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Abstract

Several techniques have been employed for deletion of the NKX3.I gene, resulting in developmental defects of the prostate,
including alterations in ductal branching morphogenesis and prostatic secretions as well as epithelial hyperplasia and dysplasia. To
investigate whether the CRISPR/Cas9-mediated technique can be applied to study prostate carcinogenesis through exon |
deletion of NKX3.| gene, alterations in the prostatic intraepithelial neoplasia (PIN) and their regulatory mechanism were
observed in the prostate of NKX3.| knockout (KO) mice produced by the CRISPR/Cas9-mediated NKX3.| mutant gene, at the
ages of 16 and 24 weeks. The weight of dorsal-lateral prostate (DLP) and anterior prostate (AP) were observed to be increased in
only the 24 weeks KO mice, although morphogenesis was constant in all groups. Obvious PIN | and 2 lesions were frequently
detected in prostate of the 24 weeks KO mice, as compared with the same age wild type (WT) mice. Ki67, a key indicator for PIN,
was densely stained in the epithelium of prostate in the 24 weeks KO mice, while the expression of p53 protein was suppressed in
the same group. Also, both the 16 and 24 weeks KO mice reveal inhibition of the PI3K/AKT/mTOR pathway in the prostate.
However, prostate specific antigen (PSA) levels and Bax/Bcl-2 expressions were decreased in the prostate of 16 weeks KO mice,
and were increased in only the 24 weeks KO mice. Taken together, the results of the present study provide additional evidence
that CRISPR/Cas9-mediated exon | deletion of the NKX3.I gene successfully induces PIN lesions, along with significant
alterations of Ki67 expression, EGFR signaling pathway, and cancer-regulated proteins.
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vesicle; PIN, mouse prostatic intraepithelial neoplasia; ELISA, Enzyme-linked immunosorbent assay; FITC, Fluorescein isothio-
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Introduction

NKX3.1 is a well-known prostate tumor suppressor gene which
acts as an androgen-regulated transcription factor.' It is predo-
minantly expressed in the luminal epithelial cells of the pros-
tate and, to a lesser extent, in the testis.? The NKX3.1 protein
regulates branching morphogenesis and epithelial cell differ-
entiation and growth of prostate, and induces differentiation of
the prostate gland.® In addition, NKX3.1 affects the develop-
ment of prostatic epithelial hyperplasia and dysplasia that pro-
gresses to PIN lesions, through the stochastic loss of target gene
expression and an extended proliferative phase during normal
epithelial turnover.*”

Function of the NKX3.1 gene has directly been verified
by characterization of KO mice generated by gene targeting
techniques and Cre-LoxP recombination system.*> Three
different NKX3.1 KO mice generated by targeted gene dis-
ruption display similar phenotypes on the development and
carcinogenesis of prostate. Defect in the prostate ductal
morphogenesis and secretory protein production, as well
as prostatic epithelial hyperplasia and dysplasia resembling
PIN lesions, were detected in NKX3.1 heterozygous (+/-)
and homozygous (-/-) mice.*® The NKX3.1/LacZ null
mutants show a significantly defective duct morphogenesis,
progressing epithelial hyperplasia, and reduced ductal
branching in prostate.” Significant hyperplasia and defect
in the branching morphogenesis of prostate and palatine
glands were observed in homozygous mutant mice for
NKX3.1.% Furthermore, conditional NKX3.1-deficient mice
produced by the Cre-LoxP-mediated recombination reveal
prostatic epithelial hyperplasia and dysplasia at the 20
weeks. In these mice, the expression pattern of some
biomarkers that indicate PIN lesions were very similar to
human PIN.> However, no studies have been reported on
alterations in the post-birth survival rate of all the above
mice. Furthermore, the CRISPR/Cas9 technology has never
been applied for the production and tumorigenic phenotype
analyses of NKX3.1-deficient mice, although this system
has already been successfully applied to target important
genes in numerous organisms, including zebrafish, mice,
rats, rabbits, monkeys and pigs.”'’

The current study was therefore undertaken to character-
ize prostate carcinogenesis of NKX3.1 KO mice that have a
genetically deleted site of the exon 1 in NKX3.1 gene using
the CRISPR/Cas9 system, and to evaluate the applicability
of this technique. Our results indicate that the CRISPR/
Cas9-mediated NKX3.1-deficient mice show PIN 1 and 2
lesions, accompanied with alterations in the histopathologi-
cal structure, Ki67 expression, EGFR signaling pathway,
anticancer proteins and apoptotic proteins in the prostate
at age 24 weeks. We believe this model can be applied as
an animal model to study the molecular mechanism for PIN
lesions, and evaluate therapeutic drugs for prostate-related
diseases.

