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Abstract

Since survival of metastatic colorectal cancer (CRC) patients remain poor, there is an urgent 

need to identify potential novel druggable targets that are associated with CRC progression. One 

such target, basic leucine zipper and W2 domains 2 (BZW2), is involved in regulation of protein 

translation, and its overexpression is associated with human malignancy. Thus, we investigated the 

expression and regulation of BZW2, assessed its role in activation of WNT/β-catenin signaling, 

identified its downstream molecules, and demonstrated its involvement in metastasis of CRC. 

In human CRCs, high mRNA and protein expression levels of BZW2 were associated with 

tumor progression. BZW2-knockdown reduced malignant phenotypes, including cell proliferation, 

invasion, and spheroid and colony formation. BZW2-knockdown also reduced tumor growth and 
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metastasis; conversely, transfection of BZW2 into BZW2 low-expressing CRC cells promoted 

malignant features, including tumor growth and metastasis. BZW2 expression was coordinately 

regulated by microRNA-98, c-Myc, and histone methyltransferase EZH2. RNA sequencing 

analyses of CRC cells modulated for BZW2 identified P4HA1 and the long non-coding RNAs, 

MALAT1 and NEAT1, as its downstream targets. Further, BZW2 activated the Wnt/β-catenin 

signaling pathway in CRCs expressing wild-type β-catenin. In sum, our study suggests the 

possibility of targeting BZW2 expression by inhibiting EZH2 and/or c-Myc.
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Introduction

Worldwide, colorectal cancer (CRC), a molecularly heterogeneous disease, is a leading 

cause of cancer-related deaths (1). Despite advances in therapeutic modalities, the overall 

survival rate for metastatic CRC remains poor. Thus, there is a need to identify new 

therapeutic molecular targets to improve CRC patient survival.

Basic leucine zipper and W2 domains 2 (BZW2), also known as translation initiation 

regulator eIF5-mimic protein 1 (5MP1), is a member of the basic-region leucine zipper 

(bZIP) superfamily of transcription factors. BZW2 has partial homology with eIF5 and 

can function as a competitive inhibitor of eIF5 (2). Studies have shown that BZW2 

is an oncogene that is involved in progression of various types of cancers (3–7). In 

osteosarcomas, BZW2 is upregulated via activation of the Akt/mTOR signaling pathway, 

and its knockdown arrests osteosarcoma cells at the G2/M phase (3). BZW2 is also 

upregulated in hepatocellular carcinomas, and its silencing decreases cell malignant 

phenotypes (4). In muscle-invasive bladder cancers, silencing of BZW2 -inhibits cell 

growth and -induces G1 arrest and apoptosis (5), suggesting that BZW2 functions in tumor 

-progression. In CRCs, BZW2 is overexpressed relative to healthy tissue, and it is involved 

in the growth of CRC cells (6, 7) via activating ERK/MAPK signaling (6). Furthermore, 

c-Myc is a target of translation reprogramming by BZW2 (7).

In the present study, we described the regulation of BZW2 overexpression and identified 

its downstream targets, its role in metastasis, and its link with WNT/β-catenin signaling 

in CRC. We also investigated the role of BZW2 in CRC progression and showed that 

inhibition of cell growth and tumor progression after BZW2-knockdown was independent 

of TP53, KRAS, BRAF, EGFR, or microsatellite instability (MSI) status. We further 

reported the functional role of BZW2 in CRC experimental metastasis and its regulation 

by microRNA-98 and enhancer of zeste homolog 2 (EZH2) in addition to c-Myc. By use 

of gain- and loss-of-function experiments with CRC cell lines and mouse xenograft models, 

we identified prolyl 4-hydroxylase subunit alpha 1 (P4HA1), metastasis associated lung 

adenocarcinoma transcript 1 (MALAT1), and nuclear paraspeckle assembly transcript 1 

(NEAT1) as downstream targets of BZW2. Additionally, for CRC cells expressing wild-type 

β-catenin, the WNT/β-catenin signaling pathway was regulated by BZW2. Since this study 
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suggests that BZW2 expression is regulated by EZH2, it is conceivable to target EZH2 with 

its FDA approved inhibitors to silence BZW2 expression. Furthermore, as BZW2 is a target 

for blocking CRC progression and metastasis, there is a rationale to develop small-molecule 

inhibitors of BZW2 that could serve as therapeutic agents for CRCs.

Materials and Methods

Analysis of human gene expression data

The differential expression of BZW2 between CRC and adjacent normal tissues was 

analyzed on August 2022 using the UALCAN portal (http://ualcan.path.uab.edu). Pearson’s 

correlation coefficient values and a boxplot for finding gene correlation of BZW2 and EZH2 

were built-in UALCAN (8). The Oncomine database (https://www.oncomine.org) was used 

in August 2022 for the comparison of BZW2 and EZH2 expression in CRCs relative to 

normal/benign colonic tissues.

Clinical tissue specimens

Formalin-fixed paraffin-embedded (FFPE) (n=169) and frozen archival cancer specimens 

(n=134) and their adjacent noncancerous/benign tissue specimens were collected from CRC 

patients by the Anatomic Pathology Division of the University of Alabama at Birmingham 

(UAB). The study includes a natural proportion of representation of patients (for age, 

race, and gender) who were admitted to the UAB hospital and excluded children under 

age 18. The study methodologies were performed in accordance with the standards set 

by the Declaration of Helsinki. The UAB Institutional Review Board (IRB#090513004) 

has approved for utilization of remnants of diagnostic CRC specimens, and an informed 

consent waiver was granted by the IRB. FFPE tumor specimens were processed for 

immunohistochemical (IHC) analyses, and frozen tissue specimens for RNA and protein 

analyses.

