementary Figure  S1). In mice from the Control 
group, an overall increasing trend of DTCs was observed 
in most of the organs examined at week 6 and week 8 
compared to week 2, implying that the growing PCa 
tumors continue disseminating cancer cells into these 
organs. In mice of the Tumor removal group, fewer DTCs 
were detected compared to those in the Control group 
at the same week age and the respective organs in week 
2, supporting the notion that tumor removal reduces the 
overall cancer burden and the major source of dissemina-
tion [26, 53]. However, in mice from the Tumor removal 
group, DTCs were only detected in bone and skeletal 
muscle, i.e., the tibiae, femurs, skull, spine, and skeletal 
muscles of the hind limbs at week 6. At week 8, DTCs 
were also detected in the prostate and kidney in some 
mice, but the most abundant DTCs were still detected 
in the tibiae and femurs (Fig.  1D & Supplementary Fig-
ure S1). These data revealed that: (1) PCa cells dissemi-
nate to various organs when the tumors reach ~ 100 mm3; 
(2) Along with the growth of subcutaneous tumors, 
DTCs increase in some organs such as the lung and skull 
but decrease in other organs such as the pancreas and 
liver; (3) After tumor removal, the DTCs reduced to an 
undetectable level in most organs, suggesting that the 
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DTCs detected prior to the tumor removal were elimi-
nated; (4) DTCs in these organs depend on the presence 
of a primary tumor and its continuing dissemination. 
However, DTCs were steadily detected in bones and skel-
etal muscles, and the amounts were maintained no more 
than those prior to tumor removal. These data suggest 
that bones are a protective reservoir, where DTCs are 
maintained but prevented from active proliferation.

To further delineate the localization of DTCs in bones, 
we separated the bone marrow (BM) from the bone cor-
tex (BC) of the tibiae or femur via centrifugation (Fig. 1E). 
DTCs were detected in the bone cortex at all the times 
examined but were undetectable in the bone marrow at 
week 2 and week 6 from mice of both the Control and 
Tumor removal groups. At week 8, DTCs were detected 
in the bone marrow of mice from the Control group but 
not the Tumor removal group (Fig. 1F). The presence of 
intact DTCs in the bone marrow was confirmed through 
immunofluorescence (IF) staining of the human mito-
chondria marker (Fig. 1G).

To further determine the dynamics of DTCs in the 
bones, we examined mice from the Tumor removal group 
at week 18 and were able to detect the bone marrow 
DTCs (Fig. 1F). The bone marrow DTCs detected could 
either result from the migration of the bone cortex DTCs 
or from the proliferation of DTC arriving early in the 
bone marrow and maintaining at an undetectable level. 
Since DTCs and tumor mass found in the bone marrow 
in both patients and animal models correlate with overt 
bone metastases [54], bone marrow DTCs are possibly 
more proliferative than bone cortex DTCs. Therefore, we 
hypothesize that DTCs are dormant in the bone cortex 
before their proliferation and progression into the bone 
marrow.

Osteoblasts induce PCa cell dormancy and physical 
contacts are required
To test our hypothesis and determine how PCa cells 
become dormant in the bone microenvironment, we 
mixed and co-cultured PCa C4-2B/GFP cells (denoted 
as C4-2B in the following co-culture context if not 
specified) with different stromal cells that compose the 
bone microenvironment and tracked C4-2B growth by 
monitoring GFP signals via IncuCyte imaging (Fig.  2A). 
Our results showed that only osteoblasts (both mouse 
MC3T3-E1 cells and human hFOB1.19 cells tested) 
inhibited C4-2B cell proliferation (Fig.  2B and Supple-
mentary Figure  S3A). In contrast, mesenchymal stem 
cell OP-9, osteoclast/macrophage RAW264.7, and fibro-
blast NIH3T3 showed no significant effect on C4-2B cell 
proliferation; osteocyte MLO-Y4 displayed a statistically 
significant stimulation but the effect size was neglectable; 
endothelia cell HUVEC showed a significant stimulation 
of C4-2B proliferation (Fig.  2B). We found that C4-2B 

