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Introduction
Prostate cancer (PCa) is the most common malig-
nancy diagnosed in men, with approximately 
191,930 new cases and 33,330 deaths predicted 

in 2020.1 PCa is biologically complex and hetero-
geneous; while a large proportion of PCas are 
slow growing and indolent, some patients diag-
nosed with low risk, localized PCa experience 
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Abstract
Background: Prostate cancer (PCa) phenotypes vary from indolent to aggressive. Molecular 
subtyping may be useful in predicting aggressive cancers and directing therapy. One such 
subtype involving deletions of chromodomain helicase DNA binding protein 1 (CHD1), a tumor 
suppressor gene, are found in 10–26% of PCa tumors. In this study, we evaluate the functional 
cellular effects that follow CHD1 deletion.
Methods: CHD1 was knocked out (KO) in the non-tumorigenic, human papillomavirus 16 
(HPV16)-immortalized prostate epithelial cell line, RWPE-1, using CRISPR/Cas9. In vitro 
assays such as T7 endonuclease assay, western blot, and sequencing were undertaken to 
characterize the CHD1 KO clones. Morphologic and functional assays for cell adhesion and 
viability were performed. To study expression of extracellular matrix (ECM) and adhesion 
molecules, a real-time (RT) profiler assay was performed using RWPE-1 parental, non-target 
cells (NT2) and CHD1 KO cells.
Result: Compared to parental RWPE-1 and non-target cells (NT2), the CHD1 KO cells had 
a smaller, rounder morphology and were less adherent under routine culture conditions. 
Compared to parental cells, CHD1 KO cells showed a reduction in ECM and adhesion 
molecules as well as a greater proportion of viable suspension cells when cultured on 
standard tissue culture plates and on plates coated with laminin, fibronectin or collagen 
I. CHD1 KO cells showed a decrease in the expression of secreted protein acidic and rich 
in cysteine (SPARC), matrix metalloproteinase 2 (MMP2), integrin subunit alpha 2 (ITGA2), 
integrin subunit alpha 5 (ITGA5), integrin subunit alpha 6 (ITGA6), fibronectin (FN1), laminin 
subunit beta-3 precursor (LAMB3), collagen, tenascin and vitronectin as compared to parental 
and NT2 cells.
Conclusion: These data suggest that in erythroblast transformation specific (ETS) fusion-
negative, phosphatase and tensin homolog (PTEN) wildtype PCa, deletion of CHD1 alters 
cell-cell and cell-matrix adhesion dynamics, suggesting an important role for CHD1 in the 
development and progression of PCa.
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disease recurrence and progression even with 
aggressive treatment.2,3 Efforts to understand the 
mechanisms driving this heterogeneity have been 
undertaken to optimize patient risk stratification. 
By doing so, clinicians can reduce overtreatment 
of low-risk patients and identify those at higher 
risk for relapse.4

Classifying the genomic spectrum of prostate 
cancer has been one approach to defining PCa 
subsets. Common genomic alterations observed 
in PCa include the deletion of tumor suppressors 
and the prostate specific homeobox transcription 
factor NK3 homeobox 1 (NKX3-1), copy num-
ber alterations of MYC, androgen receptor vari-
ants, and oncogenic fusions involving the E26 
transformation-specific (ETS) family of tran-
scription factors.

The deletion of the tumor suppressor phosphatase 
and tensin homolog (PTEN) is frequently 
detected in aggressive or castrate resistant PCas.4 
The loss of PTEN leads to the activation of phos-
phoinositide 3-kinase (PI3K)/ protein kinase B 
(AKT)/ mechanistic target of rapamycin (mTOR) 
signaling, promoting cell growth and inhibition of 
autophagy.5 When the PI3K/AKT/mTOR path-
way is inhibited, the Ras/mitogen-activated pro-
tein kinase (MEK)/extracellular signal-regulated 
kinase (ERK) pathway may be activated, further 
stimulating tumor propagation and metastasis.6

ETS fusions, seen in 50–70% of PCa tumors, are 
characterized by the rearrangement of an ETS 
gene family member such that it is used at its 5ⶀ 
end to the untranslated region of other genes that 
differ in their prostate specificity and androgen 
responsiveness. The most common of these 
fusions is transmembrane protease, serine 2-ETS-
related gene (TMPRSS2-ERG). In this fusion, 
overexpression of ERG is driven by the prostate 
specific, androgen-dependent promoter element 
of TMPRSS2, which encodes a transmembrane 
protease.7 ETS rearrangements are known to co-
occur with loss of the tumor suppressor PTEN, 
which can lead to increased expression of ETS 
transcription factors that contribute to oncogenesis 
due to upregulated transcription of genes needed 
for cellular migration.8 Although other novel and 
potentially actionable fusions have been reported, 
such as those involving friend leukemia integration 
1 (FLI1), BRAF, RAF1, PIK3 catalytic subunit 
alpha/beta (PIK3CA/B) and R-spondin-2-
precursor (RSPO2, they occur far less frequently 
than those involving ETS gene family members.9

In the absence of PTEN loss or ETS gene fusions, 
the molecular processes that initiate and support 
progression of PCa are less clear.10–12 At the epi-
genetic level, distinct methylation profiles have 
been identified in ETS fusion positive and fusion 
negative tumors, leading to up- or down-regula-
tion of distinct genes potentially responsible for 
the tumor phenotype, including enhancement of 
cell proliferation and migration.13 At the genomic 
level, next-generation sequencing has identified 
recurrent molecular changes in ETS fusion-nega-
tive PCa that include speckle-type POZ protein 
(SPOP) mutations in exon 6 or 7 causing strong 
downregulation of SPOP (seen in 6–15% of PCa), 
serine protease inhibitor Kazal-type 1 (SPINK1) 
overexpression (10%), mitogen-activated protein 
kinase kinase kinase 7 (MAP3K7) deletions (18–
38%), and chromo-domain helicase DNA bind-
ing protein-1 (CHD1) deletions/non-synonymous 
mutations (15–27%). SPOP mutations often co-
occur with CHD1 deletion.14 However, the exact 
contribution of these molecular changes in the 
initiation and progression of PCa is not yet well 
understood. Elucidating these molecular mecha-
nisms could potentially enhance current patient 
risk stratification schema and guide treatment 
options.

