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Abstract

Background: Although the fusion of the transmembrane serine protease 2 gene (TMPRSS2) with the erythroblast transformation-spe-
cific-related gene (ERG), or TMPRSS2-ERG, occurs frequently in prostate cancer, its impact on clinical outcomes remains controver-
sial. Roughly half of TMPRSS2-ERG fusions occur through intrachromosomal deletion of interstitial genes and the remainder via
insertional chromosomal rearrangements. Because prostate cancers with deletion-derived TMPRSS2-ERG fusions are more aggres-
sive than those with insertional fusions, we investigated the impact of interstitial gene loss on prostate cancer progression.

Methods: We conducted an unbiased analysis of transcriptome data from large collections of prostate cancer samples and employed
diverse in vitro and in vivo models combined with genetic approaches to characterize the interstitial gene loss that imposes the most
important impact on clinical outcome.

Results: This analysis identified FAM3B as the top-ranked interstitial gene whose loss is associated with a poor prognosis. The associ-
ation between FAM3B loss and poor clinical outcome extended to fusion-negative prostate cancers where FAM3B downregulation
occurred through epigenetic imprinting. Importantly, FAM3B loss drives disease progression in prostate cancer. FAM3B acts as an
intermediator of a self-governing androgen receptor feedback loop. Specifically, androgen receptor upregulates FAM3B expression by
binding to an intronic enhancer to induce an enhancer RNA and facilitate enhancer-promoter looping. FAM3B, in turn, attenuates
androgen receptor signaling.

Conclusion: Loss of FAM3B in prostate cancer, whether through the TMPRSS2-ERG translocation or epigenetic imprinting, causes an
exit from this autoregulatory loop to unleash androgen receptor activity and prostate cancer progression. These findings establish
FAM3B loss as a new driver of prostate cancer progression and support the utility of FAM3B loss as a biomarker to better define
aggressive prostate cancer.

The TMPRSS2-ERG fusion, which juxtaposes the ERG gene down-
stream of the androgen-responsive 5’-regulatory region of
TMPRSS2, occurs in approximately 50% of prostate cancers (1).
TMPRSS2 and ERG are located approximately 2.8 megabases apart
on chromosome 21. Approximately half of TMPRSS2-ERG fusions
are generated through direct or complex deletion of the intersti-
tial region (referred to as “deletion”), and the others are formed

through insertional chromosomal rearrangements that maintain
the interstitial region (referred as to “insertion”) (1,2). Both fusion
mechanisms result in androgen receptor–driven ERG overexpres-
sion.

Despite 17 years of devoted research, the impact of fusion-
associated ERG overexpression on clinical outcomes remains
controversial (1,3,4). Nevertheless, there is a consensus that the
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deletion prostate cancer subtype is more aggressive than the
insertion subtype, as it is associated with higher tumor stages,
presence of pelvic lymph node metastases, and poorer disease-
specific and overall survival (1,2,5). Patients with biallelic
deletion-derived fusion had worse survival than those with
monoallelic deletion-derived fusion (6). Deletion-derived fusion
is detected 3 times more frequently in metastatic castration-
resistant prostate cancer than in hormone-naïve cases (5). A
study of patients who died of metastatic castration-resistant
prostate cancer showed that all metastatic sites harboring
TMPRSS2-ERG fusions were of the deletion subtype (7).
Conversely, insertion-derived fusion was five- to sixfold more
enriched in low-risk prostate cancers than in intermediate- and
high-risk prostate cancers (2).

The more aggressive nature of the deletion subtype is also
reflected in transgenic models. Prostatic hyperplasia was
detected in 19% of the mice with deletion-derived fusion but not
in any mice with insertion-derived fusion (8). In the background
of biallelic Pten loss, approximately 60% of the mice with
deletion-derived fusion, but none with insertion-derived fusion,
developed poorly differentiated invasive prostate cancers by
12months (9).