cells with high membrane dye intensity (indicating fewer 
cell divisions) accounted for at least 90% of total C4-2B 
cells in the mixed co-culture, compared to 20% in C4-2B 
cultured alone (Fig. 2C). Using the PIP-FUCCI (PCNA-
Interacting Protein degron version of Fluorescent Ubiqui-
tination-based Cell Cycle Indicator), a dual fluorescence 
indicator designed for cell cycle phase labeling [34], we 
found that in the mixed co-culture, 70% of total C4-2B 
cells were in G0/G1 (green only) and 25% were in late S/
G2/M (red), while in the C4-2B cultured alone, 25% of 
total C4-2B cells were in G0/G1 and 40% in late S/G2/M 
(Fig.  2D), suggesting that MC3T3-E1 cells induced G0/
G1 arrest. Furthermore, we found that MC3T3-E1 cells 
inhibited C4-2B cell apoptosis (Fig. 2E) and had no effect 
on the expression of senescence markers such as p21 
(CDKN1A) [55, 56] (Fig. 2F). Similarly, the proliferation 
of other PCa cells, such as PC-3 or DU-145 cells, was also 
inhibited by MC3T3-E1 cells (Supplementary Figure S2). 
We then investigated whether physical contact between 
PCa cells and osteoblasts is essential for proliferation 
inhibition. Conditioned media (CM) from the mixed co-
culture, CM from either C4-2B cells or MC3T3-E1 cells 
cultured alone, and CM from trans-well co-culture (C4-
2B cells on top insert) were applied to C4-2B cells. We 
found that only CM from the mixed co-culture signifi-
cantly inhibited C4-2B proliferation (Fig. 2G), suggesting 
that physical contact is required; unknown secreted fac-
tors unique to the mixed co-culture can partially inhibit 
the C4-2B cell proliferation.

To further verify the dormancy status of the co-culture 
C4-2B cells, we examined the expression of a dormancy 
marker, NR2F1 (Nuclear Receptor Subfamily 2 Group F 
Member 1) [19]. We found that, compared to C4-2B cul-
tured alone, the mixed co-cultured C4-2B cells exhibited 
a significant increase in NR2F1 expression at both mRNA 
and protein levels (Fig. 2H, J). Concurrently, we observed 
a decrease in the expression of Ki67 (MKI67) and cyclin 
D1 (CCND1) (Fig.  2H). It is important to note that the 
gene expressions pertain to C4-2B cells, as we utilized 
human-specific primers for qPCR analysis of mRNA 
expression. The primer sequences are provided in Table 
S2, and we have included gels in the Supplementary Data 
to verify the species specificity of these primers. For the 
protein expressions, we successfully separated the co-
cultured C4-2B cells (labeled with GFP) from osteoblasts 
(non-labeled). This separation was highly efficient, as 
supported by the fluorescence microscopy and genomic 
DNA PCR (shown in Fig.  2I for MC3T3-E1 co-culture 
separation and Supplementary Figure S3A for hFOB1.19 
co-culture separation).

To better mimic the bone microenvironment, we 
advanced our 2D mixed co-culture to 3D by embedding 
C4-2B and MC3T3-E1 cells in type I collagen, as type I 
collagen forms 90% of the organic mass of bone [57, 58]. 
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We observed increased NR2F1 expression and decreased 
Ki67 and cyclin D1 expression in this 3D mixed co-cul-
ture compared to C4-2B cultured alone at the same 3D 
condition (Fig. 2K), which suggests consistency between 
the 2D and 3D mixed co-cultures. For convenience, we 
continued to use the 2D mixed co-culture in our stud-
ies. These data suggested that osteoblasts induce C4-2B 
cells into a dormancy-like status through direct physical 
contact.

We also investigated the effects of cell number ratio and 
co-culture time on the dormancy induction in the mixed 
co-cultured of C4-2B and MC3T3-E1 cells. We observed 
concurrent increases of NR2F1 and decreases of Ki67 
and Cyclin D1 at various C4-2B: MC3T3-E1 ratios rang-
ing from 1:30 to 1:6 (Supplementary Figure S4A). Similar 
decreases of Ki67 and increases of NR2F1 were detected 
in co-cultures ranging from day 3 to day 6 (Supplemen-
tary Figure S4B). Increases of NR2F1 at the protein level 
were further confirmed from day 3 to day 6 at a ratio 
of 1:30 of the C4-2B: MC3T3-E1 cells (Supplementary 
Figure S4C).

