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Abstract 

Background: Loss of prostate cancer differentiation or de-differentiation leads to an untreatable disease. Patient 
survival would benefit if this can be prevented or reversed. Cancer de-differentiation transforms luminal-like (differ-
entiated) adenocarcinoma into less luminal-like and more stem-like (undifferentiated) small cell carcinoma through 
a sequential activation of stem cell transcription factors (scTF) POU5F1, LIN28A, SOX2 and NANOG. Like stem cells, 
prostate small cell carcinoma express this quartet of scTF as well as a 10-fold lower level of β2-microglobulin (B2M) 
than that of differentiated cell types. In organ development, prostate stromal mesenchyme cells mediate epithelial 
differentiation in part by secreted factors.

Methods: The identified prostate stromal-specific factor proenkephalin (PENK) was cloned, and transfected into 
 scTF+B2Mlo stem-like small cell carcinoma LuCaP 145.1, reprogrammed luminal-like  scTF−B2Mhi LNCaP, and luminal-
like  scTF−B2Mhi adenocarcinoma LuCaP 70CR. The expression of scTF, B2M and anterior gradient 2 (AGR2) was ana-
lyzed in the transfected cells.

Results: PENK caused down-regulation of scTF and up-regulation of B2M to indicate differentiation. When trans-
fected into reprogrammed LNCaP, PENK reversed the reprogramming by down-regulation of scTF with attendant 
changes in cell appearance and colony morphology. When transfected into LuCaP 70CR, PENK up-regulated the 
expression of adenocarcinoma antigen AGR2, a marker associated with cancer cell differentiation.

Conclusions: Prostate cancer cells appear to retain their responsiveness to stromal PENK signaling. PENK can induce 
differentiation to counter de-differentiation caused by scTF activation. The many mutations and aneuploidy character-
istic of cancer cells appear not to hinder these two processes. Loss of prostate cancer differentiation is like reprogram-
ming from luminal-like to stem-like.

Keywords: Prostate cancer differentiation, Stromal factor PENK, Stem cell factors, Luminal-like adenocarcinoma, 
Stem-like small cell carcinoma, Differentiation marker AGR2

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Development of the urogenital organs prostate and blad-
der involves intercellular signaling in differentiation [1]. 
This cell-to-cell communication is controlled by secreted 

hormone molecules of stromal mesenchyme cells and 
heterotypic cell contact. Prostate stromal proenkephalin 
(PENK) was identified by a comparative transcriptome 
analysis between sorted  CD49a+ prostate stromal cells 
and  CD13+ bladder stromal cells of the lamina propria 
[2], the rationale being that genes encoding these mol-
ecules are likely organ specific (i.e., either prostate or 
bladder). From this analysis, 288 prostate and 91 bladder 
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stromal genes were identified. Organ-specific expression 
was validated by reverse-transcriptase polymerase chain 
reaction (RT-PCR) analysis [2]. Genes encoding secreted 
proteins were identified by the presence of N-terminal 
signal peptide sequences. PENK was the lead differen-
tially expressed gene in prostate. Immunostaining with 
a PENK polyclonal antibody raised against the peptide 
sequence T163-E179 detected strong reactivity in the 
stroma of benign prostate tissue and no reactivity in 
the bladder lamina propria [2]. This result validated the 
RNA expression analysis. Parenthetically, prostate PENK 
was not processed to enkephalin opioids as indicated by 
the immunostaining pattern of enkephalin antibodies 
reported in the literature [3]. Prostate stromal cells are 
not known as a source of these opioids.

Defects in stromal signaling could be the basis for dis-
eases of the prostate such as hyperplasia and neoplasia. 
One defect could be the absent production of key sign-
aling molecules. The cancer-associated stroma of pros-
tate tumors was found to have no expression of PENK as 
found by immunostaining, expression analysis of micro-
dissected tumor tissue samples [2], and dataset query of 
sorted  CD90+ cancer-associated stromal cell transcrip-
tomes [4]. Absent immunostaining in the tumor stroma 
also indicated no appreciable diffusion of the secreted 
PENK produced from neighboring benign stroma [5]. 
Cancer cells of tumor glands are separated by about 
twenty  CD90+ cancer-associated stromal cell width from 
benign tissue  CD49+ stromal cells [6]. This suggests that 
tumor cells are not signaled by PENK from benign tissue.

As a functional test of stromal cells, an embryonal car-
cinoma (EC) cell line, NCCIT, was cultured in stromal 
cell conditioned media [7]. NCCIT was established from 
a germ cell tumor [8], and has a near identical transcrip-
tome as that of embryonic stem (ES) cells [9, 10]. Our 
experimental results showed that factors in the prostate 
stromal cell media could induce NCCIT to differentiate 
into stromal-like cells in a time course of 7 d. Differen-
tiation was evidenced by changes in transcriptome with 
duration of culture as well as cellular and colony mor-
phology [7]. Like stem cells, NCCIT exhibited plasticity 
in response where gene expression induction was differ-
ent by conditioned media of bladder stromal cells [7], or 
prostate cancer-associated stromal cells [11]. PENK was 
specifically induced by prostate stromal cell media but 
not by the other stromal conditioned media.

Multiple prostate cancer cell types have been charac-
terized, from adenocarcinoma, non-adenocarcinoma 
to small cell carcinoma. Based on transcriptomes, these 
various types could be clustered in two groupings with 
respect to the differentiated prostate cell types of  CD26+ 
luminal,  CD104+ basal,  CD49a+ stromal, plus  CD31+ 
endothelial, and ES cells [9]. They are either luminal-like 

(i.e., proximal to luminal cells) or less luminal-like, more 
stem-like (i.e., distal to luminal cells but proximal to stem 
cells). Cancer cells of adenocarcinoma with glandular dif-
ferentiation are luminal-like. Cancer cells of non-adeno-
carcinoma and small cell carcinoma without glandular 
differentiation are more stem-like. These different types 
are represented by a family of over 40 LuCaP patient-
derived xenograft (PDX) lines [12]. Transcriptome of the 
stem-like small cell carcinoma LuCaP 145.1 is similar to 
that of stem cells [13]. Of note, LuCaP 145.1 expresses the 
stem cell transcription factors (scTF) LIN28A, NANOG, 
POU5F1, SOX2, as well as a low level, compared to that 
of differentiated cells, of β2-microglobulin (B2M) [14]. 
Thus, LuCaP 145.1 displays a stem cell phenotype of 
 scTF+B2Mlo. In contrast, adenocarcinoma LuCaP lines 
are generally negative for scTF except POU5F1, and are 
 B2Mhi [13, 14]. Transfection of this quartet of scTF con-
verted adenocarcinoma LuCaP 70CR, 73CR, 86.2, 92, 
105CR (CR = castration resistant) into stem-, small cell 
carcinoma-like derivatives with changes in transcrip-
tome and cell morphology [13] as in reprogramming. The 
four scTF cDNA cloned from LuCaP 145.1 could in turn 
reprogram normal fibroblasts as well as prostate cancer 
cells [14].

