
CRISPR/Cas9-Mediated Point Mutation in Nkx3.1 Prolongs 
Protein Half-Life and Reverses Effects Nkx3.1 Allelic Loss

Cai Bowen1, Maho Shibata1,2, Hailan Zhang3, Sarah K. Bergren1, Michael M. Shen1, Edward 
P. Gelmann3,4

1Departments of Medicine, Genetics & Development, Urology and Systems Biology, Herbert 
Irving Comprehensive Cancer Center, Columbia University Medical Center, 1130 Saint Nicholas 
Avenue, New York, NY, 10032, 212-851-4723

3University of Arizona Medical Center, Division of Hematology/Oncology, 1515 N Campbell 
Avenue, Room 1969K, Tucson, AZ 85724-5024, (520) 626-8096

Abstract

NKX3.1 is the most commonly deleted gene in prostate cancer and is a gatekeeper suppressor. 

NKX3.1 is haploinsufficient, and pathogenic reduction in protein levels may result from genetic 

loss, decreased transcription, and increased protein degradation caused by inflammation or PTEN 

loss. NKX3.1 acts by retarding proliferation, activating antioxidants, and enhancing DNA repair. 

DYRK1B-mediated phosphorylation at serine 185 of NKX3.1 leads to its polyubiquitination and 

proteasomal degradation. Because NKX3.1 protein levels are reduced but never entirely lost in 

prostate adenocarcinoma, enhancement of NKX3.1 protein levels represents a potential therapeutic 

strategy. As a proof of principle, we used CRISPR/Cas9-mediated editing to engineer in vivo a 

point mutation in murine Nkx3.1 to code for a serine to alanine missense at amino acid 186, the 

target for Dyrk1b phosphorylation. Nkx3.1S186A/-, Nkx3.1+/−, and Nkx3.1+/+ mice were analyzed 

over one year to determine the levels of Nkx3.1 expression and effects of the mutant protein on the 

prostate. Allelic loss of Nkx3.1 caused reduced levels of Nkx3.1 protein, increased proliferation, 

and prostate hyperplasia and dysplasia, whereas Nkx3.1S186A/- mouse prostates had increased 

levels of Nkx3.1 protein, reduced prostate size, normal histology, reduced proliferation, and 

increased DNA end-labeling. At 2 months of age, when all mice had normal prostate histology, 

Nkx3.1+/− mice demonstrated indices of metabolic activation, DNA damage response, and stress 

response. These data suggest that modulation of Nkx3.1 levels alone can exert long-term control 

over premalignant changes and susceptibility to DNA damage in the prostate.
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Introduction

Genetic studies over decades have consistently implicated 8p21, the locus of NKX3.1, as the 

most commonly deleted chromosomal locus of prostate cancer (1–3). NKX3.1, is known to 

be the most commonly deleted gene in human prostate cancer (4). NKX3.1 is a prostate-

specific homeobox gene that controls cell proliferation (5), epithelial differentiation (6), and 

stem cell maintenance (7). In preinvasive and primary prostate cancer reduced levels of the 

haploinsufficient NKX3.1 protein are seen in the majority of prostate cancers (8). During the 

advanced phases of prostate cancer there is ongoing selective pressure to decrease NKX3.1 

expression (9). NKX3.1 protein loss may result from genetic loss, decreased mRNA, or 

protein degradation, all effecting reduced NKX3.1 protein levels early in the evolution of 

most prostate cancers (8,10). One mechanism by which NKX3.1 exerts tumor suppression is 

enhancement of the DNA repair response in the prostate and acceleration of ATM activation 

after DNA damage (11,12). Importantly, the early reduction of NKX3.1 in initiating prostate 

carcinogenesis predisposes to the pathognomonic translocation between TMPRSS2 and 

ERG that characterizes more than half of all prostate cancers (10,13).