To test whether the osteoblast-induced C4-2B dor-
mancy is caused by nutrient deficiency because of the 
competition with the co-cultured osteoblasts, we cul-
tured C4-2B cells in 1, 5, or 20% serum-containing media 
to compare with the C4-2B cells cultured in the stan-
dard 10% serum-containing media. We found that the 
proliferation of C4-2B cells was only inhibited by 1% 
serum-containing media among the groups (Supplemen-
tary Figure S5A); the mRNA expressions were modestly 
increased to 2.4 and 2.1 fold in 1% and 5% serum-con-
taining media, respectively, but decreased to 1/2 in 
20% serum-containing media; Ki67 and cyclin D1 were 
slightly decreased by about 1/4 in 1% and 20% serum-
containing media, respectively (Supplementary Fig-
ure    S5B). Together with the data that co-cultures with 
any other type of stromal cells could not inhibit C4-2B 
cell proliferation (Fig. 2B), these data suggest that nutri-
ent competition, such as reduced serum played little role, 
if any at all, in osteoblast-induced PCa cell dormancy. On 
the other hand, we also found that enzalutamide treat-
ments, although inhibiting C4-2B proliferation (Supple-
mentary Figure S5C), increased the expression of NR2F1 
and decreased Ki67 but increased cyclin D1 (Supplemen-
tary Figure  S5D). Altogether, these data showed uncou-
pled proliferation changes and dormancy markers, thus, 
suggesting unique key determinants to be explored for 
osteoblast-induced PCa cell dormancy.

Osteoblasts decrease mitochondria-related genes in the 
mixed co-cultured C4-2B cells
To gain further insights into the molecular mechanisms 
for the PCa dormancy induced in the mixed co-culture, 
we conducted RNA-sequencing (RNA-Seq) to identify 

dysregulated genes compared to C4-2B cultured alone. 
We utilized three independent bioinformatic pipelines, 
Xenome [43], XenofilteR [44], and Kallisto [45], to iso-
late human-specific reads from the total reads of mixed 
human PCa cells and mouse osteoblasts. The common 
significantly dysregulated genes from the three pipelines 
were defined as dormant PCa signatures and further 
annotated for the top biological process enrichments 
using Gene Ontology (GO) (Fig. 3A). The top 6 enriched 
biological processes from the significant down-regulated 
genes were all mitochondria-related, including oxidative 
phosphorylation, energy-coupled proton transmembrane 
transport, mitochondrial ATP (adenosine triphosphate) 
synthesis coupled electron transport (Fig.  3B). We 
observed the decreases of all 13 mitochondrial protein-
coding genes (localized in the mitochondrial genome) at 
the mRNA level in the mixed co-cultured C4-2B cells in 
RNA-seq results and the decreases of 6 representative 
genes, i.e., MT-ATP6 (ATP synthase membrane subunit 
6), MT-ND1,2&4 (NADH:Ubiquinone oxidoreductase 
core subunit), MT-CYB (cytochrome B), and MT-CO1 
(cytochrome C oxidase I), were confirmed using qRT-
PCR (Fig. 3C). Additionally, we found that the mitochon-
drial DNA (mtDNA) copy number was downregulated 
in the mixed co-cultured C4-2B cells (Fig.  3D). These 
findings suggest that decreased mitochondrial genes 
and suppression of mitochondria-related biological 
processes may serve as novel phenotypic dormant cell 
markers. Notably, these decreased mitochondrial genes 
were increased in the proliferation-inhibited C4-2B cells 
resulting from either serum limitation or AR antagonist 
enzalutamide (Supplementary Figure  S5B, D), further 
supporting the unique dormant nature of C4-2B cells 
induced by the osteoblast co-culture.

Furthermore, we analyzed published patient datasets 
and found that up-regulated dysregulated genes in circu-
lating PCa tumor cells from patients are enriched to the 
mitochondrial structural components (data processed 
from a previously published study [59] (Fig.  4A). Low 
MT-ND1 gene expression has a favorable prognosis in 
PCa patients with bone metastases (Fig.  4B, from cBio-
portal study ID: prad_su2c_2019). The mining of these 
patient datasets suggests that reversing activated mito-
chondrial genes and enrichment of mitochondria-related 
biological processes, namely inducing PCa dormancy, 
could impede PCa metastases or progression.