Materials and Methods

Production and Identification of C57BL/6-
NKX3.1e™ e jKorl KO Mice

To generate NKX3.1 KO in C57BL/6 mice having indel muta-
tion in exon 1 of NKX3.1 gene, the CRISPR design tool
(crispor.tefor.net) was used to select target sequences of small
guide RNA (sgRNA). Briefly, a mixture of Cas9 protein (100
ng/uL) (EnGen Cas9 NLS; purchased from NEB) and gRNA
(50 ng/uL) was injected into the pronuclei cytoplasm.
sgRNAs were generated with the MEGAshotscript T7 kit
(Invitrogen, Carlsbad, CA, USA), using sgRNA sequences
5’-AGC CGC TTG GAC TGC GTG GG-3’ and 5’-AGC ACT
CGC CGG ACC CTA GGA-3’. Indel mutations of 103 bp in
F1 mice were identified by TA cloning and sequencing anal-
yses (Figure 1A).

The deletion of the target gene was identified by DNA-
PCR analysis of the genomic DNA isolated from the tails of
founder mice. The CRISPR/Cas9-mediated NKX3.1 mutant
genes in the C57BL/6 background strains were amplified
using primer sets. The WT, heterogeneous type (HT) and
KO mice for NKX3.1 gene were identified by sense primer
(5-CGG CGC TCA GCA TGG CTA TAA G-3') and anti-
sense primer (5'-AGA CTC GGG TTC AGT CGG TG-3').
Thereafter, 10 pmole of sense and antisense primers were
added, and the reaction mixture was subjected to 38 cycles
of amplification on a Perkin-Elmer Thermal Cycler, as fol-
lows: 30 sec, 94°C; 30 sec, 60°C; 1 min, 72°C. After ampli-
fication, the final PCR products of 356 bp and 253 bp in tail
genomic DNA of WT and KO mice were electrophoresed on
2% agarose gels (Figure 1B).

The levels of NKX3.1 mRNA were measured by RT-PCR
analysis. Briefly, total RNA molecules were purified from 9
different tissues including brain, liver, lung, heart, kidney,
spleen, thymus, testis, and prostate gland, using RNAzol
CS104 (Tel-Test Inc., Friendswood, USA). After synthesis of
the complement DNA (cDNA) for 5 pg of total RNA using 200
units of reverse transcriptase (Superscript II, Invitrogen, 200
U/uL), the NKX3.1 transcripts were amplified with specific
primers as follows: NKX3.1, sense primer and anti-sense
primer; B-actin, sense primer: 5’-TGG AAT CCT GTG GCA
TCC ATG AAA C-3’, anti-sense primer: 5’-TAA AAC GCA
GCT CAG TAA CAG TCC G-3’. Amplification was
conducted in a Perkin-Elmer Thermal Cycler by applying the
following cycle: 30 sec at 94°C, 30 sec at 62°C, and 45 sec at
72°C. The final RT-PCR products were separated on 1-2%
agarose gel and subsequently visualized by ethidium bromide
staining. The densities of specific bands were quantified using
the Kodak Electrophoresis Documentation and Analysis Sys-
tem 120 (Eastman Kodak, Rochester, NY). Deletion products
(253 bp) of the NKX3.1 transcript were detected in the kidney,
spleen, thymus, testis and prostate gland tissues of KO mice,
but not in brain, liver, lung and heart (Supplement Figure 1).
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Figure 1. Deletion scheme for NKX3.1 gene and their conformation. (A) After the design and synthesis of 2 highly active CRISPR specific to
exon 1 of NKX3.1 gene, small guide mRNA was injected into the cytoplasm of mouse pronuclear-stage embryos to produce NKX3.1 KO mice.
(B) DNA-PCR was conducted on genomic DNA isolated from tails of founder mice. After amplification, levels of the 2 products (356 bp and
253 bp) were quantified on 2% agarose gel. Abbreviations: M, Marker; WT, Wild type mice; HT, Heterogenous type mice; KO, Knockout type
mice. (C) The expression of NKX3.1 protein was measured by western blot analysis using HRP-labeled anti-rabbit IgG antibody. After intensity
of each band was determined using an imaging densitometer, the relative level of the NKX3.1 protein was calculated based on the intensity of
actin. Three to 5 mice per group were used to prepare the protein homogenate, and western blot analysis was assayed in duplicate for each
sample. Data are reported as the mean + SD. *, p < 0.05 compared to the WT mice. #, p < 0.05 compared to the HT mice.