NKX3.1 is under tight control by numerous post translational modifications, most notably 

phosphorylation (14). Steady state levels of NKX3.1 protein are tightly controlled by 

phosphorylation that triggers polyubiquitination and protein destruction with a half-life in 
vitro of less than 30 minutes (15). The primary mediator of NKX3.1 turnover is the kinase 

DYRK1B that phosphorylates NKX3.1 at serine 185 (16). Missense mutation of serine 185 

to alanine substantially prolongs NKX3.1 half-life (15). We have shown that DYRK 

inhibitors prolong NKX3.1 half-life in vitro (16) and have hypothesized that in vivo DYRK 

inhibitors may prolong NKX3.1 half-life and thereby have a role in prostate cancer 

treatment. NKX3.1 expression is preserved even in advanced prostate cancer and therefore 

may be a target for therapeutic manipulation (17). Increased expression of NKX3.1 has the 

potential to arrest growth of even advanced stage prostate cancer cells. NKX3.1 is a 

profound growth suppressor and only very few prostate cancer cell lines, LNCaP, LAPC4, 

VCaP, and 22Rv1 have adapted to grow despite its expression. In fact, adaptation of the 

aggressive PC-3 cells to growth despite NKX3.1 expression is a rare event that requires 

constant selective pressure to sustain expression in vitro that is rapidly lost in vivo when the 

selective pressure cannot be maintained (18). For this reason, we developed a genetic model 

for inhibition DYRK1B phosphorylation of NKX3.1 by engineering the Nkx3.1(S186A) 
gene in mice.

NKX3.1 protein levels are tightly controlled and protein half-life is 20–30 minutes (15). 

Steady state protein turnover is controlled by phosphorylation at serine 185 that is targeted 

by the kinase DYRK1B (16). Nevertheless, NKX3.1 expression, although decreased, is 

never completely lost in prostate adenocarcinoma (17). For that reason, it may be beneficial 

to target increased NKX3.1 as a therapeutic mechanism in advanced prostate cancer. 
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NKX3.1 is profoundly growth suppressive and very few cells have adapted in culture to 

tolerate its expression. In fact, cells that were selected to tolerate NKX3.1 expression in vitro 
rapidly lose expression upon growth as xenografts (18). Ultimately our goal is to mediate 

NKX3.1 levels by blocking phosphorylation to increase protein levels. As a proof-of-

principle, we have engineered mice by CRISPR/Cas9-mediated editing to express 

Nkx3.1(S186A) containing a single mutation that abrogated the serine target of 

phosphorylation that triggers ubiquitination and degradation. We show here that a single 

copy of the mutant Nkx3.1S186A gene eliminates proneoplastic effects of Nkx3.1 
heterozygosity.

Material and Methods

Mouse strains and generation of Nkx3.1S186A mutant mice

Wild type C57BL6 mice were purchased from Taconic. Swiss-Webster mice were purchased 

from Taconic, and B6D2F1 (C57BL/6 × DBA/2) mice were purchased from Jackson 

Laboratory. The Nkx3.1 null mutation has previously been described (6). Animal studies 

were conducted according to federal guidelines and approved by both the Columbia 

University Irving Medical Center and University of Arizona Institutional Animal Care and 

Use Committees.

Mice with the Nkx3.1(S186A) mutation were generated using CRISPR/Cas-9, as described 

previously (19). Cas9 mRNA was ordered from TriLink Biotech (L-6129). For gNkx3.1 
mRNA preparation, T7 promoter sequence was appended to the sgRNA template by PCR 

amplification using the appropriate primer pair listed in Supplementary Table 1. The PCR 

reaction was performed with 30 ng of px330-Cas9 plasmid, Phusion high-fidelity DNA 

polymerase (NEB) and HF buffer per instruction of the vendor, with Tm=40°C, for 30 sec 

extension time at 72°C for 40 cycles. PCR products were purified by gel purification and 

ethanol precipitation. In vitro transcription of sgRNA was performed using 50 nM of the T7-

sgRNA PCR product in a 20 μl reaction as the template with the MEGAshortscript T7 kit 

(Life Technologies) according to the kit protocol. Incubation time was 6 hours. The sgRNA 

was purified using the RNeasy kit and eluted with elution buffer according to the kit 

protocol. 200 ng of gRNA was heated at 70°C for 2 min, resolved on a 1% agarose gel in 

TAE buffer to confirm integrity before injection.