To test whether mitochondrial inhibition could induce 
dormancy in C4-2B cells, we examined the effects of 
well-established mitochondrial inhibitors. We found 
that rotenone or IACS-010759 (IACS), both the respi-
ration complex I inhibitors [60, 61], and FCCP, a potent 
uncoupler of oxidative phosphorylation in mitochondria 
[62], inhibited C4-2B proliferation in a dose-dependent 
manner (Supplementary Figure  S6A). However, despite 
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Fig. 4 Mitochondrial gene elevation in circulating tumor cells and bone metastases of poor survival in PCa patients. (A) Significantly up-regulated DE 
genes in circulating tumor cells from PCa patients were enriched to the mitochondrial structural components. Data were processed from the previously 
published study [59], and the plot was generated using ShinyGO v0.61. (B) Patients with MT-ND1 gene expression at a low level, compared to patients 
expressed MT-ND1 at a high level, has a favorable prognostic trend in PCa patients with bone metastases (n = 16 high vs. n = 17 low, p = 0.39, from cBio-
portal study ID: prad_su2c_2019)

 

Fig. 3 Mitochondrial gene expressions were decreased in dormant C4-2B cells.(A). Workflow of RNA-sequencing analyses. (B). Gene Ontology (GO) 
annotation of biological process in dormant C4-2B cells via ShinyGO v0.61. (C). qRT-PCR confirmation of representative mitochondrial gene expression 
changes in the co-cultured C4-2B cells relative to the cells cultured alone. (D). Analyses of mitochondrial DNA (mtDNA) copy numbers via qRT-PCR. C4-2B 
cells were cultured alone or co-cultured with MC3T3 cells for 72 h. All the experiments except for the RNA-Seq were independently repeated at least three 
times. The data of bar plots are presented as the mean ± SD of each set of triplicate samples. ** p < 0.01, *** p < 0.001
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inhibiting C4-2B proliferation, various doses of rote-
none and IACS significantly decreased the expression of 
dormancy marker NR2F1 at 24 to 72  h (Supplementary 
FigureS6B). At 72  h, FCCP also decreased NR2F1 and 
increased the expressions of Ki67, Cyclin D1, MT-ND1, 
and MT-CO1 (Supplementary Figure  S6C). These data 
suggested that direct mitochondrial inhibition could not 
induce PCa cell dormancy.

Altogether, our data demonstrated that osteoblasts 
induced C4-2B cells into dormancy, defined with 
known dormancy features such as increased NR2F1 
and decreased Ki67 and Cyclin D1 mRNA expressions. 
Importantly, we identified a novel dormant PCa cell 
feature, mitochondria-related gene suppression, possi-
bly reversed in CTCs, and the increased mitochondrial 
genes could serve as poor survival markers. However, 
mitochondrial inhibitors could not recapitulate the dor-
mancy-like phenotype, suggesting the enrichment of 
the decreased mitochondria-related biological processes 
is likely a result, rather than a cause, of the osteoblast-
induced PCa cell dormancy.

PF-271 mimics the osteoblast-induced C4-2B dormancy
To investigate how to induce dormancy in C4-2B cells, 
we utilized a novel AI platform (developed based on 
OCTAD [63] and currently unpublished by Dr. Bin Chen 
and colleagues) to predict drugs that mimic the dor-
mant PCa cell gene signature. This approach allowed 
us to compare the dormancy gene signature with fold 
changes against a database of drug-induced gene expres-
sion matrices and score drugs based on the similarities 
between drug-induced gene expression profiles and the 
dormant signature (Fig.  5A). Among the top mimicking 
drugs, PF-562,271 (PF-271) and PIK-75 were the top 2 
drugs with better prediction scores and growth inhibition 
potency tested in C4-2B cells (Supplementary Figure S7).

PF-271 is a reversible and ATP-competitive inhibi-
tor of focal adhesion kinase (FAK) [31–33]. We showed 
that PF-271 inhibited cell C4-2B proliferation in a dose-
dependent manner (Fig.  5B), induced G0/G1 arrest 
(Fig.  5C), increased NR2F1 expression at both mRNA 
and protein levels, decreased Ki67 and cyclin D1 mRNA 
expression (Fig.  5D&E), but had no effect on apopto-
sis (Fig.  5F). PF-271 also decreased the mRNA expres-
sions of the mitochondrial genes, for example, MT-ND1, 