Animal Care and Use (NCCRI; Approval Number: NCC-18-391) and the Pusan
National University-Institutional Animal Care and Use Com-

The animal protocoll used in this study was rev1ewed.and mittee (PNU-IACUC; Approval Number PNU-2017-1719).
approved by the National Cancer Center Research Institute C57BL/6 mice were obtained from OrientBio Com
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16 HT 156.1 199.0 9.0 10.8 27.4
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KO 195.7 225.3 9.3 10.3 24.7
(n=17) +23.8 +36.2 +2.6 +3.6 +6.1%

WT 232.8 264.6 10.9 14.5 25.0
(n=6) +15.7 +32.4 +1.7 +2.1% +2.6%
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weeks (n=5) +26.4" +16.2* +£1.2%% +2.9 +3.6*
KO 262.8 305.9 16.9 12.9 296
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Figure 2. Morphology and weight of prostate and testis in WT, HT and KO mice. (A) Morphological features of SV, DLP, VP and AP were

observed after collection from subset groups at 16 and 24 weeks. (B) We

ight of each lobe of prostate and testis was measured, as described in the

materials and methods. Five to 17 mice per group were used for collecting the prostates, and their weights were assayed in duplicate for each
sample. Data are reported as the mean + SD. *, p <0.05 compared to the WT mice. #, p < 0.05 compared to 16 weeks mice. Abbreviation: SV,
Seminal vesicle; DLP, dorsal-lateral prostate; VP, Ventral prostate; AP, Anterior prostate.

(Seongnam, Korea). Large numbers of WT, HT and KO mice
were produced by mating the male and female HT mice. Dur-
ing the experimental period, all mice were handled at the
National Cancer Center Research Institute and the Pusan
National University Laboratory Animal Resources Center,
accredited by the Ministry of Food and Drug Safety (Accre-
dited Unit Number; 00231) and AAALAC International
(Accredited Unit Number; 001525). All mice were provided
with a standard irradiated chow diet (Purina Mills, Seoungnam,
Korea) ad libitum, and were maintained in a specific pathogen-

free (SPF) state under a strict light cycle (lights on at 06:00 h
and off at 18:00 h) at a temperature of 23 + 2°C and relative
humidity 50 + 10%.

After harvesting organs from WT, HT and KO mice at 16
(12-17 mice per group) and 24 weeks (5-6 mice per group)
mice, morphological alterations in the prostate were directly
observed in seminal vesicles (SV), ventral prostate (VP), DLP
and AP. The weight of testis, SV, LP, DLP and AP from each
mouse was measured by an electronic balance (Mettler Toledo,
Greifensee, Switzerland). Total weight of testis, SV, DLP and
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AP is presented as the whole weight of both lobes, while the
weight of VP is a measure of single lobe.

Western Blot Analysis

After isolation of complete form SV, LP, DLP and AP from
mice of subset groups (n = 3-5), the same weight of tissue was
collected from each lobe and then mixed to use western blot
analysis. The mixed lobes were homogenized using a PRO-
PREP™ Solution Kit (iNtRON Biotechnology, Sungnam,
Korea) supplemented with half tablet of a protein inhibitor
cocktail (Roche, Penzberg, Germany), and the mixture was
centrifuged at 13,000 rpm for 5 min. The prepared proteins
were then electrophoresed on a 10% SDS-PAGE gel, and sub-
sequently transferred onto a nitrocellulose membrane (Amer-
sham Biosciences, Corston, UK) for 2 h at 40 V in transfer
buffer (25 mM Trizma-base, 192 mM glycine, and 20% metha-
nol). Efficiency of the transfer and equal protein loading were
determined by staining the membrane with Ponceau (Sigma-
Aldrich Co., St. Louis, USA), and the gel with Coomassie blue
(Sigma-Aldrich Co.). Appropriate dilutions of the following
primary antibodies were added to the membranes and allowed
to hybridize overnight at 4°C: anti-NKX3.1 (sc-393190, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-AKT (92728,
Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p-
AKT (4058S, Cell Signaling Technology, Inc.), anti-PI3K
(42928, Cell Signaling Technology, Inc.), anti-p-PI3K
(42288, Cell Signaling Technology, Inc.), anti-mTOR
(27928, Cell Signaling Technology, Inc.), anti-p-mTOR
(27918, Cell Signaling Technology, Inc.), anti-p53 (Sigma-
Aldrich Co.), anti-Bax (ab7977, Abcam, Cambridge, UK),
anti-Bel-2 (ab7973, Abcam) and anti-B-actin (A5316, Sigma—
Aldrich Co.). After removing the antibodies, membranes were
washed 3 times in a solution composed of 10 mM Trizma-base
(Sigma—Aldrich Co) (pH 7.6), 150 mM NaCl (Sigma—Aldrich
Co.), and 0.05% Tween-20 (Biosesang, Gyeonggi-do, Korea)
for 10 min. The primary antibody conjugated membranes were
then incubated with horseradish peroxidase-conjugated anti-
secondary antibody (Invitrogen) for 1 h at room temperature.
The membrane was washed again as described above, and
developed using an enhanced chemiluminescence detection
system (Amersham Bioscience). Finally, the results were quan-
tified using the Image Analyzer System (Eastman Kodak
2000MM, NY, USA). All results are expressed as the fold-
increase over control value, and were confirmed by 2 indepen-
dent researchers conducting the experiments at least twice.