The experiments reported here were designed to show 
that prostate cancer cells, like normal prostate cells, 
might also respond to stromal PENK. First, full-length 
PENK cDNA was cloned from prostate tissue, and trans-
fected into LuCaP 145.1 using a plasmid vector. Trans-
fection ensured that PENK was the responsible factor. 
For transfection, the in vivo-passaged LuCaP 145.1 cells 
were adapted to grow on irradiated mouse embryonic 
fibroblasts (MEF). Second, if PENK could affect stem-
like cancer cells it might also reverse reprogramming of 
scTF-transfected luminal-like cancer cells. Third, not 
only stem-like cancer cells but also luminal-like can-
cer cells could respond to PENK signaling. Adenocarci-
noma LuCaP 70CR, which was obtained from passages of 
LuCaP 70 in castrated animals [12], was used as an exam-
ple. The absence of androgen stimulation as in a castrated 
host affects cell differentiation through the activity of 
androgen receptor (AR). Expression of the differentia-
tion-associated adenocarcinoma antigen anterior gradi-
ent 2 (AGR2) [15] was examined. Clinical utility of this 
research lies in the potential application of differentiation 
therapy to treat prostate cancer.

Methods
Mouse embryonic fibroblast (MEF) feeder
Preparation of MEF from mouse embryos was previously 
described [13]. The harvested cells were expanded in 
RPMI1640 media supplemented with 10% FBS, and fro-
zen for storage in  N2 at low passage. Stocks were thawed 
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and expanded. Near confluent cells from a dozen 10-cm 
plates were resuspended in 5 ml media, and irradiated 
at 3000 rad for 5 min. The treated cells were cultured on 
0.1% gelatin-coated plates 1d prior to plating with LuCaP 
cells, or frozen for later use.

Culture of LuCaP cells on MEF
LuCaP cancer cells were harvested from animal hosts 
(Fox Chase C.B-17 SCID male mice, Charles River Labo-
ratories, Wilmington, MA). Procedures used in tumor 
harvest were reviewed and accepted by UW animal wel-
fare. This study was carried out in compliance with the 
ARRIVE guidelines. All methods were carried out in 
accordance with relevant guidelines and regulations. For 
anesthesia, a ketamine/xylazine solution was used at a 
dose of 130 mg/8.8 mg/kg via intraperitoneal injection. 
Ophthalmic ointment was placed in the eyes of animals 
to prevent drying. Respiration was monitored as a pri-
mary indicator of anesthetic depth. Animals were fur-
ther assessed for proper levels of anesthesia by providing 
“toe-pinch” stimulation to the front limbs. To provide 
proper analgesia during a surgical procedure, the animal 
must reach a surgical plane of anesthesia before the pro-
cedure was started. For any observed sensitivity or pain, 
additional anesthesia was titered accordingly. All opera-
tive procedures were performed on a thermoregulated 
pad and animals were allowed to recover on a heat pad 
until ambulatory after tumor implantation. For pain, 
buprenorphine (0.05 mg/kg) was injected subcutaneously 
once animals were awake with a second dose adminis-
tered 4–6 h later, and additional doses every 8–12 h for 
48 h as needed. For implantation, tumor bits (~ 25  mm3) 
were suspended in phosphate-buffered saline (PBS) and 
Gentamycin (4 mg/ml) for 5 min. Mice were shaved and 
the site was scrubbed with betadine and 70% isopro-
pyl alcohol. A 13-gauge sterile trocar was loaded with 
tumor tissue. The trocar was inserted subcutaneously to 
approximately the rib cage area for injection. For tumor 
harvest, cervical dislocation with or without anesthesia 
was performed. Animals were sacrificed when tumors 
exceeded 1 g or when animal health was compromised. 
These methods were consistent with the recommenda-
tions of the Panel on Euthanasia of the American Veteri-
nary Medical Association, and were approved by the UW 
IACUC. Veterinary care was available 24 h a day through 
the UW Comparative Medicine Veterinary Services. Our 
animal facility was certified fully in the quality assurance 
program of the Department of Comparative Medicine, 
and was inspected regularly.

The LuCaP xenografts, each labeled by a numeri-
cal identifier, were established from samples taken from 
human prostate tumors during surgery or donor autopsy. 
Informed consent was obtained from donors whose 

tumor samples were used. The study was approved by a 
UW-Fred Hutchinson Cancer Research Center IRB. All 
methods employed were carried out in accordance with 
guidelines and regulations. Freshly harvested tumor 
samples (0.3–0.5 g) were minced and digested with col-
lagenase for 2–3 h at ambient temperature with ROCK 
inhibitor (compound Y-27632, StemCell, Vancouver, 
Canada) in 3 ml culture media with gentle stirring. The 
cell suspension was filtered through a cell strainer and 
diluted with an equal volume of Hanks balanced salt 
solution (HBSS). The cell pellet was resuspended in HBSS 
and centrifuged in a Percoll discontinuous density gradi-
ent [16] to remove mouse red blood cells and fibroblasts. 
Cancer cells were collected at the epithelial density [epi] 
(ρ = 1.07) except for LuCaP 145.1 at the stromal density 
[strom] (ρ = 1.035) [14], and plated directly on MEF. The 
media was changed the next day to remove debris, and 
non-adhered cells. At 60–80% confluency, the cells were 
trypsinized and passaged on MEF; a portion of which was 
frozen for storage. Cell freezing in 10% DMSO/50% FBS 
was done in plastic straws (1/4 cc, γ-irradiated, MAI Ani-
mal Health, Elmwood, WI) with an initial gradual cool-
ing from − 10 to − 30° at 1 deg/min followed by liquid  N2 
[13, 17]. Previously frozen LuCaP cells were thawed at 
37°, rinsed in HBSS, and plated on MEF. The two LuCaP 
lines used in this study were adenocarcinoma LuCaP 
70CR [expresses low prostate-specific antigen (PSA) and 
wild type AR] established from an autopsied liver metas-
tasis, and later passaged in castrated mice to obtain the 
CR variant, and LuCaP 145.1 (expresses no PSA and AR) 
established from an autopsied liver metastasis. Without 
MEF support, no growth was seen.