Fig. 5 PF-271 treatments mimicked the osteoblast-induced dormancy in C4-2B cells. (A). Top list of AI-predicted potential dormancy-mimicking drugs 
based on the dormant gene signature of C4-2B cells in the mixed co-culture. C4-2B cells were treated with 1 µM/ 3 µM of PF-271 (PF) or Vehicle (Veh, 
DMSO) for 72 h. Cell proliferation monitoring by Incucyte (B), cell cycle phase distribution by PIP-FUCCI (C), Time-lapse NR2F1 protein expressions by im-
munoblotting (D), and mRNA expressions of NR2F1/MKI67/CCND1 (E) or MT-ND1/MT-CO1/MT-ATP6 (G) by qRT-PCR, were performed in the same manner 
as described in Fig. 2. (F). Analyses of apoptotic cells in C4-2B cells treated with 1 µM/ 3 µM of PF-271 (PF) or Vehicle (Veh, DMSO) for 72 h. H2O2 treatment 
for positive control. Scale bars, 50 μm (C) and 100 μm (F). All the in vitro experiments were independently repeated at least three times. The data in curves 
and bar plots are presented as the mean ± SD of each set of triplicate samples. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and n.s. non-significant
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MT-CO1, and MT-ATP6 (Fig.  5G). Taken together, 
these results suggest that PF-271 mimics the osteoblast-
induced C4-2B cell dormancy.

In contrast, PIK-75, currently known as an inhibitor of 
the p110α PI3K [64], inhibited C4-2B cell proliferation in 
a dose-dependent manner but did not induce C4-2B dor-
mancy (Supplementary FigureS8). PIK-75 did not affect 
cell cycle distribution (Supplementary Figure  S8B) or 
NR2F1 protein expression at 48 and 72 h (Supplementary 
Figure S8C). Although PIK-75 did induce the expression 
of NR2F1 at the mRNA level at 48 and 72 h, it increased 
the expressions of Ki67 and Cyclin D1 (Supplementary 
Figure S8D), and induced apoptosis (Supplementary Fig-
ure S8E). Altogether, these data indicate that PIK-75 does 
not have a dormancy-mimicking effect.

PF-271 inhibits FAK phosphorylation and promotes FAK 
nuclear translocation in C4-2B cells
To investigate how PF-271 induced the dormancy-mim-
icking effect, we first tested its known effect on FAK and 
included two other FAK inhibitors, Y15 and defactinib 
[65, 66]. We observed growth inhibitions and NR2F1 
protein accumulation in C4-2B cells treated with Y15 or 
defactinib (Supplementary Figure  S9), suggesting FAK 
is an essential mediator in this dormancy induction. In 
both C4-2B and PC-3 cells, PF-271 treatment resulted 
in significant decreases in phosphorylated FAK at Y397 
and Cyclin D1 (Fig.  6A & Supplementary Figure  S10). 

We further observed PF-271 resulted in an increase of 
nuclear FAK in C4-2B/GFP-FAK cells (overexpressing 
GFP-tagged FAK) (Fig.  6B & Supplementary Movie S1, 
S2). Notably, compared with the C4-2B/GFP-FAK cells 
cultured alone or co-cultured with OP-9 mesenchy-
mal stem cells, C4-2B/GFP-FAK cells co-cultured with 
MC3T3-E1 cells had decreased phospho-FAK at Y397 
and increased nuclear translocation of GFP-FAK, simi-
lar to PF-271 treated C4-2B cells (Fig.  6C, D & Supple-
mentary Movies S3-6). These data suggest that PF-271 
treatment mimics osteoblast-induced C4-2B dormancy 
by inhibiting FAK phosphorylation and promoting FAK 
nuclear translocation and that FAK is a key mediator of 
PCa dormancy.

Discussion
Metastatic progression and recurrence, despite curative 
intended treatments, are among the leading causes of 
cancer-related mortality [67, 68]. PCa cases increased by 
nearly 300 thousand annually in the US and more than 
1.4  million worldwide [69]. Early dissemination, dor-
mancy, and reactivation of cancer cells have been impli-
cated as the key factors driving these events. However, 
the impact of clinical treatments on cancer dissemination 
and dormancy, as well as the underlying mechanisms 
of dormancy, remain poorly understood [70–72]. In 
this study, we investigated the effects of primary tumor 
removal on PCa cell dissemination in a mouse xenograft 