Single cell zygotes from superovulated 3–4 week-old B6D2F1 females mated to B6D2F1 

males were injected with Cas9 mRNA (TriLink Biotech L-6129), sgRNA and ssDNA, and 

cultured overnight. Two cell embryos were transferred to oviducts of pseudopregnant Swiss 

Webster surrogate females. Resulting pups were genotyped for the Nkx3.1(S186A) mutation 

and a single founder animal was selected from among two for backcross mating to C57BL6 

mice. The embryos we injected came from a mating of B6D2F1/J females (F1 from 

C57BL/6 and DBA/2 strain mating) crossed to B6D2F1/J males from Jackson labs. The 

pups are therefore B6D2 F2. ordered from Taconic. The S186A mutant founders were back 

crossed with C57BL/6 mice. The experiment used mice backcrossed at least 7 and up to 10 

generations.
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Genotyping

Mouse tail DNA was isolated with protocol from the Tsai laboratory (http://

tsailaboratory.mit.edu/wp-content/uploads/2014/01/protocol-for-preparation-of-genomic-

dna-for-genotyping.pdf). For analysis of the Nkx3.1(S186A) mutations we employed a 

positive control MYC-Nkx3.1(S186A) plasmid that had been validated by sequencing. For 

the plasmid template we used the oligonucleotide listed in Supplementary Table 2 (ssODN1) 

as forward primer, and 5’-CTT CCG ACT CCT TGA CAT C-3’ as a reverse primer. These 

primers generated a PCR product of 301 bp. PCR was performed with 500 ng of DNA in 50 

μl at Tm=50°C for 40 cycles. PCR products were purified with the QIAGEN PCR 

purification kit. About 20 ng/μl DNA was eluted with 30 μl H2O. One μl of PCR product 

was used for TA-cloning with TOPO-TA cloning kit (ThermoFisher Scientific) that was then 

used for sequencing. 300–400 ng of PCR products was incubated with 0.5 unit of EciI at 

37°C for 1 hour. The reaction was stopped with 0.2% SDS in loading buffer. The input and 

cleaved samples were resolved on a 2% agarose gel. For genotyping of Nkx3.1S186A/- mice, 

PCR was performed with primers listed in Supplementary Table 3. PCR products were 

purified and digested as described above. Nkx3.1S186A/- mutant mice identified by 

genotyping was further confirmed by sequencing through TA-cloning.

Histologic analysis

Anterior, ventral, and dorsolateral prostate lobes were fixed in 10% formalin and embedded 

in paraffin. Immunofluorescence staining was done using 5 μm paraffin sections and 

analyzed with a Leica TCS SP5 confocal microscope. Details of all the primary and 

secondary antibodies used in this study are provided in Supplementary Table 4. 

Deparaffinized slides were treated with 10 mM citrate buffer pH 6.0 in steamer for 40 

minutes. Slides were permeabilized with 0.5% Triton X-100 in PBS for 30 minutes followed 

by incubation in 3% H2O2 for 30 minutes. All the primary antibodies were incubated at 4°C 

overnight, and secondary antibodies at room temperature for 30 minutes. Detection of mouse 

Nkx3.1 was enhanced using biotinylated anti-rabbit IgG (Vector Labs) and then incubating 

with Texas Red avidin DCS (Vector Labs). Signals for γH2AX, 8-oxoG, pATM, 53BP1, and 

pS6 were enhanced by tyramide amplification (Fisher Scientific) by incubating with 

horseradish peroxidase (HRP)-conjugated secondary antibody (Invitrogen), followed by 

incubation with tyramide 568 for 8 minutes. β-catenin, Ki67, CK5, CK8, nitrotyrosine, and 

cleaved caspase 8were revealed by Alexa fluor 488 or 568 antibodies. Supplementary Table 

4 shows the dilution of each antibody used for immunofluorescence staining. Slides were 

mounted with anti-fade mounting medium with DAPI (Vector Labs).

