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TRIM28 promotes luminal cell plasticity in a mouse model of
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The Tripartite motif-containing 28 (TRIM28) transcriptional cofactor is significantly upregulated in high-grade and metastatic
prostate cancers. To study the role of TRIM28 in prostate cancer progression in vivo, we generated a genetically-engineered mouse
model, combining prostate-specific inactivation of Trp53, Pten and Trim28. Trim28 inactivated NPp53T mice developed an
inflammatory response and necrosis in prostate lumens. By conducting single-cell RNA sequencing, we found that NPp53T
prostates had fewer luminal cells resembling proximal luminal lineage cells, which are cells with progenitor activity enriched in
proximal prostates and prostate invagination tips in wild-type mice with analogous populations in human prostates. However,
despite increased apoptosis and reduction of cells expressing proximal luminal cell markers, we found that NPp53T mouse
prostates evolved and progressed to invasive prostate carcinoma with a shortened overall survival. Altogether, our findings suggest
that TRIM28 promotes expression of proximal luminal cell markers in prostate tumor cells and provides insights into TRIM28
function in prostate tumor plasticity.
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Graphical Abstract

INTRODUCTION
While potent androgen receptor (AR)-targeting drugs have
improved survival for patients with castration-resistant prostate
cancer (CRPC), prostate tumor heterogeneity and plasticity remain
significant clinical challenges [1]. Recent findings from single-cell
RNA sequencing of mouse and human prostate have provided
insights into the heterogeneity of luminal cell types in normal
prostate cells [2–5]. Additional knowledge of luminal cell
heterogeneity in prostate cancers, which generally display a

luminal phenotype, and the key transcriptional regulators that
promote prostate cancer progression and plasticity are needed.
The tripartite motif-containing 28 (TRIM28/TIF1b/KAP1) protein

is a transcriptional coregulator proposed as a therapeutic target
for CRPC [6]. TRIM28 is significantly upregulated in metastatic
CRPC and high-grade localized prostate cancers, and knockdown
of TRIM28 reduces prostate xenograft growth [6]. Furthermore,
overall survival is significantly reduced in prostate cancer patients
with high TRIM28 expression [6].
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TRIM28 is a corepressor protein for over 300 transcription factor
proteins in the Kruppel-associated box (KRAB) zinc finger protein
family. KRAB zinc finger proteins are conserved only in tetrapod
genomes and function as epigenetic transcriptional regulators by
recruiting TRIM28, histone methyltransferase SETDB1, HP1, and
histone deacetylases. TRIM28 regulates mouse embryonic devel-
opment [7], genomic imprinting [8–10], self-renewal of embryonic
stem (ES) cells [11], differentiation of cells including blood cells
[12], muscle [13] and naïve T cells [14], and has been identified as
a chromatin reader that sustains oncogenesis [15]. In breast
cancers, TRIM28 is upregulated and has been proposed to regulate
breast cancer stem cells [16–18].
Independent findings from three labs indicate pro-tumorigenic

functions for TRIM28 in human prostate cancers [6, 19, 20]. These
studies showed that TRIM28 interacts with AR in prostate cancer
cell lines and enhances AR signaling, and that TRIM28 also
prevents degradation of TRIM24 by SPOP. However, in vivo studies
on TRIM28 in prostate cancers have been limited to work using
xenograft models using immune-compromised mice. In this study,
we investigated the effect of Trim28 inhibition in a genetically-
engineered mouse model of prostate cancer and show that
TRIM28 promotes the expression of proximal luminal lineage cell
markers in prostate tumor cells.

RESULTS
To assess the effect of Trim28 inhibition in prostate cancers, we
used the genetically-engineered mouse prostate cancer model
NPp53 (Nkx3.1-CreERT2/+; Ptenf/f; p53f/f), which lacks Pten and p53
tumor suppressor proteins in prostate epithelial cells [21]. We
selected the NPp53 model for our studies as co-occurrence of
PTEN and TP53 mutations are observed in approximately 20–30%
of advanced prostate cancer patients [22]. We further inhibited
Trim28, generating Nkx3.1-CreERT2/+; Ptenf/f; p53f/f;Trim28f/f

(NPp53T) mice.
To determine TRIM28 function in prostate cancers in vivo, we

compared NPp53 prostates to NPp53T prostates with Trim28
inhibition (Fig. 1). We induced tumor formation in adult mice and
dissected prostates 3 months later (Fig. 1A). Simultaneously, we
performed lineage tracing in NPp53 and NPp53T prostates using
an R26R-YFP reporter allele, which is expressed upon activation of
Nkx3.1-CreERT2. In control NPp53 prostates, all YFP positive (YFP+)
cells expressed TRIM28 (Fig. 1B, D). In contrast, in NPp53T
prostates, 90% of YFP+ cells were TRIM28 negative (-), indicating
a high efficiency of TRIM28 inhibition (Fig. 1B–D, Table S2).

Trim28 inhibition in NPp53 prostates promotes inflammation
and apoptosis
By 3 months after tumor induction, NPp53 prostates developed
high-grade prostatic intraepithelial neoplasia (PIN) with a cribri-
form pattern, focal invasion and nuclear atypia (Figs. 1E, S1A, C)
[21]. In age-matched NPp53T prostates, in addition to high-grade
PIN lesions, we detected necrotic lumens with increased stromal
cells surrounding prostate ducts (Figs. 1F, S1B, D). Furthermore,
CD3 lymphocyte infiltration was observed in NPp53T prostates
suggesting an inflammatory response to Trim28 inhibition (Fig. 1G,
H). This finding was unexpected, as prostate cancers are
immunologically “cold” with few tumor-infiltrating T cells [23, 24].
To understand how Trim28 inhibition affects the NPp53 tumor

phenotype, we analyzed prostates at an earlier stage of tumor
progression. We confirmed the high efficiency of TRIM28
inhibition in NPp53T prostates 1 month following tamoxifen
treatment (Fig. S1E–G). NPp53 and NPp53T prostate tissues could
be distinguished histologically as early as 1 month after tamoxifen
treatment, as necrotic lumens were more prominent in NPp53T
prostates (Fig. S1H, I; n= 4 prostates). Thus, we focused our
analysis on tissues at this stage of tumor progression.