PENK plasmid vectors
The following four oligonucleotides were used to con-
struct PENK vectors based on plasmids pVITRO1neo 
(neomycin/G418 resistance) and pVITRO1bsr (blastici-
din resistance; InvivoGen, San Diego, CA): pK1EcoRV 
CAG GGC CCG ATA TCG CGT CAA CTC CATG GCG 
CGG TTCC and pK3BamHI GCT GAG GAT CCA TTA 
AAA TCT CAT AAA TCC TCC GTA TCT TTT TTC  (start 
and stop codons underlined) were the 5′ and 3′ prim-
ers for cloning into the EcoRV and BglII sites of vector 
mcs2; pK2BamHI GCT GAG GAT CCG GCT CAA CTCC 
ATG GCG CGG TTCC and pK4AvrII TCC GAA TTC 
CCT AGGA TTA AAA TCT CAT AAA TCC TCC GTA TCT 
TTT TTC  were the 5′ and 3′ primers for cloning into the 
BamHI and AvrII sites of mcs1. The 5′ primers contained 
a Kozak box adjacent to the AUG codon, and the 3′ prim-
ers contained coding sequences preceding the stop codon 
UAA. cDNA synthesized from microdissected benign 
prostate tissue [18] was used for gene amplification 
with these PENK primers. The expected product size of 
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full-length PENK cDNA was 800 bp. The EcoRV-BamHI 
cDNA and BamHI-AvrII cDNA were inserted into pVIT-
RO1neo to obtain  pK2-3neo,  pK2-8neo; and into pVIT-
RO1bsr to obtain  pK2-1bsr. Each plasmid thus contained 
two PENK cistrons. PacI digestion was used to linearize 
the plasmids for transfection. For comparison, the cells 
were transfected with a cocktail of anti-sense scTF plas-
mid vectors: pαLP-4bsr, pαSN-4bsr, pαPS-5neo, pαNL-
1neo, where full-length scTF cDNA were inserted in the 
3′ → 5′ orientation with respect to eukaryotic promot-
ers in pVITRO1. Primer sequences with the appropriate 
restriction enzyme sites were synthesized for insertion 
of the cDNA cassettes into EcoRV-BglII of mcs2 and 
BamHI-AvrII of mcs1. This strategy was an attempt to 
determine whether anti-sense transcripts could inhibit 
translation of endogenous scTF mRNA in LuCaP 145.1.

Plasmid transfection of LuCaP cells
After 2 d in culture, LuCaP 145.1 cells were trypsinized, 
washed in HBSS, and resuspended in electroporation 
solution following the procedure provided by Lonza 
(Switzerland). The cells were electroporated in cuvettes 
using program S005 [14]. The plasmids (~ 1 μg) used 
were PENK  pK2-3neo and plasmids containing the anti-
sense constructs. Efficiency of transfection was around 
 10− 4 as reported in our previous studies [14, 19]. The 
cells were plated on freshly plated MEF after transfection 
(irradiated MEF do not replate after trypsin). At 3 d post-
transfection, drug selection was started: G418 at 1 mg/
ml, and blasticidin at 5 μg/ml where appropriate [19]. On 
drug selection, untransfected cancer cells and MEF were 
killed. The drug-resistant transfected cells were trypsi-
nized after 3 d. Longer time points were not attempted 
since lack of continuous MEF support was expected to 
be deleterious. Transfected LuCaP 145.1 cells were pro-
cessed for gene expression analysis. LuCaP 70CR cells 
were transfected by  pK2-3neo. Cloning was done by 
picking cells of individual colonies (estimated to contain 
10–50 cells) with a sterile pipetor into 6 well-plates. Out-
growth and expansion by passaging were obtained after 
4 weeks or longer. Quantitation of secreted AGR2 in the 
culture media was carried out by AGR2 ELISA [20].

Transfection of LNCaP cells
Prostate cancer cell line LNCaP was reprogrammed 
by transfection of scTF plasmids [14] to obtain  neoR 
LNCaP* (* to indicate the resultant  scTF+B2Mlo cells). 
One clone, LNCaP*-2, was expanded in RPMI1640 
media. At near confluence, the cells were harvested for 
transfection by  pK2-1bsr, and selected for  bsrR. Small 
clusters of drug-resistant cells appeared in about a week. 
LNCaP cells were also transfected by  pK2-3neo. Photo-
micrographs were taken to compare cell appearance and 

colony morphology of LNCaP, LNCaP*, LNCaP*/PENK 
and LNCaP/PENK.

Gene expression analysis
Gene expression was analyzed by RT-PCR: 94° 30 s, 57° 
30 s, 72° 1 min; 35 cycles with the same oligonucleotides 
used in the construction of PENK plasmids. Primer pairs 
for B2M, LIN28A, NANOG, POU5F1, SOX2 and neo 
were previously reported [14]. Those for bsr were bsr5: 
ATG AAG ACC TTC AAC ATC TCT CAG C and bsr3: TTA 
GTT CCT GGT GTA CTT GAG GGG . The reaction prod-
ucts were detected by agarose gel electrophoresis. The 
expected PCR product sizes were neo 560 bp; bsr 420 bp; 
B2M 300 bp; PENK 800 bp; LIN28A 630 bp; NANOG 
930 bp; POU5F1 1100 bp; SOX2 960 bp.

Results
Plasmid transfection of LuCaP 145.1 cells grown in vitro
A suspension of collagenase-digested LuCaP 145.1 tumor 
was added to MEF. Figure  1A shows that a starter cul-
ture could be obtained with cells prepared from fresh 
LuCaP 145.1 tumor pieces. The top left photomicrograph 
shows plated LuCaP 145.1. The top right photomicro-
graph shows the tumor cells forming grape-like clusters 
attached to the underlying MEF at d1. This aggregation 
of LuCaP 145.1 cells precluded a clear definition of cell 
morphology as shown for LuCaP 70CR cells in a mon-
olayer on MEF (see below). The gel electropherogram 
shows that LuCaP 145.1 cells were surviving at d21 as 
well as after passaging (p2) as indicated by the expression 
monitoring of NANOG. Also shown are d0 when LuCaP 
145.1 cells were obtained after processing, and d2 when 
the cells were harvested by trypsin treatment for DNA 
transfection. No discernible changes were noted in the 
NANOG expression level based on PCR band intensity. 
Although LuCaP 145.1 cells banded at the [strom] den-
sity in Percoll, no outgrowth of mouse fibroblasts that 
might be present in the tumor specimen was seen (as 
monitored by PCR with primers for mouse B2M). PENK-
expression plasmid  pK2neo (containing two copies of 
PENK cDNA) was transfected to obtain LuCaP 145.1/
PENK+. Transfection by plasmids containing anti-sense 
(α) constructs of the four scTF (pαPS-5neo, pαNL-1neo, 
pαLP-4bsr, pαSN-4bsr, where L = LIN28A, P=POU5F1, 
S=SOX2, N=NANOG) to obtain LuCaP 145.1/PENK–. 
These constructs were an attempt to inhibit scTF. 
However, this strategy did not work as there was no 
appreciable diminution of the scTF band intensity nor 
up-regulation of B2M (see below). Unlike anti-sense oli-
gonucleotides, the folded full-length antisense scTF RNA 
could not hybridize efficiently with the endogenous sense 
transcripts. Instead, it afforded a suitable control for non-
PENK transfection. After addition of drugs (G418 or 
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blasticidin where appropriate), many cells including MEF 
were killed (Fig. 1B, left panels). Drug-resistant cells grew 
out at d3 as shown for LuCaP 145.1/PENK+ and LuCaP 
145.1/PENK– (Fig. 1B, right panels). These cells, labeled 
either PENK+ or PENK–, were harvested for RT-PCR 
analysis at this time point to avoid the detrimental effect 
of long-term loss of MEF support. The electrophero-
gram shows that the PENK+ cells were positive for neo 
and PENK, while the PENK– transfectants were positive 