The interstitial region comprises 16 coding and more than 18
noncoding genes. Based on the aggressive phenotype associated
with interstitial deletion, we hypothesized that the aggressive
phenotype is due to loss of tumor-suppressor genes in this
region. Among these interstitial genes, only E26 transformation-
specific proto-oncogene 2 (ETS2) has been shown to have tumor-
suppressor function in prostate cancer (9,10), although its tumor-
promoting activity in prostate cancer has also been implicated
(11,12). Here, we undertook an unbiased approach to address the
largely ignored, yet crucial role, of interstitial-gene loss in pro-
moting prostate cancer progression and identified FAM3B as a
key tumor-suppressor gene in the region.

Methods
Statistical analysis
H-scores were analyzed by Mann–Whitney test. Kaplan–Meier
survival curves were compared using log-rank test. Cell and
tumor growth was analyzed by linear-regression comparison.
Two groups were compared using 2-sided Welch t test. See
Supplementary Methods (available online) for others.

Results
Loss of FAM3B and prostate cancer progression
Not all interstitial genes are uniformly lost in the deletion pros-
tate cancer subtype (2). To identify interstitial genes with func-
tional associations with prostate cancer progression, we assessed
their expression across the primary and metastatic adenocarci-
noma samples with TMPRSS2-ERG fusion in the RNA-sequencing
data from The Cancer Genome Atlas program, the Stand Up To
Cancer (SU2C) (13), and the Prostate Cancer Medically Optimized
Genome-Enhanced Therapy (PROMOTE) cohorts (14) and Grasso
microarray dataset (10). BACE2, FAM3B, MX1, PCP4, SH3BGR, and
WRB, but not ETS2, were downregulated in metastatic compared
with primary adenocarcinomas in 1 or both datasets (Figure 1, A;
Supplementary Figure 1, A, available online). Among these genes,
FAM3B levels showed the strongest negative correlation with
Gleason scores and grade groups in primary prostate cancers
(Figure 1, B; Supplementary Figure 1, B-F, available online).
Moreover, low FAM3B was associated with faster disease

progression after prostatectomy (Figure 1, C). Notably, the associ-
ation between FAM3B loss and prostate cancer aggressiveness
was also present in fusion-negative prostate cancers (Figure 1, D-
F), indicating the existence of interstitial-deletion-unrelated
FAM3B-silencing mechanisms.

We then validated the above findings using additional micro-
array datasets (10,15). Consistently, FAM3B was downregulated
when prostate cancer became castration resistant
(Supplementary Figure 2, A and B, available online). Moreover,
FAM3B expression decreased with higher pathological stage,
faster biochemical recurrence, and higher Decipher score, a
metastasis-predicting genomic score (16) (Supplementary Figure
2, C-E, available online). Thus, the analysis of microarray data-
sets validated our findings from the RNA-sequencing datasets.

To determine whether FAM3B protein expression mirrors its
RNA expression, we performed immunohistochemistry on tissue
microarrays containing 109 hormone-naïve and 19 castration-
resistant primary prostate cancer tissue cores after validating
FAM3B antibody specificity (Supplementary Figure 3, available
online). The hormone-naïve samples exhibited strong apical, dot-
like cytoplasmic staining, whereas the castration-resistant sam-
ples produced minimal signals (Figure 2, A). Moreover, the hor-
mone-naïve prostate cancers with low FAM3B staining recurred
faster and had a higher Gleason score, grade group, and patho-
logical stage than those with high FAM3B staining (Figure 2, B-D).
Collectively, the above data support FAM3B as the top-ranked
interstitial gene whose loss is associated with disease progres-
sion.