To determine if the increase in lymphocyte infiltration that we
observed in NPp53T prostates compared to NPp53 prostates at
3 months after tamoxifen treatment arises during early stages of
tumor progression (Fig. 1G, H), we characterized immune cell
types in NPp53 and NPp53T whole prostate tissues 1 month after
tamoxifen treatment. We compared NPp53 to NPp53T prostates
using flow cytometry. In both NPp53 and NPp53T prostates, many
CD45+ immune cells were macrophages [25]. The percentage of
CD45+ cells that were macrophages (37% ± 6.3% vs. 34% ± 4.4%;
n= 5 mice), neutrophils (24% ± 14.3% vs. 10% ± 1.3%; n= 5 mice)
and T cells (7% ± 2.4% vs. 10% ± 2.4%; n= 5 mice) did not differ
significantly (Fig. S1N–P). These findings suggest that Trim28
inhibition in epithelial cells does not immediately illicit an immune
response.
Using flow cytometry analysis, we quantified the percentage of

YFP+ cells in NPp53 and NPp53T prostates 1 month after
tamoxifen treatment. We observed a slight reduction in the
percentage of YFP+ cells in NPp53T prostates compared to NPp53
prostates (Fig. S1K–M).
To determine the effects of Trim28 inhibition on cell prolifera-

tion in vivo, we assessed KI67 expression in YFP+ prostate
epithelial cells 1 month after tamoxifen treatment (Fig. 1I, J). The
percentage of YFP+ KI67+ cells was similar between NPp53 and
NPp53T prostates (14 ± 6.5% and 10.7 ± 2.5% respectively; n= 3
mice each; Fig. 1I–K; Table S2). This suggests that at 1 month after
tumor induction, Trim28 inhibition in NPp53T prostates does not
affect epithelial cell proliferation.
We then assessed for apoptosis by staining for active Caspase 3.

Cells with active Caspase 3 were rare in epithelial layers of both
NPp53 and NPp63T prostate tissues. However, high expression of
active Caspase 3 was detected in lumens of NPp53T prostates (Fig.
1L–O), suggesting that Trim28 inhibition in NPp53T prostates
promotes apoptosis.
Prostate tumor cells in hormonally-intact genetically-engi-

neered mouse models with inactivation of Tp53 and Pten in
Nkx3.1-expressing cells generally express luminal markers [21]. We
confirmed that YFP+ cells in NPp53 and NPp53T prostates
expressed high levels of luminal cytokeratin marker KRT8; a few
YFP+ cells expressed basal cytokeratin marker KRT5 (Figs. 1P, Q,
S1Q, R). Androgen receptor (AR) was expressed in both NPp53 and
NPp53T prostates (Fig. S1S, T).
NKX3.1 is an AR target and a prostate luminal cell marker

expressed in the wild-type mouse prostate. However, NKX3.1
expression is lost in mouse PIN lesions and cancers in Nkx3.1+/−;
Pten+/− [26] and Myc transgenic animals [27]. Unexpectedly, we
found differences in NKX3.1 expression in NPp53 and NPp53T
prostates, with reduced NKX3.1 expression in control NPp53
prostates but not in NPp53T prostates (Fig. 1R, S).

Single-cell RNA sequencing suggests TRIM28 is required in
proximal luminal phenotype cells
Recent single-cell RNA sequencing studies of the normal mouse
prostate have identified a distinct proximal luminal lineage of cells
enriched in proximal prostate and distal epithelial invagination
tips that are conserved in human and mouse prostates (also
known as LumP/L2/Luminal C [2–5]). In mice, proximal luminal
cells are specified early during prostate organogenesis and remain
distinct from other luminal cell types [4, 28]. However, in organoid
culture and tissue reconstitution assays, proximal luminal lineage
cells display enhanced progenitor properties [29]. Furthermore,
proximal luminal-like cells are present in human prostate cancers
and in mouse models of prostate cancer [2, 30].
To assess the effect of Trim28 inhibition on heterogeneous

prostate tumor cell types, we conducted single-cell RNA sequen-
cing of NPp53 and NPp53T prostates 1 month after tamoxifen
induction (Figs. 2, S2). Using unsupervised clustering analysis and
UMAP visualization, we confirmed the generation of gene
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Fig. 1 Trim28 inhibition in the NPp53 mouse model of prostate cancer promotes inflammation and apoptosis. A Genotypes and
experimental timeline. B–D Immunofluorescence staining for (B, C) YFP, TRIM28 and DAPI; and (D) quantification (n= 3 mice per genotype).
Arrowhead points to a YFP+ cell with TRIM28 expression from an NPp53 prostate. Arrow points to a YFP+ epithelial cell lacking TRIM28
expression from an NPp53T prostate. E, F H&E staining. G, H Immunofluorescence staining for epithelial marker E-cadherin, T cell marker CD3
and DAPI. I–K Immunofluorescence staining for (I, J) YFP, proliferation maker KI67 and DAPI; and (K) quantification (n= 3 mice per genotype).
L–O Immunofluorescence staining for YFP, apoptosis maker active caspase 3 (CASP3) and DAPI at (L,M) low and (N,O) high magnification; and
(P, Q) YFP, luminal cell marker KRT8, basal cell marker KRT5 and DAPI (R, S) Immunohistochemical staining for NKX3.1. Nuclei were stained with
Hematoxylin. *Stromal cells in NPp53T tumors. Scale bars represent 50mm. Error bars represent standard deviation from the mean. P values
were calculated using an unpaired Student’s t test. ****p < 0.0001. See also Fig. S1 and Table S2.
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expression profiles from distinct cell types and identified luminal
cell clusters (Krt8; Fig. S2A–C).
To compare lineage-traced cells from NPp53 and NPp53T