Cell lines and media

CRC cell lines (HCT116, SW480, HT29, and RKO) and CRL1807 SV40-transformed 

normal colon cells were obtained from ATCC (Manassas, VA). McCoy’s medium 

(Corning™ Cellgro™, Fisher Scientific Co., Pittsburgh, PA) was used to grow these four 

CRC cell lines exhibiting various statuses of TP53, KRAS, BRAF, EGFR, β-catenin, and 

MSI (Supplementary Table S1). To grow CRL1807 SV40-transformed normal colon cells, 

fetal bovine serum (10%) (FBS, ThermoFisher Scientific, Carlsbad, CA) and penicillin-

streptomycin were added to DMEM high-glucose medium and incubated at 5% CO2 

levels. Short tandem repeat DNA profiling was performed to authenticate cell lines and 

regularly tested for mycoplasma. The BZW2 gene was packaged in pGreenPuro™ shRNA 

expression lentivectors (Systembio, Palo Alto, CA) by the UAB Neuroscience NINDS 

Protein Core (P30 NS47466). BZW2, P4HA1, and EZH2 shRNA sequences are provided in 

Supplementary Table S2.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated by use of RNeasy mini kits (Zymo Research, Irvine, CA), and 

Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) was used for synthesis 
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of complementary DNA (cDNA) from CRC tissues and cell lines as described earlier (9). 

Integrated DNA Technologies (Coralville, IA) provided primers for SYBR green qRT-PCR 

to determine the mRNA expression of genes. For normalization, β-actin was used as a 

control. A list of primers is provided in Supplementary Table S3.

Immunohistochemical (IHC) analysis

BZW2 protein expression in CRC tissues was measured by IHC as described earlier (9, 

10). In brief, tissue specimens were subjected to deparaffinization in xylene and rehydration 

by an alcohol series, followed by antigen retrieval by boiling slides with citric acid buffer 

solution. Subsequently, endogenous peroxidase was blocked by incubating the sections 

in BLOXALL solution (Vector Laboratories, Burlingame, CA). Normal horse serum was 

used to block the non-specific binding and sections were probed with polyclonal anti-

BZW2 antibody (Supplementary Table S4). Further, slides were probed with ImmPRESS 

horseradish peroxidase anti-rabbit IgG (Vector laboratories, Burlingame, CA) as a secondary 

antibody. To assess immunoreactivity, diaminobenzidine (Vector laboratories, Burlingame, 

CA) was used, followed by counterstaining with Hematoxylin (Vector laboratories, 

Burlingame, CA).

Immunoblot analysis

As described earlier (11, 12), immunoblot analysis was performed using NuPAGE™ 4–12% 

Bis-Tris Midi Protein Gels, 20-well (ThermoFisher Scientific, Carlsbad, CA) for separation 

of proteins, followed by transfer onto Immobilon-P PVDF membranes (EMD Millipore, 

Billerica, MA). The membranes were incubated for 1 hour in blocking buffer (Tris-buffered 

saline, 0.1% Tween, TBS-T; 5% nonfat dry milk) followed by incubation with a primary 

antibody overnight at 4°C. Further, the preparations were probed with a horseradish 

peroxidase-conjugated secondary antibody, and Luminata™ Crescendo chemiluminescence 

Western blotting substrate (EMD Millipore, Billerica, MA) was used to detect signals; signal 

acquisition was assessed with an Amersham Imager 600RGB (GE Healthcare Life Sciences, 

Chicago, IL). A primary antibody list is provided in Supplementary Table S4.

RNA interference

For gene silencing experiments, pGreenPuro™ shRNA expression lentivectors (Systembio, 

Palo Alto, CA) consisting of BZW2 or P4HA1 shRNA or non-targeting (NT) controls were 

infected into CRC cells, and stable cell lines were generated by selection with medium 

containing 1 μg/ml puromycin (ThermoFisher Scientific, Carlsbad, CA) as described 

previously (13). The sequence details of shRNAs are provided in Supplemental Table S2. 

Knockdown efficiency was tested using immunoblot analyses. Stable puromycin-selected 

cells were used for cell-based assays.

Cell proliferation and colony formation studies

As described previously (14), CRC cells (2 × 103) with stable BZW2 shRNA or control NT 

shRNA were seeded into triplicate wells of 12-well plates to determine cell proliferation. 

At day 2, 4, and 6 post-transfection, cells were trypsinized and counted with a Z2 Coulter 

particle counter (Beckman Coulter, Brea, CA). To assess the colony formation capacity of 
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cells after BZW2-knockdown, 1 × 103 CRC cells with stable BZW2 or NT shRNA were 

seeded into 6-well plates in triplicate wells as described previously (12). After 10 days, cell 

colonies were fixed with 5% glutaraldehyde and stained with crystal violet (Sigma-Aldrich, 

St. Louis, MO). An Amersham Imager 600RGB (GE Healthcare Life Sciences, Pittsburgh, 

PA) was used to collect images of the colonies in 6-well plates.

Invasion assay

To evaluate cell invasion after BZW2-knockdown in CRC cells, we used Corning BioCoat™ 

Matrigel Transwell invasion chambers (Corning, New York, NY) as described (9). CRC 

cells (5 × 104) with stable BZW2-knockdown or control NT shRNA cells were seeded in 

the upper chambers with serum-free media; the lower chambers were filled with media 

containing FBS, an inducer of cell invasion. Invading cells that migrated to the lower side of 

the membranes were fixed with 5% glutaraldehyde and stained with crystal violet. Images 

were taken with a phase-contrast microscope.

3D spheroid model

Cell spheroid formation was evaluated as described previously (10, 12) using the Cultrex® 

3D spheroid BME cell invasion assay (Trevigen, Gaithersburg, MD). Briefly, 5 × 103 cells 

were seeded into 96-well ultra-low attachment plates with 5 μl of Spheroid Formation ECM. 

Invasion matrix was added to the wells after 72 hours of incubation. FBS-supplemented 

media was added after 1 hour, and plates were incubated for 4 days. Images were taken with 

a 4x objective.