Genome-wide, allele-specific analysis of homozy-
gous gene deletions (HODs) in primary PCa 
revealed that CHD1 is the second most frequent 
HOD and was accompanied with hemi- or 
homozygous deletions primarily affecting 2q, 5q 
and 6q.15 CHD1 is a chromatin remodeling fac-
tor that impacts many cellular processes in the 
embryo and adult. CHD1 facilitates various 
aspects of DNA transcription through its ability 
to keep DNA in an open and transcriptionally 
active state via ATP-dependent assembly, shift-
ing, and removal of nucleosomes from DNA.16,17 
CHD1 is also a substrate recognition component 
of the histone acetylation18 complex, known as 
Spt-Ada-Gcn5-acetyltransferase (SAGA), which 
regulates transcription through Pol-II and the 
Pol-I transcription termination step. CHD1 is 
also associated with histone deacetylase (HDAC) 
activity and the modulation of pre-mRNA splic-
ing.19 Finally, CHD1 is required for the mainte-
nance of pluripotency in embryonic stem cells20 
and the endothelial to hematopoietic transition 
during embryonic development.21 These roles of 
CHD1 were supported by a recent report describ-
ing how CHD1 specifically aids in homologous 
recombination-mediated DNA repair of double 
strand breaks.22 The findings suggest the 
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importance of CHD1 in maintaining genomic 
stability and that CHD1 deletion leads to specific 
genomic alterations that may initiate PCa.

Materials and methods
This study was granted approval by the Rutgers 
Electronic Institutional Review Board (eIRB) 
with approval number # CR00011175. No 
human subjects were used in this research.

Cell culture
Normal prostate epithelial cell line (RWPE-1), 
and prostate cancer cell lines PC3, DU145, 
VCaP, LNCaP, C4-2 and NCI H660 were 
obtained from the American Type Culture 
Collection and grown according to recommended 
culture conditions. RWPE-1 cells were grown in 
keratinocyte serum-free medium (K-SFM) (Life 
Technologies, 10724-011).

Generation of CHD1 knock out
To knock out the CHD1 in RWPE-1, the Sigma 
all-in-one lentiviral-CRISPR format containing 
gRNA, Cas9, puromycin, and GFP elements in 
the vector pLV-U6g-EPCG (The Genome 
Editing Core Facility, Rutgers Child Health 
Institute of New Jersey, New Brunswick, NJ, 
USA) was used. A CHD1 SgRNA sequence 
with one off-target site was chosen from  
exon 3 to generate CHD1-pLV-U6g-EPCG 
(202-ATCAAGCCTCATCTAATAGCGG). 
pLV-U6g-EPCG was used as the non-target 
control plasmid (LVP-NT). In a 10 cm dish, 
293T cells were transfected with helper plasmids 
and co-transfected with either CHD1-pLV-
U6g-EPCG or pLV-U6g-EPCG. At 24 h, the 
medium containing lentiviral particles was col-
lected. 106 RWPE-1 cells in a 6 cm dish were 
infected with either LVP-202 or LVP-NT parti-
cles in a total volume of 3 ml at two different 
ratios (2:1 and 2.25:0.75, K-SFM: viral suspen-
sion). K-SFM medium was replaced at 24 h. At 
48 h post-infection, cells were single cell sorted 
for green fluorescent protein (GFP) in 96 well 
plates.

T7 endonuclease assay
After cell number expansion, genomic DNA was 
isolated, and genomic polymerase chain reaction 
(PCR) of the CRISPR-CHD1 target region was 

set up with two sets of primers (CHD1 Ex3a For: 
tctaccctcactggagaccatt/CHD1, Ex3a Rev: TCT 
GTGGAACTCAACACACCA, and CHD1 
Ex3b For: AAAACAAGAAATCCTAGGTGC 
CAA/CHD1, Ex3b Rev: GCCTCTTCACCT 
CACACTGAT). The cycling conditions used 
were 94°C/2 min, 31 cycles of 94°C/20 s, 
60°C/20 s, and 72°C/30 s, 72°C/3 min, and cool-
ing to 4°C. To generate heteroduplexes, 5 μl of 
the genomic PCR product was transferred to a 
fresh tube and subjected to touch down PCR 
conditions of 95°C/5 min, 95°C to 85°C at 2°C/s, 
85°C to 25°C at 0.1°C/s, and cooling to 4°C. 1 μl 
of T7 endonuclease (NEB) was then added to the 
tube along with 1 μl NEB2 buffer and 2 μl water. 
The mixture was incubated at 37°C for 15 min, 
and 2 μl of 0.5M of ethylenediamine tetraacetic 
acid (EDTA) were added. 10 μl of the heterodu-
plexes were visualized after separation on a 2% 
agarose gel containing ethidium bromide.