Immunofluorescence (IF) Staining Analysis

For detection of p53 protein via IF staining analysis, prostate
tissues of subset groups were fixed in 10% formalin for 48 h,
embedded in paraffin block, sliced into 4 pum thick sections,
and mounted on a glass slide. Sections were then deparaffi-
nized with xylene, rehydrated with different concentrations
of EtOH, and pretreated with blocking buffer containing 10%
goat serum in 1x PBS solution, for 30 min at room

temperature. The pretreated sections were subsequently incu-
bated with anti-p53 antibody (Sigma-Aldrich Co.), diluted
1:300 in blocking buffer. After thorough washing in 1x PBS
solution, the slide sections were incubated with goat FITC-
labeled anti-rabbit IgG serum for 1 h, washed thrice in 1x PBS
for 3 min each, and mounted with vector shield mounting
medium. Finally, the green fluorescence in stained cells was
observed at 400x magnification via fluorescence microscopy
(Eclipse TX100, Nikon, Tokyo, Japan).

Immunohistochemical (IHC) Staining Analysis

Tissue distribution of Ki67 protein was detected by IHC stain-
ing using light microscopy, as previously described.'! Briefly,
the prostate tissue samples were fixed in 10% formalin for 12 h,
embedded in paraffin, and sliced into 4 pm thick sections.
These sections were subsequently deparaffinized with xylene,
rehydrated, and pretreated for 30 min at room temperature with
PBS blocking buffer containing 10% goat serum (Vector
Laboratories, California, USA). The sections were then incu-
bated with primary anti-Ki67 antibody (Abcam), diluted 1:300
in PBS blocking buffer. The antigen-antibody complexes were
visualized with biotinylated secondary antibody (goat anti rab-
bit)-conjugated HRP streptavidin (Histostain-Plus Kit, Zymed,
South San Francisco, CA, USA), at a dilution of 1:300 in PBS
blocking buffer. Finally, Ki-67 proteins were detected using
stable DAB (Invitrogen) and the Leica Application Suite (Leica
Microsystems, Wetzlar, Germany).

Histopathological Analysis

To detect alterations in the histopathological structure, pros-
tate tissues were harvested from mice of subset groups, fixed
in 10% formalin, embedded in paraffin wax, routinely pro-
cessed, sectioned into 4 pm thick slices, stained with hema-
toxylin and eosin (H&E), and examined by light microscopy
(Leica Microsystems, Wetzlar, Germany). PIN lesions in the
prostate tissue were also identified by Prof. D.V.M. Beum
Seok Han at the Department of Pharmaceutical Engineering,
Hoseo University, and Dr. D.V.M. Sang Gu Lee at the DD
Partner Co., Korea. PIN grades in the histological character-
istics of prostate gland were evaluated based on the diagnostic
criteria suggested by McNeal and Bostwick research group,'?
and Shappell et al. research group.'?

Measurement of PSA Concentrations

The level of PSA was quantified using ELISA kits (CSB-
E08276m, Cusabio Biotech Co., Ltd., Wuhan, China), accord-
ing to the manufacturer’s instructions. Briefly, prostate tissue
(50 mg) was homogenized in ice-cold 1x PBS (pH 7.2-7.4)
using a glass homogenizer (Sigma-Aldrich Co.). The tissue
lysates were centrifuged at 1,000 rpm for 5 min at 4°C, and
the resultant supernatant was collected for analysis. After addi-
tion of the 4 specific hormone antibodies, separately in each
well, the supernatant was incubated for 60 min at 37°C,
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followed by addition of HRP-Streptavidin solution and subse-
quent incubation for 60 min at 37°C. The TMP OneStep Sub-
strate Reagent was then added, and the mixture was further
incubated for 30 min at 37°C. The reaction was terminated
following addition of the stop solution. Finally, the absorbance
of the reaction mixture was read at 450 nm using a Molecular
Devices VERSA max Plate reader (Sunnyvale, CA, USA).

Statistical Analysis

Statistical significance was evaluated using One-way Analysis
of Variance (ANOVA) (SPSS for Windows, Release 10.10,
Standard Version, Chicago, IL, USA) followed by Tukey post
hoc T-test for multiple comparison. All data are expressed as
the means + SD. A p value less than (p < 0.05) is considered
statistically significant.