Fig. 6 PF-271 mimicked C4-2B dormancy by blocking FAK phosphorylation and promoting FAK nuclear translocation. (A). C4-2B/GFP-FAK cells were 
treated with 1 µM PF or Veh (Vehicle, DMSO) for 24 or 72 h. The protein levels of pY397-FAK, total FAK, and CCND1 (cyclin D1) were examined by immu-
noblotting. (B). C4-2B/GFP-FAK cells were treated with 1 µM PF or Veh (Vehicle, DMSO) for 24 h and monitored every 2 h on IncuCyte S3. Representative 
pictures at 24 h are shown. (C). C4-2B cells were co-cultured with MC3T3-E1 or cultured alone for 72 h. The protein levels of total FAK and NR2F1 were 
examined by immunoblotting (left). Phospho-FAK levels were examined with immunostaining and captured with confocal microscopy. Red, pY397-FAK; 
blue, DAPI, nucleus. (D). C4-2B/GFP-FAK cells were co-cultured with MC3T3-E1 or cultured alone for 72 h. Representative pictures at 72 h are shown. Scale 
bars, 50 μm. All the experiments were independently repeated at least three times
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model. We found that tumor removal decreased DTC 
numbers to levels below the detection limits in all the 
tissues examined, except for the bones. Furthermore, we 
observed a dynamic progression of detectable DTCs from 
the bone cortex to the bone marrow. The in vitro experi-
ments revealed that osteoblasts induced PCa cell dor-
mancy. Moreover, we identified a novel and unique gene 
signature in the osteoblast-induced dormant PCa cells, 
defined by the increased expression of dormancy mark-
ers, suppression of proliferation, and decreased mito-
chondrial protein-coding genes. Using an AI-facilitated 
drug repurposing approach, we discovered and validated 
the clinical drug PF-271 mimicking the osteoblast-
induced C4-2B cell dormancy by inhibiting FAK phos-
phorylation and increasing FAK nuclear translocation. 
Therefore, our data suggest that FAK is a key mediator of 
PCa dormancy and a promising target for inhibiting and 
preventing PCa metastatic recurrence. The summary and 
hypothesis of our study is illustrated in Fig. 7.

Correlations between surgery and cancer progression 
have been observed and debated in clinical and animal 
models [26]. Generally, primary tumor resection contrib-
uted to longer survival, slower PSA increase, and lower 
metastatic risks, reported in two patient cohorts and in 
vivo studies [73, 74]. However, a non-negligible 25% of 
biochemical recurrence and a further 10% of metastases 
were recently reported among patients receiving prosta-
tectomy [75]. To our knowledge, the DTC quantification 
in mouse xenografts conducted in this study is the first 
longitudinal examination of organ-specific PCa cell dis-
semination. DTCs were detected in various organs, such 
as bone, liver, lung, and kidney, consistent with the clini-
cally observed sites for PCa metastases [3]. Interestingly, 
our data revealed that with the presence and growth of 
primary tumors, DTCs increase in some organs but 
decrease in others. Whether this discrepancy has true 
clinical relevance or is merely the variance of individual 
mice needs to be further determined. The primary tumor 
is likely exerting an influence on the dissemination of 

DTCs in the bone marrow. It could either continue to 
spread to various organs or trigger the activation of DTCs 
within the bone cortex, leading to their migration into 
the bone marrow. Another possibility is that the detec-
tion of DTCs in the bone marrow may have resulted from 
their proliferation from undetectable levels prior to week 
8.

After the tumor removal, DTCs were reduced to 
undetectable levels in most organs. However, DTCs 
were detectable in bones and skeletal muscles, and the 
amounts were lower than before tumor removal, sug-
gesting bones are the protecting reservoir for DTCs to 
maintain dormant. Furthermore, DTCs were detected 
in the bone cortex prior to the bone marrow, implying 
that surgical removal of primary tumor prolonged PCa 
DTCs in the bone cortex. The mechanisms underly-
ing the detection of DTCs in the bone marrow at week 
18 after the removal of the primary tumor are intrigu-
ing and will require further elucidation in future studies. 
During this period, there was no input from the primary 
tumor for 16 weeks, spanning from week 2 to week 18. 
We hypothesize that the source of these marrow DTCs 
could either be DTCs from the bone cortex that prolifer-
ated and migrated into the bone marrow, or DTCs that 
were actively proliferating within the bone marrow itself.