Tumor growth and an experimental metastasis model

To assess the role of BZW2 in tumor growth and metastasis, 6-week-old NOD/SCID/IL2γ-

receptor null (NSG) mice (both male and female) were used to perform xenograft and 

metastasis studies as described previously (12, 14). Animal experiment protocols were 

approved by the UAB Institutional Animal Care and Use Committee (IACUC) (Approval 

Number: 21182), and all procedures were conducted in compliance with the IACUC. To 

determine tumor growth, HCT116 and SW480 cells with stable knockdown containing a 

non-targeting vector or BZW2 shRNA (1.0 × 106) or RKO cells stably overexpressing 

BZW2 (2.0 × 106) were injected subcutaneously into the right dorsal flanks of mice (n=6 

for each group). Tumor growth was measured weekly by digital Vernier calipers, and 

tumor volume (mm3) was calculated using the formula: (0.52) × (length) × (width2). Mice 

were sacrificed at the end of the experiment, and tumors were excised, photographed, and 

weighed.

For metastasis experiments, as described previously (10), tail injections (were performed 

with mice bearing HT29 cells with BZW2 shRNA or NT shRNA (0.5×106) or RKO cells 

stably overexpressing BZW2 (0.5×106) and carrying a luciferase expression construct. At 

10 minutes after luciferin injections, bioluminescence imaging was accomplished for mice 

using an IVIS Lumina III instrument (Perkin Elmer, Waltham, MA). At the end of the 

experiment, mouse lungs, liver, and hind-limb bones were dissected, and ex vivo analyses 

were performed.
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Statistical analysis

Data were presented as means ± standard deviation for triplicates. Student’s t-test (two-

tailed) was used to perform comparisons of two groups. A P-value of <0.05 was considered 

statistically significant. Analysis of data was performed using χ2 tests for categorical 

variables and t-tests for continuous variables. BZW2 IHC scores were categorized as low/

high using the cutoff value of 0.41 (median IHC for normal samples). Comparison of paired 

tumor to normal IHC across clinical variables was evaluated with a Wilcoxon signed-rank 

test. All analyses were conducted in R 3.6.2., package.

Data availability

The RNA-seq data reported here are publicly available from the NCBI Gene Expression 

Omnibus (GEO) with accession number GSE227069. All the other data generated in this 

study are available upon request.

Results

BZW2 overexpression in CRCs is independent of tumor stage, tumor type, race/ethnicity, 
sex, and age

Examination of data in the publicly available UALCAN website (8) revealed BZW2 

overexpression in CRCs (n=286) compared to normal colorectal tissues (n=41) 

(Supplementary Fig. S1A). Examination of these data according to the pathologic tumor 

stage showed overexpression of BZW2 in all CRC stages (Supplementary Fig. S1B). Our 

qRT-PCR analysis of BZW2 mRNA expression in the frozen CRC cohort (n=134) confirmed 

overexpression of BZW2 in CRCs (P<0.0001) relative to their corresponding normal/benign 

tissues (n=134) (Fig. 1A). UALCAN data for CRCs showed that overexpression of BZW2 

was independent of patient’s race (Supplementary Fig. S1C), sex (Supplementary Fig. S1D), 

and age (Supplementary Fig. S1E). Our in-house validation qRT-PCR data showed that 

BZW2 was overexpressed across pathologic stage (Fig. 1B) and patient’s race (Caucasian 

vs African American) (Supplementary Fig. S1F), sex (male vs female) (Supplementary 

Fig. S1G), and age groups (21–40 years, 41–60 years, 61–80 years, and 81–100 years) 

(Supplementary Fig. S1H). Further, we explored the prognostic significance of BZW2 

expression using UALCAL (TCGA) database. As illustrated by Kaplan–Meier survival 

curves, high expression of BZW2 was associated with poor survival of CRC patients (log 

rank, P = 0.017) (Fig. 1C). Thus, overexpression of BZW2 mRNA expression is associated 

with aggressive features of CRCs.

Protein expression profiles, assessed by Western blotting of BZW2 in matched tissue pairs 

of CRCs and adjacent benign tissues, revealed that BZW2 is overexpressed in all CRC 

tissues tested, irrespective of the pathologic stage of the tumor (Fig. 1D). Protein expression, 

determined by IHC, of BZW2 in matched pairs of CRC tissue and adjacent benign 

tissues (Supplementary Fig. S2A) revealed that BZW2 overexpression was present in most 

CRC tumor tissues irrespective of histologic type (Supplementary Fig. S2B), pathologic 

stage (Supplementary Fig. S2C), differentiation (Supplementary Fig. S2D), tumor location 

(Supplementary Fig. S2E), patient race (Supplementary Fig. S2F), sex, (Supplementary 

Fig. S2G), or TP53 mutational status (Supplementary Fig. S2H). The CRC tissues used 
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in this study were previously evaluated for TP53 mutational status (15). Additional testing 

of tumor BZW2 high/low expression categories found no significant differences by race, 

sex, stage, tumor location, differentiation, histologic type, or TP53 mutational status 

(Supplementary Table S5). BZW2 staining was evident in the cytoplasm but not in the 

nuclei of adenomas and invasive adenocarcinomas relative to normal/benign colorectal 

tissues (Fig. 1E). Based on histology, BZW2 expression was present in mucinous and non-

mucinous adenocarcinomas (Fig. 1F). These results demonstrate that BZW2 overexpression 

is involved in progression of all histologic/phenotypes of CRCs.