Results

Effects of CRISPR/Cas9-Mediated NKX3.| Deficiency on
the Weight and Morphology of Prostate

We first verified the successful suppression of NKX3.1 protein
and detection of deleted NKX3.1 transcript (253 bp) in the
prostate of KO mice, using western blot and RT-PCR analysis
(Figure 1B and Supplement Figure 1). Subsequently, the
weight and morphological changes in the prostate were com-
pared between WT, HT and KO mice, to determine the effect of
CRISPR/Cas9-mediated NKX3.1 deficiency on the morpho-
genesis of prostate. No significant differences were observed
in the morphological features of WT, HT and KO mice, regard-
less of their age (Figure 2A). However, some significant altera-
tions were detected in the weight of each prostate lobe. In 16
weeks mice, the weight of only AP was decreased in NKX3.1
KO mice compared to WT mice, while the DLP and VP
weights remained unchanged. In the 24 weeks mice, the
weights of SV, DLP and AP were greater in KO mice as com-
pared to WT mice, but the VP weight remained constant. More-
over, SV, DLP and AP weights of 24 weeks KO mice were
significantly increased as compared with those of 16 weeks
mice (Figure 2B). These results indicate that CRISPR/Cas9-
mediated NKX3.1 deficiency induces an increase in the
weights of SV, DLP and AP lobe at age 24 weeks.

Effects of CRISPR/Cas9-Mediated NKX3.| Deficiency on
the Development of PIN Lesions

To observe for development of PIN lesions in the prostate of
NKX3.1 KO mice, we observed for alterations in the histo-
pathological features in H&E stained tissue sections of prostate
at 16 and 24 weeks. Minor and severe PIN lesions in the H&E
stained prostate tissue were clearly observed in only the 24
weeks KO mice, while minor PIN lesions were detected only
in the AP of 16 weeks KO mice. Especially, PIN grade 1
(including crowding, stratification and irregular spacing) was
significantly increased in VP and AP of KO mice as compared

with WT mice at 24 weeks. PIN grade 2 (including tufting,
micropapillary, cribriform, flat, nuclear enlargement and less
nuclear size variation) first appeared only in the DLP and AP of
24 weeks KO mice (Figure 3 and Table 1).

To confirm whether PIN lesions in the prostate of KO mice
are accompanied with an alteration of the molecular mechan-
ism, the expression levels of Ki67 protein were measured in the
prostate tissue of NKX3.1 KO mice. Significant increase was
observed in the tissue distribution of Ki67 protein in DLP, VP
and AP lobe of 24 weeks KO mice prostate, although the
enhancement rate was greater in VP as compared to other lobes
(Figure 4). However, subset groups of 16 weeks mice showed
only very limited increase in Ki67 protein level on AP section
of KO mice (Supplement Figure 2). Therefore, these results
indicate that CRISPR/Cas9-mediated NKX3.1 deficiency suc-
cessfully induces PIN lesions at 24 weeks.

Effects of CRISPR/Cas9-Mediated NKX3.1 Deficiency on
the EGFR Signaling Pathway

To investigate whether PIN lesions in the prostate of NKX3.1
KO mice are accompanied with alterations in cell survival and
proliferation, changes in the members of EGFR downstream
signaling pathway were analyzed in the prostate of NKX3.1
KO mice. Similar patterns were observed in the phosphoryla-
tion levels of the 3 examined markers, PI3K, AKT and mTOR.
These levels were remarkably decreased in the prostate of HT
mice or KO mice compared with WT mice at both ages. How-
ever, no significant differences were observed in the decrease
rate between 16 and 24 weeks KO mice (Figure 5). These
results indicate that PIN lesions in the prostate of NKX3.1
KO mice are associated with the suppression of EGFR signal-
ing pathway at 16 and 24 weeks.

Effects of CRISPR/Cas9-Mediated NKX3.| Deficiency on
the Expression of Cancer-Related Proteins in Prostate

To examine whether PIN lesions in the prostate of CRISPR/
Cas9-mediated NKX3.1 KO mice are accompanied with altera-
tions in the levels of cancer-related proteins, we evaluated the
expression levels of p53, PSA, Bax and Bcl-2 in the prostate
tissue of KO mice. The fluorescence intensity for p53 was
lower in the prostates of 16 weeks HT and KO mice than the
WT mice. A similar pattern was maintained in the prostate of
24 weeks mice, although the total number of p53-stained fluor-
escence dots was higher at 24 weeks as compared to 16 weeks.
Of the 3 lobes examined, differences on the fluorescence dart
for p53 protein were remarkably greater in DLP and VP in the
prostate of KO mice as compared to WT mice (Figure 6A and
B). Also, western blot results for p53 protein were very similar
to fluorescence staining analysis (Figure 6C). Furthermore,
increase in the level of PSA was observed to be age dependent;
at 24 weeks, the PSA level was remarkably increased in the
NKX3.1 HT and KO mice than in WT mice (Figure 7A). More-
over, the expressions of Bax and Bcl-2 were dramatically
altered in the prostate of HT and KO mice at both ages. At
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16 weeks

