
Cancer Science. 2021;112:101–116.	﻿�    |  101wileyonlinelibrary.com/journal/cas

1  | INTRODUC TION

Colorectal carcinoma (CRC) is the most common digestive tract malig-
nancy and has the second highest mortality rates among the 36 known 
cancers worldwide.1 The global burden of CRC is expected to increase 
by 60% to more than 2.2 million new cases and 1.1 million deaths by 
2030.2 Although there have been improvements in diagnostic and 

therapeutic strategies in CRC, the overall median survival is only 
42 months due to late diagnosis and severe clinicopathological charac-
teristics.3 Therefore, investigating the genetic landscape and exploring 
novel functional genes in CRC oncogenesis and progression could help 
ameliorate the current therapeutic limitations in CRC.

The ribosome biogenesis 1 homolog (URB1), also known as Npa1 
or Nop254 in Saccharomyces cerevisiae, is a ribosome assembly 
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Abstract
Ribosome assembly factor URB1 is essential for ribosome biogenesis. However, its 
latent role in cancer remains unclear. Analysis of The Cancer Genome Atlas database 
and clinical tissue microarray staining showed that URB1 expression was upregulated 
in colorectal cancer (CRC) and prominently related to clinicopathological character-
istics. Silencing of URB1 hampered human CRC cell proliferation and growth in vitro 
and in vivo. Microarray screening, ingenuity pathway analysis, and JASPAR assess-
ment indicated that activating transcription factor 4 (ATF4) and X-box binding pro-
tein 1 (XBP1) are potential downstream targets of URB1 and could transcriptionally 
interact through direct binding. Silencing of URB1 significantly decreased ATF4 and 
cyclin A2 (CCNA2) expression in vivo and in vitro. Restoration of ATF4 effectively 
reversed the malignant proliferation phenotype of URB1-silenced CRC cells. Dual-
luciferase reporter and ChIP assays indicated that XBP1 transcriptionally activated 
ATF4 by binding with its promoter region. X-box binding protein 1 colocalized with 
ATF4 in the nuclei of RKO cells, and ATF4 mRNA expression was positively regulated 
by XBP1. This study shows that URB1 contributes to oncogenesis and CRC growth 
through XBP1-mediated transcriptional activation of ATF4. Therefore, URB1 could 
be a potential therapeutic target for CRC.
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factor (RAF) that is highly conserved within various eukaryotes and 
essential for the assembly of ribosomal subunits.4,5 Urb1 associates 
with Urb2 and the other five RAFs to form a low-molecular-mass 
complex, which is involved in the early steps of 60S ribosomal sub-
unit assembly.6 It is reported that URB1 frameshift mutation re-
sulting in a complete loss-of-function, like the “natural knockouts” 
effect, causes embryonic lethality in pigs.7 In a previous study, we 
reported that RAPTOR promoted CRC proliferation by inducing 
mTORC1 signaling activation and upregulating URB1 and cyclin A2 
(CCNA2), further suggesting an oncogenic role for URB1 in CRC.8 
PNO1 is another RAF that has been shown to contribute to CRC 
proliferation and progression through negative regulation of the p53 
signaling pathway.9 Considering its conserved function, similar to 
PNO1, and its significance in our preceding study, it is not surprising 
that URB1 might perform a novel function beyond ribosome assem-
bly in tumorigenesis.

Activating transcription factor 4 (ATF4) is a member of the ATF/
CREB family and belongs to the basic region-leucine zipper family of 
transcription factors. Activating transcription factor 4 is increased in 
response to a diverse array of microenvironmental stress signals, in-
cluding amino acid deprivation, hypoxia, and endoplasmic reticulum 
stress (ERS).10,11 Of note, amino acid deprivation originating from the 
rapid growth of tumor cells stimulates general control non-depress-
ible 2 expression and activates ATF4. This promotes tumor prolif-
eration and angiogenesis by controlling the expression of adaptive 
genes that give cells the capability to endure periods of stress and 
survive.12,13 Furthermore, ATF4 plays a pivotal role in promoting os-
teoblast cell proliferation through ERS-induced PERK-EIF2a-ATF4 sig-
naling pathway activation. Blocking ATF4 decreased the expression 
of metabolism-related genes and cell proliferation markers, such as 
cyclin E, cyclin D, and cell division cycle gene 2.14 It is known that 
ATF4 is overexpressed in various malignant tumors and responsible 
for catastrophic biological behaviors due to multiple cellular stresses 
and dysfunctions in metabolism.15-18 It also induces p53-independent 
apoptosis, a mechanism by which tumor cells reduce the stress re-
sulting from rapid proliferation and nutrient limitations inside a grow-
ing tumor mass.19 However, the role of ATF4 and its interaction with 
URB1 in tumorigenesis needs to be elucidated.