BZW2-knockdown reduces CRC cell growth, invasion, and tumor progression independent 
of TP53, KRAS, BRAF, EGFR, and MSI status

To assess the effects of BZW2-knockdown, a lentivirus-mediated stable shRNA knockdown 

strategy was used for loss-of-function studies. By immunoblot analyses, the knockdown 

efficiency of BZW2 by shRNA was validated (Fig. 2A). Then the functional role of BZW2 

in CRC progression was assessed. Following BZW2 shRNA transfection, there was less 

colony formation by CRC cells relative to cells transfected with control non-targeting (NT) 

shRNA (NT shRNA) (Fig. 2B).

We used Transwell membrane assays to determine if BZW2-knockdown affected the 

invasive potential of the CRC cell lines HCT116, SW480, and HT29. Although NT 

shRNA cells showed robust invasion, knockdown of BZW2 in cells inhibited invasion 

(Supplementary Fig. S3). Culture of 3D spheroids, which mimic tumor growth (16), showed 

that BZW2-knockdown resulted in smaller spheroids (Fig. 2C). Moreover, the expression 

of a stem cell-related gene, Oct4, which plays an important role in spheroid formation and 

invasion, was lower when BZW2 was silenced (Supplementary Fig. S4A). These results 

establish that BZW2-knockdown reduces CRC malignant phenotypes and that the effects are 

independent of the TP53, KRAS, BRAF, EGFR, or MSI status of CRC cells.

Xenografts were established for HCT116 and SW480 cells. Cells transfected with NT 

shRNA or BZW2 shRNA were injected into NSG mice subcutaneously. At termination 

of the experiments, mice were euthanized, and tumors were harvested. Relative growth 

of xenografts of HCT116 (Fig. 2D) and SW480 (Fig. 2E) cells in NSG mice showed 

that, relative to controls, the average volumes and weights of tumors from mice injected 

with BZW2-knockdown cells were smaller. Moreover, Oct4 gene expression was lower in 

xenografts, confirming the in vitro observation and indicating that cancer stemness was 

lower in BZW2-knockdown cells as compared to NT shRNA cells (Supplementary Fig. 

S4B). These findings suggest that BZW2-knockdown reduces malignant phenotypes and 

tumor growth independent of the TP53, KRAS, BRAF, EGFR, or MSI status.

BZW2-knockdown reduces CRC metastasis

NSG mice were intravenously injected with luciferase-tagged HT29 cells transfected with 

NT shRNA or BZW2 shRNA. For four weeks, animals were monitored by bioluminescence 

imaging to assess metastasis. Imaging of the mice showed lower luminescence for 

BZW2-knockdown relative to control NT shRNA mice (Fig. 3A). Imaging showed lower 

luminescence activity in lungs, liver, and hind limb-bones excised from mice that were 
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injected with BZW2- knockdown cells relative to NT shRNA cells (Fig. 3B). Further, 

bone marrow cells isolated from hind limbs were cultured in puromycin-containing media 

to select GFP-labeled CRC cells that had disseminated into bone marrow. After 3 days 

of culture, there were more CRC cells exhibiting GFP in the cultures taken from NT 

shRNA cells relative to those for mice injected with HT29-BZW2 shRNA cells (Fig. 

3C). Additionally, using immunofluorescent assays, we showed a bone marrow interaction 

with invading cancer cells. As described previously, preparations were stained for alkaline 

phosphatase (ALP, a marker of bone marrow cells) and for cytokeratin 8+18 (a marker of 

proliferative lesions), which validates the presence of metastatic cancer cells in bone (10). 

Immunofluorescence analysis showed that cancer cells had invaded bones in mice injected 

with NT shRNA HT29 cells as compared to cells transfected with BZW2 shRNA (Fig. 

3D). For mice with NT shRNA cells, there were bone metastases that interrupted the bone 

remodeling process and caused bone degradation and osteolytic lesions; BZW2-knockdown 

decreased osteolytic lesions and reduced the tumor burden in bone. These data suggest 

that BZW2-knockdown in CRC cells inhibits their capacity for establishing metastases in 

immunodeficient mice.

BZW2 overexpression promotes CRC cell growth, tumor progression, and metastasis

With lentiviral transduction, BZW2 was stably expressed in RKO cells, which expressed 

low levels of BZW2, as confirmed by immunoblot analysis (Fig. 4A). Relative to controls, 

ectopic expression of BZW2 in RKO cells led to elevated cell proliferation (Fig. 4B), colony 

formation (Fig. 4C), cell invasion (Fig. 4D), and spheroid formation (Fig. 4E). These cells 

also showed higher mRNA expression of Oct4 (Supplementary Fig. S4C), indicating a role 

for BZW2 in cancer stemness. This ectopic expression of BZW2 produced tumors with 

higher volumes and weights compared with RKO cells transduced with the vector alone 

(Fig. 4F). Furthermore, tail-vein injections of RKO cells stably expressing BZW2 showed 

more extensive metastasis as compared to cells transduced with the lenti-control (Fig. 4G). 

Gross examination showed that metastases were more frequent in liver and kidney (Fig. 4H). 

Thus, ectopic expression of BZW2 in CRC cells exhibiting low levels of BZW2 promotes 

cell growth, tumor progression, and metastasis.

P4HA1, MALAT1, and NEAT1 are downstream targets of BZW2 in CRC

To investigate BZW2-mediated effects, we used RNA sequencing to conduct gene 

expression profiling of HCT116, SW480, and HT29 cells with stably inhibited BZW2. In all 

three CRC cells, we identified various genes that were modulated upon BZW2-knockdown, 

including those for P4HA1 and the long non-coding RNAs (lncRNAs), MALAT1 and 

NEAT1 (Fig. 5A). Further, using qRT-PCR analyses, we validated these findings with 