24 weeks

Figure 3. Histopathological structures of prostate in WT, HT and KO mice at 16 and 24 weeks. H&E stained sections of each lobe from prostate
were observed at 400 x magnification using a light microscope. Three to 5 mice per group were used for histological analyses, and their
histopathological structure were assayed in duplicate for each sample. Abbreviation: DLP, dorsal-lateral prostate; VP, Ventral prostate; AP,

Anterior prostate.

16 weeks, the level of Bax/Bcl-2 was decreased in HT and KO
mice compared to WT, whereas at 24 weeks, the levels were
enhanced in only KO mice as compared to WT and HT mice
(Figure 7B). These results therefore indicate that PIN lesions in
the prostate of CRISPR/Cas9-mediated NKX3.1 KO mice are
related to the suppression of p53 protein, enhancement of PSA
levels, and dysregulation of the Bax/Bcl-2 levels.

Discussion

The prostate gland is considered to have paramount importance
in human diseases due to the increasing incidence of benign
prostatic hyperplasia and carcinoma in aging men; prostate
carcinoma now represents the second leading cause of cancer
death in American men.'*' Prostatic cancer is known to be
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Table 1. The Grade of Prostatic Intraepithelial Neoplasia (PIN) of
NKX3.1 KO Mice in 16 and 24 Weeks.

Detection rate (%)
Age Genotype PIN grade DLP VP AP
PIN 1 - - 1.5
WT
PIN 2 - - -
PIN 1 - - -
16 weeks HT
PIN 2 - - -
PIN 1 - - 25
KO
PIN 2 - - -
PIN 1 33 - 33
WT
PIN 2 - - -
PIN 1 33 33 33
24 weeks HT
PIN 2 - - -
PIN 1 - 66 50
KO
PIN 2 66 - 50

Note: PIN 3 was not detected in any tissue samples of prostate.

induced by the chromosomal deletion of several genes, includ-
ing NKX3.1, PTEN, ATBF1 and KLF5.""'®!7 Of the genes
known to promote prostate cancer, the NKX3.1 homeobox
gene is of particular interest because it maps to the minimal
region of the human chromosome 8p21"'® that undergoes loss
of heterozygosity in 60%—80% of prostate tumors.'”>* Espe-
cially, this protein plays a key role as a homeodomain-
containing transcription factor in the suppression of prostate
tumorigenesis.>* Therefore, this study investigated prostate
carcinogenesis of CRISPR/Cas9-mediated NKX3.1 KO mice
at 16 and 24 weeks, by examining whether the NKX3.1 dele-
tion with CRISPR/Cas9-mediated technique contributes to
tumor incidence. Our results reveal pronounced PIN lesions
with accompanying alterations in cell proliferation and
cancer-related proteins in 24 weeks CRISPR/Cas9-mediated
NKX3.1 KO mice.

Previous studies have reported that increase of prostate
weight can be caused by various experimental conditions in

A

Relative level of Ki67 expression
(DLP)
o
Relative level of Ki67 expression
VP)

WwT HT KO WT

Ex

Relative level of Ki67 expression

HT KO WT HT Ko

Figure 4. Tissue distribution of Ki67 protein in 24 weeks mice. (A) Following staining with Ki67 antibody, the level of cells stained dark brown
was examined on the prostate tissue sections of WT, HT and KO mice at 400 x magnification. (B) The number of stained cells were counted in
specific area and presented on a graph. Three to 5 mice per group were used for preparation of slide section and immunohistochemistry analyses,
and the number of stained cells were counted in duplicate for each sample. Data are reported as the mean + SD. *, p <0.05 compared to the WT
mice. #, p < 0.05 compared to 16 weeks mice. Abbreviation: DLP, dorsal-lateral prostate; VP, Ventral prostate; AP, Anterior prostate.
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Figure 5. Expression level of various members in the EGFR downstream signaling pathway at 16 and 24 weeks. The expression of several
related proteins in the EGFR downstream signaling pathway, including PI3K, p-PI3K, AKT, p-AKT, mTOR and p-mTOR, were measured by
western blot analysis using HRP-labeled anti-rabbit IgG antibody. After determining the intensity of each band using an imaging densitometer,
the relative levels of proteins were calculated based on the intensity of B-actin. Five to 6 mice per group were used for preparing the protein
homogenate, and western blot analyses were assayed in duplicate for each sample. *, p <0.05 compared to the WT mice. #, p <0.05 compared to
the HT mice.
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Figure 7. Level of PSA and apoptotic proteins. (A) The PSA concentration was measured in the prostate homogenate by enzyme-linked
immunosorbent assay. The detection ranges of the kit used is 0.312-20 ng/mL. Five to 6 mice per group were used for preparing the protein
lysate, and ELISA were assayed in duplicate for each sample. (B) The expression of Bax and Bcl-2 proteins were measured by western blot
analysis using HRP-labeled anti-rabbit IgG antibody. After intensity of each band was determined using an imaging densitometer, the relative
levels of the 2 proteins were calculated based on the intensity of f-actin. Five to 6 mice per group were used for preparing the protein
homogenate, and western blot analyses were assayed in duplicate for each sample. Data are reported as the mean + SD. *, p <0.05 compared to