For 8-oxoG staining mouse prostate tissue sections were deparaffinized by passing through 

100% xylene, sequential 10-minute washes with 100%, 90% and 70% ethanol followed by 5 

minutes in PBS. The slides were treated with RNase A (200 μg/mL in PBS) for 1 hour at 

37°C. After washing with PBS, DNA was denatured by incubation in 2N HCl for 10 

minutes. For proteolysis, slides were incubated with 20 μg/mL proteinase K in 10 mM 

Tris/HCl pH7.5 and 5 mM EDTA for 30 minutes at 37°C. Slides were rinsed with PBS 

twice, then incubated with 8-oxoguanine antibody (1:250 Millipore) at 4°C overnight. The 

fluorescence signal was amplified with HRP-conjugated anti-mouse IgG (1:100) for 30 min, 

Bowen et al. Page 4

Cancer Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://tsailaboratory.mit.edu/wp-content/uploads/2014/01/protocol-for-preparation-of-genomic-dna-for-genotyping.pdf
http://tsailaboratory.mit.edu/wp-content/uploads/2014/01/protocol-for-preparation-of-genomic-dna-for-genotyping.pdf
http://tsailaboratory.mit.edu/wp-content/uploads/2014/01/protocol-for-preparation-of-genomic-dna-for-genotyping.pdf


and then incubated with tyramide for 8 minutes. Slides were mounted with anti-fade 

mounting medium with DAPI.

In situ TUNEL staining of murine prostate tissues

For TUNEL assay (20), slides of prostate tissue were fixed with 10% formalin for 24–48 

hours. Deparaffinized slides were permeabilized with 20 μg/ml proteinase K in 10 mM Tris 

7.5 and 5 mM EDTA at room temperature for 30 minutes. Slides were rinsed three times in 

PBS for 5 minutes each then incubated with TUNEL assay reagent (In Situ Cell Death 

Detection Kit, Fluorescein, Roche) at 37°C for 60 minutes. Slides were again rinsed three 

times with PBS with 0.1% Tween 20 for 5 minutes each and then mounted with anti-fade 

mounting medium with DAPI (Vector Labs).

Irradiation of mice used as positive controls for stress response and DNA damage were done 

at 2 months of age using a single dose of 15Gy from a Gammacell 40 Exactor (Best 

Theratronics, Ottawa, Canada). Mice were sacrificed 1.5–2 hours after irradiation.

Analysis of prostate secretory proteins

Prostate secretory proteins were prepared as reported by Fujimoto et al. (21). Each dissected 

prostate lobe from 12-week-old mice was rinsed well in saline and placed in an Eppendorf 

tube with 100 μl saline containing protease inhibitors (Roche). Each lobe was cut into four 

or five pieces and left to stand for 5 minutes on ice. After centrifugation at 10,000g for 5 

minutes at room temperature, the supernatant was collected and assayed for protein 

concentration with the Protein Assay Kit (Bio-Rad Laboratories). Fifteen μg of sample 

protein was resolved by SDS-PAGE and stained with Coomassie brilliant blue.

Statistical analysis

Immunohistochemical staining was analyzed with Image J software. The intensity of Nkx3.1 

was normalized to that of wild type mice at the same time points. Intensities of 53BP1, 

pATM and 8-oxoG were normalized to that of 2 month-old wild type mice. Nkx3.1+/+ and 

Nkx3.1S186A/- mice were compared with that of Nkx3.1+/− mice with t-test. A p-value of 

<0.05 was considered to be statistically significant. t-Test of a group was applied to all the 

mice of same genotype analyzed as one group and comparison was made between groups. In 

analysis of slopes, t-test comparison was performed between slopes of regression lines.

Results

Engineering Mice with Nkx3.1(S186A)

NKX3.1(S185A) is the target for DYRK1B phosphorylation that controls steady state 

turnover of the protein and triggers polyubiquitination and protein turnover (15,16). 