HCT116, SW480, and HT29 cells with BZW2-knockdown and showed that MALAT1 and 

NEAT1 were downregulated (Fig. 5B). Also, we demonstrated lower mRNA expression 

of P4HA1, as determined by RNA sequencing of BZW2-knockdown cells (Fig. 5C). In 

addition, we found lower levels of MALAT1 and NEAT1 in xenografts developed from cells 

with BZW2-knockdown (Fig. 5D). Furthermore, there were lower levels of P4HA1 protein 

in BZW2-knockdown CRC cells (HCT116 and SW480) (Fig. 5E), indicating that P4HA1 

is a downstream target of BZW2. Similarly, RKO xenografts established with ectopic 

expression of BZW2 showed higher levels of P4HA1, MALAT1, and NEAT1 relative to 
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xenografts of cells transduced with a lenti-control (Fig. 5F). To validate P4HA1 as the 

downstream target of BZW2, we silenced its expression in HCT116 cells and found that 

BZW2 levels were not lower (Fig. 5G). Since AKAP9 and Ago2 are downstream targets of 

MALAT1 (17, 18), we assessed the levels of these two targets in HCT116 and HT29 cells 

and found lower levels in BZW2-knockdown cells (Supplementary Fig. S5A) as well as in 

xenografts of BZW2-knockdown cells (Supplementary Fig. S5B). In contrast, there were 

higher levels of AKAP9 and Ago2 in RKO xenografts established with ectopic expression 

of BZW2 (Supplementary Fig. S5C). These findings confirm that P4HA1, MALAT1, 

and NEAT1 are downstream targets of BZW2, and they mediate BZW2 action in CRC 

progression.

c-Myc and miR-98 regulate BZW2 expression in CRC

Since BZW2 is a downstream target of MYC in osteosarcomas and human lymphomas (19), 

we investigated the role of MYC in BZW2 regulation. By use of UALCAN data, we found 

a positive correlation between MYC and BZW2 in CRC (correlation coefficient, CC = 0.49) 

(Supplementary Fig. S6). Additionally, GEO dataset analyses showed that, for LOVO CRC 

cells, MYC bound to the promoter of BZW2 (Fig. 6A). We used adenovirus to overexpress 

MYC in CRL1807 SV-40 transformed colon cells. Overexpression of MYC increased 

the RNA expression of BZW2 (Fig. 6B). Also, treatment of CRC cells with a selective 

bromodomain inhibitor, JQ1, which reduces MYC levels, resulted in lower expression of 

BZW2 protein (Fig. 6C). These data show that MYC regulates BZW2 expression in CRC 

cells.

Web-based miR-targetscan (http://www.targetscan.org/vert_72/) and miRNA.org tools were 

used to demonstrate that miR-98 potentially targets BZW2. The predicted binding site for 

miR-98 at the 3’-UTR of BZW2 is shown in Supplementary Fig. S7A. To confirm the 

binding of miR-98 to this 3’-UTR, we performed dual luciferase miR-reporter assays by 

designing wild-type and mutant target sites (Supplementary Fig. S7A). Co-transfection of 

luciferase reporter vectors containing the BZW2 wild-type along with an miR-98 mimic 

into HCT116 cells showed lower luciferase activity; there was less effect when cells were 

co-transfected with BZW2 mutant and pre-miR-98 (Supplementary Fig. S7B). To determine 

if miR-98 reduces endogenous BZW2, we transfected HCT116 and SW480 cells with 

miR-98. Overexpression of miR-98 in CRC cells reduced protein levels of BZW2 (Fig. 6D). 

To assess the biological function of miR-98, we evaluated the effects of miR-98 ectopic 

overexpression on malignant phenotypes of CRC cells. Overexpression of miR-98 in CRC 

cells inhibited cell proliferation (Fig. 6E), colony formation (Fig. 6F), and invasion (Fig. 

6G). These results show that, in CRCs, miR-98 targets BZW2 and that its suppressive 

functions are associated with inhibition of malignant phenotypes of CRC.

EZH2 regulates BZW2 expression in CRC

Since there is downregulation of miR-98 in CRCs (20), and EZH2 regulates miR-98 (21), 

we investigated the mechanism of downregulation of miR-98 through EZH2 in CRC by 

evaluating miR-98 expression in CRC cells with EZH2-knockdown. There was higher 

expression of miR-98 in cells with EZH2-knockdown (Fig. 7A). When cells were treated 

with an inhibitor targeting EZH2, GSK126, there were higher levels of miR-98 and lower 
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levels of BZW2, consistent with the regulation of BZW2 by EZH2 via miR-98 (Fig. 7B). 

Further, in evaluation of human CRCs, expression of miR-98 inversely correlated with 

EZH2 and BZW2 mRNA expression (Fig. 7C), indicating a role of EZH2 in regulation 

of BZW2. Thus, suggesting that, with use of an FDA-approved inhibitor of EZH2 

(NCT01897571, tazemetostate) BZW2 can be indirectly targeted.

Evaluation of the Skrzypczak dataset (22) available in Oncomine showed a possible positive 

correlation between gene expression profiles of BZW2 and EZH2 (Supplementary Fig. 

S8A). TCGA (UALCAN) data analysis also showed a positive correlation between BZW2 

and EZH2 (correlation coefficient, CC = 0.33) (Supplementary Fig. S8B). Since our prior 

study demonstrated that EZH2 regulates P4HA1 in CRC (13), and the present work showed 

that P4HA1 is a down-stream target of BZW2, we evaluated the association of BZW2 

protein expression with EZH2 and P4HA1 in human CRCs and matched normal colon tissue 

lysates. Overexpression of EZH2, BZW2, and P4HA1 were evident in CRCs as compared 

to their corresponding normal/benign colon tissues, indicating a positive correlation among 

these molecules (Fig. 7D).