the WT mice. #, p < 0.05 compared to the HT mice.

mice. The weight and index of prostate were significantly
increased in the testosterone-induced prostatic hyperplasia
model and the low dose 17a-ethinyl estradiol (EE) treated
model.>>?® Furthermore, prostate weight was enhanced in 8
months CF-1 male mice generated from females administrated
low dose of DES during pregnancy.?’” The average weight of
PSA-Cre;Pten-loxP/loxP prostates increased about 2-fold at
4-5 months, 3-fold at 7-9 months, and 16-fold at 10-14 months,
with an obvious enlargement of each prostate lobe observed at
the age of 4-5 months.”® Furthermore, a remarkable enhance-
ment of DLP and VP weight were detected at 10, 25, and 80
weeks of age in Pb-PRL transgenic mice expressing prolactin

under the control of the prostate-specific rat probasin minimal
promoter.>’ In the current study, NKX3.1 deletion with
CRISPR/Cas9-mediated technique induces the enhancement
of DLP and AP weight in 24 weeks KO mice. These alterations
observed in the present study are similar to previous studies,
although there are few differences in the target lobe with
increased weight. Especially, our results show that among pros-
tate lobes, DLP and AP may be more sensitive to NKX3.1
deletion with CRISPR/Cas9-mediated technique. However, the
AP of 16 weeks WT mice was heavier than HT and KO mice at
the same age. We thought that these results are probably asso-
ciated with incomplete remove of luminal contents from AP
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during the experimental process, since clear scientific evidence
for significant increase of AP in normal mice has not been
found, and these values have large standard deviation.

Several NKX3.1 mutant mice produced in previous studies
display a significant alteration in the morphology and histo-
pathology of the prostate, with some showing several defects in
the ductal and branching morphogenesis.*’” Also, severe pro-
static epithelial hyperplasia and dysplasia have been observed
in homozygous and heterozygous NKX3.1 mutant mice
obtained by targeted gene (exon IT) disruption in 1 years mice.*
The AP of NKX3.1 HT and KO mice with exon II deletion
presented with hyperplasia at age 2 and 10 months, while the
DLP of only NKX3.1 KO mice shows severe epithelial hyper-
plasia at 10 months.” Furthermore, significant hyperplasia was
detected in the epithelial cells of mutant prostate and palatine
gland of NKX3.1 homozygous mutant mice with exon II dele-
tion produced by gene targeting technique. After age 6 months,
this hyperplasia expanded into the lumen of the ventral and
dorsal prostate in NKX3.1 KO mice, although prostate cancer
was not detected until 2 years.® The conditional NKX3.1-
deficient mice with exon II deletion showed focal epithelial
hyperplasia and PIN lesions resembling human PIN at 28
weeks.® Furthermore, the PIN lesions of above mice had
accompanying expressions of several biomarkers including
Ki-67, E-cadherin and high-molecular weight cytokeratins.’
In the current study, we produced novel NKX3.1 KO mice
using the CRISPR/Cas9 recombination technique. No signifi-
cant alterations were observed in the morphogenesis of prostate
in both 16 and 24 weeks KO mice. However, PIN grade 1 and 2
lesions were observed in the prostate epithelium of 24 weeks
NKX3.1 KO mice, while normal histological features were
maintained until 16 weeks. These findings are similar to
changes observed in KO mice produced with gene targeting
technique and Cre and loxP-mediated recombination system,’
although the targeted gene was different in each study. Espe-
cially, a significant increase in PIN grade 1 and 2 lesions was
clearly detected in the AP of prostate of 24 weeks NKX3.1 KO
mice. Our data shows that PIN lesions of prostate are success-
fully accelerated under conditions of NKX3.1 exon I deletion
induced by the CRISPR/Cas9 system. However, our research
has a limitation for detecting the expression of NKX3.1 protein.
The western blot band image for the NKX3.1 protein had not
disappeared completely in KO mice, as compared to the results
obtained by Ouyang et al.*® This result is thought to be due to
cross reactivity of antibodies against the NKX3.1 protein,
although it was not possible to determine which proteins bind
to this antibody.