Western blot analysis
Cells were grown to 80% confluency and lysed 
with cell lysis buffer (Cell Signaling #9803) on ice 
for 30 min. Lysate was cleared by centrifuging at 
10,000 rpm for 10 min and collecting the super-
natant. 30 μg of protein lysate was separated on 
4–20% gradient sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) gel, 
transferred to nitrocellulose membranes using the 
iBlot transfer apparatus (Invitrogen). Primary 
antibodies used included glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (Santa Cruz 
Biotechnology Inc., 25778), CHD1 (Novus 
Biologicals, NB100-60411), focal adhesion 
kinase (FAK) (Cell Signaling Technologies or 
CST, 3285P), phosphorylated extracellular sig-
nal regulated kinase (pErk) (CST, 4370S), total 
Erk (CST, 9102S), phosphorylated protein 
kinase B (pAKT) (CST, 4060S), total AKT 
(CST, 72), SPARC (CST, 8725), pMEK 1/2 
(mitogen-extracellular signal-regulated kinase 
1/2) (CST, 9154), total MEK 1/2 (CST, 9126), 
tenascin C (CST, 12221), and vitronectin 
(CST, 60896). Secondary antibodies included 
horseradish peroxidase (HRP)-conjugated anti-
rabbit antibody (Calbiochem, 401315). 
Clarity™ enhanced chemiluminescent (ECL) 
reagent (Bio-Rad, 102030712) was used as a 
substrate for western blots. Images were 
obtained with a Bio-Rad imager, and signals 
were quantitated using Bio-Rad Image Lab 
software.
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RT-profiler assay
Complimentary DNA (cDNA) was made from 
RNA isolated from RWPE-1, nontarget control 
(NT2), Cr2, Cr16, and Cr21 cells and ECM and 
adhesion molecules. RT2 profiler PCR array 
(Qiagen, PAHS-013Z) was used to analyze gene 
expression. The PCR array consisted of 84 related 
genes including cell adhesion molecules such as 
transmembrane receptors, cell-cell adhesion pro-
teins, extracellular matrix molecules such as base-
ment membrane elements, collagens, and ECM 
structural components, ECM proteases, ECM 
protease inhibitors, and other ECM molecules. 
All samples were tested in duplicate. Data analy-
sis determined fold changes in gene expression 
(ΔΔ Ct).

SPARC and MMP2 validation
RWPE-1, NT2, Cr2, Cr16, and Cr21 cells were 
grown to 80% confluency. The culture superna-
tant medium was used to detect secreted human 
SPARC and total MMP2 proteins with enzyme-
linked immunoassay (ELISA) (Quantikine 
ELISA for Human SPARC, R&D Systems 
DSP00; Quantikine ELISA for Total MMP-2, R 
& D systems MMP200) according to the manu-
facturer’s instructions. Proteins levels in the con-
ditioned medium was calculated in ng/ml, based 
on a standard curve generated with pure human 
SPARC and MMP2.

Growth of cells in plates coated with various 
matrices
To study cell adhesion properties, 3 × 104 cells 
each of RWPE-1, NT2, Cr2, Cr16, and Cr21 
were seeded onto culture dishes in 2 ml of K-SFM 
medium including regular (Costar, 3516), colla-
gen I coated (Corning Biocoat Cellware, 354400), 
fibronectin coated (Corning Biocoat Cellware, 
354457), and laminin coated 35 mm dishes 
(Corning Biocoat Cellware, 354458). On day 3, 
fresh K-SFM was added to the cultures. On day 
12, suspended cells and adherent cells were quan-
tified for each type of plate. To do so, the medium 
was collected from each dish, centrifuged at 
1200 rpm for 5 min, and then aspirated. Pelleted 
cell clusters and cells adhered to each plate type 
were trypsinized with 500 μl of 0.0025% Trypsin-
EDTA4 for the same length of time. Trypsin-
EDTA was neutralized with 500 μl of 0.1% 
Soybean Trypsin Inhibitor in Dulbecco’s phos-
phate-buffered saline (DPBS) (ATCC, 30-2104). 

The number of viable cells and percent viability 
in the 1 ml suspension was determined using the 
Vi-Cell counter (Beckman Coulter Life Sciences).

In vivo experiments
Animal housing and experiments were conducted 
under IACUC Protocol Number 113-016-2 in 
accordance with institutional guidelines for 
humane animal treatment and complied with rel-
evant legislation. 5 × 105 cells each of RWPE-1, 
NT2, Cr2, Cr16, and Cr21 were resuspended in 
100 ul of complete K-SFM, mixed with matrigel 
(Corning, 344248), and injected subcutaneously 
into the right and left flanks of four nude mice. 
Tumor growth was evaluated at 20 weeks. Tissue 
from the site of injection was dissected and stained 
with haemotoxylin and eosin (H&E).
Immunohistochemistry (IHC) was performed 
using VENTANA anti-p63 antibody (Roche 
Diagnostics) as a basal cell marker and anti-
CK8/18 antibody (Leica Biosystems) as a luminal 
cell marker. Images of sections stained with H&E, 
p63, and CK8/18 antibodies were visualized 
using the Axioskop microscope (Zeiss) and NIS-
Elements (Nikon) imaging software.

Immunofluorescence (IF) was performed using 
anti-laminin-332 (Abcam, ab14509) as well as a 
secondary antibody conjugated to Alexa Fluor 
(Invitrogen), which fluoresces red at 594 nm. 
Staining of tissue and spheroids was performed 
by Tissue Analytical Services (Rutgers Cancer 
Institute of New Jersey). IF slides were digitized 
at 20× magnification using a Olympus versus 120 
Whole Slide Scanner (Biomedical Informatics 
Shared Resource of the Rutgers Cancer Institute 
of New JerseP30CA072720) and visualized using 
OlyVIA software (Olympus Life Science).

Spheroid culture
For spheroid number. Solid spheroid cultures 
were generated by gently mixing 800 cells with 
40 μl of growth factor-reduced, phenol red-free 
matrigel (Corning, 356231) in a well. Incubation 
at 37°C for 30 min allowed the matrigel to solid-
ify. Then, 1 ml of K-SFM was added to the well, 
which was then reheated to 37°C. The medium 
was changed every third day. Spheroids were 
counted with the aid of a microscope on day 10.