Comparison the human and murine NKX3.1 primary protein structure suggested that Nkx3.1 

serine 186 was the analogous residue to serine 185 in the human protein (Supplementary 

Figure 1A). We introduced a serine to alanine missense mutation at Nkx3.1 serine 186 and 

observed that the protein half-life was prolonged similar to the effect of the serine 185 to 

alanine replacement in NKX3.1 (Supplementary Figure 1B). Based on this result, we used 

CRISPR-Cas9 to engineer the identical alteration in mice (Supplementary Figures 2A and 
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B), generating two founder mice carrying the desired mutation. During the entire breeding 

process and subsequently no mice with the Nkx3.1S186A/S186A genotype were ever identified 

leading us to assume that this genotype conferred embryonic lethality. One of these founders 

established a line that was back-crossed to wild-type C57BL/6 for 7–10 generations to 

ensure that the Nkx3.1S186A point mutation was the only genetic alteration we were testing. 

Over one year, we followed Nkx3.1 wild type mice, Nkx3.1+/− heterozygous mice 

(heterozygotes for the null allele), and Nkx3.1S186A/- mice (point mutation in trans to the 

null allele), that were all maintained in a congenic C57BL/6 strain background.

Prostate Weight, Histology, and Nkx3.1 Expression

At two-month intervals prostate glands from each of three mice of each genotype were 

dissected and anterior, ventral, and dorsolateral lobes were analyzed separately. Anterior 

(Figure 1A) and dorsolateral lobes (Figure 1B) of the prostate glands were largest in the 

Nkx3.1+/− mice and smallest in the Nkx3.1S186A/- mice. The ventral prostates from 

Nkx3.1S186A/- mice were smaller than from the other two genotypes, but not to a degree of 

statistical significance (Figure 1C). Also, Nkx3.1 genotype had no effect on body weight 

over the year of experimental observation (Figure 1D).

Histologic examination of the anterior prostate lobe shows the expected hyperplasia and 

dysplasia in Nkx3.1+/− mice that progressed as the mice aged (6). Compared to Nkx3.1+/+ 

the excess number of cells and distorted glandular architecture can be easily seen. In 

contrast, Nkx3.1S186A/- mice showed no evidence of hyperplasia but did have glands with 

areas of disrupted architecture as shown by the higher magnification panels in Figure 2. 

Similar histologic findings at the specified time points were seen in the dorsolateral prostatic 

lobes (Supplementary Figure 3A). The cellular hyperplasia and changes in nuclear 

morphology in Nkx3.1+/− mice can be seen at higher magnification, confirming previous 

observations about the effect of Nkx3.1 allelic loss (Supplementary Figures 3B and 3C). In 

contrast, despite effects on prostate weight, few effects of either Nkx3.1+/− or Nkx3.1S186A/- 

genotypes were seen in the ventral prostatic lobes during the course of the experiment.

At two months of age the histologic sections were nearly indistinguishable except for early 

hyperplasia in Nkx3.1+/− mice and the presence of paucicellular areas in prostates of 

Nkx3.1S186A/- mice. The mutations did not disrupt the normal architectural organization of 

the glands as further confirmed by immunohistochemical staining for cytokeratins 5 and 8 

(Supplementary Figure 4A). To demonstrate further that prostate function was minimally 

affected in the different genotypes, we performed electrophoretic separation of prostate 

secretory proteins from the different prostate lobes and included seminal vesicle secretory 

proteins for comparison with an organ in which Nkx3.1 is not expressed. Similar to results 

previously published, we saw very few differences in secretions affected by genotype (6) 

(Supplementary Figure 4B).

We predicted that the Nkx3.1S186A/- mice would have higher expression of Nkx3.1 

compared to the congenic Nkx3.1+/− mice. We utilized a quantitative confocal assay for 

Nkx3.1 levels previously validated to compare Nkx3.1 protein expression across the three 

genotypes (8,10). In fact, Nkx3.1 levels were reduced in Nkx3.1+/− mice compared both to 

Nkx3.1+/+ and Nkx3.1S186A/- mice (p<0.01), but the protein expression in the latter two 
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genotypes were not different statistically (Figure 3). Importantly, Nkx3.1(S186A) levels in 

the anterior prostate lobes was persistent throughout the duration of the observation period. 