In this study, we showed that URB1 is involved in CRC prolifer-
ation through activation of ATF4 transcription. Overexpression of 
ATF4 effectively restored the malignant proliferation phenotype in 
URB1-silenced CRC cells. A further study on the regulatory mecha-
nisms of URB1 on ATF4 could lead to identification of new biomark-
ers and therapeutic targets for CRC.

2  | MATERIAL S AND METHODS

2.1 | Patient specimens and tissue microarray

Forty pairs of cancerous and matched noncancerous samples were 
obtained from patients with CRC who had undergone radical surgi-
cal excision between April and August 2018 at the Gansu Provincial 

People’s Hospital (Lanzhou, China). None of these patients had un-
dergone radiotherapy or chemotherapy prior to surgery. The speci-
mens were used with written informed consent from the patients, 
and the study was approved by the Ethics Committee of the Gansu 
Provincial People’s Hospital. Two tissue microarray (TMA) slides con-
taining 80 pairs and 101 pairs of CRC tissue samples were purchased 
from Shanghai Outdo Biotech. Samples and TMAs were processed 
using routine methods for quantitative PCR or immunohistochem-
istry (IHC) staining. Clinicopathological characteristics, including 
gender, age, TNM stage, lymph node metastasis, histological grade, 
pathological subtype, and K-RAS mutation status, were obtained and 
summarized based on medical records.

2.2 | Immunohistochemistry

Immunohistochemistry for anti-URB1 (1:50; Abcam) in TMA, and 
anti-ATF4 (1:50; Abcam), anti-CCNA2 (1:50; Abcam), and anti-Ki-67 
(1:50; Abcam) in xenograft tissues was carried out using standard 
methods. The intensity and percentage of positively stained cells 
in each sample were evaluated by two experienced pathologists 
blinded to this study. For URB1 protein levels, negative expression 
was defined as no or weak staining in cells, whereas positive expres-
sion was defined as distinct or strong staining in more than 20% of 
cells.20 The high or low expression levels were assessed as previ-
ously described.9

2.3 | Cell culture and transfection

The RKO, SW480, LoVo, and HCT116 human CRC cell lines and the 
NCM460 colon epithelial cell line and the fibroblast CCD-18Co were 
obtained from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). HCT116 cells were maintained in McCoy’s 5A 
medium (ScienCell), and the other cell lines were maintained in high 
glucose DMEM (Gibco). All of the media contained 10% FBS (Thermo 
Fisher Scientific), penicillin (100 U/mL), and streptomycin (100 µg/
mL). Cells were cultured in a humid atmosphere with 5% CO2 at 
37°C. To test the authenticity of RKO and HCT116 cells, short tan-
dem repeat profiling was carried out.

Two shRNAs for URB1 silencing and a nonsense control shRNA 
were cloned into GV115 to construct the interfering lentiviral vec-
tors (named sh1 and sh2) and the control lentiviral vector (named nc). 
We cloned the URB1 coding sequence (CDS) into overexpression 
vector (cat. CV130) and ATF4 CDS into overexpression vector (cat. 
GV365) to construct the corresponding overexpression lentiviral 
vectors. All of the lentiviral vectors were constructed and purchased 
from GeneChem. The XBP1 overexpression vector (CMV-XBP1) 
was constructed and purchased from Hanbio Biotech (Shanghai, 
China). Then the corresponding vectors were added to cultured 
cells according to the protocols recommended by the manufacturer. 
Transfection efficiency was evaluated by quantitative real time PCR 
and western blotting.
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The sequences used were as follows: sh1, 5′–CCGGATGAACA 
GATTCACCGTAAATCTCGAGATTTACGGTGAATCTGTTCATTTT 
TT-3′; sh2, 5′–CCGGACACAGCCTTATCCCTTATTTCTCGAGAAATA 
AGGGATAAGGCTGTGTTTTTT-3′; nc, 5′-CCGGTTCTCCGAACGTG 
TCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTT-3′; 
URB1-forward (F), GATCCAGTTTGGTTAATTAATAGTTATTAATAGT 
AATCAATTACGGGGTC; URB1-reverse (R), CACACATTCCACAGG 
AATTCTCATTTGTCGTCATCATCCTTATAGTCC; ATF4-F, GAGGATC 
CCCGGGTACCGGTCGCCACCATGACCGAAATGAGCTTCCTG; 
ATF4-R, TCCTTGTAGTCCATACCGGGGACCCTTTTCTTCCCCCTTG; 
XBP1-F, ATGGTGGTGGTGGCGCCCCC; and XBP1-R, TTAGTTCAT 
TAATGGCTTCCAGCT.