For spheroid limiting dilution assay. Determina-
tion of spheroid (formation) frequencies from 
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each cell line was determined by adding 5, 10, 25, 
50, 100 and 250 cells/well of a round bottom, low 
adhesion 96-well plate. 18 wells per dilution were 
plated for each group of cells and maintained at 
37°C and 5% CO2. Once a week, half of the 
medium (100 µl) was carefully removed from each 
well, and an equal volume of fresh complete 
K-SFM medium was added. Wells were evaluated 
for spheroid formation daily for 12 days with an 
inverted microscope, where a minimum of at least 
10 cells defined a spheroid. Spheroid frequency 
data analysis was performed using the extreme 
limiting dilution analysis (ELDA) website (https://
bioinf.wehi.edu.au/software/elsd/index.html).23

For spheroid staining. Solid spheroid cultures 
were set up by gently mixing 5000 cells with 40 μl 
of matrigel (Corning, 356231) in a well. After the 
matrigel solidified, it was coated with complete 
K-SFM and incubated at 37°C for 12 day. The 
medium was changed every third day. Paraffin-
embedding was performed using a modification 
of the method described by Pinto et al.24 Briefly, 
the medium was removed from the well, and 4% 
paraformaldehyde was added and incubated at 
room temperature for 30 min. Subsequently, the 
paraformaldehyde was removed, and 70% alcohol 
was added to the well. Alcohol was then removed, 
after which the matrigel containing the spheroids 
was removed and placed onto a thin layer of his-
togel. Another layer of molten histogel was added 
on top of the spheroids. This mixture was allowed 
to dry for a couple of minutes before being 
embedded into paraffin blocks. Sections of these 
paraffin blocks were stained with H&E as well as 
anti-p63, anti-CK8/18, and anti-laminin-332 
antibodies.

Results

CHD1 protein expression is varied in prostate 
cell lines
Western blot detecting CHD1 showed variable 
protein expression among prostate cell lines 
[Figure 1(a)]. The prostate cancer cell line, 
DU145, and normal prostate epithelial cell line, 
RWPE-1, showed high expression of CHD1 pro-
tein. In contrast, the prostate cancer lines, VCaP, 
LNCaP, and PC3 expressed lower levels of 
CHD1. NCI-H660, a neuroendocrine cell line, 
expressed the lowest levels of CHD1. We chose 
the normal prostate epithelial cell line, RWPE-1, 
to knockout CHD1.

Abolition of CHD1 expression in RWPE-1 cells 
by CRISPR/Cas 9 gene knock-out strategy
As described, RWPE-1 cells were transduced 
with either LVP-202, containing a small guide 
RNA (sgRNA) against the target region in exon 3 
of CHD1, or LVP-NT. Positive clones were 
selected by GFP-based single cell sorting. The T7 
endonuclease assay confirmed that Cas9 had tar-
geted the exon 3 of CHD1. Genomic PCR with 
exon 3b forward/reverse primers amplified the 
1 kb target region [Figure 1(b)]. The T7 endonu-
clease assay showed that CHD1-targeted clones 
Cr2, Cr13, Cr16, and Cr21 had the higher 
molecular weight genomic PCR product along 
with two other smaller fragments [Figure 1(b)]. 
The results were reconfirmed with an additional 
set of genomic PCR primers.

CHD1 expression analysis by western blot 
showed that while NT2, NT6, and NT15 showed 
CHD1 protein expression, the CHD1-targeted 
clones, Cr2, Cr16, and Cr21 showed loss of 
CHD1 expression [Figure 1(c)]. Genomic PCR 
products from Cr2, Cr16, and Cr21 were cloned 
into a TOPO TA vector, and individual colonies 
were sequenced. A representation of CHD1 
sequences in the Cas9 target region from RWPE-1 
including NT2, Cr2, Cr16, and Cr21 shows 
insertions and deletions in CHD1-targeted clones 
[Figure 1(d)], which include a single base inser-
tion (Cr2), a 15-base deletion (Cr16), and a sin-
gle base insertion and three base deletion (Cr21).

CHD1 KO cells show change in morphology
Under 2D culture conditions in standard tissue 
culture plates, parental RWPE-1 cells and non-
target control NT2 cells have a spindle, epithe-
lioid morphology, while the CHD1 KO cells Cr2, 
Cr16, and Cr21 are smaller and rounder (Figure 
2). In early, less dense cultures, CHD1 KO cells 
Cr2, Cr16, and Cr21 were observed to grow in a 
widespread manner, while RWPE-1 and NT2 
cells grew more compactly after plating (image 
not shown). At time of passage, CHD1 KO clones 
were observed to adhere to regular tissue culture 
cell ware in 24–48 h, whereas the parental 
RWPE-1 and NT2 cells adhered in 4–6 h.

CHD1 KO cells show lowered expression of 
adhesion molecules and ECM proteins
ECM and adhesion molecules expressed in 
RWPE-1, NT2, and CHD1 KO clones (Cr2 and 
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Cr21) were analyzed using an RT2 profiler PCR 
array. Figure 3(a) shows genes that changed more 
than two-fold in CHD1 KO cells compared to 
parental RWPE-1 cells. ITGA2 was down-regu-
lated, while ITGA4 is up-regulated in CHD1 KO 
cells. Integrin ligands such as collagen (COL16A1, 
COL4A2, COL5A1, and COL6A2),4 and the 
basement membrane component, LAMB3, were 
downregulated in CHD1 KO cells. The most dra-
matically down-regulated ECM components in 
CHD1 KO cells were MMP2, SPARC, and vit-
ronectin (VTN). Other ECM genes that were 
down-regulated included contactin 1 (CNTN1), 
ECM1, MMP3, TIMP3, and tenascin C (TNC), 

whereas MMP12 and selectin L (SELL) were 
up-regulated.

RT2 profiler PCR array results for SPARC and 
MMP2 proteins were further validated by ELISA. 
In the three CHD1 KO clones, Cr2, Cr16, and 
Cr21, SPARC and MMP2 were secreted to sig-
nificantly lesser levels when compared to RWPE-1 
and NT2 cells [Figures 3(b) and (d)].