This was not as true for the dorsolateral prostatic lobes where Nkx3.1(S186A) expression 

was sustained through six months, but was reduced at 10 months of age (Supplementary 

Figure 5).

Proliferation and TUNEL Staining

Cell proliferation in the tissue sections was assayed using Ki-67 staining. Nkx3.1+/− mice 

had increased levels of Ki-67-staining cells compared to either Nkx3.1+/+ or Nkx3.1S186A/- 

mice. The fraction of Ki-67 cells in the anterior prostate of Nkx3.1+/− mice increased with 

age (Figure 4). No changes over 10 months were seen in the fraction of Ki-67 staining cells 

in either Nkx3.1+/+ or Nkx3.1S186A/- mice. In dorsolateral prostate lobes Ki-67 staining in 

the Nkx3.1+/− mice was greatest at 6 months but declined on all three genotypes by 10 

months (Supplementary Figure 6).

Because NKX3.1 is a mediator of DNA damage response in prostate epithelial cells (11), we 

utilized TUNEL staining, an assay for DNA ends, as an indicator for DNA damage and 

repair (22). Representative examples of anterior prostate lobes are shown at 2, 6, and 10 

months of age (Figure 5). At every time point a single copy of Nkx3.1(S816A) that showed 

the same Nkx3.1 staining intensity as two copies of the wild type gene, resulted in a higher 

level of TUNEL staining. Therefore, it appears that not only protein levels, but Nkx3.1 

protein turnover affected the cell’s response to DNA damage. This conclusion was 

reinforced by TUNEL staining of dorsolateral prostate lobes (Supplementary Figure 7). 

Despite the finding that Nkx3.1 staining intensity had decreased in the DLP by 10 months, 

we nevertheless found a level of TUNEL staining as an index of DNA breakage and repair 

much higher than in either Nkx3.1+/+ or Nkx3.1+/− mice. However, although 

Nkx3.1(S186A) affected the concentration of DNA ends available for end-labeling, TUNEL 

staining in these experiments did not assay for either activation of the DNA damage 

response or apoptosis. We examined prostate sections at all time points for DNA double-

strand breakage by staining for γ-histone2AX. We saw no changes in the presence of γ-

histone2AX across all genotypes and time points. We also performed staining for cleaved 

caspase 3 as a direct assay of the apoptotic cascade and found no change at any time point in 

anterior prostate lobes (Supplementary Figure 8A) with a positive control using exposure to 

15Gy γ-irradiation (Supplementary Figure 8B). We also saw no change over time in cleaved 

caspase 3 staining in dorsolateral prostate lobes (Supplementary Figure 8C).

Early Effects of Long Half-Life Nkx3.1(S186A)

NKX3.1 has been shown to affect numerous cellular processes in both human and murine 

cells that affect both response to free-radical oxidation and DNA repair (11,12,23–25). To 

compare the effects of a single copy of Nkx3.1(S186A) with the effects of biallelic, native 

Nkx3.1 as they both compared to Nkx3.1 heterozygosity prior to the appearance of 

histologic changes, we examined the expression of a panel of marker proteins by 

immunohistochemistry in 2-month old mice (Figure 6). As a positive control we included 

staining of 2-month old wild type murine prostate collected two hours after exposure to 

15Gy (far right panels in Figure 6). Phosphorylated ribosomal protein S6, a marker for the 
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activity of cellular metabolism (26), was seen to be more abundant in the Nkx3.1+/− prostate 

than in either Nkx3.1+/+ or Nkx3.1S186A/−. The prostate in Nkx3.1+/− mice was also more 

susceptible to oxidation and formation of reactive oxygen species. This was demonstrated by 

increased levels of 8-oxoguanine adducts (27) and increased levels of nitrotyrosine (28–30). 

We also found that there was increased presence of 53BP1, a protein expressed in response 

to DNA damage (31,32), and its downstream mediator of response, phosphorylated ATM. 