for neo and bsr, and negative for PENK (Fig. 1B). These 
results indicated that the plasmids were integrated into 
the LuCaP cell genome, and the transgenes were stably 
expressed.

Effect of PENK on scTF
Figure  2A shows the effect of autocrine expression of 
PENK on LuCaP 145.1. At 3 d, PENK down-regulated 
the expression of scTF and up-regulated that of B2M 

Fig. 1 a. In vitro growth of small cell carcinoma LuCaP 145.1. The photomicrographs show tumor cells after collagenase digestion and plating 
on MEF (scale bar = 200 μm). Expression monitoring of NANOG (electropherogram) showed in vitro growth to d21, and that the cells could be 
passaged (p2). The signals for d0 and d2 are included. λHindIII is the DNA size marker. b. Plasmid transfection of LuCaP 145.1. The photomicrographs 
show LuCaP 145.1 cells post-transfection (PENK and α-scTF vectors) under drug selection. Drug-resistant cells proliferated for 3 d (with lysed MEF 
in the background) before harvest. The electropherogram confirms that PENK+ cells (LuCaP 145.1/PENK) were  neo+bsr−PENK+ while PENK– cells 
(LuCaP 145.1/α-scTF) were  neo+bsr+PENK−. The neo signal provides control for sample loading since it was expressed by both PENK+ and PENK– 
cells. B2M is typically used to serve as a house-keeping gene marker but in this case it was differentially expressed between PENK+ and PENK– cells
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as indicated by the difference in the PCR product band 
intensities. The decrease in POU5F1 was not as pro-
nounced as that of the others since non-stem-like LuCaP 
lines also express this factor [13]. The neo signal could 
be used for sample loading control since it was present 
in both PENK+ and PENK–. The level of B2M was diag-
nostic because stem cells express 10-fold lower than dif-
ferentiated cells. This fold difference was calculated from 
microarray probeset intensity signals for B2M in stem 
cell types  (B2Mlo) vs. differentiated cell types  (B2Mhi) in 
transcriptome datasets [21]. Stem cell types included ES 
cell line H1 (WA01) [22], embryonal carcinoma cell line 
NCCIT, reprogrammed prostate cancer-associated stro-
mal cells [10]. Differentiated cell types included lumi-
nal, basal, stromal, endothelial [23], and Gleason pattern 

3 cancer cells [18]. Thus, a phenotypic change from 
 scTF+B2Mlo exhibited by LuCaP 145.1 to  scTFlo/−B2Mhi, 
more characteristic of differentiated cells, was produced 
by the forced expression of PENK. The change in B2M 
was a result of lowering scTF. The simultaneous changes 
in LIN28A, NANOG, SOX2, POU5F1 and B2M were 
consistent with the results obtained in stromal induc-
tion of NCCIT [7]. As a transcription regulator, PENK 
could apparently affect the activity of at least four stem 
cell genes. This effect on scTF transcription was most 
likely mediated by PENK protein rather than PENK 
mRNA. A good correspondence between mRNA and 
protein expression in prostate cells was found [24]. Pro-
tein expression analysis was not carried out because anti-
bodies to NANOG and SOX2 were shown to detect these 

Fig. 2 a. Gene expression changes induced by PENK in LuCaP 145.1. The electropherogram shows expression analysis displaying downregulation 
of scTF and upregulation of B2M in PENK-transfected LuCaP 145.1 (PENK+) as gauged from the intensities of the reaction products in comparison 
to the corresponding ones seen in α-scTF-transfected LuCaP 145.1 (PENK–). POU5F1 was not as strongly affected. The gel picture is a composite 
of two halves of a single run (bottom and top rows of wells with different background ethidium bromide staining). b. B2M levels. The histogram 
is generated from dataset query of transcriptomes for signal intensity values (y-axis) of the genes listed in the various cell types identified on the 
x-axis. The red lines highlight the B2M expression levels in stem cell types –  B2Mlo vs. differentiated cell types –  B2Mhi
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gene products in luminal-like LNCaP cells [25], which 
express no detectable mRNA of these scTF [9, 14]. Mon-
oclonal antibodies to PENK were not available.

Whether scTF level would decrease to null on 7d cul-
ture was not done because a means to maintain drug-sen-
sitive MEF under selection in culture was not available. 
Commercially available multi-drug resistant MEF (strain 
DR4) were found to be sensitive at the drug concentra-
tions used. Attempts to transfect MEF by pVITRO1neo 
and pVITRO1bsr to drug resistant were unsuccessful for 
unknown reasons.