On western blot, SPARC was detected in 
RWPE-1 and NT2 whole cell lysates but was 
undetectable in CHD1 KO clones [Figure 3(c)]. 
TNC and VTN levels were also lower in the 

Figure 1. Generation of RWPE-1 CHD1 KO line. (a) Western blot showing CHD1 expression across a 
panel of prostate cancer cell lines (NCI H660, C4-2, LNCaP, VCap, DU145 and PC3) and the normal 
prostate epithelial cell line, RWPE-1. CHD1 expression is highest in RWPE-1 as compared to the cancer 
cell lines which show variable levels of CHD1. (b) Top panel: Gel run image representative of genomic 
PCR products from clones targeted with sgRNA designed for the CHD1 gene (Cr2, Cr13, Cr16, Cr21) 
and with the non-target vector control (NT1, NT2, NT6, NT15). The Exon 3b forward and reverse primers 
used, amplified a 1 kb region in exon 3 of the CHD1 gene that includes the sgRNA sequence upstream 
of the PAM sequence and the Cas 9 target sequence. Once Cas9 enzyme makes sgRNA/PAM specified 
cuts in the genomic DNA, the DNA repair process of nonhomologous end joining can cause insertions 
and or deletions in the DNA leading to presence of heteroduplexes along the DNA double strand. T7 
endonuclease is known to nick dsDNA in heteroduplex regions. Bottom panel: Gel run of products 
resulting from digestion of the 1 kb genomic PCR product with T7 endonuclease, following denaturation 
and reannealing. Cr2, Cr13, Cr16 and Cr21 show the additional low molecular weight fragments 
representative of heteroduplex formation resulting from insertions/deletions. NT1, NT2, NT6 and NT15 
show only a 1 kb product indicating that SgRNA/PAM based specific Cas9 digestion has not taken place 
in the non-target controls. (c) Western blot confirming CHD1 expression in NT2, NT6, and NT15 and loss 
of expression in Cr2, Cr16, and Cr21. Cr13 showed expression of CHD1. (d) Clones were subsequently 
confirmed as wildtype or mutant through Sanger sequencing. RWPE-1 and NT2 showed the wildtype 
CHD1 sequence. Cr2 and Cr21 showed an insertion of T and A, respectively, shown in boxes. Cr21 
showed a 3-base deletion, demonstrated as dashes. Cr16 demonstrated a 10-base deletion, shown as 
dashes.
CHD1, chromodomain helicase DNA binding protein 1; dsDNA, double-stranded DNA; NT, non-target cells; PCR, polymerase 
chain reaction; PAM, protospacer adjacent motif; sgRNA, small guide RNA.
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protein lysates from KO lines compared to lysates 
from parental lines [Figure 3(e)].

CHD1 KO cells show altered cell adhesion 
properties
Since CHD1 KO cells expressed lower levels of 
integrins and their ligands collagen type I (COLL 
I), FN1, and laminin,25 we examined how that 
affected cell adhesion to coated plates. RWPE-1, 
NT2, Cr2, Cr16, and Cr21 cells were plated onto 
standard and COLL I, FN1, and LN-coated 
plates. On day 3, RWPE-1 and NT2 were 
observed to have fewer cells in suspension than 
CHD1 KO clones (image not shown). The per-
cent viability of cells on day 13 was similar 
between adherent and non-adherent cells from all 
plates [Figure 4(a), left and right]. All five cell 
lines showed similar numbers of viable adherent 
cells on standard, FN1, and LN plates. However, 
Cr16 and Cr21 showed significantly more viable 
adherent cells than RWPE-1, NT2, and Cr2 on 
COLL I-coated plates [Figure 4(b), left]. In addi-
tion, Cr16 and Cr21 showed significantly more 
viable suspended cells than all other lines 
[**p < 0.01, Figure 4(b), right]. An analysis of 
viable suspended cells relative to total viable cells 
showed that CHD1 KO cell lines have more via-
ble cells in suspension than RWPE-1 and NT2 on 
FN1 and laminin coated plates [Figure 4(c)].

Reduced pAKT signaling in CHD1 KO cells
Levels of pAKT, pErk and pMEK in lysates from 
parental and CHD1 KO cells grown on regular 
plates were evaluated with western blots (Figure 
5). While RWPE-1, NT2, Cr2, Cr16, and Cr21 
expressed similar amounts of total Erk, Cr2 
expressed slightly less pErk compared to the oth-
ers [Figure 5(a), left]. However, there was no sig-
nificant difference in the ratio of pErk to Erk 
levels between cell lines [Figure 5(a), right]. 
Compared with the CHD1 KO clones, RWPE-1 
and NT2 express high levels of pAKT [Figure 
5(b), left]. While pAKT/AKT levels were not sig-
nificantly different between RWPE-1 and NT2, 
there was a significant difference between 
RWPE-1 and the CHD1 KO lines [Figure 5(b), 
right]. Finally, there was no difference in expres-
sion of pMEK or pMEK/MEK levels between 
RWPE-1 and the CHD1 KO lines (Figure 5c).

Spheroids/acini derived from CHD1 KO cells 
secrete a compromised basal lamina in both 
matrigel cultures and in vivo
RWPE-1, NT2, Cr2, Cr16, and Cr21 cells grown 
in matrigel formed both regular (compact) sphe-
roids as well as irregular spheroids [Figure 6(a)]. 
Despite plating an equal number of viable cells at 
the start of the spheroid growth experiment, 
CHD1 KO lines produced more irregular 