These findings seen in this study only in Nkx3.1+/− mice, all indicate that the mere reduction 

of Nkx3.1 protein in histologically normal tissue increases cellular stress by increased 

metabolism and increased oxidative damage that activates cellular defense responses. At two 

months and, in fact, at no time point, did we observe evidence of double-stranded DNA 

breaks as indicated by staining for γ-histone2AX as was seen in prostates of irradiated mice 

at the bottom of Figure 6.

Discussion

NKX3.1 is a critical early cancer suppressor for which mere reduction in protein levels is 

pathogenic. NKX3.1 levels are under downward pressure from changes in the prostate that 

occur during aging including inflammatory atrophy (33) and prostatitis (34). Prostatitis is a 

well-established risk factor for prostate cancer (35–37). Primary prostate cancer samples 

also exhibit downregulation of NKX3.1 mRNA and NKX3.1 allelic loss (8). The importance 

of NKX3.1 loss to the initiation of human prostate cancer is underscored by the finding that 

the single most common genetic lesion in sporadic prostate cancer is loss of NKX3.1 (4). 

The influence of NKX3.1 in prostate cancer pathogenesis is ubiquitous, even though the 

gene is rarely affected by the usual lesions of tumor suppressor genes. For example, there 

has been only one family with heritable risk for prostate cancer that was linked to an 

NKX3.1 mutation that partially inactivated the protein (38) and only four somatic mutations 

of NKX3.1 were reported in the initial TCGA cohort of 333 prostate cancer cases (13). 

Recently a comprehensive analysis of Asian prostate cancer samples showed as well that 

loss at 8p21.3, the locus of NKX3.1 was consistently found in this cohort as well (39).

NKX3.1 is a multifunctional protein that appears to have been adapted evolutionarily for 

unique versatility in prostate epithelial cells. The protein by itself is a transcriptional 

repressor (40) and activates transcription only as a coactivator, such as with serum response 

factor (41–44). However, through binding of the homeodomain to other proteins NKX3.1 is 

a cofactor for androgen receptor mediated transcription (45–47). NKX3.1 also is involved in 

the DNA damage response of prostate cancer cells by virtue of specific damage-induced 

tyrosine phosphorylation at amino acid 225 that licenses interaction and activation of ATM 

(12). Moreover, Nkx3.1 affects the expression of numerous proteins that mediate the cellular 

response to reactive oxygen species (23), cellular differentiation, and DNA repair (48). In 

the absence of Nkx3.1, although mice are viable and fertile, there are defects in prostatic 

ductal branching and secretory protein expression (6). Therefore, its loss creates the milieu 

favoring stochastic generation of DNA damage contributing to prostate carcinogenesis. Of 

substantial importance to carcinogenesis, is that loss of NKX3.1 expression predisposes to 

TMPRSS2/ERG gene rearrangement, an early pathognomonic lesion in more than half of all 

prostate cancers (10,49).
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We confirm that loss of a single Nkx3.1 allele causes histologic disruption of the prostate 

over time. Strikingly, monoallelic expression of Nkx3.1, which produces about 2/3 the 

normal level of cellular protein (8), alone is sufficient to activate indicators of cellular 

metabolic activity like pS6, induce evidence of DNA damage such as 8-oxoguanine and 

nitrotyrosine, and activate cellular stress response as indicated by expression of 53BP1 and 

phosphorylation of ATM. Thus, the prostate gland is highly sensitive to extant endogenous 

stressors and requires continuous expression of NKX3.1 and its normal turnover for stability. 

Prolongation of Nkx3.1 half-life was sufficient to abrogate all these effects in 2-month old 

mice as well abrogating the later histologic changes resulting from decreased Nkx3.1 

expression. However, despite recovery of apparently normal levels of Nkx3.1 transcribed in 

Nkx3.1S186A/- mice, the nonphysiologic protein turnover induced a robust level of DNA end-

labeling suggestive of DNA damage repair regions of epithelial architectural disruption. 

TUNEL staining is a sensitive assay for free 3’ DNA ends and is known to score physiologic 

conditions other than apoptosis (22,50). Thus, our mouse model further demonstrates the 

extraordinary sensitivity of the prostate gland to carefully controlled levels and turnover of 

this protein and suggests the critical importance of this protein in the pathogenesis of 

prostate cancer in the aging male.