Reversal of cancer cell reprogramming by PENK
Given the influence of PENK on scTF expression in stem-
like LuCaP 145.1, this factor might also be capable of 
reversing prostate cancer cell reprogramming? Luminal-
like LNCaP cells were reprogrammed by transfection of 
scTF plasmids (pLP-4neo, pSN-2neo) to obtain LNCaP* 
showing the phenotypic change from  scTF−B2Mhi to 
 scTF+B2Mlo. A selected clone LNCaP*-2neoR was then 
transfected by  pK2-1bsr (PENK plasmid with a differ-
ent drug marker). After selection in blasticidin, resistant 
colonies were obtained. Figure 3 shows a comparison of 

the colony morphology of LNCaP, LNCaP*-2neoR and 
LNCaP*/PENKneoRbsrR. A “dark” photomicrograph set-
ting was used to highlight the “brightness” of the different 
cell types. Individual LNCaP cells appeared with a bright 
halo and were irregular in cell shape with a tendency to 
cluster (left photomicrograph). LNCaP*-2 cells, in con-
trast, appeared darker and were more regular in shape 
(blue arrow, middle photomicrograph). This particular 
appearance was similar to that of scTF-reprogrammed 
adenocarcinoma LuCaP 70CR, 73CR, 86.2, 92, 105CR 
[13]. The individual cells grew in a loose formation not 
in contact with the neighboring cells. LNCaP*-2/PENK 
appeared to regain the “bright halo” but the cell shape was 
different from that of LNCaP (right photomicrograph). 
These cells were positive for PENK, and expressed lower 
SOX2 than LNCaP* (with neo signal used for loading 
control; Fig.  3, electropherogram). Rather, the LNCaP*/
PENK cells appeared similar to LNCaP transfected by 
PENK (LNCaP/PENK; Fig.  3). Both cell types grew in 
tighter clusters. Comparative analysis of the transcrip-
tomes between LNCaP and LNCaP/PENK showed mul-
tiple gene expression changes upon PENK transfection 
[14]. Thus, PENK could reverse cancer de-differentiation 

Fig. 3 Reversal of reprogramming by PENK. The top row of photomicrographs (magnification 100x) show the cell appearance of LNCaP vs. LNCaP* 
vs. LNCaP*/PENK. The electropherogram confirms the downregulation of SOX2 in LNCaP*/PENK. The neo signal provides sample loading control. 
The gel picture is composed of two halves of a single run (bottom and top rows of wells with different background staining intensity). The bottom 
row of photomicrographs (magnification 200x) show a direct comparison of the colony morphology between  neoRbsrR LNCaP*/PENK and  neoR 
LNCaP/PENK
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caused by scTF reprogramming. The reversal was accom-
panied by cell appearance and colony morphology 
changes, which were similarly observed in NCCIT cells 
induced by stromal cell factors [7].

Effect of PENK on adenocarcinoma LuCaP 70CR
Given the effect of PENK on LNCaP, PENK could 
also affect non-stem-like LuCaP cells. Luminal-like 
 scTF−B2Mhi LuCaP 70CR was transfected by  pK2-3neo. 
LuCaP 70CR cells were previously adapted to in  vitro 
culture and were frozen for long-term storage [13]. Fig-
ure 4 shows in vitro culture of LuCaP 70CR on MEF after 
thawing. At d3, small clusters of epithelioid cells were 
detectable (red arrows). These individual small colonies 
expanded that by d8 large proliferating colonies were evi-
dent. Most of the colonies showed a compact morphol-
ogy, while a few showed a “looser” morphology (bottom 
right panel). The epithelioid appearance of these cells 
distinguished them from the underlying mouse feeder 

fibroblasts. The tumor cells could be passaged by trypsin 
treatment, and replating on a freshly plated irradiated 
MEF. This result demonstrated that in  vivo-passaged 
LuCaP cells could be frozen for long-term storage, and 
thawed for continuous culture with MEF in serum-sup-
plemented media. The thawed LuCaP 70CR cells sur-
vived cloning and multiple passages in the course of over 
2 months.

Fig.  5 shows LuCaP 70CR plated on MEF before and 
after PENK transfection. Unlike for LuCaP 145.1, PENK 
did not affect the expression of B2M and POU5F1 (the 
other three scTF are not expressed by this line). Of note, 
PENK signaling increased expression of the adenocar-
cinoma antigen AGR2 (Fig.  5, electropherogram). The 
increase was confirmed by ELISA of secreted AGR2 in 
the culture media of three cloned LuCaP 70CR/PENK 
cells (Fig.  5, histogram). The elevated AGR2 expression 
was indicative of cancer cell differentiation induced by 
PENK in adenocarcinoma cells.

Fig. 4 In vitro growth of adenocarcinoma LuCaP 70CR. These photomicrographs (magnification indicated) show the expansion of LuCaP 70CR 
from thaw to d8 in culture with MEF. Small cell clusters could be observed at d3 (top right, red arrows). At d8, two colony morphologies were seen 
(compare bottom middle and right)
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Discussion
Cellular differentiation entails inactivation of scTF. 
Many ongoing research efforts in regenerative medicine 
are undertaken to identify specific agents, either pro-
duced naturally in our body or chemical substitutes, to 
induce differentiation of stem or progenitor cells into 
functional cell types of cardiomyocytes, kidney cells, 
for example. Prostate stromal PENK was identified as 
a possible prostate-specific signaling molecule. Using 
small cell carcinoma LuCaP 145.1 as a stem-like cell 
type, we showed that PENK could induce these cancer 
cells to undergo differentiation with down-regulation 
of scTF and simultaneously up-regulation of B2M. 
Although LuCaP 145.1 cells contain accumulated DNA 
mutations [26], they retain responsiveness to a stromal 
inductive factor. Complementary to this result, PENK 

could reverse cancer de-differentiation from luminal-
like adenocarcinoma to stem-like small cell carci-
noma induced by scTF. The sequence of  scTF−B2Mhi 
LNCaP cells →  scTF+B2Mlo LNCaP* →  scTF−B2Mhi 
LNCaP*/PENK was trackable by changes in colony 
morphology and cell appearance. PENK can inhibit 
reprogramming by preventing activation of the scTF 
genes. We observed this inhibition in our reprogram-
ming of prostate stromal cells, in which we were able 
to obtain stem-like cells from PENK-negative cancer-
associated stromal cells but not PENK-positive benign 
tissue stromal cells [10]. Thus, if prostate cancer de-
differentiation can be reversed (by the action of stro-
mal factors), then the disease can be better managed to 
prevent progression. Cancer differentiation therapy as 
shown first by retinoic acid on promyelocytic leukemia 

Fig. 5 PENK transfection of LuCaP 70CR. The photomicrographs show LuCaP 70CR before and after PENK transfection. The electropherogram 
shows an increase in the expression of AGR2 mRNA (blue arrow). Increased AGR2 expression was validated by measurement of secreted AGR2 in 
the culture media. The histogram is a representation of the optical density values (y-axis) from ELISA measurement. PENK d6 #2, 3, and 6 are three 
picked LuCaP 70CR/PENK cell clones analyzed after 6 d in culture
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is a well-recognized treatment strategy [27]. We sug-
gest that PENK could likewise be effective in promot-
ing cancer differentiation of a solid tumor. As PENK is 
a natural product of our body, its clinical application 
would be less harmful than, say, radiation or chemod-
rugs. With further research, it is possible that PENK 
plus other stromal factors could induce cancer cells 
to a pseudo-normal state (as shown by our experi-
ments with stromal induction of NCCIT). That cancer 
cells can undergo de-differentiation and differentiation 
means that mutations in the cancer cell genome and 
aneuploidy would not pose a problem in the application 
of this therapy.