prostates, we separated YFP+ cells (Fig. S2B, D). We conducted an
unsupervised clustering analysis of gene expression profiles from
YFP+ lineage-traced cells and identified 6 clusters of cells (Fig. 2B,
Supplementary File 1). These clusters included a luminal cell
cluster expressing Nkx3.1 and Pbsn resembling luminal cells from
anterior or dorsal prostate lobes (Luminal A/D cells), a luminal cell
cluster expressing Ppp1r1b and Krt4 resembling proximal luminal
cells, two smaller luminal cell clusters expressing luminal ventral or
lateral prostate lobe markers (Luminal V/L), and a cluster of basal
cells expressing Krt5 (Figs. 2B, C, S2F). We also identified a small
cluster of cells expressing goblet cell markers, previously reported
in genetically-engineered mouse models of prostate cancer (Figs.
2B, C, S2F) [31]. Surprisingly, we found many YFP+ cells from
NPp53 prostates clustered with proximal luminal-like cells,
whereas this population was reduced in Trim28 inhibited NPp53T
prostates (Fig. 2B). In contrast, a higher percentage of YFP+ cells
from NPp53T prostates resembled Luminal A/D cells.
We performed differential gene expression analysis on lineage-

labeled YFP+ cells from NPp53 and NPp53T samples (n ≥ 800 cells
per sample). We found expression of proximal luminal markers
Krt4, Psca, Krt7, Ppp1r1b, Runx1 and Tacstd2 were significantly
reduced in YFP+ cells from NPp53T prostates (Fig. 2B–D,

Supplementary File 2). Other top downregulated genes in
NPp53T YFP+ cells included genes that regulate cancer stem/
progenitor cells (Tspan8, Prom1; [32–34], Supplementary File 2).
Top overexpressed genes in NPp53T YFP+ cells included genes
involved in immune cell regulation (Stfa1, Ptpn22; [35, 36]) and
apoptosis (Bcl2l15). Notably, the most differentially upregulated
gene in Trim28-deleted cells was Bglap3 (Supplementary File 2),
which is regulated by TRIM28 and histone methyltransferases
including SETDB1 in ES cells [37, 38]. We confirmed the aberrant
BGLAP protein overexpression in NPp53T prostate tissues
(Fig. S3A, B).

Trim28 promotes expression of proximal luminal cell markers
To further study the reduction in cells expressing proximal luminal
markers identified by single-cell RNA sequencing of NPp53T
prostates, we conducted immunostaining analysis (Figs. 3, S3). In
addition to marking proximal luminal cells, Ppp1r1b expression has
been reported in normal prostate neuroendocrine cells [5]. Thus,
we evaluated Synaptophysin expression in NPp53 and NPp53T
tissues to determine if Trim28 inhibition affects neuroendocrine
differentiation. Rare YFP+ cells that expressed Synaptophysin were
detected in NPp53 prostates, but not in NPp53T prostates (Fig.
S3C, D). Although NPp53 prostates undergo transdifferentiation to
neuroendocrine tumors when castrated and treated with abir-
aterone [21], most cells in hormonally-intact NPp53 and NPp53T

Fig. 2 Single-cell RNA sequencing of NPp53 and NPp53T prostates suggests TRIM28 is required in proximal luminal phenotype cells.
A Experimental timeline. B, C Aggregated UMAP visualization of single-cell RNA sequencing gene expression profiles from YFP+ NPp53 and
NPp53T prostate cells. Blue color in (C) indicates expression level of Nkx3.1 and Pbsn, Ppp1r1b and Krt4, Krt5 and Slc12a8 genes. D Bubble plot
showing expression of proximal luminal marker genes in YFP+ cells from NPp53 and NPp53T prostates. See also Fig. S2.
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tissues did not display characteristics of neuroendocrine cells. This
was also confirmed by analysis of the expression of synaptophysin
(Syp) and chromogranin A (Chga) neuroendocrine markers in YFP+

cells by single-cell RNA sequencing (Fig. S2F).

In the wild-type mouse prostate, NKX3.1-expressing cells are
distinct from PPP1R1B expressing proximal luminal lineage cells
[2–5]. Thus, as expected, in Nkx3.1-CreERT2/+; R26R-YFP animals,
we did not detect PPP1R1B expression in YFP+ cells (Fig. 3A, Table
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S2). To investigate the shift of NKX3.1-expressing cells to cells with
PPP1R1B expression upon inactivation of Pten and p53, we stained
NPp53 prostates at 2 weeks, 1 month and 3 months after
tamoxifen treatment. In NPp53 prostates, the percentage of YFP+

PPP1R1B+ cells gradually increased over time (38.2 ± 1.8% of YFP+

cells at 2 weeks following tamoxifen treatment to 65 ± 4.3% of
YFP+ cells at 3 months; Fig. 3B–F, Table S2, n= 3 mice). In NPp53
prostates, PPP1R1B+ cells were frequently detected near the
lumens of prostate ducts (Fig. S3E). In contrast, in NPp53T
prostates with Trim28 inactivation, the percentage of YFP+