Lastly, we note that during breeding over 30 months at two institutions, we never identified a 

single pup with the Nkx3.1S186A/S186A genotype. If this genotype confers embryonic 

lethality we speculate that this is due to the effects of Nkx3.1 during embryogenesis. Nkx3.1 

is expression is widespread in the mouse during embryogenesis and is seen progressively 

during somite development (51,52). Although this process clearly is able to compensate for 

complete loss of Nkx3.1, the mutant protein resistant to proteolysis expressed in a 

homozygous Nkx3.1S186A/S186A genotype seems to disrupt murine development to prevent 

successful development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Findings show that prolonging the half-life of Nkx3.1 reduces proliferation, enhances 

DNA end-labeling, and protects from DNA damage, ultimately blocking the 

proneoplastic effects of Nkx3.1 allelic loss.
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Figure 1. 
Prostate lobe weights at different time points. Statistical differences between Nkx3.1+/− mice 

with Nkx3.1+/+ and Nkx3.1S186A/- mutant mice was analyzed by t-test. * p<0.05.

Bowen et al. Page 14

Cancer Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Histologic sections of anterior prostate lobe at different time points. H&E staining of 

anterior prostate sections are shown for each genotype at 2, 6, and 10 months of age. The 

higher magnifications show paucicellular areas seen in glands of Nkx3.1S186A/- mice but not 

in other genotypes.
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Figure 3. 
Nkx3.1 expression. Nkx3.1 was detected in paraffin sections from anterior prostate lobes of 

Nkx3.1+/+, Nkx3.1+/−, and Nkx3.1S186A/- mice at 2, 6, and 10 months of age. Counterstain 

was done with antibody to β-catenin and DAPI. Confocal images were quantitated with 

image J and Nkx3.1 expression was plotted relative to adjacent β-catenin expression. Data 

are from a minimum of ten fields. Nkx3.1 expression in Nkx3.1S186A/- mice differed from 

both Nkx3.1+/+ and Nkx3.1+/− mice by t-test with p<0.01.
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Figure 4. 
Cell proliferation. Immunostaining for Ki-67 was done with cytokeratin 8 and DAPI as 

counterstains in sections of anterior prostate lobes. Confocal images were quantitated with 

image J and the number of Ki-67-positive cells per field as a percentage of all nuclei in the 

field were recorded. A minimum of ten fields were assayed and all cells were counted. Each 

point represents the percentage of Ki-67 positive cells in one field. The distribution of Ki-67 

positive cells in Nkx3.1+/− mice differed from both Nkx3.1+/+ and Nkx3.1S186A/- mice at 

both 6 and 10 months by t-test with p<0.01.
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Figure 5. 
TUNEL staining was done on paraffin sections from anterior prostate lobes of Nkx3.1+/+, 

Nkx3.1+/−, and Nkx3.1S186A/- mice at 2, 6, and 10 months of age. Counterstain was done 

with DAPI. Confocal images were quantitated with image J and the number of TUNEL-

positive cells per field were recorded compared to the total number of nuclei seen in the 

field. A minimum of ten fields were assayed and each point represents the percentage of 

TUNEL positive cells in a field. The percentage of TUNEL positive cells in Nkx3.1S186A/- 

mice differed from both Nkx3.1+/+ and Nkx3.1+/− mice by t-test with p<0.01.
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Figure 6. 
Metabolic and Stress Response Activation Suppressed by Nkx3.1(S186A). The figure shows 

confocal immunofluorescent micrographs of anterior prostate lobes from 2-month old mice 

of the indicated genotype. The micrographs on the far right show the staining of prostates 

from wild-type mice 2 hours after exposure to 15Gy γ-irradiation. Cytokeratin 5 was 

employed for pS6 and nitrotyrosine staining to show preservation of histologic architecture. 

Staining intensities were measured by image J and shown relative to intensity in Nkx3.1+/+ 

mice in the respective histograms on the far right.
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