Small cell carcinoma, although rare (as would be 
expected on the need to sequentially re-activate multiple 
scTF), are found in many solid tumors: 15% lung can-
cer, < 1–5% prostate, bladder, pancreatic, breast, ovar-
ian. More recently, nearly 20% prostate cancer patients 
treated by new anti-androgen therapies [28] were 
shown to harbor small cell carcinoma. Our finding of 
 scTF+B2Mlo in small cell carcinoma LuCaP 145.1 sug-
gests that this phenotype could characterize small cell 

carcinoma in general. For example, although the lung 
equivalent of PENK has not been identified, PENK per-
haps could also induce lung small cell carcinoma to dif-
ferentiate by down-regulating scTF.

The up-regulation of AGR2 in LuCaP 70CR showed 
that PENK could also affect gene expression of adeno-
carcinoma cells. This contrasts with the down-regu-
lation of AGR2 in reprogrammed LuCaP 70CR* [13]. 
Small cell carcinoma does not express AGR2 [5]. AGR2 
is associated with prostate cancer differentiation as 
Gleason 3 (well-differentiated) cancer cells show a 
10-fold higher level than Gleason 4 (less differentiated) 
cancer cells [4]. Patients whose tumors with high AGR2 
expression have a 9-fold survival advantage than those 
whose tumors with low AGR2 expression [29]. An asso-
ciation between AGR2 and differentiation is also found 
in breast cancer, where better survival is linked to AGR2 
[30]. More importantly, AGR2 is a unique tumor-asso-
ciated antigen because cancer cells express the extra-
cellular form eAGR2 (on the cell surface and secreted) 
while normal cells express the intracellular form iAGR2 
(localized to the endoplasmic reticulum) [15, 31]. 

Fig. 6 Left panels. STC1 expression pattern. Array signal intensity values (on a gray scale) were retrieved from transcriptome datasets (top) 
and displayed in a histogram format (bottom). The intensity values were retrieved from Affymetrix microarray datasets archived in our SCGAP 
Urologic Epithelial Stem Cells Project. The values are the average after clicking coalesce replicates and probesets. Dataset query using this public 
database is described in ref. 21. The red line shows the low expression of STC1 in cancer cell lines and xenografts. Right panel. Cancer-associated 
stromal induction of NCCIT. Down-regulation of scTF and up-regulation of B2M can be seen with induction by cancer-associated (CP) stromal cell 
conditioned media. Unlike normal prostate stromal cells, these CP stromal cells lack expression of PENK but not STC1
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Therefore, antibodies raised against AGR2 would recog-
nize specifically cancer cells and not AGR2-expressing 
normal cells. If PENK can prevent cancer cell de-dif-
ferentiation and maintain high eAGR2 expression, then 
anti-AGR2 immunotherapy [19] would be a potentially 
effective therapy.

Full differentiation from stem-like cancer cells to lumi-
nal-like depends likely on more than one factor. Other 
identified stromal factors like stanniocalcin 1 (STC1) 
[2] may play a role. STC1, like PENK [32], is known to 
be involved in early development [33, 34]. In the NCCIT 
experiment, STC1 was induced at an earlier time point 
than PENK [7]. Although identified as stromal, STC1 is 
also expressed by the epithelial cells, well-differentiated 
cancer cells and cancer-associated stromal cells. STC1 
expression is, however, much reduced in prostate cancer 
cell lines and xenografts (Fig. 6A). Conditioned media of 
 STC1+PENK− cancer-associated stromal cells (isolated 
from a Gleason 3 tumor) were still able to induce NCCIT 
to down-regulate scTF and up-regulate B2M (Fig. 6B) but 
without induction of PENK [7]. Gleason 3 cancer cells 
show a degree of differentiation  (scTF−B2Mhi, Fig.  2B) 
in the absence of PENK. It is possible that STC1 and 
PENK could act in concert towards differentiation, with 
additional contribution from many other differentially 
expressed candidate genes between  CD49a+ prostate and 
 CD13+ bladder stromal cells [2], between  CD49a+ pros-
tate stromal and  CD90+ cancer-associated stromal cells 

[11]. The successful adaptation of PDX lines to in  vitro 
growth makes possible to study in depth the molecular 
mechanism of stromal-epithelial interaction in cancer 
such as co-culture with prostate vs. bladder, prostate can-
cer-associated stromal cells isolated from different Glea-
son grades.

Using AR expression to denote luminal-like adeno-
carcinoma and neuroendocrine (NE) expression to 
denote stem-like small cell carcinoma, prostate cancer 
differentiation (from  NE+ stem-like to  AR+ luminal-
like) and de-differentiation (from  AR+ luminal-like to 
 NE+ stem-like) can describe a proposed lineage rela-
tionship among the different cancer cell types (Fig. 7). 
Luminal expression is governed by AR signaling, while 
NE expression in stem-like is due to SOX2 because 
this scTF alone can reprogram human fibroblasts 
into multipotent neuronal stem cells, which can then 
be induced to differentiate into mature neuronal cell 
types [35]. The LNCaP experiment supports the valid-
ity of this model of bi-directional changes: LNCaP → 
LNCaP* → LNCaP*/PENK ≅ LNCaP/PENK. In the 
LuCaP series [36], the  ARhiNE− type is represented by 
LuCaP 23.12 (35, 96CR and many others),  ARloNE− by 
LuCaP 176 (and others),  AR−NE+ by LuCaP 145.1 (93, 
145.2),  AR−NE− by LuCaP 173.2 (with squamous fea-
tures, possibly activated by non-AR, non-NE signal-
ing),  AR+NE+ by LuCaP 77CR (Fig.  7). Note although 
expression of AGR2 appears linked to that of AR, it is 

Fig. 7 Lineage of prostate cancer cells. In this schematic, the different prostate cancer cell types are identified by AR and NE expression. The 
progression from  AR+NE− luminal-like to  AR−NE+ stem-like is through the activation of scTF, which is equivalent to de-differentiation. Stem-like 
cancer cells respond to stromal factors such as PENK by undergoing differentiation changing from a  scTF+B2Mlo phenotype to that of  scTF−B2Mhi. 
The cell types are represented by different LuCaP lines. The  AR+NE+ and  AR−NE− types represent an intermediate that can become  AR−NE+ from 
losing the AR expression program and gaining the NE program by the former, and gaining the NE program by the latter
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not strictly. Cancer cells in local spread show low AGR2 
expression [5] as exemplified by luminal-like LNCaP 
and LuCaP 35. In contrasts, cancer cells in distal spread 
show high expression except small cell carcinoma. Var-
iants derived from selection of LNCaP in androgen-
depleted media show high AGR2 expression [20].