Effect of FAM3B on the growth of prostate cancer cells and
xenografts
To study the biological significance of the association, we per-
formed colony-formation assays in LNCaP, C4-2, and LNCaP95
cells with or without constitutive or doxycycline-induced FAM3B
expression. LNCaP is androgen sensitive, and LNCaP95 and C4-2
are castration-resistant LNCaP derivatives. They are TMPRSS2-
ERG negative (17) and express minimal FAM3B. FAM3B inhibited
their colony-forming ability (Figure 3, A). Similarly in xenograft
models, FAM3B expression inhibited the growth of castration-
resistant LuCaP35CR patient-derived xenograft (18), and FAM3B
knockdown via different short hairpin RNAs promoted the
growth of androgen-sensitive LuCaP136 patient-derived xeno-
graft (19) and castration-resistant progression of VCaP tumors
(Figure 3, B-D). The resected VCaP tumors in the knockdown
group showed a higher proliferation rate than the control tumors
(Figure 3, E). LuCaP35CR and VCaP contain TMPRSS2-ERG fusion,
which was caused by deletion in LuCaP35CR and by insertional
rearrangement in VCaP (5). LuCaP136 is TMPRSS2-ERG negative
(19). Thus, the growth-suppressive function of FAM3B in these
models is irrespective of TMPRSS2-ERG fusion.

FAM3B is secreted by the pancreas and liver and regulates gly-
cemic levels via a paracrine or endocrine manner (20,21).
Likewise, we detected FAM3B protein in the conditioned medium
from FAM3B-expressing C4-2 cells and in the extracellular space
of FAM3B-expressing C4-2 xenografts (Supplementary Figure 4, A
and B, available online). Additionally, a large fraction of intracel-
lular FAM3B was localized to the endoplasmic reticulum and
Golgi, typical of secretory proteins, although a notable localiza-
tion to the rest of the cytoplasm was also observed
(Supplementary Figure 4, C, available online). However, unlike
intracellular FAM3B expression, treating prostate cancer cells
with FAM3B-containing conditioned medium did not alter their
colony-forming ability (Supplementary Figure 4, D, available
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online), suggesting that FAM3B growth inhibition in prostate can-
cer is likely mediated through intracellular, rather than extracel-
lular, mechanisms.

Effect of FAM3B loss on prostate cancer progression in
Hi-Myc mice
We then used a conventional FAM3B-knockout mouse model (22)
to further verify the growth-suppressive function of FAM3B. In
the wild-type mice, FAM3B was highly expressed in prostate
luminal epithelial cells and in the pancreas and kidney
(Supplementary Figure 5, A and B, available online). Notably,
Fam3b-/- and Fam3bþ/þ mice displayed comparable prostate-
gland architecture and epithelial proliferation rate up to
12months (Supplementary Figure 5, C and D, available online),

indicating that FAM3B loss alone is insufficient to initiate pros-
tate tumorigenesis.

To further assess the impact of FAM3B knockout on prostate
cancer progression, we crossed Fam3b-/- mice with Hi-Myc mice,
which express high Myc levels specifically in the prostate and
recapitulate the spectrum of lesions in human prostate cancer
(23). Because the 2 mouse models have different genetic back-
grounds, we backcrossed Fam3bþ/-/Hi-Myc mice to Hi-Myc mice
for more than 5 generations to eliminate genetic differences as a
confounding factor. At 5months, although the genitourinary-
bloc morphology and weight were comparable between Hi-Myc/
Fam3b-/- and Hi-Myc/Fam3bþ/þ mice (Figure 4, A), FAM3B loss led
to more invasive adenocarcinoma, faster epithelial proliferation,
greater angiogenesis, and less apoptosis in the prostate (Figure 4,
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Figure 1. Loss of FAM3B RNA expression and prostate cancer prognosis. A) Four interstitial genes are downregulated in fusion-positive metastatic
castration-resistant prostate cancer compared with primary prostate cancers. Metastatic castration-resistant prostate cancers were from the Stand Up
To Cancer (SU2C) and the Prostate Cancer Medically Optimized Genome-Enhanced Therapy (PROMOTE) cohorts, and primary prostate cancers were
from The Cancer Genome Atlas (TCGA) cohort. Genes that are expressed at very low levels (mean transcript per million (TPM) < 5 in both groups) are
excluded from the analysis. ���� False discovery rate (FDR) < .0001 and jfold of change (FC)j > 1.5 by Differential gene expression analysis based on the
negative binomial distribution (DEseq). B-F) In both fusion-positive (B, C) and -negative (E, F) TCGA primary prostate cancers, low FAM3B RNA levels are
associated with high Gleason scores and grade groups and a short time to disease progression. D) FAM3B RNA is downregulated in fusion-negative
metastatic castration-resistant prostate cancer compared with primary prostate cancers. FDR from DEseq. P values from Mann–Whitney (B, E) or log-
rank test (C, F). C, F) High and low groups are separated based on the median value of the expression. GG ¼ grade group; GS ¼ Gleason score; mCRPC ¼
metastatic castration-resistant prostate cancer; PC ¼ prostate cancer; PFS ¼ progression-free survival.
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B-E), supporting the role of FAM3B loss in driving prostate cancer