Inhibition of the WNT/β-catenin signaling pathway by BZW2-knockdown is dependent on 
the β-catenin status

As the WNT/β-catenin signaling pathway is involved in CRC progression (23), we 

determined if BZW2 regulates this pathway. HCT116 cells harbor a mutation in β-catenin 

but SW480 and RKO cells show a wild-type β-catenin status. For HCT116 xenografts 

established with cells with BZW2-knockdown, there were no changes in activation of 

β-catenin, cyclin D1, or TCF1 (Fig. 7E); SW480 xenografts showed lower activation of 

β-catenin, cyclin D1, and TCF1 in tumors with BZW2-knockdown (Figs. 7F). Moreover, 

RKO xenografts had low levels of BZW2, and, upon overexpression of BZW2, the RKO 

xenografts showed higher levels of active β-catenin, cyclin D1, and TCF1, indicating 

activation of the WNT/β-catenin signaling pathway (Fig. 7G). Further, we evaluated the 

levels of BZW2 and molecules of the WNT/β-catenin signaling pathway in human CRCs 

and showed higher expression of WNT/β-catenin-related molecules (Fig. 7H) and higher 

levels of BZW2. These results suggest that the WNT/β-catenin signaling pathway is 

regulated by BZW2 in CRCs that harbor wild-type β-catenin.

Discussion

In the present study, we showed that, consistent with a previous report (7), BZW2 levels 

were upregulated in CRC tissues, and that its knockdown lowered CRC progression (6, 

7). Further, the novel findings of this study are a) overexpression of BZW2 in CRC was 

irrespective of pathologic stage, tumor location, differentiation, histologic type, TP53 status, 

race, or sex; b) CRC cells with various molecular alterations (TP53, KRAS, BRAF, EGFR, 

or MSI) showed high levels of BZW2, and its knockdown led to lower cell proliferation, 

invasion, and growth, including xenograft tumor growth for cell lines with various molecular 

backgrounds. Thus, growth inhibition was not dependent on the molecular status of the 

cells; c) BZW2 overexpression was noted in human primary CRCs, and its knockdown in 

an experimental metastatic model delayed the onset of liver, lung, and bone metastases; d) 

Agarwal et al. Page 10

Mol Cancer Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT01897571


expression of BZW2 was regulated by miRNA-98, c-Myc, and EZH2; e) BZW2 regulated 

P4HA1 and the long non-coding RNAs, MALAT1 and NEAT1; and f) BZW2 was involved 

in activation of the WNT/β-catenin signaling pathway in CRC cells harboring wild-type 

β-catenin. Since metastasis is a predominant cause of CRC deaths (24), our findings related 

to reducing metastasis by inhibiting BZW2 suggest that BZW2 might be a therapeutic target 

for CRC metastasis.

Examination of publicly available datasets and our in-house validation of human CRC 

tissues revealed overexpression of BZW2, at RNA and protein levels, in CRCs compared 

to their adjacent normal/benign colon tissues as shown previously (7). Additionally, our 

findings suggested that the overexpression of BZW2 was regardless of CRC pathologic 

stage, primary tumor location, histologic type, grading, or patient’s race, sex, or age. 

Furthermore, high expression of BZW2 was associated with poor survival of CRC patients. 

Thus, BZW2 overexpression is - related to aggressive features of CRCs.

As demonstrated earlier (6, 7), our studies that assessed the functional role of BZW2 have 

established that BZW2-knockdown reduces CRC malignant phenotypes (cell proliferation, 

colony formation, invasion/motility, and cell growth). Further, our investigations have shown 

that silencing of BZW2 reduces malignant phenotypes, tumor growth, and metastasis, effects 

that are independent of the TP53, KRAS, BRAF, EGFR, or MSI status of CRC cells. Also, 

in BZW2-knockdown studies, bioluminescence imaging showed less metastasis, particularly 

in lungs, liver, and bones, which are predominant sites of CRC metastasis leading to deaths 

(24). Our studies also showed that BZW2-knockdown decreased osteolytic lesions and 

reduced tumor burden in bone, suggesting that BZW2 inhibition reduces CRC metastases.

Using a cell line (RKO) with low BZW2 expression, we confirmed the effects of BZW2 

on CRC progression through gain- and loss-of-function experiments. Overexpression of 

BZW2 increased cell proliferation and tumor growth. BZW2-knockdown lowered the cancer 

stemness marker, OCT4, and upregulation of BZW2 in RKO xenografts increased the 

expression of OCT4, indicating a role of BZW2 in cancer stemness. These data indicate that 

BZW2 functions as an oncogene during CRC progression.

RNA sequencing analysis revealed that MALAT1, NEAT1, and P4HA1 are downstream 

targets of BZW2. These targets were validated with cell cultures and xenografts developed 

from cells with BZW2-knockdown or with transduction of BZW2. Furthermore, expression 

of AKAP9, a downstream target of MALAT1 (18), was low in BZW2-knockdown CRC 

cells and xenografts; BZW2-overexpressing xenografts showed high expression of AKAP9. 

Of note, MALAT1 is overexpressed in various cancers, including those of the lung (25), 

bladder (26), breast (27), cervix (28), colorectum (29), esophagus (30), stomach (31), and 

prostate (32). NEAT1 is involved in the progression of CRC (33), pancreatic cancer (34), 

endometrial cancer (35), and breast cancer (36). P4HA1 is involved in the progression 

of breast cancer (37), hepatocellular carcinoma (38), pancreatic cancer (39), high-grade 

gliomas (40), prostate cancer (41), and oral squamous cell carcinomas (42). Our previous 

studies with CRC revealed that overexpression of P4HA1 is involved in metastasis and 

growth of PDX tumors (13). These findings suggest that BZW2 is involved in CRC 

progression through MALAT1, NEAT1, P4HA1, and other downstream targets.
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A prior study has found that BZW2 is regulated by MYC to maintain tumorigenesis (19). 

In contrast, another study has reported that, for CRCs, c-Myc is a potential downstream 

effector of BZW2 (7). However, our results demonstrated that ectopic expression of MYC 

in SV-40-transformed CRL1807 normal colon cells lead to higher expression of BZW2. 