PPP1R1B+ cells remained lower, at 28 ± 6.1% of YFP+ cells at
3 months following tamoxifen induction (Fig. 3F–I, Table S2, n= 3
mice). In NPp53T prostates, non-transformed PPP1R1B+ cells
without YFP expression were also observed (Figs. 3H, S3F).
Expression of additional proximal luminal markers including
KRT4 and TACSTD2 was also reduced in live cells of NPp53T
prostates (Fig. S3G–J), though cells retained expression of the
HOXB13 prostate marker (Fig. S3K, L).
Despite differences in PPP1R1B expression, the overall pro-

liferation of lineage-marked YFP+ cells was similar in NPp53 and
NPp53T prostates (Fig. 1I–K, Table S2). We hypothesized that in
NPp53 prostates, an increase in proliferation rate in PPP1R1B+

cells could contribute to a shift in tumor phenotype to a higher
number of PPP1R1B+ cells over time. Thus, we compared KI67
expression between YFP+ PPP1R1B- and PPP1R1B+ cells but did
not detect significant differences in proliferation rates between
PPP1R1B+ and PPP1R1B- cells in NPp53 or NPp53T prostates (Fig.
3J–M, Table S2).
To investigate the cell-autonomous effects of Trim28-deletion

in YFP+ NPp53 prostate epithelial cells, we isolated EpCAM+

YFP+ cells using fluorescent activated cell sorting (FACS) and
generated organoids (Fig. S4A–D) [39]. The growth of NPp53T
organoids from sorted YFP+ cells was similar to control NPp53
organoids (Figs. 3N, O, S4E–J). Interestingly, PPP1R1B expression
in organoids resembled prostate tissues in vivo, with higher
PPP1R1B expression in NPp53 organoids compared to NPp53T
organoids (Fig. 3P, Q).
In contrast, when we knocked out Trim28 in NPp53 organoids

expressing high levels of PPP1R1B, we could not establish NPp53T
organoid lines (Fig. S4K, n= 2 experiments). This finding, along
with the increased apoptosis we observed in NPp53T prostate
lumens in vivo suggests a differential requirement for TRIM28 in
PPP1R1B+ cells that is not present in PPP1R1B- cells.
Altogether, as Nkx3.1-CreERT2 is not expressed in proximal

luminal cells before tumor induction (Fig. 3A) these observations
suggest that TRIM28 promotes the expression of proximal luminal
cell markers in NKX3.1-expressing tumor cells, and that the
increase in the percentage of PPP1R1B expressing cells over time
is not due to significant differences in proliferation rates between
PPP1R1B+ and PPP1R1B− cells. We have further found that this
plasticity is not dependent on the genetic inactivation of p53, as
the shift to a proximal luminal tumor phenotype occurred in
Nkx3.1-CreERT2/+; Ptenf/f; Trim28f/+ (NP), but not Nkx3.1-CreERT2/
+;Ptenf/f;Trim28f/f (NPT) prostates (Fig. S5). Our findings are
consistent with a recent report demonstrating cellular plasticity
in prostates of PSA-CreERT2; Ptenf/f mice [30]. As Hypoxia-inducible
factor 1 alpha (HIF1A) signaling in luminal cells promotes luminal
cell plasticity [30], we also examined HIF1A expression in NP and

Trim28 inhibited NPT prostates and found that HIF1A expression
was generally reduced in epithelial cells of NPT tumors (Fig.
S5E–H). These findings reveal new functions of TRIM28 in
promoting prostate tumor plasticity.
In adult mouse prostates, we confirmed high levels of TRIM28

expression in CK8-expressing luminal prostate epithelial cells, as
reported in human prostate luminal cells [19] (Fig. S6A). TRIM28
expression was also detected in CK5-expressing basal prostate
epithelial cells (Fig. S6B). Similarly, in normal human prostate
tissues, TRIM28 mRNA is ubiquitously expressed across epithelial
cell types (Fig. S7A) [3]. To assess TRIM28 function in normal adult
prostate luminal cells, we treated adult Nkx3.1-CreERT2/+; Trim28f/
f; R26R-YFP mice with tamoxifen (Fig. S6C). This deletion of TRIM28
in adult luminal cells did not affect prostate morphology or weight
(Fig. S6C–F), indicating that prostate-specific deletion of TRIM28
appears well-tolerated in normal adult prostate luminal cells
expressing NKX3.1.

Trim28 inhibition in NPp53 prostates reduces overall survival
Despite the reduction of proximal luminal-like cells, NPp53T
prostates surprisingly progressed to invasive prostate carcinoma
by 3 months after tumor induction (Fig. 4). Overall survival in
NPp53T mice was significantly reduced compared to control
NPp53 mice, and restricted to a median survival of 122 days after
tumor induction (Fig. 4B, n= 7 NPp53T mice).
Comparison of whole prostate weights revealed exponential

growth of NPp53T prostates at approximately 100-days after
tumor induction (Fig. 4C–E, G, H; n= 26 NPp53, n= 19 NPp53T
mice). In late-stage NPp53T mice, lineage-marked YFP+ cells with
sarcomatoid features were detected in prostate stromal regions
(Fig. 4I). We confirmed that these YFP+ cells remained negative for
TRIM28 (Fig. 4K, L). However, when stained for the KI67
proliferation marker, we detected KI67 expression in NPp53T
YFP+ stromal cells, suggesting that the proliferation of these cells
contributed to the tumor mass (Fig. 4M–O). Enlarged lymph nodes
were also common in late-stage NPp53T mice (n= 3 out of 4
NPp53T mice); we confirmed YFP expression, indicating metastasis
of prostate cancer cells to lymph nodes (Fig. 4J). Although
metastases to distant organs such as lungs or liver were not
detected, NPp53T mice succumbed to bladder outlet obstruction.
In contrast, age-matched NPp53 mice were viable even at 250 days
after tumor induction with only a gradual increase in prostate
weight (Fig. 4B, C).
We found that alpha-smooth muscle actin (ACTA2) expression

was discontinuous in NPp53T prostates, suggesting remodeling of
the basement membrane surrounding prostate ducts and
progression to invasive carcinoma (Fig. 4P, Q) [31]. To assess the
collagen content of tumors, we conducted Masson’s Trichrome
staining. We observed an increase in blue collagen fiber staining in
stromal regions of NPp53T prostates compared to age-matched
control NPp53 prostates (Fig. 4R, S).
The reduced survival and increase in prostate weights in

NPp53T prostates were surprising, given previous work on
reduced cell proliferation upon Trim28-deletion in prostate cancer
cell lines and cell-line derived xenograft models [6]. Our
observations indicate that although Trim28 inhibition reduces
the expression of proximal luminal markers and promotes
apoptosis and lymphocyte infiltration, NPp53T tumors evolve