Clinically, metastatic PCa tumors were found in the 
marrows of bone metastatic patients and the presence of 
DTCs in the marrow was associated with poor prognosis 
[9–13, 71, 76, 77]. Since bone marrow DTCs were only 
identified until later stages, i.e., week 8 in the Control and 
week 18 in the Tumor removal group, we hypothesize 
that DTCs are dormant in the bone cortex. The semi-
quantitative PCR method that we have optimized pro-
vides a cost-effective approach and accessible platform to 
evaluate the trends of PCa cell dissemination and relapse. 
It will be interesting to apply this method to investi-
gate how other therapies, such as chemotherapy, first-
line androgen-deprivation therapy drugs, or androgen 

Fig. 7 The summary and hypothesis. Physical contact between osteoblasts and cancer cells is required for the dormancy induction by inactivating FAK, 
which enhances its nuclear translocation and reduces its phosphorylation. Dormant prostate cancer cells exhibit increased NR2F1 expression, decreased 
expression of MKI67 and CCND1, and reduced levels of OXPHOS-related genes such as MT-ND1 and MT-ND2. PF-271, a small molecule inhibitor of FAK, can 
induce dormancy in the prostate cancer cells
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receptor antagonist enzalutamide, affect PCa cell dissem-
ination and dormancy.

Signatures of dormant cancer cells, including PCa, have 
been reported in previous studies but few of these stud-
ies characterized dormant PCa cells in the bone micro-
environment [22, 25, 40, 78–81]. Our study contributed 
to PCa dormant signature in the context of osteoblasts, 
which shared some common markers genes with previ-
ous studies but highlighted some unique changes. Con-
sistently, NR2F1 was shown as a marker for dormant 
cancer cells [27, 82–84]. Stem cell markers ALDH1A1 
and BCL11B showed significant up-regulation in our 
dormant C4-2B DE gene list (Supplementary Table  S5), 
but BMI1 and SOX2 were not changed [85, 86]. SOX9 
increase was reported as a dormant marker for head 
and neck squamous cancer cells [27]. However, SOX9 
expression was significantly decreased in our osteo-
blast-induced dormant C4-2B cells (Supplementary Fig-
ure S11A & Table S5). Consistently, SOX9 overexpression 
promotes the development of invasive carcinoma [87, 
88], suggesting a distinct role of SOX9 in prostate cancer. 
An increased ratio of the phospho-p38 to the phospho-
ERK was described as a dormancy marker [5]. In our 
system, we noticed a decreased ratio of phospho-p38 to 
the phospho-ERK in co-cultured dormant C4-2B cells 
(Supplementary Figure  S11B). AXL receptor tyrosine 
kinase was reported for inducing AR-negative PCa cells 
PC-3 and DU-145 in the MC3T3-E1 co-culture [25], but 
AR-positive C4-2B cells do not express AXL proteins 
although we observed an increase of AXL expression 
in the RNA-Seq. The unique gene signature of dormant 
PCa cells was possibly a result of response to differ-
ent tumor microenvironments. Specifically, osteoblasts 
might dictate the signatures specific to bone metastatic 
dissemination, dormancy, progression, and relapse. The 
mitochondrial functional enrichment was identified in 
the down-regulated DE of the dormant C4-2B gene sig-
nature. In contrast, in a recent publication, mitochondrial 
functional enrichment in up-regulated DE was found 
in PCa metastases compared to primary tumors [89]. 
These data support and validate the clinical significance 
of the dormant C4-2B signature, i.e., the reversal of the 
bone metastatic progression and relapse. The signature 
of decreased mitochondrial gene expressions along with 
increased NR2F1 and decreased Ki67/Cyclin D1 helped 
distinguish PCa cells of bona fide dormancy from pro-
liferation inhibition by serum starvations, enzalutamide 
treatment, or PIK-75 treatment. Therefore, this signature 
can be used to discover drugs that could mimic or reverse 
PCa cell dormancy, could treat or prevent bone metasta-
sis and relapse, as well as to understand the basic biol-
ogy of PCa cells. Because the dormant PCa cells cause no 
symptoms in patients, maintaining cancer cell dormancy 
could be an operational cure for cancer patients.

Using both 2D and 3D in vitro co-culture of PCa and 
various types of cells of the bone microenvironment, 
we found that osteoblasts’ direct physical contact with 
PCa cells is necessary and sufficient to induce PCa cells 
into a dormancy-like status. This is consistent with 
previous reports using different approaches [81, 90]. 
Furthermore, the reverse correlation between the osteo-
blast-induced PCa dormancy signature with the clinical 
bone metastatic and CTC signatures supports that the 
direct co-culture of PCa cells and osteoblasts is an easy 
and powerful platform for rapid screening of drug can-
didates that can modulate PCa dormancy. Co-culture of 
C4-2B and MC3T3-E1 without direct contact via tran-
swell resulted in a modest increase in NR2F1 but no 
changes in Ki67 and cyclin D1 mRNA expressions (Sup-
plementary Figure  S2F). The conditioned media (CM) 
from directly mixed co-culture induced partial growth 
inhibition of C4-2B cells but CM from non-contact tran-
swell co-culture did not affect C4-2B growth at all, sug-
gesting that the secreted factors stimulated by physical 
contact co-culture and signaling at the C4-2B/MC3T3-
E1 interface were responsible for dormancy induction. 
Both need to be determined by further studies.