progression.

Contribution of androgen deprivation to FAM3B loss
The association between FAM3B loss and prostate cancer aggres-

siveness in fusion-negative prostate cancer (Figure 1, D-F) sug-

gests the existence of fusion-unrelated FAM3B-silencing

mechanisms and the potential significance of these mechanisms

in prostate cancer outcome. Based on FAM3B downregulation

when primary prostate cancers (Figure 2, A; Supplementary

Figure 2, A and B, available online) and VCaP tumors (Figure 5, A)

became castration resistant, we asked whether androgen-

deprivation therapy silences FAM3B expression. Comparing

RNA-sequencing data from matched pre- and postandrogen-

deprivation therapy prostate cancer specimens (24), we found
reduced FAM3B expression after androgen-deprivation therapy
(Figure 5B). Similarly, castration decreased FAM3B expression in
mouse prostate (Figure 5, C). Conversely, treating VCaP cells with
the R1881 synthetic androgen (25) or dihydrotestosterone (DHT)
led to FAM3B induction, which was blocked by enzalutamide, an
androgen receptor antagonist, although the induction was asso-
ciated with initial transient repression (Figure 5, D-G). Rapid
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Figure 2. Loss of FAM3B protein expression and prostate cancer
progression. FAM3B immunohistochemistry of tissue microarrays shows
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immunohistochemistry; PC ¼ prostate cancer; PFS ¼ progression-free
survival.
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alternations between high-dose androgen and androgen-
deprivation therapy, the bipolar androgen therapy, have shown
promise in resensitizing metastatic castration-resistant prostate
cancer to androgen receptor–signaling inhibitors (26). We found

that feeding VCaP cells with supraphysiological-level androgen
(Figure 5, H and I) after androgen deprivation produced a similar
pattern of FAM3B modulation as physiological-level androgens
(Figure 5, D-G). These results support androgen deprivation as a
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fusion-independent FAM3B-silencing mechanism and the poten-
tial to restore FAM3B expression by bipolar androgen therapy.

Androgen receptor binding to FAM3B intron-5
Because androgen regulation occurs initially at FAM3B
RNA level, we asked whether FAM3B is an androgen receptor
transcriptional target. Using publicly available chromatin immu-
noprecipitation (ChIP)–sequencing datasets from VCaP cells (25)
and primary prostate cancers (27,28), we discovered that andro-
gen receptor co-occupies FAM3B intron-5 with other transcrip-
tion factors, RNA polymerase II, and active histone marks (29-31)
(Figure 6, A and B). Importantly, there was a high concordance
between the binding intensities of these trans-acting factors and
that of androgen receptor and between androgen receptor bind-
ing and FAM3B RNA levels (Figure 6, B and C). Using the
ChromHMM chromatin-state characterization pipeline (32), we
classified FAM3B intron-5 as an enhancer (Supplementary
Figures 6, A and 7, A, available online). FAM3B levels in different
normal tissues correlated with the presence or absence of this
enhancer activity (Supplementary Figure 6, B, available online).
To confirm androgen receptor binding, we divided the approxi-
mate 1.3 kb intron-5 into 5 regions, and ChIP–PCR showed
androgen-induced androgen receptor binding to regions 1 to 4
and the positive-control prostate-specific antigen (PSA)–
enhancer region, but not region-5, the flanking region-6, or a
nonandrogen receptor–binding PSA locus (Figure 6, D). ChIP–
quantitative PCR further confirmed androgen-induced androgen
receptor binding to regions 1 to 3, a 675 bp sequence (Figure 6, D).