Figure 2. Morphological changes in CHD1 KO cells 20× magnification phase contrast images of the parent, 
RWPE-1, non-target control, NT-2, and the RWPE-1 CHD1 KO lines, Cr2, Cr16, and Cr21 cultured on standard 
adherent tissue culture plates. RWPE-1 and NT2 cells have a spindly epithelioid morphology, while the CHD1 
KO cells are rounder and smaller.
CHD1, chromodomain helicase DNA binding protein 1; KO, knockout.
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Figure 3. Expression of extracellular matrix proteins and adhesion molecules in CHD1 KO cells. (a) Graph demonstrating the 
expression of genes that were altered at least two-fold in the NT2 and CHD1 KO lines, Cr16 and Cr21, compared to RWPE-1. ITGA2 
was down-regulated, while ITGA4 is up-regulated in CHD1 KO cells. The integrin ligands, collagen (COL16A1, COL4A2, COL5A1 
and COL6A2), FN1, and the laminin component, LAMB3, are downregulated in CHD1 KO cells. The most down-regulated ECM 
components in the CHD1 KO cells were MMP2, SPARC and VTN. The ECM proteins ITGA4, MMP12, and SELL were up regulated. 
(b) Plot depicting levels of secreted SPARC protein as detected by ELISA. High levels of SPARC are secreted by RWPE-1 compared 
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Figure 4. CHD1 KO cells show more viable suspended cells than either RWPE-1 or NT2. (a) Plots depicting percent viability of cells 
growing in either an adherent (left) or suspended (right) fashion. In all groups, all cell lines showed similar viability. Percent viability 
of adherent cells was higher than that of suspended cells. Plots represent data from biological triplicates. Error bars represent 
standard deviation. (b) Plots demonstrating the number of viable cells from each of the five cell lines growing in either an adherent 
(left) or suspended (right) fashion on coated plates. Viable adherent cell numbers were not significantly different among the five 
lines on standard, laminin or fibronectin coated places. More Cr16 and Cr21 cells adhered on collagen I coated plates than RWPE-1, 
NT2, or Cr2 (**p < 0.01). In addition, more Cr16 and Cr21 cells grew in suspension compared to RWPE-1, NT2, and Cr2 on all coated 
plates tested (**p < 0.01). Error bars represent SD. (c) Plot depicting percent of viable suspended cells in total viable cells on different 
plates. Cr2, Cr16, and Cr21 had the most viable suspended cells on fibronectin and laminin coated plates. Error bars represent SD
CHDI, chromodomain helicase DNA binding protein 1; KO, knockout; NT2, non-target cells; SD, standard deviation.

to the CHD1 KO lines (**p < 0.01). NT2 cell lines secreted higher levels of SPARC than RWPE-1 cell lines (*p < 0.05). Error bars 
represent standard deviation. (c) Top panel: Western blot showing levels of SPARC in 30 μg of lysate from RWPE-1, NT2, Cr2, Cr16, 
and Cr21. SPARC is detectable in RWPE-1 and NT2 but not in the CHD1 KO clones. Bottom panel: loading control. (d) Plot depicting 
levels of secreted MMP2 protein as detected by ELISA. High levels of MMP2 are secreted by RWPE- 1 compared to the CHD1 KO 
lines (**p < 0.01). NT2 cell lines secreted higher levels of MMP2 than RWPE-1 cell lines (*p < 0.05). Error bars represent standard 
deviation. (e) Western blot showing levels of TNC (top panel), VTN (middle panel) and GAPDH (lower panel) in the five cell lines. Cr2 
and Cr21 express low levels of TNC compared to RWPE-1 and NT2, while Cr16 expresses TNC levels similar to the parental lines. Cr2 
and Cr21 express lower levels of VTN than RWPE-1, while Cr16 expresses similar levels. Bar graphs below show levels of TNC (left) 
and VTN (right) relative to GAPDH in the five lines.
CHD1, chromodomain helicase DNA binding protein 1; ECM, extracellular matrix; ELISA, enzyme-linked immunosorbent assay; FN1, 
fibronectin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ITGA2/4, integrin subunit alpha 2/4; KO, knockout; LAMB3, laminin 
subunit beta-3 precursor; MMP2/12, matrix metalloproteinase 2/12; NT2, non-target cells; SPARC, secreted protein acidic and rich 
in cysteine; TNC, tenascin; VTN, vitronectin.

Figure 3. (Continued)
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spheroids than wildtype lines [Figure 6(b)]. The 
number of compact spheroids was not affected. 
Further analysis, based on limiting dilutions, 
showed that the KO cells required fewer cells 
than either RWPE-1 or NT2 to form a spheroid 
[Figure 6(c)]. Under microscopic analysis, cells 
in the spheroids from RWPE-1, NT2, Cr2, Cr16, 
and Cr21 lines expressed the basal cell marker 
p63 (Figure 7, row 1), whereas spheroids from all 
five lines are negative for the luminal cell marker 
CK8/18 (images not shown). Figure 7, row 2, 
shows the fluorescent red laminin-332 stain of 
spheroids from all five cell lines. RWPE-1 and 
NT2 spheroids demonstrate bright red fluores-
cence. However, very low levels of laminin-332 

were expressed in the CHD1 KO spheroids, as 
evidenced by the minimal expression of red fluo-
rescence in the Cr2, Cr16, and Cr21 spheroids. 
In addition, compact spheroids from all lines dis-
played laminin-332 stain on the outer edge of the 
spheroid whereas irregular spheroids demon-
strated laminin-332 stain within the cluster.

When grown in nude mice, RWPE-1, NT2, Cr2, 
Cr16 and Cr21 cells did not form overt tumors 
but showed different growth characteristics. 
Using H&E staining, we observed that RWPE-1 
cells formed fewer and more regular acini; in con-
trast, NT2 cell lines grew acini with extensively 
keratinized centers. The KO cells formed larger, 