Conclusions
Loss of prostate cancer differentiation involves the activa-
tion of scTF. Activity of these factors convert  scTF−B2Mhi 
luminal-like adenocarcinoma to  scTF+B2Mlo small cell 
carcinoma. Stromal PENK can counteract scTF to induce 
differentiation, characterized by down-regulation of scTF 
and up-regulation of B2M. Up-regulation of AGR2 is 
another characteristic of differentiation upon introduc-
tion of PENK into adenocarcinoma cells. The multiple 
mutations and aneuploidy in cancer cells appear not to 
inhibit differentiation or de-differentiation.

Abbreviations
AGR2: Anterior gradient 2; AR: Androgen receptor; B2M: β2-microglobulin; CD: 
Cluster designation cell surface antigens; CPstrom: Prostate cancer-associated 
stroma; CR: Castration resistant; EC: Embryonal carcinoma (cell line NCCIT); 
[epi]: Epithelial cell density; ES: Embryonic stem; FBS: Fetal bovine serum; 
HBSS: Hanks balanced salt solution; iPS: Induced pluripotent stem; MEF: 
Mouse embryonic fibroblast; NE: Neuroendocrine; NPstrom: Benign prostate 
stroma; PDX LuCaP: Patient-derived xenograft lines; PENK: Proenkephalin; PSA: 
Prostate-specific antigen; RT-PCR: Reverse transcriptase-polymerase chain 
reaction; scTF: Stem cell transcription factors LIN28A, NANOG, POU5F1, SOX2; 
STC1: Stanniocalcin 1; [strom]: Stromal cell density.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 021- 09090-y.

Additional file 1. 

Acknowledgments
I thank Holly Nguyen and Eva Corey in the UW Genitourinary Cancer Research 
Lab for donating excess LuCaP tumors; students Grace Mun and Michelle Kim 
for research assistance.

Conflicts of Interest
The author declares no conflicts of interest.

Author’s contributions
AYL designed and performed research, analyzed data, wrote the manuscript. 
The author(s) read and approved the final manuscript.

Author information
Department of Urology and Institute for Stem Cell and Regenerative Medicine, 
University of Washington, Box 358056, 850 Republican Street, Seattle, Wash-
ington 98195–6100, USA.

Funding
This work was supported in part by a UW CoMotion Fund. The funding source 
played no role in the design of the study and collection, analysis, and interpre-
tation of data, nor in the writing of the manuscript.

Availability of data and materials
Data availability is not applicable as there are no mandated raw data types for 
deposition. The generated cell lines are available through Materials Transfer 
agreement with UW.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Boards of the UW and 
Fred Hutchinson Cancer Research Center (protocol #9147 Genetic Changes 
in Prostate Cancer Progression), and the Embryonic Stem Cell Research 
Oversight of UW. The animal procedures were approved by the UW IACUC 
(protocol 2110–03). The UW Human Subjects Division IRB (protocol #39053) 
approved all Informed Consents used for human tissue acquisition (prostate 
tumors). Prostate cancer xenograft establishment was reviewed and accepted 
by the UW IACUC (protocol #2110–03, PI Vessella, Department of Urology).

Consent for publication
Not applicable.

Competing interests
The author declares that he has no competing interests.

Received: 12 March 2021   Accepted: 2 December 2021

References
 1. Cunha GR, Ricke W, Thomson A, Marker PC, Risbridger G, Hayward SW, 

et al. Hormonal, cellular, and molecular regulation of normal and neoplas-
tic prostatic development. J Steroid Biochem Mol Biol. 2004;92:221–36.

 2. Goo YA, Goodlett DR, Pascal LE, Worthington KD, Vessella RL, True LD, et al. 
Stromal mesenchyme cell genes of the human prostate and bladder. 
BMC Urol. 2005;5:17.

 3. Vaalasti A, Linnoila I, Hervonen A. Immunohistochemical demonstration 
of VIP, [Met5]- and [Leu5]-enkephalin immunoreactive nerve fibres in the 
human prostate and seminal vesicles. Histochemistry. 1980;66:89–98.

 4. Pascal LE, Goo YA, Vêncio RZN, Page LS, Chambers AA, Liebeskind ES, et al. 
Gene expression down-regulation in  CD90+ prostate tumor-associated 
stromal cells involves potential organ-specific genes. BMC Cancer. 
2009;9:317.

 5. Ho ME, Quek S, True LD, Morrissey C, Corey E, Vessella RL, et al. Prostate 
cancer cell phenotypes based on AGR2 and CD10 expression. Mod 
Pathol. 2013;26:849–59.

 6. True LD, Zhang H, Ye M, Huang C, Nelson PS, von Haller PD, et al. CD90/
THY1 is overexpressed in prostate cancer-associated fibroblasts and 
could serve as a cancer biomarker. Mod Pathol. 2010;23:1346–56.

 7. Pascal LE, Vêncio RZN, Goo YA, Page LS, Shadle CP, Liu AY. Temporal 
expression profiling of the effects of secreted factors from prostate stro-
mal cells on embryonal carcinoma stem cells. Prostate. 2009;69:1353–65.

 8. Damjanov I, Horvat B, Gibas Z. Retinoic acid-induced differentiation of 
the developmentally pluripotent human germ cell tumor-derived cell 
line, NCCIT. Lab Invest. 1993;68:220–32.

 9. Pascal LE, Vêncio RZN, Vessella RL, Ware CB, Vêncio EF, Denyer G, et al. Lin-
eage relationship of prostate cancer cell types based on gene expression. 
BMC Genomics. 2011;4:46.

 10. Vêncio EF, Nelson AM, Cavanaugh C, Ware CB, Miller DG, Garcia JC, et al. 
Reprogramming of prostate cancer-associated stromal cells to embryonic 
stem-like. Prostate. 2012;72:1453–63.

 11. Pascal LE, Ai J, Vêncio RZN, Vêncio EF, Zhou Y, Page LS, et al. Differential 
inductive signaling of  CD90+ prostate cancer-associated fibroblasts com-
pared to normal tissue stromal mesenchyme cells. Cancer Microenviron. 
2011;4:51–9.