In addition to stimulating the binding of androgen receptor
and other factors to intron-5, androgen caused an overall
enhanced association of these factors (except androgen receptor)
with a FAM3B intron-1 locus and/or the proximal promoter
(Figure 6, A), suggesting that androgen receptor may regulate
FAM3B transcription through chromatin looping, a common
mode of androgen receptor regulation (33). Supporting this
notion, we detected androgen receptor- and RNA polymerase II–
chromatin interactions spanning the promoter, the intron-1
locus, and intron-5 enhancer in VCaP Chromatin Interaction
Analysis with Paired-End-Tag sequencing (ChIA-PET) data (34,35)
(Figure 6, E). Moreover, Global run-on (GRO) sequencing (35)
revealed androgen-induced production of a noncoding RNA pre-
dominantly from the opposite strand of the intron-5 enhancer
(ie, an antisense enhancer RNA) (Figure 6, E). Although enhancer
RNAs promote enhancer-promoter looping at certain loci to
enhance transcription (36), transcription at intragenic enhancers,
especially antisense transcription, can cause a pause of the host
mRNA transcription to fine-tune host-gene transcription (37).
This may underlie the initial transient FAM3B decline in response
to androgen (Figure 5, D-I). A similar pattern of androgen

regulation was displayed by other genes with an androgen recep-
tor–binding intragenic enhancer(s) (Supplementary Figure 7, B-D,
available online).

Collectively, the above results identified FAM3B as a direct
androgen receptor target. Liganded androgen receptor binds to a
FAM3B intron-5 enhancer to stimulate enhancer RNA expression
and facilitate enhancer-promoter looping to activate FAM3B
transcription. Through this mechanism, intact androgen receptor
signaling facilitates FAM3B expression, whereas androgen depri-
vation enables fusion-independent FAM3B silencing.

Contribution of promoter hypermethylation to FAM3B
silencing
Without androgen-deprivation therapy or fusion-associated dele-
tion, hormone-naïve prostate cancers can still lose FAM3B
expression as they progress (Figure 1, E and F), indicating the
existence of additional FAM3B-silencing mechanisms. The
FAM3B promoter contains a robust CpG island, and 8 CpG sites
around this island were methylated in the The Cancer Genome
Atlas prostate cancer samples (Figure 7, A). Importantly, there is
a strong negative correlation between the methylation levels of
each of these CpG sites and FAM3B levels (Figure 7, A). Moreover,
hypermethylation of 5 of these CpG sites was associated with
fast disease progression in fusion-negative and/or -positive pros-
tate cancers (Figure 7, B; Supplementary Figure 8, A and B, avail-
able online). Because the cg18440523 site was associated with
disease progression in both populations (Figure 7, B), we per-
formed bisulfite-amplicon sequencing with this site for valida-
tion. Treatment of VCaP and C4-2 cells with the decitabine
DNA-methyltransferase inhibitor decreased cytosine methyla-
tion and increased FAM3B expression (Figure 7, C-E).
Furthermore, decitabine inhibited the colony-forming ability and
growth of these cells (Figure 7, F and G; Supplementary Figure 8,
C, available online), and FAM3B knockdown attenuated decita-
bine growth suppression (Supplementary Figure 8, D, available
online). These data indicate that promoter hypermethylation is
an additional FAM3B-silencing mechanism in advanced prostate
cancer. We found that these 2 epigenetic imprinting mechanisms
may not intersect as androgen deprivation did not alter the level
of FAM3B promoter methylation (Supplementary Figure 8, E and
F, available online).