Moreover, a BRD4 inhibitor, JQ1, which suppresses MYC, produced lower levels of BZW2 

in CRC cells exposed to JQ1. Furthermore, our GEO data analyses showed that, for CRC, 

MYC bound to the promoter of BZW2. These results establish that MYC regulates BZW2 

expression.

With publicly available data, we found that miR-98, a member of the let-7 family, is a 

potential upstream regulator of BZW2. We showed that elevated expression of miR-98–5p 

targets BZW2 and reduces the malignant behavior of CRC cells. Cell proliferation, colony 

formation, and invasion were low in cells with ectopically overexpressed miR-98–5p. These 

results suggest that, in CRCs, miR-98 targets BZW2. miR-98 targets IL-6 and suppresses 

metastasis in melanoma (43), SALL4 in hepatocellular carcinoma (44), IGF1R in oral 

squamous cell carcinoma (45), Gab2 in breast cancer (46), and ITGB3 in non-small-cell 

lung cancer (47). Also, miR-98 inhibits CRC cell proliferation, invasion, and migration by 

downregulating CLDN1 (48). In addition, upregulation of miR-98 inhibits proliferation, 

migration, and invasion of pancreatic cancer cells by targeting the MAP4K4-mediated 

MAPK/ERK pathway (49). These reports and our findings demonstrate that, by targeting 

BZW2, miR-98 has a tumor suppressive role in CRCs.

Since miR-98 is repressed by EZH2 (21), we investigated the mechanism of downregulation 

of miR-98 through the epigenetic modifier and histone H3-K27-trimethylating enzyme, 

EZH2, by evaluating its expression in CRC cells with EZH2-knockdown. Consistent with 

the prior study, our results revealed that EZH2-knockdown increased miR-98 expression. 

Additionally, for CRC cells, EZH2-knockdown reduced the levels of BZW2, indicating that 

BZW2 was regulated by EZH2 via miR-98. Furthermore, with human CRC specimens, we 

found that expression of miR-98 inversely correlated with expression of EZH2 and BZW2. 

Thus, our investigations demonstrate a link between miR-98, EZH2, and BZW2, indicating 

that EZH2 regulates BZW2 expression through repressing miR-98.

Abnormal activation or dysregulation of the Wnt/β-catenin signaling pathway is present 

in 90% of CRCs (50). The activation of Wnt/β-catenin signaling could increase the 

amount of β-catenin protein in the nucleus, where it forms complexes with TCF/LEF to 

regulate expression of target genes (51). In addition, β-catenin mutation results in loss 

or downregulation of the β-catenin pathway and is involved in uncontrolled cell growth, 

neoplastic changes, and tumor development (52, 53). Knockdown of BZW2 led to the 

downregulation of β-catenin, TCF1, and cyclin D1 in CRC cells expressing wild-type β-

catenin but not the mutant form of β-catenin. Further, overexpression of BZW2 activated the 

Wnt/β-catenin signaling pathway in CRC cells expressing wild-type β-catenin. Additionally, 

CRC specimens demonstrated a positive correlation between BZW2 and active-β-catenin. 

These findings revealed that activation of the Wnt/β-catenin signaling pathway by BZW2 is 

dependent on β-catenin status.
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Conclusions

In sum, the present study revealed that BZW2 expression was upregulated in human CRC 

tissues. In CRC cells, BZW2 acted as an oncogene regardless of the cellular status of 

TP53, KRAS, BRAF, EGFR, or MSI, and it promoted experimental metastases of CRC 

to liver, lung, and bone. Findings of the present study showed that BZW2 was regulated 

by miR-98, c-MYC, and EZH2. We identified collagen modifying enzyme P4HA1 and 

the long non-coding RNAs, MALAT1 and NEAT1, as its downstream targets and showed 

that overexpression of BZW2 dysregulates WNT/β-catenin signaling, which is dependent 

on wild-type β-catenin. The results provide evidence of BZW2 regulation, its oncogenic 

functions, and as a molecular target for blocking CRC progression. Additionally, findings 

support the rational to develop small molecule inhibitors of BZW2, which could serve as 

therapeutic agents for CRC. Further, FDA-approved EZH2 small molecule inhibitors (e.g. 

tazemetostate), can indirectly target BZW2 and serve as a therapeutic option to block BZW2 

mediated effects in CRC.
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Implications:

FDA-approved small molecule inhibitors of EZH2 can indirectly target BZW2 and since 

BZW2 functions as an oncogene, these inhibitors could serve as therapeutic agents for 

CRC.
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Figure 1. 
BZW2 upregulation in CRC. A, BZW2 RNA expression in frozen CRC tissues of whole 

cohort with matched normals was quantified by qRT-PCR using specific primers. Histograph 

presenting group comparisons of relative BZW2 RNA expression in frozen paired normal 

(n=134) and tumor tissues (n=134) of CRC patients. B, In-house validation qRT-PCR 

analysis showing BZW2 expression in various pathologic stages (Stage 1, n=15; Stage 2, 

n=46; Stage 3, n=47; and Stage 4, n=26). C, Kaplan-Meier curves for CRC-specific survival 

with low and high BZW2 expression according to data from TCGA (log rank, P=0.017). 

D, Western blot analyses showing BZW2 levels in frozen CRCs and in paired adjacent 

non-cancerous tissues with respect to the stage of cancer. E & F, IHC staining showing 

the BZW2 expression in adjacent non-tumor tissue (denoted by N), tubule-villus adenoma, 

tubular adenoma (denoted by A), mucinous carcinoma (denoted by M), adenocarcinoma, 

and invasive CRC tissues. Hematoxylin was used for nuclear staining. Scale bar, 100 μm.

Agarwal et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2024 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
BZW2 involvement in the proliferation, spheroid formation, and tumor growth of CRC cells. 