Fig. 3 Trim28 promotes transdifferentiation to a proximal luminal phenotype. A, C–E, G–I Immunofluorescence staining for YFP, proximal
luminal marker PPP1R1B and DAPI and (F) quantification of YFP+PPP1R1B+ cells. Arrow in (H) points to a cluster of YFP-negative PPP1R1B+

cells. B Genotypes and experimental timeline. J–M Immunofluorescence staining for YFP, PPP1R1B, KI67 and DAPI and (K, M) quantification
(n= 3 mice per genotype for each timepoint). Values were compared only within each timepoint. Error bars represent standard deviation from
the mean. P values were calculated using an unpaired Student’s t test. **p < 0.01; ****p < 0.0001. N, O NPp53 and NPp53T prostate epithelial
organoids after 10 days of culture. P, Q PPP1R1B immunohistochemical staining of passage 5 organoids. Nuclei were stained with
Hematoxylin. Scale bars represent 50 μm. See also Figs. S2, S3, S5 and Table S2.
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and rapidly progress to invasive prostate carcinoma. In human
prostate cancers, TRIM28 genetic alterations and mRNA expression
changes occur in approximately 5–20% of patients, independent
of PTEN and TP53 alterations (Fig. S7B–E; no significant correlation

or mutual exclusivity). Although TRIM28 overexpression has been
associated with prostate tumor progression [6], low TRIM28
expression was also observed in a few advanced prostate cancer
cases (Fig. S7C–E).

Fig. 4 Trim28 inhibition in NPp53 prostates reduces overall survival. A Experimental timeline. B Kaplan-Meier survival analysis of animals
after tamoxifen treatment. P value for the difference in the percent survival of NPp53T compared to NPp53 mice was calculated by log-rank
test. C Total prostate weight after tamoxifen induction. Each dot represents a single prostate. n= 26 NPp53, n= 19 NPp53T mice. Exponential
growth curves are shown. D, E Whole mount images of NPp53 prostates (D) 3 months and (E) 8 months after tamoxifen induction and (F)
immunohistochemical staining for YFP. G, H Whole mount images of NPp53T prostates (G) 3 months and (H) 4 months after tamoxifen
induction and (I, J) immunohistochemical staining for YFP in (I) prostate tissue, including in stromal regions (arrowhead), and (J) a metastatic
lymph node. Immunofluorescence staining for (K, L) YFP, TRIM28 and DAPI; (M–O) YFP, proliferation marker KI67 and DAPI. Arrows point to
proliferating YFP+KI67+ cells in stromal regions of NPp53T prostates. P, Q Immunohistochemical staining for α smooth muscle actin (SMA).
R, S Masson’s Trichrome Staining showing blue Aniline Blue collagen staining in NPp53T stroma. SV seminal vesicle. Scale bars represent
500 μm in (D, E, G, H); 50 μm in all other panels.
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Long-term Trim28 inhibition promotes a pro-tumorigenic
immune microenvironment
To further understand how long-term Trim28 inhibition affects the
tumor microenvironment, we characterized immune cells 3 months
after tumor induction. Although the percentage of CD45+ immune
cells (27.7% ± 3.3% vs. 23% ± 3.6%), myeloid cells (74.8% ± 3.3% vs.
75.4% ± 19%) and neutrophils (37.8% ± 7.7% vs. 30%± 9.5%) were
similar between NPp53 (n= 5 prostates) and NPp53T tumors (n= 4
prostates), the percentage of macrophages was slightly reduced in
Trim28-deleted tumors (Fig. 5A; 30.1% ± 5.1% vs. 19.9% ± 6.5%;
p= 0.04). Since tumor-associated macrophages influence human
prostate cancer progression [40], we further analyzed macrophage
markers. Macrophages expressing the M2 macrophage marker
CD206 were rare at 1 month after tumor induction (Fig. S1N, O).
However, at 3 months after tumor induction, a higher percentage of
macrophages in Trim28 inhibited NPp53T prostates expressed the
M2 macrophage marker CD206 compared to NPp53 prostates
(54.4% ± 7.2% vs. 22.3% ± 3.7%; %; p < 0.0001) (Fig. 5B, C),
suggestive of a pro-tumorigenic microenvironment in NPp53T
tumors. Interestingly, the CD206+ macrophages also co-expressed
the M1 marker CD80 (Fig. 5D).
Although we frequently observed clusters of CD3+ T cells in

NPp53T prostates (Fig. 1E–H), the percentage of CD3+ total T cells
(13.7% ± 2.0% vs. 13.7% ± 6.3%) and CD8+ cytotoxic T cells
(35.9% ± 6.8% vs. 43.5% ± 5%) were similar between NPp53 and

NPp53T tumors (Fig. 5A). However, CD4+ regulatory T cells were
significantly more prominent in Trim28 inhibited NPp53T tumors
(19.2% ± 2.8% vs. 29.4% ± 7.6%) (Fig. 5E, F). These findings suggest
a shift to an immune suppressive and tumor-promoting micro-
environment in Trim28 inhibited NPp53T tumors by 3 months after
tumor induction leading to an aggressive tumor phenotype.