Using a novel AI tool (unpublished), we predicted the 
dormancy-mimicking drugs. The in vitro testing sug-
gested the dormancy-mimicking effect of PF-271, an FAK 
inhibitor. Coincidently, using the human epidermoid car-
cinoma HEp3 cells that were passaged 120 to 170 times 
in chicken embryos as a dormancy model, a previous 
study found that genetic inhibition of FAK could mimic 
the tumor dormancy induced by the specific microenvi-
ronment, in which FAK was activated by the urokinase 
plasminogen activator receptor (uPAR) and mediating 
the expression of ERK [91]. In our osteoblast-induced 
dormant PCa cells, neither uPAR nor ERK was changed, 
suggesting a role of FAK in PCa dormancy with a distinct 
mechanism. Inhibition of FAK was also reported to be 
sufficient to prevent tight junction disruption [92], vali-
dating that cell-cell interaction such as adhesion and tight 
junction play a vital role in establishing PCa dormancy. 
We noticed the functional enrichment of KEGG pathway 
“cell adhesion molecules” in up-regulated DE in dormant 
cells (Supplementary Table S6). We revealed, for the first 
time in C4-2B cells, that PF-271 blocked FAK phosphory-
lation and increased FAK nuclear translocation, through 
which increased NR2F1 expression and inhibited cyclin 
D1 expression, in turn, induced cancer cell dormancy. 
The efficacy of PF-271 in  in vivo models of metastases 
and relapse will be tested in future studies.

We recognized the limitations of our study. Co-culture 
of relatively homogeneous PCa cells with osteoblasts 
over-simplified the complicated bone microenvironment. 
Other regulators such as mechanical stresses constantly 
received and changed in the bone microenvironment 
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may also impact the tumor dormancy. Although C4-2B 
and PC-3 displayed the same dormancy phenotype 
in proliferation inhibition and molecular markers 
(increased NR2F1 and decreased Ki67/Cyclin D1), we 
also found that DU-145 displayed proliferation inhibition 
but NR2F1 was decreased; another PCa cell line, 22Rv1, 
did not show proliferation inhibition although NR2F1 
was modestly increased (Supplementary Figure  S2E). 
These data suggested that certain PCa cell intrinsic fea-
tures play roles in responding to osteoblasts and need to 
be further defined. For example, DU-145 is a brain met-
astatic cell line and 22Rv1 is featured with the elevated 
expression of AR variant ARv7. We haven’t been able to 
show the presence of DTCs in the bone cortex other than 
PCR. Bone CLARITY may be a better approach to visu-
alize the localization of the DTCs ex vivo [93]. We also 
wondered whether the detected DTC are CTCs trapped 
in harvested organs. However, the DTCs in mice of the 
tumor removal group clearly showed a preference for 
DTC in the bone over the liver, one of the blood-rich 
organs. No positive human cells were detectable by PCR 
in the peripheral blood of tumor-bearing mice (Supple-
mentary Figure  S1D). Together, these data suggest that 
the detected DTC in mice without perfusion is unlikely 
CTCs and the bone preference of dissemination is con-
sistent with the frequently observed bone-tropism of PCa 
[94].

Conclusions
Our study shed light on the effect of tumor removal on 
PCa cell dissemination with clinically relevant focus on 
the bones. We determined a unique osteoblast-induced 
PCa cell dormancy signature with significant suppression 
of mitochondrial gene expression, which was reported 
to be activated in bone metastases of PCa. The reverse 
correlation of dormant PCa cells and overt metastases 
in the bone microenvironment supported the rationale 
that inducing PCa dormancy prevents bone metastasis. 
Therefore, through an AI-powered algorithm, we iden-
tified a dormancy-mimicking drug, which induces PCa 
cell dormancy via FAK inhibition. Next, we will test and 
optimize the FAK inhibitors on dormancy induction and 
DTC suppression in preclinical mouse models. We will 
also address the molecular mechanisms by which osteo-
blasts induce PCa cell dormancy in the near future.
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