Figure 5. CHD1 KO cells Cr2, Cr16, and Cr21 show decreased pAKT levels. (a) Left: Western blot showing similar pErk expression in 
all cell lines. Right: Plot demonstrating pErk/Erk signal volume. There was no significant difference in pErk/Erk between cell lines. 
Error bars represent standard deviation. (b) Left: Western blot demonstrating that CHD1 KO lines express significantly lower pAKT 
levels than RWPE-1 and NT2 cell lines. Right: Plot depicting greater levels of pAKT/AKT in RWPE-1 and NT2 cell lines than CHD1 KO 
cell lines. Error bars represent SD. (c) Left: Western blot showing similar levels of pMEK in the five cell lines. Right: Plot depicting 
pMEK/MEK signal volume. There was no significant difference in pMEK/MEK between cell lines. Error bars represent standard 
deviation.
CHD1, chromodomain helicase DNA binding protein 1; KO, knockout; pAKT, protein kinase B; pERK, protein extracellular signal-regulated kinase; 
pMEK, protein mitogen-activated protein kinase; NT2, non-target cells; SD, standard deviation.
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irregular shaped acini that were more dispersed 
throughout the tissue (Figure 7, row 3). Staining 
of acinar basal laminae with anti-laminin-332 
showed prominent red fluorescence on the outer 
edges of acinar structures in RWPE-1 and NT2 
lines. Similar to the in vitro CHD1 KO spheroids, 
in vivo acini of CHD1 KO cells demonstrated low 
levels of red fluorescent laminin-332 expression 
(Figure 7, row 4). In addition, in vivo, KO cells 
formed larger acini with thick basal cell layers, as 
indicated by DAPI and p63 stains (image not 
shown). More specifically, Cr21 cell lines grew 
large acini with very irregular edges and kerati-
nized centers. Laminin-332 stain was weakest at 
the irregular edges. Acini from all cell lines stained 
positive for basal cell marker p63 and negative for 
luminal cell marker CK8/18 (images not shown).

Discussion
Prostate cancer tumors have been classified into 
different molecular subtypes based on exome and 
whole genome sequencing of tumors. Two of the 

most common subtypes include ETS fusion-pos-
itive, CHD1 positive (ETS+CHD1+) and ETS 
fusion-negative, CHD1 negative (ETS−CHD1−) 
PCa.26,27 CHD1 is thought to be a major contrib-
utor to genomic stability and gene transcription, 
as it plays a role in chromothripsis, DNA repair, 
and DNA methylation.19,22,28 Epigenetic profiling 
has shown that of 27,000 significant CpG sites 
analyzed, 3103 sites in 1962 genes showed at 
least a 10% difference between ETS fusion-posi-
tive and negative PCa tumors.13 In recent years, 
epigenetic and sequencing studies of ETS fusion-
positive and negative PCa genomes have revealed 
key differences between the two that could be 
attributed to their CHD1 status. Genomic rear-
rangements in Ets−CHD1− PCa genomes were 
found to be predominantly intrachromosal, com-
pared to Ets+CHD1+ genomes which were found 
to be mostly interchromosomal.29

In our study, we knocked out CHD1 in the nontu-
morigenic prostate epithelial cell line, RWPE-1, 

Figure 6. Generation of spheroids/acini in matrigel cultures. (a) Compact and irregular spheroids generated from RWPE-1, NT2, 
Cr2, Cr16, and Cr21 cell lines after being mixed with matrigel and grown for 10 days. (b) Plot depicting the number of compact and 
irregular spheroids from the five cell lines. All lines produced more irregular than compact spheroids. CHD1 KO lines generated 
more irregular spheroids than parental cells (*p < 0.05, **p < 0.01). Data is from biological triplicates, and error bars represent SD. (c) 
Plot showing the number of cells that need to be plated to form an acinus from each cell line. RWPE-1 requires the largest number 
of cells, while Cr21 requires the fewest. Error bars represent SD.
CHD1, chromodomain helicase DNA binding protein 1; KO, knockout; NT2, non-target cells; SD, standard deviation.
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which is ETS fusion negative, PTEN positive, 
and highly expresses CHD1.30,31 Analysis of the 
CHD1 KO clones showed altered cell adhesion 
properties and morphology, a reduction in basal 
pAKT levels, and a reduction in laminin, as com-
pared with the nontarget control clone, NT2, and 
parental RWPE-1 cells.

Our analysis of ECM and adhesion molecule 
gene expression showed significant downregu-
lation of ITGA2. Integrins are heterodimeric 
proteins, consisting of α and β subunits, 
expressed on the cell surface which act as 
receptors for ECM proteins. Alterations of 
integrin expression levels in cancer cells corre-
late with changes in invasiveness and tumor 
progression.32 In mouse models, integrin α2β1 
is critical for the suppression breast cancer 
metastasis in vivo; in contrast, its re-expression 

in breast cancer cells have been demonstrated 
to abrogate the malignant phenotype.33,34 In 
immunohistochemical analysis of prostatic ade-
nocarcinomas, integrin α2 was found to be 
downregulated in 70% of primary tumors but 
paradoxically frequently upregulated in corre-
sponding lymph node metastases.35 In our 
study, CHD1 KO cells demonstrated decreased 
expression of integrin α2 and two of its ligands, 
as well as downregulation of other ECM pro-
teins. This finding may contribute to the 
increased number of non-adherent cells 
observed in the culture. Growth of CHD1 KO 
cells on plates coated with different matrices 
showed the same anchorage-independence 
property. The ability of cells to be anchorage-
independent and survive the anoikis process are 
two important hallmarks of tumor cells.36 Our 
results indicate that CHD1 may contribute to 

Figure 7. Evaluation of p63 and laminin-332 expression in spheroids/acini derived from CHD1 KO cells in both matrigel cultures and 
in vivo. (Row a) p63 (basal cell component) staining of RWPE-1, NT2, Cr2, Cr16, and Cr21 spheroids grown in Matrigel. All spheroid 
cells expressed p63. (Row b) Laminin-332 (basal lamina component) staining of the spheroids in row A under IF. All spheroids 
displayed the laminin-332 stain in the outer periphery when compact and irregular staining when irregularly shaped. Spheroids from 
RWPE-1 and NT2 lines are brightly stained with laminin-332, while CHD1 KO lines show significantly dimmer staining. (Row c) H&E 
staining of tissue from nude mice subcutaneously injected with RWPE-1, NT2, Cr2, Cr16, and Cr21 cells. All cell lines formed acini of 
regular and irregular shapes. Acini from CHD1 KO cells are larger, more irregular, and more dispersed than RWPE-1 and NT2. (Row 
d) Laminin-332 staining of the acini in row C under IF. RWPE-1 and NT2 acini demonstrated bright staining, while Cr2, Cr16, and 
Cr21 cell lines display significantly less staining. White bars represent 100 μm.
CHD1, chromodomain helicase DNA binding protein 1; H&E, hematoxylin and eosin; KO, knockout.
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both events. More CHD1 KO cells survive than 
parental or nontarget cells in suspension. The 
increased survival of non-adherent cells and the 
spreading of sparsely-plated 2D cultures of 
CHD1 KO cells indicate a role for CHD1 in 
cell-ECM and cell-cell interactions.