NPp53T tumors are castration-resistant and remain
phenotypically distinct from NPp53 tumors after androgen
deprivation
To assess the effects of Trim28 inhibition in CRPC, we castrated
NPp53 and NPp53T mice one month after tumor induction (Fig.
6A). We observed no significant differences in whole prostate
weights of castrated NPp53 mice compared to NPp53T mice at 2
or 3 months post-induction, though tumor weights were variable
in castrated NPp53T mice at 3 months post-induction (Fig. 6B, C).
Nuclear AR expression was absent after castration (Fig. 6D, E).
Similar to prostates from hormonally-intact NPp53T mice,
prostates from castrated NPp53T mice had high-grade PIN lesions
with increased stromal cells surrounding prostate ducts and
increased lymphocytes (Fig. 6F, G).
We detected high expression of the proximal luminal marker

PPP1R1B in prostates from castrated NPp53 mice, consistent with
results in hormonally-intact NPp53 mice (Fig. 6H). In contrast,
PPP1R1B expression was reduced in prostates from castrated

Fig. 5 Long-term Trim28 inhibition promotes a pro-tumorigenic immune microenvironment. A–F Immunophenotyping of NPp53 and
NPp53T prostates 3 months after tumor induction. A Quantification of immune (CD45+), myeloid (CD11b+), macrophage (F4/80+CD11b),
neutrophil (Ly6G+) and T cells (CD3+CD11b+). B, C Representative plot showing gating (B) and quantification (C) of CD206+ macrophages.
D CD80 and CD206 expression in F4/80+ macrophages. E, F Representative plots showing gating for CD8 and CD4 T cells (E) and
quantification (F). n= 4–5 mice per genotype. Error bars represent standard deviation from the mean. P values were calculated using an
unpaired Student’s t test. *p < 0.05; ****p < 0.0001.
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NPp53T mice at 2 months post-induction (Fig. 6I). The variation
observed in weights at 3 months post-induction indicates that
further studies are needed to understand how these tumors
progress. However, these data suggest androgen-independent
functions of TRIM28 in prostate cancer. Additionally, we were
unable to grow human androgen-independent PC-3 cells when
we knocked out TRIM28 (Fig. S4L), providing further evidence for
cell-autonomous androgen-independent functions of TRIM28 in
prostate cancer cells.

DISCUSSION
Our study demonstrates that inhibition of Trim28 in prostate
tumors reduces the expression of proximal luminal cell markers
and promotes cell death. However, NPp53T tumors progress over
time to invasive prostate carcinoma with a pro-tumorigenic
immune cell phenotype and reduced overall survival. Our finding
that Trim28 inhibition resulted in larger tumors with shortened
survival was unexpected, as knockdown of Trim28 in organoid
culture or using cell-line derived xenograft models leads to
reduced tumor weights in immune-compromised mice [6].
However, our findings from immune-competent genetically-
engineered mice provide insights into human prostate cancer.

Our findings indicate that TRIM28 promotes a proximal luminal
cell phenotype. We demonstrate through lineage-tracing studies
that NKX3.1-expressing cells gain proximal luminal marker
expression when Pten and p53 are inhibited. In contrast, inhibition
of Trim28 led to a significant decrease in PPP1R1B, KRT4 and
TACSTD2 proximal luminal marker expression. A previous study
showed that proximal luminal cells located in proximal and distal
regions of prostate ducts can be cellular origins for prostate
cancer and identified analogous cells in human prostate cancers
[2]. Using a Tmprss2-CreER; Ptenf/f model with Cre expression in all
luminal cells including proximal luminal cells, this study also found
that non-proximal luminal cells acquire proximal luminal markers
upon Pten deletion [2]. Our study uses genetic lineage-tracing of
NKX3.1-expressing cells to definitively demonstrate that tumors
arising from non-proximal luminal cells can acquire expression of
proximal luminal markers. Additionally, we show that TRIM28 has
a key function in promoting these changes.
Recent findings indicate that hypoxia and hypoxia-inducible

factor 1 alpha (HIF1A) signaling promote tumor cell plasticity and
progression of prostate intraepithelial neoplasia in a Pten inhibited
mouse model of prostate cancer [30]. As TRIM28 has been found
to interact with HIF-1 and promote HIF-1 transcriptional activity in
response to hypoxia in breast cancer cell lines [41], it is possible

Fig. 6 Trim28 inhibition in the castrated NPp53 mouse model produces a phenotype similar to intact mice. A Experimental timeline.
B, C Total prostate weight of castrated NPp53 and NPp53T mice at (B) 2 months and (C) 3 months after tumor induction. Each dot represents a
single prostate. n= 4 or 5 mice per genotype. ns not significant. D, E Immunofluorescence staining for YFP and AR. Nuclei were stained with
DAPI. F, G H&E staining. *indicates stromal cells. H, I Immunohistochemical staining for PPP1R1B. Nuclei were stained with hematoxylin. Scale
bars represent 50 μm.
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that TRIM28 may similarly promote HIF1A signaling in prostate
cancer. The increased apoptosis we observed in lumens of NPp53T
prostates compared to NPp53 prostates resembles the phenotype
observed upon Hif1a and Pten deletion in luminal cells [30].
Further studies are needed to characterize the mechanism in
which TRIM28 may promote HIF1A signaling, and thus increase
cell survival of hypoxic tumors.
Using single-cell RNA sequencing data, we identified Bglap3,

which is unique to mouse genomes, as a top overexpressed gene
in NPp53T prostates. Since Bglap3 is not conserved in the human
genome, its overexpression upon Trim28 inhibition may be
specific to the mouse. In mouse ES cells, expression of Bglap3
and an IAP-class endogenous retroviral element (ERV) in the
promoter region of Bglap3 are epigenetically regulated by TRIM28
[37]. In our study, the association of increased Bglap3 expression
and prostate cancer progression in NPp53T tissues is intriguing, as
BGLAP, the human ortholog for mouse Bglap, Bglap2 and Bglap3,
encodes for Osteocalcin, a bone remodeling protein that is
associated with prostate cancer progression [42, 43].
How Trim28 inhibition alters the tumor microenvironment over

time remains unclear. In tumors, the activation of ERVs, which are
suppressed by TRIM28 in ES cells, adult cells as well as cancer cells,
can induce anti-tumor viral-defense immune responses [44–48]. In
prostate cancers, including antiandrogen treatment-resistant pros-
tate cancers, ERV activation has been suggested as an immunother-
apeutic strategy [49, 50]. Further studies are needed to determine
whether Trim28 inhibition in NPp53T prostates causes overexpres-
sion of ERVs that generate an interferon response.
The unexpected tumor evolution and progression in the