2.4 | Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Sigma). First-strand cDNA 
was synthesized using the Promega M-MLV reagent kit (Promega; cat. 
M1705) according to the manufacturer’s instructions. The mRNA was 
quantified by real-time PCR using SYBR Master Mixture (Takara Bio). 
GAPDH mRNA expression levels served as the internal control for nor-
malization. The comparative Ct method was used to evaluate the relative 
mRNA expression levels of genes among different groups. The primer 
sequences were as follows: URB1-F, GCGGAAACCTGACACTCTTG; 
URB1-R, GACTTCGCTCGTGGGATAAA; ATF4-F, CAGCAGCACCAG 
GCTCT; ATF4-R, TCGAAGGTGTCTTTGTCGGT; CCNA2-F, CCCAGA 
AGTAGCAGAGTTTGTG; CCNA2-R, TTGTCCCGTGACTGTGTAGAG; 
XBP1-F, CCGCAGCAGGTGCAGG; and XBP1-R, GAGTCAATACCGC 
CAGAATCCA.

2.5 | Western blot analysis

Total protein was extracted from RKO and HCT116 cells and sepa-
rated by SDS-PAGE. The extracts were transferred to nitrocellulose 
membranes, blocked, and incubated with a primary Ab overnight at 
4°C. The immune complexes were incubated with secondary Abs 
and then visualized using a chemiluminescence detection system 
(Thermo Fisher Scientific). The band intensity was semiquantified 
using ImageJ software. Protein expression was normalized to the 
level of GAPDH. The primary Abs, including anti-URB1 rabbit poly-
clonal Ab, anti-ATF4 rabbit mAb, anti-XBP1 rabbit mAb, and anti-
CCNA2 mouse mAb were purchased from Abcam.

2.6 | Cell proliferation assay

Cells in logarithmic growth were seeded into 96-well plates at a den-
sity of 2000  cells/well in an atmosphere of 5% CO2 at 37°C. The 
Celigo S Imaging Cell Cytometer (Nexcelom Bioscience) was utilized 
to count and record the growth of cells every day for 5 days. For 
MTT assays, the cells were incubated with MTT (20  μL, 5  μg/mL) 
every day until 4  hours prior to termination of cell culture. After 

aspiration of the medium, DMSO (100  μL) was used to lyse the 
formazan. Absorbance at 490 nm was recorded using a microplate 
reader.

2.7 | Colony formation assay

Cells were seeded into 6-well culture plates at a density of 500 cells/
well or 1000 cells/well. The cells were cultured in a humidified incu-
bator at 37°C with 5% CO2 for 14 days to allow for colony formation. 
Medium was replaced and cell status was observed every 2-3 days. 
After washing with PBS and fixation with paraformaldehyde, cells 
were stained with crystal violet (0.1%) for 10-20 minutes. The plates 
were scanned and the number of colonies was counted.

2.8 | Flow cytometry assays

Cells growing in 6-well plates were harvested and centrifuged (150 g) 
for 5  minutes and then washed with precooled D-Hanks solution 
(pH 7.2-7.4, 4°C) followed by binding buffer. Propidium iodide and 
annexin V-APC (KeyGEN) was used to stain the cells for apoptosis 
analysis. Propidium iodide staining was used for cell cycle analy-
sis. The percentage of cells was analyzed by flow cytometry (FCM) 
(FACSCalibur).

2.9 | Microarray assay and bioinformatics analysis

Microarray assay was carried out to identify DEGs between RKO 
cells transfected with sh1 (sh-URB1#1, n = 3) and nc (sh-NC, n = 3) 
lentiviral vectors. This experiment was implemented by Shanghai 
GeneChem. In brief, total RNA was extracted from URB1 shRNA- and 
control shRNA-transfected RKO cells. Complementary DNA was syn-
thesized, labeled, and hybridized to the human GeneChip primeview 
array (Affymetrix). GeneChip Scanner 3000 and GeneChip GCOS 
1.4 software were used to scan and analyze the data. The Ingenuity 
Pathway Analysis (IPA) system (Ingenuity Systems) was used to iden-
tify the DEGs and predict the underlying regulatory mechanisms. The 
JASPAR database (http://jaspar.gener​eg.net/) was consulted to pre-
dict the XBP1 binding sites within the promoter region of ATF4.