It has been shown previously that protein levels of 
integrin β1C, an inhibitor of cell proliferation, are 
reduced in prostate carcinoma compared to nor-
mal prostate cells.37 For normal cells, adhesion to 
the ECM is an important cue for cell survival pro-
cesses mediated via focal adhesion kinase activa-
tion and phosphorylation of AKT.36 In the 
absence of cell-ECM interactions, anchorage-
dependent cells undergo anoikis by caspase 
8-integrin-mediated cell death. Cells can escape 
apoptosis by suppressing integrin expression. If 
CHD1 loss downregulates integrins, integrin-
mediated cell-ECM adhesion may be abolished, 
allowing cells to spread to distant niches and per-
mitting tumor progression.38 Once the cells arrive, 
they can adapt to the new niche by changing the 
repertoire of integrins secreted, allowing for cell 
adhesion.

In the current study, there was no change in the 
levels of phosphorylated ERK or MEK when 
comparing CHD1 KO cell lines with RWPE-1 
cells. In contrast, levels of phosphorylated AKT 
were significantly reduced in the 2D culture 
model. Harma et al.39 observed increased phos-
phorylation of AKT for multiple prostate cell 
lines, including RWPE-1 cells at 2 weeks in the 
3D culture models as compared to 2D cultures. 
Our finding of reduced AKT phosphorylation 
requires further evaluation to determine the inter-
play between CHD1 and AKT signaling, culture 
model type, and the phenotypes presented herein.

A meta-analysis of 18 gene array datasets looking 
at transition from normal to localized PCa and 
from localized to metastatic PCa showed that 
genes for cell adhesion, tight junction signaling, 
and integrin signaling were downregulated in 
both transitions. Along with the integrins, their 
ligands also tended to be downregulated. Levels 
of integrin ligands including COL4A6, COL13A1, 
FGB, COL19A1, COL18A1, COL14A1, and 
COL1A2, negatively correlated with Gleason 
score.40 In the current study, CHD1 KO cells 
demonstrated a downregulation of integrin 
ligands, suggesting that CHD1 loss could trigger 

tumorigenesis or contribute to a more aggressive 
phenotype.

We also observed a downregulation of SPARC 
and MMP2 in CHD1 KO cells. Previous studies 
in animal models suggest that SPARC and 
MMP2 play a role in cell adhesion. Knockdown 
of SPARC decreased cell-cell adhesion in post 
gastrula development in Xenopus laevis.41 
Furthermore, SPARC deletion in transgenic ade-
nocarcinoma of mouse prostate (TRAMP) mice 
led to enhanced development and progression of 
cancer.42 In addition, our data demonstrate 
upregulation of ITGA4, MMP12, and SELL, 
three proteins involved in cell invasion and tumo-
rigenesis,43–45 all of which could lead to increased 
motility of CHD1 KO cells.

An earlier study of a lentiviral mediated short 
hairpin RNA (shRNA) knock down of CHD1 in 
RWPE-1 and another nontumorigenic prostate 
epithelial cell line, OPNC2, reported an increase 
in cellular invasion. In addition, in OPCN2, 
increased clonogenicity was observed.30 A simi-
lar CHD1 knock down approach in mouse pros-
tate epithelial cells (MPECs) also showed an 
increase in clonogenicity, invasiveness, and sur-
vivability. However, renal grafting of these cells 
into mice resulted in no tumors.15 In these stud-
ies, CHD1 was only partially knocked out; in 
contrast, in our study, CHD1 was completely 
knocked out, allowing the KO cells to form more 
acini that were larger and more spread out in the 
subcutaneous layer, compared to RWPE-1 and 
NT2 lines. This observation suggests that the 
deletion of CHD1 and the ensuing downregula-
tion of cell adhesion proteins might cause these 
cells to spread.

Laminin is a major ECM protein component of 
the basement membrane and consists of various 
combinations of different α, β, and γ chains. Thus 
laminin-332 consists of α3, β3 and γ2 chains. In 
our study, CHD1 KO cells showed a downregula-
tion of laminin β3 (LAMB3), and subsequently, 
very weak staining with laminin-332, which 
potentially could compromise the basement 
membrane structure. Moreover, in some acini, 
particularly those from Cr21, the laminin-332 
stain was discontinuous. In vivo data from this 
study must be interpreted with caution due to 
limited number of observations. In a recent study 
of spheroids from an integrin β4 knock down in 
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RWPE-1 cells, the laminin-332 layer was found 
to be discontinuous, thus facilitating an invasive 
budding phenotype. This phenotype is compara-
ble to the abnormal luminal invasion seen in high 
grade prostate intraepithelial neoplasia.46 CHD1 
deletion leads to downregulation of ECM and 
adhesion molecules, which in turn, allows cells to 
detach from the basement membrane and poten-
tially metastasize. Loss of CHD1 in fusion nega-
tive tumors could mediate escape from anoikis, 
and we speculate that this may be an initial step of 
tumorigenesis.

Conclusion
Deletion of CHD1 in ETS fusion negative and 
PTEN wild type normal prostate epithelial cells 
downregulates the levels of adhesion molecules 
and ECM proteins, causing alterations in cell-cell 
and cell-matrix interactions. This dysregulation 
leads to compromise of the basal lamina, poten-
tially allowing cells to move out of acini into the 
surrounding tissue; as a result, they are able to 
contribute to the initiation and progression of 
prostate cancer.
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