genetically-engineered NPp53T mouse model was surprising,
given the previously reported function of TRIM28 in prostate
cancer progression and the promise of TRIM28, SETDB1 and
histone methyltransferases as targets for immunotherapy
[44, 48, 49, 51]. However, as TRIM28 performs a wide range of
functions in the cell, its targeting may result in unexpected
downstream effects in immune-competent mice. Our in vivo
findings highlight the complexity of tumor cell plasticity, tumor
evolution, and interactions of tumor cells with the tumor
microenvironment. Although expression of proximal luminal
marker TACSTD2 has been associated with human high-grade
prostate cancers [2], KLF4, a pluripotency regulator, is also
overexpressed in the mouse proximal prostate but marks indolent
prostate cancers [52]. Similar to phenotypes we observed with
long-term Trim28 inhibition, loss of KLF4 promotes sarcomatoid
tumor formation, increasing expression of mesenchymal markers
and markers of epithelial-mesenchymal transition [52]. These
studies illustrate the complex contributions of cells expressing
pluripotency and proximal luminal markers to prostate cancer
progression. Additional studies using genetically-engineered
mouse models or other models with an intact immune system
and further extension of these findings to the context of CRPC and
human prostate cancers will be informative in evaluating effective
treatment strategies for prostate cancers.

MATERIALS AND METHODS
Mouse models
All animal procedures were performed with prior approval from the
Institutional Animal Care and Use Committee at the George Washing-
ton University. The Nkx3.1-CreERT2/+;R26rYFP/YFP and Nkx3.1-CreERT2/
+;Ptenf/f;p53f/f;R26rYFP/YFP (NPp53) mice were a gift from Dr. Michael
Shen, Columbia University Medical Center [21, 53]. Trim28f/f mice were
obtained from Jackson laboratory (JAX Strain #018552) [54] and bred to
generate Nkx3.1-CreERT2/+;Ptenf/f;p53f/f;Trim28f/f;R26rYFP/YFP (NPp53T),
Nkx3.1-CreERT2/+;Ptenf/f;Trim28f/f;R26rYFP/YFP (NPT) and control Nkx3.1-
CreERT2/+;Ptenf/f;Trim28f/+; R26rYFP/YFP (NP) and Nkx3.1-CreERT2/
+;Trim28f/f;R26rYFP/YFP mice. Animals were maintained on a C57BL/6
mixed genetic background. Genotyping was conducted by Transnetyx
or using primers listed in Table S1.

Tamoxifen treatment, castration, tissue dissection and
survival curve analysis
Adult male mice of 2–4 months of age were administered tamoxifen
(Sigma, St. Louis, MO, USA) dissolved in corn oil by oral gavage for four
consecutive days at a dose of 200mg/kg body weight to activate CreERT2
[39]. For studies of castration-resistance, males were castrated 1 month
after tamoxifen treatment. Prostates were dissected in 1X PBS at 2 weeks
to 6 months after tamoxifen treatment. Analyses were conducted on
anterior prostate lobe tissues unless otherwise noted. For survival curve
analysis, mice were euthanized when the body condition score reached ≤2.
Investigators were not blinded, and sample sizes were not pre-determined.
No randomization was used.

Histopathological and immunostaining analysis
Hematoxylin and Eosin staining was performed on 5 µM paraffin-
embedded sections. Masson’s Trichrome staining was performed using
the Masson’s 2000 Trichrome Stain Kit (Stat Lab, McKinney, TX, USA).
Investigators were blinded when scoring pathological features.
For immunohistochemistry (IHC), formalin-fixed, 5 µM paraffin-

embedded tissue sections were subjected to citrate-based or Tris-based
heat-induced antigen retrieval (Vector Laboratories, Newark, CA, USA).
Sections were blocked with 10% normal goat serum (Vector Laboratories)
for 1 h at room temperature (RT) and incubated overnight with primary
antibodies at 4 °C. Biotinylated secondary antibodies were used with
VECTASTAIN Elite ABC HRP Detection and Vector NovaRed Substrate Kits
(Vector Laboratories). Images were captured on a Leica DMi8 microscope
(Leica Microsystems, Wetzlar, Germany).
For immunofluorescence (IF) staining, 8 µM sections from 4% parafor-

maldehyde-fixed, OCT-embedded frozen tissues or 5 µM sections from
formalin-fixed, paraffin-embedded tissues were antigen retrieved followed
by blocking with 10% normal goat serum (Invitrogen, Waltham, MA, USA)
for 1 h at RT. Incubation with primary antibodies (Table S1) was conducted
overnight at 4 °C; incubation with Alexa Fluor fluorescent-tagged
secondary antibodies (Invitrogen) was performed for 1 h at RT. DAPI was
used to stain nuclei. Slides were mounted using glycerol-based mounting
medium containing N-propyl gallate. Images were captured on a Zeiss LSM
710 confocal microscope (ZEISS, Jena, Germany) and analyzed using Image
J and Adobe Photoshop.

Single-cell RNA sequencing
Prostate tissue was digested with papain [5]. To reduce batch effects,
tissues from NPp53 and NPp53T prostates were processed on the same
day. 6000 cells with >90% viability were loaded onto a 10X Genomics
Chromium Controller (10x Genomics, Pleasanton, CA, USA) using a
Chromium Next GEM Single Cell 3ʹ Kit v3.1 (PN-1000269). Libraries were
sequenced using a NextSeq High-Output 150 cycle kit (Illumina Inc., San
Diego, CA, USA). Each library produced approximately 200 million paired-
end reads.
Bioinformatics analysis on raw sequence data was conducted using the

10X Genomics cell-ranger pipeline (v5.0.1), starting with mkfastq for
demultiplexing, count for alignment and featurecounting for each of the
two samples. The 10X Genomics mouse reference database was used
(mm10 July 2020-A version). The Yellow Fluorescent Protein (YFP) gene (JAX
Strain #007903) [55] was manually added to the reference database and
reindexed with Cell Ranger’s mkref command before using the count
command. Additional analysis was conducted using Partek Flow. Cells with
less than 5000 detected genes, or greater than 20% mitochondrial genes
were removed. Uniform Manifold Approximation and Projection (UMAP)
was used to visualize clusters. Samples were split by attribute to identify
YFP+ cells. Differential expression analysis was conducted using the Hurdle
model. Significantly deregulated genes were identified using a threshold of
1% for False Discovery Rate (FDR ≤ 0.01) together with a fold change of 2
(<−2 or >2).