We further investigated the expression level of biomarkers
for PIN lesions in the prostate of CRISPR/Cas9-mediated
NKX3.1 KO mice. Immunohistochemistry analysis revealed
increasing numbers of Ki67-stained cells during the deficiency
of the NKX3.1 gene (Figure 4). A similar pattern was observed
for the expression of E-cadherin in the prostate of other
NKX3.1 KO mice. Development of PIN lesions is also reported
to show increased expression of several biomarkers which
affect the proliferative potential of dysplastic cells.?!

Especially, significant enhancement of Ki67 and E-cadherin
expressions have been observed in the prostate of Cre- and
loxP-mediated NKX3.1 KO mice.’ These findings of previous
studies are in complete agreement with the results of our study.
However, to gain better understanding of the underlying mole-
cular events involved in the development of PIN lesions, fur-
ther researches using multiple biomarkers of PIN lesions in the
prostate of NKX3.1 KO mice are required.

EGF is an important factor in maintaining homeostasis of
the prostate epithelium, although it is also a well-known key
factor expressed during late stages of inflammation and wound
healing.>*** Furthermore, after binding to their ligand, EGFR
mediates certain signaling pathways in various cancers to pro-
mote fundamental cellular events, including survival, prolifera-
tion and migration.***> The expression level of this receptor
increases in primary and metastatic prostate cancers.>®>’ Of the
downstream members of EGFR, the PI3K/AKT pathway parti-
cipates in various cellular metabolisms, tumor progression
(including development, growth, proliferation and metastases),
and cytoskeleton reorganization.”® This pathway is considered
one of the most prominent alternate pathways in aggressive
prostate cancers. Aberration of the PI3K/AKT pathway has
been detected in early (40%) and advanced stages (70-100%)
of prostate cancer.>”* Especially, PI3K was activated in sev-
eral prostate cancer models generated with PTEN gene disrup-
tion, although this alteration was not investigated in NKX3.1
KO mice.*""** The expression level of p-AKT is reported to be
remarkably increased in the NKX3.17/7/Pten™~ mice, while
NKX3.1~""/Pten ™" mice show no significant changes.® In the
current study, we first analyzed the PI3K signaling pathway as
one of the EGFR downstream signaling pathways in prostate of
CRISPR/Cas9-mediated NKX3.1 KO mice. We observed sig-
nificant inhibition of the PI3K/AKT/mTOR pathway, regard-
less of age. These results for PI3K in NKX3.1 KO mice differ
from previous studies, wherein the PTEN deficiency was asso-
ciated with the activation of PI3K. These differences can be
attributed to the properties and types of receptors, although
PI3K is common in their downstream signaling pathway.
Moreover, in the present study, there are few discordances
between cell proliferation on the histological structure (Fig-
ure 3) and suppression of EGFR downstream signaling path-
way (Figure 5) at age 16 weeks. These differences are due to
the fact that molecular alterations induced by NKX3.1 defi-
ciency may not be completely reflected into histological and
morphological changes of prostate tissue at 16 weeks, although
they are fully reflected at 24 weeks.

p53 has an important role as a nuclear transcription factor,
and stimulates the transcription of numerous target genes
involved in the regulation of cell cycle arrest and apopto-
sis.***** This protein can be stabilized by NKX3.1 through
regulation of MDM2 activity in the nucleus.*>~° Also, the
expression level of p53 significantly decreases in the prostate
of NKX3.1 KO mice.*® In this study, tissue distribution of the
p53 protein was compared in 3 lobes of the prostate in WT, HT
and KO mice. A significant decrease of p53 was observed in
KO mice, as compared with WT mice. These results are similar
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to previous studies, although different animals were examined.
Our results provide additional evidence that NKX3.1 regulates
the expression level of p53 proteins to balance cell prolifera-
tion, survival and differentiation.

To summarize, the present study investigated the effects of
CRISPR/Cas9-mediated NKX3.1 exon I deletion on the pros-
tate carcinogenesis of C57BL/6 mice. Taken together, our
results indicate that deficiency of NKX3.1 created with the
CRISPR/Cas9-mediated recombination induces the develop-
ment of PIN lesions, accompanied with aberration of histolo-
gical structure, Ki-67 expression, EGFR downstream signaling
pathway, PSA level and apoptotic protein levels. However,
further studies investigating the onset point and detection of
prolonged clinical symptoms are required before these models
can be applied as efficacy tests for prostate cancer drugs.
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