FAM3B modulating androgen receptor transcriptional
activity
To understand how FAM3B loss promotes prostate cancer pro-
gression, we performed RNA sequencing of castration-resistant
VCaP tumors with or without FAM3B knockdown and C4-2 cells
with or without doxycycline-induced FAM3B expression. Gene set
enrichment analysisidentified 12 pathways enriched after FAM3B

Figure 6. Continued
from the GSE130408 dataset, and samples P533T and P229T as well as the correlation data presented in panel C are from the GSE120738 dataset. R and
P values are from Spearman correlation analysis. D) ChIP-PCR and ChIP-quantitative-PCR confirmation of androgen receptor binding to FAM3B intron-
5. Top panel, a schematic diagram showing the subregions of FAM3B introns-5 and -6 that were PCR amplified in ChIP-PCR.Middle panel, ChIP-PCR
results with immunoglobulin G or the androgen receptor N-20 antibody. Bottom panel, ChIP-quantitative-PCR results with multiple sets of primers
covering regions 1-4 of FAM3B intron-5. Dihydrotestosterone ¼ 10nM for 4h. Prostate-specific antigen (PSA) enhancer ¼ androgen receptor-binding PSA
enhancer region as a positive control. PSA negative ¼ nonandrogen receptor-binding PSA locus as a negative control. �P< .05; ��P< .005 from the EtOH
group using Welch t test. E) Chromatin Interaction Analysis with Paired-End-Tag sequencing (ChIA-PET) and Global run-on sequencing (GRO-seq) data
from VCaP cells (GSE54946 and GSE121020) show androgen receptor- and RNA polymerase II-associated chromatin looping and androgen-induced
expression of an enhancer RNA from androgen receptor-binding FAM3B intron-5. AR ¼ androgen receptor; ChIP ¼ chromatin immunoprecipitation;
Ctrl ¼ control; EtOH ¼ ethanol; DHT ¼ dihydrotestosterone; Enh ¼ enhancer; IgG ¼ immunoglobulin G; Neg ¼ negative; PC ¼ prostate cancer; POL II ¼
RNA polymerase II; TPM ¼ transcript per million.
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Figure 8. FAM3B regulation of androgen receptor transcriptional activity. A) Gene set enrichment analysis of RNA-sequencing data from VCaP
castration-resistant tumors with or without FAM3B knockdown and C4-2 cells with or without doxycycline-induced FAM3B expression identifies the
androgen-response pathway as the only overlapping pathway modulated by FAM3B in the 2 models. B) Gene set enrichment analysis plots of the
androgen-response pathway in the 2 models. C, D) Luciferase assay with the ARR3-luc construct (C) and real-time quantitative PCR analyses of
androgen receptor targets (D) in doxycycline-inducible FAM3B-expressing C4-2 cells confirm FAM3B inhibition of androgen receptor transcriptional
activity. E) Androgen receptor immunofluorescent staining of doxycycline-inducible FAM3B-expressing C4-2 cells cultured in androgen-depleted
condition treated with 10nM dihydrotestosterone or vehicle control shows FAM3B attenuation of androgen receptor nuclear localization. The percent
of androgen receptor nuclear localization was calculated based on the fraction of nuclear androgen receptor fluorescence intensity in each cell. F)
Model of androgen receptor and FAM3B feedback regulation in normal prostate or prostate cancer. �P< .05; ��P< .005; ���P< .0005; ����P< .0001; ns ¼
not significant using Welch t test. AR ¼ androgen receptor; Ctrl ¼ control; CR ¼ castration resistant; EtOH ¼ ethanol; DHT ¼ dihydrotestosterone; FDR
¼ false discovery rate; GSEA ¼ gene set enrichment analysis; NES ¼ normalized enrichment score.
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knockdown in VCaP tumors and 7 pathways enriched after
FAM3B expression in C4-2 cells (Figure 8, A). Interestingly, the
androgen-response pathway was the only overlapping pathway.
Gene set enrichment analysis plots (Figure 8, B) and androgen
receptor–activity scores (Supplementary Figure 9, A, available
online) indicated high androgen-response signaling in the
FAM3B-low groups, suggesting FAM3B inhibition of androgen
receptor signaling.