A, The expression of BZW2 was measured by Western blots after BZW2-knockdown in 

CRC cells, HCT116 and SW480. β-Actin was used as a loading control. B, Representative 

photographs of the colony formation assay for NT shRNA and BZW2-knockdown CRC 

cells. C, Phase-contrast microscopy images of CRC spheroids of NT shRNA and BZW2-

knockdown cells (scale bar, 1000 μm). NSG mice were injected subcutaneously with 

HCT116 or SW480 cells (1.0×106/mouse) manifesting various TP53 status with NT shRNA 

or BZW2 shRNA. D, Representative images of tumors at the end of the experiment showing 

HCT116, and E, SW480 xenograft tumors exhibiting control NT shRNA and BZW2 

shRNA. Gross observation of BZW2 shRNA xenografts showing smaller tumors for CRC 

cells as compared to those of NT shRNA xenografts. Tumor volumes and tumor weights 

were measured and plotted as means ± SD.
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Figure 3. 
BZW2 involvement in CRC metastasis in a tail-vein metastasis model. A, HT29 cells 

exhibiting BZW2 shRNA or NT shRNA were injected into tail veins of NSG mice, and 

bioluminescence imaging was performed weekly by injecting luciferin intraperitoneally. B, 

Ex vivo luminescence of organs procured after sacrifice of mice. C, Cultures of mouse bone 

marrow in media containing puromycin to select cancer cells. Representative phase-contrast 

and GFP images after 7 days showing cultured CRC cells from bone marrows of mice 

injected with HT29 cells exhibiting stably expressed NT shRNA or BZW2 shRNA (scale 

bar, 1000 μm. D, Keratin 8+18 (yellow) and ALP (red) co-staining of bone lesions of NT 

shRNA or BZW2 shRNA cells. DAPI was used for nuclear staining (scale bar, 20 μm).
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Figure 4. 
Ectopic expression of BZW2 enhances malignant phenotypes of CRC. A, Expression 

of BZW2 in RKO cells was analyzed by Western blotting. B, Cell proliferation 

assay evaluating the effect of BZW2 overexpression on proliferation of RKO cells. C, 

Representative images of crystal violet-stained colonies of RKO cells transfected with a 

lenti-control or lenti-BZW2. D, Invasion capacity of BZW2-overexpressing or control vector 

RKO cells examined by a Transwell Matrigel invasion assay. E, Representative spheroids 

formed after BZW2 overexpression in RKO cells. F, BZW2 overexpressing or control vector 

RKO cells (2 ×106/mouse) were injected subcutaneously into NSG mice. On day 20, the 

six mice were sacrificed, and tumors were harvested. Values are presented as the means 

± SD. G, In vivo luminescence imaging of NSG mice with RKO cells exhibiting BZW2 

overexpression or control vector was performed. H, Representative photographs of liver and 

kidney retrieved from the metastasis experiment.
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Figure 5. 
MALAT1 and NEAT1 as downstream targets of BZW2 in CRC. A, Heatmap of 

differentially expressed genes from expression profiling of stable BZW2-knockdown 

HCT116, SW480, and HT29 cells. B, qRT PCR analysis of BZW2, MALAT1, and NEAT1 

and C, P4HA1 in RNA of HCT116, SW480, and HT29 cells with stable BZW2-knockdown. 

D, RNA expression of BZW2, MALAT1, and NEAT1 in xenografts of HCT116 exhibiting 

BZW2 knockdown. E, Western blot analysis showing the expression of P4HA1 in BZW2-

knockdown CRC cells. F, RNA expression of BZW2, MALAT1, NEAT1, and P4HA1 in 

BZW2-overexpressing RKO xenografts. Quantitative data are means ± SD. *P < 0.01. G, 

The expression of BZW2 was measured after knockdown of P4HA1.
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Figure 6. 
BZW2 regulation by MYC and miR-98 in CRC. A, MYC transcription binding sites in the 

BZW2 promoter region: IGV snapshots of MYC ChIP-seq data [GSE51290] for gene and 

promoter region of BZW2. Top track shows MYC binding sites; the next two tracks indicate 

ChIP-seq read coverage on antibody treatment (MYC) and IgG in CRC cells (LoVo). LacZ 

control and MYC adenovirus were transduced into SV-40 transformed CRL1807 colon cells. 

B qRT-PCR analysis was performed to assess the RNA expression of MYC and BZW2 

after MYC overexpression. C, HCT116, and SW480 cells were exposed to JQ1 followed 

by probing for BZW2 and c-Myc. D, HCT116, and SW480 cells were transfected with 

NT-pre-miR or miR-98. Immunoblot analyses were performed to assess BZW2 protein 

expression. Ectopic expression of NT-pre-miR or miR-98 was performed for HCT116, and 

SW480 cells to assess E, cell proliferation, F, colony formation, and G, invasion.
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Figure 7. 
EZH2 regulates BZW2, which activates the WNT/β-catenin signaling pathway in CRC. A, 

qRT-PCR analysis showing the expression of miR-98 and B, qRT-PCR analysis to assess 

the expressions of miR-98 and BZW2 in GSK-126-treated CRC cells. C, qRT-PCR analysis 

showing the relation of miR-98 with EZW2 or BZW2 in human CRC samples. D, Protein 

levels of EZH2, BZW2, and P4HA1 were measured in human CRCs (denoted by T) and 

matched adjacent normal breast (denoted by N) tissues (n = 5) by Western blot analysis. 

WNT/β-catenin signaling molecules, active-β-catenin, LEF1, and TCF1 protein levels were 

measured in xenografts of E, HCT116. F, SW480 and G, RKO having modulated BZW2 

expression. H, Protein levels of WNT/β-catenin signaling molecules were measured in CRC 

(denoted by T) and matched adjacent normal (denoted by N) tissues (n = 5), that were used 
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in Fig 7D, by Western blot analysis. Quantitative data are presented in means ± SD. *P < 

0.01.
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