Flow sorting and organoid culture
Whole prostates from tamoxifen-induced NPp53 or NPp53T mice were
collected in cold PBS, 1-month after tamoxifen treatment. The prostates
were chopped with scissors and digested with collagenase/hyaluronidase
(STEMCELL Technologies, Vancouver, Canada) in Hepatocyte culture media
(Corning, Corning, NY, USA) containing 5% FBS for 2 h at 37 °C and briefly
with TrypLE and Dispase/DNaseI. After each step, the tissues were washed
with cold HBSS containing 1% BSA. Single/near-single cells were obtained
by passing through a 40 µM cell strainer (Fisherbrand, Pittsburgh, PA, USA)
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followed by incubation with anti-EpCAM antibody (1:100) for 25min on ice.
Single cells were enriched by gating from forward and side scatter plots
and DAPI was used to exclude dead cells. Lineage-traced epithelial cells
were sorted by gating for the YFP+ or YFP+EpCAM+ population (Fig. S4).
Sorting was performed on a BD Influx cell sorter. Data were analyzed using
FCS Express 7 software.
For organoid culture, YFP+EpCAM+ or YFP+ cells were seeded at

4500–5000 cells/well in a 96-well plate with hepatocyte culture media
containing 5% matrigel, 10 µM ROCK inhibitor and 10 nM DHT [39].
Organoids were passaged every 10–12 days using TrypLE, and imaged
using a Leica DMi8 microscope.
For CRISPR/Cas9 mediated deletion of Trim28, lentiviral particles

were generated in HEK293FT cells (Thermo Scientific, Waltham, MA,
USA) using a LentiCRISPRv2 plasmid containing a single guide RNA for
mouse Trim28 gRNA [44], human TRIM28 gRNA targeting exon 3 [56], or
control empty LentiCRISPR V2 vector (Addgene 52961). The gRNA
vectors were sequenced using the hU6-F primer. Lipofectamine 3000
Reagent (Invitrogen) and packaging plasmids pMD2.G (Addgene
12259) and psPAX2 (Addgene 12260) were used. Supernatant contain-
ing virus was collected 24 h after transfection of HEK293FT cells and
filtered. PC-3 cells (American Type Culture Collection, Manassas, VA,
USA) or cells from dissociated NPp53 organoids were spin-infected at
32 °C for 45 min and plated in organoids culture media containing 1 µg/
ml puromycin for 3 days (Sigma). Human cell lines were tested for
mycoplasma contamination using the MycoSensor PCR assay kit
(Agilent, Santa Clara, CA, USA). Organoids were imaged on day 7
(mouse cells) or day 11 (PC-3 cells).

Immunophenotyping
1 month or 3 months after tamoxifen treatment, all prostate lobes were
dissected in cold PBS, and dissociated as described above. Single/near-
single cells were obtained by passing through a 40 µM cell strainer
(Fisherbrand). After washing with cold HBSS containing 1% BSA, cells were
resuspended in 1 ml cold PBS followed by a 30min incubation with a LIVE/
DEAD™ Fixable Aqua (Invitrogen) viability dye. Approximately 400,000 cells
were stained for myeloid or lymphocyte antibodies (Table S1), fixed in 2%
paraformaldehyde for 15min, and analyzed on a BD Celesta Cell Analyzer
(BD, Franklin Lakes, NJ, USA). Fluorescence Minus One (FMO) controls were
used for gating. The gating strategy is shown in Fig. S1.

Western Blotting
Mouse prostates were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1%
NP-40, 0.5% Sodium deoxycholate, 0.1% SDS) with Complete Protease
Inhibitor Cocktail (Roche, Basel, Switzerland). Protein concentrations
were determined using the Bradford Assay (BioRad, Hercules, CA, USA).
Proteins were resolved by SDS/PAGE and transferred to PVDF
membranes (Millipore, Burlington, MA, USA). Membranes were blocked
in 3% BSA and incubated with primary antibodies overnight at 4 °C,
followed by secondary antibodies for 1 h at RT (Table S1). Pierce ECL
Western Blotting Substrate (Thermo Scientific) or SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific) were used for
chemiluminescent detection with a LI-COR Odyssey Fc Imaging System.

Human database analysis
TRIM28 expression in human prostate cells was assessed using the Single
Cell Portal (singlecell.broadinstitute.org). Publicly available datasets were
searched using cBioPortal [57] and datasets from the Cancer Genome Atlas
(TCGA) Research Network, Stand Up to Cancer/PCF Dream Team [58], MSK
[59] and Fred Hutchinson CRC [60]. Parameters were set to include
mutations, structural variants, copy-number alterations, and mRNA
expression z-scores relative to diploid samples with a threshold of ±2.
Unaltered samples were excluded from visualization.

Statistical analysis
Statistical analyses were conducted with Prism 9 (GraphPad, San Diego, CA,
USA) using a two-tailed unpaired Student’s t test unless otherwise noted.
Data were assumed to be normally distributed with similar variance
between groups. Error bars on graphs represent the standard deviation
from the mean. Sample sizes are noted in the figure legends.
Immunostaining experiments were replicated on at least two animals of
each genotype for each timepoint. For the generation of organoids, n= 2
experiments were conducted for each genotype.
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