Consistently, FAM3B expression inhibited the activity of an
androgen receptor–responsive luciferase reporter and androgen-
induced androgen receptor–target expression (Figure 8, C and D;
Supplementary Figure 9, B, available online). These experiments
were concluded before alteration in cell growth to ensure that
the changes were not secondary to growth inhibition. We also
assessed androgen receptor–target expression after treating C4-2
cells with a FAM3B-containing conditioned medium or a
recombinant FAM3B protein (38). Consistent with the colony-
formation data (Supplementary Figure 4, D, available online), the
extracellular FAM3B protein did not statistically significantly
impact androgen receptor–target expression (Supplementary
Figure 9, C and D, available online). These data support the role
of FAM3B in inhibiting androgen receptor transcriptional activity
through intracellular mechanisms.

To address the underlying mechanism, we assessed androgen
receptor expression and localization and androgen receptor–
FAM3B physical interaction in C4-2 cells. FAM3B did not alter
androgen receptor protein level nor was co-immunoprecipitated
with androgen receptor (Supplementary Figure 9, E and F, available
online). Nevertheless, it caused a 15%-18% decrease in androgen
receptor nuclear localization in both androgen-depleted and
androgen-repleted conditions (Figure 8, E; Supplementary Figure
9G, available online). Because the impact of FAM3B on androgen
receptor nuclear localization is not as pronounced as that on
androgen receptor transcriptional activity (>50%; Figure 8, C and
D; Supplementary Figure 9, A and B, available online), additional
mechanisms, such as androgen receptor posttranslational modifi-
cation, are likely to be involved. Capitalizing on the androgen
receptor–knockout CWR22Rv1-AR-EK cells that retain androgen
receptor splicing variants (39), we studied the impact of FAM3B on
androgen receptor splicing variants, which have been linked to
prostate cancer therapy resistance (40). FAM3B similarly inhibited
androgen receptor splicing variant transcriptional activity and
nuclear localization without affecting androgen receptor splicing
variant expression (Supplementary Figure 10, A-C, available
online). Moreover, FAM3B diminished the colony-forming ability of
CWR22Rv1-AR-EK cells without affecting the colony-forming abil-
ity or growth of the androgen receptor–null DU145 and PC-3 cells
(Supplementary Figure 10, D-G, available online). Because FAM3B
was shown by a previous study to promote DU145 growth under a
serum-starved condition (41), we reassessed the impact of FAM3B
on DU145 and PC-3 cells under the same serum-starved condition
by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay, the method used in their study (41). Still, these cells
were unresponsive to FAM3B modulation (Supplementary Figure
10, H and I, available online). A possible explanation for the dis-
crepancy might be divergence of DU145 cells in different labs.
Together, our findings suggest that FAM3B growth suppression is
limited to androgen receptor–positive cells and tumors through its
intracellular activity that attenuates androgen receptor signaling.
Although FAM3B may support growth suppression through multi-
ple mechanisms, with the androgen receptor pathway being the
only overlapping pathway in VCaP and C4-2 (Figure 8, A) and the
known importance of androgen receptor activity in prostate cancer

growth and progression, FAM3B suppression of androgen receptor
activity is likely a key contributor.