 12. Nguyen HM, Vessella RL, Morrissey C, Brown LG, Coleman IM, Higano 
CS, et al. LuCaP prostate cancer patient-derived xenografts reflect the 
molecular heterogeneity of advanced disease and serve as models for 
evaluating cancer therapeutics. Prostate. 2017;77:654–71.

https://doi.org/10.1186/s12885-021-09090-y
https://doi.org/10.1186/s12885-021-09090-y


Page 13 of 13Liu  BMC Cancer         (2021) 21:1335  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 13. Borges GT, Vêncio EF, Quek S, Chen A, Salvanha DM, Vêncio RZN, et al. 
Conversion of prostate adenocarcinoma to small cell carcinoma-like by 
reprogramming. J Cell Physiol. 2016;231:2040–7.

 14. Kanan AD, Corey E, Vêncio RZN, Ishwar A, Liu AY. Lineage relationship 
between prostate adenocarcinoma and small cell carcinoma. BMC Can-
cer. 2019;19:518.

 15. Fessart D, Domblides C, Avril T, Eriksson LA, Begueret H, Pineau R, et al. 
Secretion of protein disulphide isomerase AGR2 confers tumorigenic 
properties. eLife. 2016;5:e13887.

 16. Liu AY, True LD, LaTray L, Nelson PS, Ellis WJ, Vessella RL, et al. Cell-cell 
interaction in prostate gene regulation and cytodifferentiation. Proc Natl 
Acad Sci U S A. 1997;94:10705–10.

 17. Ware CB, Nelson AM, Blau CA. Controlled-rate freezing of human ES cells. 
BioTechniques. 2005;38:879–83.

 18. Pascal LE, Vêncio RZN, Page LS, Liebeskind ES, Shadle CP, Troisch P, et al. 
Gene expression relationship between prostate cancer cells of Gleason 3, 
4 and normal epithelial cells as revealed by cell type-specific transcrip-
tomes. BMC Cancer. 2009;9:452.

 19. Liu AY, Kanan AD, Radon TP, Shah S, Weeks ME, Foster JM, et al. AGR2, a 
unique tumor-associated antigen, is a promising candidate for antibody 
targeting. Oncotarget. 2019;10:4276–89.

 20. Wayner EA, Quek S, Ahmad R, Ho ME, Loprieno MA, Zhou Y, et al. Devel-
opment of an ELISA to detect the secreted prostate cancer biomarker 
AGR2 in voided urine. Prostate. 2012;72:1023–34.

 21. Pascal LE, Deutsch EW, Campbell DS, Korb M, True LD, Liu AY. The urologic 
epithelial stem cell database (UESC) - a web tool for cell type-specific 
gene expression and immunohistochemistry images of the prostate and 
bladder. BMC Urol. 2007;7:19.

 22. Ware CB, Nelson AM, Blau CA. A comparison of NIH-approved human ESC 
lines. Stem Cells. 2006;24:2677–84.

 23. Oudes AJ, Campbell DS, Sorensen CM, Walashek LS, True LD, Liu AY. 
Transcriptomes of human prostate cells. BMC Genomics. 2006;7:92.

 24. Pascal LE, True LD, Campbell DS, Deutsch EW, Risk M, Coleman IM, et al. 
Correlation of mRNA and protein levels: cell type-specific gene expres-
sion of cluster designation antigens in the prostate. BMC Genomics. 
2008;9:246.

 25. Hepburn AC, Steele RE, Veeratterapillay R, Wilson L, Kounatidou EE, 
Barnard A, et al. The induction of core pluripotency master regulators in 
cancers defines poor clinical outcomes and treatment resistance. Onco-
gene. 2019;38:4412–24.

 26. Kumar A, White TA, MacKenzie AP, Clegg N, Lee C, Dumpit RF, et al. Exome 
sequencing identifies a spectrum of mutation frequencies in advanced 
and lethal prostate cancers. Proc Natl Acad Sci U S A. 2011;108:17087–92.

 27. de Thé H. Differentiation therapy revisited. Nat Rev Cancer. 
2018;18:117–27.

 28. Aggarwal R, Huang J, Alumkal JJ, Zhang L, Feng FY, Thomas GV, et al. 
Clinical and genomic characterization of treatment-emergent small-cell 
neuroendocrine prostate cancer: a multi-institutional prospective study. J 
Clin Oncol. 2018;36:2492–503.

 29. Maresh EL, Mah V, Alavi M, Horvath S, Bagryanova L, Liebeskind ES, et al. 
Differential expression of anterior gradient gene AGR2 in prostate cancer. 
BMC Cancer. 2010;10:680.

 30. Fritzsche FR, Dahl E, Pahl S, Burkhardt M, Luo J, Mayordomo E, et al. Prog-
nostic relevance of AGR2 expression in breast cancer. Clin Cancer Res. 
2006;12:1728–34.

 31. Ho ME, True LD, Seiler R, Fleischmann A, Bagryanova L, Kim SR, et al. Blad-
der cancer cells secrete while normal bladder cells express but do not 
secrete AGR2. Oncotarget. 2016;7:15747–56.

 32. Rosen H, Krichevsky A, Polakiewicz RD, Benzakine S, Bar-Shavit Z. Devel-
opmental regulation of proenkephalin gene expression in osteoblasts. 
Mol Endocrinol. 1995;9:1621–31.

 33. Jiang WQ, Chang AC, Satoh M, Furuichi Y, Tam PP, Reddel RR. The distribu-
tion of stanniocalcin 1 protein in fetal mouse tissues suggests role in 
bone and muscle development. J Endocrinol. 2000;165:457–66.

 34. Strasko SE, Wagner GF. Stanniocalcin gene expression during mouse 
urogenital development: a possible role in mesenchymal-epithelial 
signaling. Dev Dyn. 2001;220:49–59.

 35. Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, et al. 
Direct reprogramming of mouse and human fibroblasts into multipotent 
neural stem cells with a single factor. Cell Stem Cell. 2012;11:100–9.

 36. Labreque MP, Coleman IM, Brown LG, True LD, Kollath L, Lakely B, 
et al. Molecular profiling stratifies diverse phenotypes of treatment-
refractory metastatic castration-resistant prostate cancer. J Clin Invest. 
2019;130:4492–505.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The opposing action of stromal cell proenkephalin and stem cell transcription factors in prostate cancer differentiation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Mouse embryonic fibroblast (MEF) feeder
	Culture of LuCaP cells on MEF
	PENK plasmid vectors
	Plasmid transfection of LuCaP cells
	Transfection of LNCaP cells
	Gene expression analysis

	Results
	Plasmid transfection of LuCaP 145.1 cells grown in vitro
	Effect of PENK on scTF
	Reversal of cancer cell reprogramming by PENK
	Effect of PENK on adenocarcinoma LuCaP 70CR

	Discussion
	Conclusions
	Acknowledgments
	References