Discussion
We identified a new functional ramification of the TMPRSS2-ERG
fusion—loss of FAM3B, a novel tumor suppressor, in driving pros-
tate cancer progression. Our unbiased analysis of the interstitial
genes across transcriptome data of large collections of prostate
cancer samples nominated FAM3B as the top-ranked interstitial
gene whose loss is associated with poor prognosis. Notably, the
association is similarly present in fusion-positive and fusion-
negative prostate cancers, supporting a broad impact of FAM3B
loss on clinical outcomes and the existence of fusion-unrelated
FAM3B-silencing mechanisms. Using cultured cells, patient- and
cell line–derived xenograft models in gonad-intact or castrated
host, and genetically engineered mouse models, we defined a
driver role of FAM3B loss in prostate cancer progression. Ectopic
FAM3B expression, whether constitutive or induced, inhibits the
colony-forming ability of prostate cancer cells and the growth of
patient-derived xenograft. Conversely, FAM3B knockdown indu-
ces the growth and castration-resistant progression of patient- or
cell line–derived xenograft tumors. Furthermore, FAM3B knock-
out leads to more invasive prostate adenocarcinoma in Hi-Myc
mice. Because these models differ in TMPRSS2-ERG genetics,
from no fusion to insertion-derived fusion and deletion-derived
fusion, the impact of FAM3B loss on prostate cancer progression
is likely TMPRSS2-ERG independent, resonating with the link
between FAM3B loss and poor clinical outcomes regardless of
TMPRSS2-ERG status.

We discovered promoter hypermethylation and androgen
deprivation as 2 fusion-unrelated FAM3B-silencing mechanisms
in advanced prostate cancer. Liganded androgen receptor binds
to an enhancer in FAM3B intron-5 to stimulate enhancer RNA
expression and facilitate enhancer-promoter looping to activate
FAM3B transcription. Consequently, androgen deprivation, by
preventing androgen receptor from binding to the enhancer, sup-
presses FAM3B expression. FAM3B imposes a feedback inhibition
on androgen receptor signaling. In normal prostate, this feedback
loop likely acts as a rheostat to keep androgen receptor activity
in check; however, in prostate cancer, loss of FAM3B, due to
TMPRSS2-ERG interstitial deletion, FAM3B promoter hyperme-
thylation, and/or androgen deprivation, unleashes androgen-
dependent or -independent androgen receptor activity to push
disease progression (Figure 8, F).

Because metastatic prostate cancer remains a fatal disease,
there is a critical need to identify prostate cancers that will prog-
ress to metastatic disease so they can be treated early to stop dis-
ease progression. The role of FAM3B loss in driving prostate
cancer progression and strong correlations for low FAM3B
expression with metastasis, castration resistance, and high risk
support the utility of FAM3B loss as a biomarker to better define
aggressive tumors. As a functional consequence of deletion-
derived TMPRSS2-ERG fusion, FAM3B loss may improve the prog-
nostic value of TMPRSS2-ERG fusion, which has been a subject of
controversy for the past 17 years.

Another clinical implication of our study is the potential to
restore FAM3B expression through epigenetic means even in pros-
tate cancers with deletion-derived fusion because the fusion is
often monoallelic. Decitabine may potentiate enzalutamide effi-
cacy by alleviating enzalutamide-mediated FAM3B downregula-
tion along with restoring the expression of other tumor-suppressor
genes. Moreover, our data with supraphysiological-level androgen
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support the potential to mitigate androgen-deprivation therapy–
caused FAM3B downregulation by alternating androgen-
deprivation therapy with high-dose androgen in bipolar androgen
therapy (26).

In closing, we unraveled a new functional consequence of
TMPRSS2-ERG fusion—loss of FAM3B, a novel tumor suppressor,
in driving prostate cancer progression. Our work highlights the
utility of FAM3B loss as a biomarker to better define aggressive
prostate cancer and improve the prognostic value of TMPRSS2-
ERG fusion.
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