2.9.1 | Immunofluorescence

Cells were seeded into 24-well culture plates and treated with 
URB1 silencing (sh-URB1#1) or negative control (sh-NC) lentiviral 
vectors, followed by 4% paraformaldehyde fixation for 15 minutes 
and permeabilization with 0.3% Triton X-100 at 37°C for 30 min-
utes. After blocking with 10% goat serum for 30 minutes at room 
temperature, the cells were incubated with fluorescent Abs against 
ATF4 (1:1000 dilution in PBS) and XBP1 (1:500 dilution in PBS) at 
4°C overnight. Subsequently, cells were further incubated with a 

http://jaspar.genereg.net/
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FITC-conjugated secondary Ab and 5% BSA in PBS for 1 hour at 
room temperature in the dark. Cells were then stained with DAPI 
for 5  minutes. Images were acquired on a confocal microscope 
(Leica Microsystems).

2.9.2 | Dual-luciferase reporter assay

The Cell Genome Extraction Kit was used to extract total genomic 
DNA. The ATF4 promoter sequence was amplified using the 
primers (F, 5′-ACGCGT CACTGGGAGCCTTGTGACTT-3′; R, 
5′-CTCGAGAAACTCTGGAAAGGAGCCGG-3′; product length 
597 bp). The target fragment was recovered by agarose gel electro-
phoresis and ligated between the MluI and Xhol restriction sites of the 
pGLC-basic vector to obtain the ATF4 promoter luciferase reporter 
vector (WT-pGL3-ATF4). A mutant vector of the ATF4 promoter 
(Mut-pGL3-ATF4) was constructed according to the site-specific 
mutation kit instructions, and the mutation primers were as follows 
(F, 5′-CGAACTACCCCAGGGAGCAAAGCGCGAAGAAAATCT-3′; 
R, 5′-AGATTTTCTTCGCGCTTTGCTCCCTGGGGTAGTTCG-3′). 
The XBP1 overexpression vector (CMV-XBP1) and the negative 
control vector (CMV-Empty) were constructed by Hanbio Biotech. 
Lipofectamine 2000 was used for transfection and 48 hours later, 
firefly luciferase and Renilla luciferase activity was measured using a 
Dual-Luciferase Reporter Assay System (Hanbio). Relative luciferase 
activity was corrected using the Renilla luciferase activity of the 
CMV-Empty and normalized to the activity of the control.

2.9.3 | Chromatin immunoprecipitation assay

RKO cells in logarithmic growth period were cross-linked in 4% 
paraformaldehyde and the reaction was quenched with glycine. 
Pelleted cells were resuspended in the SDS lysis buffer and incu-
bated on ice for 10 minutes. Chromatin DNA was sonicated and 
centrifuged for 10 minutes at 13 000 g at 4°C. XBP1 was immuno-
precipitated from the cleared lysates by incubation overnight with 
a rabbit monoclonal anti-XBP1 Ab (ab220783) at 4°C. Agarose 
protein A/G was added and incubated overnight with shaking at 
4°C. After washing and elution, the protein-DNA complex was 
reversed by heating at 65°C for 4 hours. Eluate was adjusted to 
40  mmol/L Tris pH 6.8, 10  mmol/L EDTA, then incubated with 
RNase A, and followed by proteinase K. DNA was recovered by 
DNA recovery kit. Polymerase chain reaction was carried out with 
MasterMix from 2 Prime with the following primer sets: ATF4 
(primer) promoter F, 5′-GGCCTCGGTTTACCATTGGA-3′; and R, 
5′-AGTCTGCATGGCTCCTCCTA-3′.

2.10 | In vivo experiment

Animal studies were undertaken in strict accordance with the Guide 
for the Care and Use of Laboratory Animals and approved by the Ethics 

Committee of the Gansu Provincial Hospital (Gansu, China). Twenty 
(n = 10 per group) BALB/C nude mice (4 weeks old, female) were pur-
chased from Shanghai SLCA Laboratory Animal Co. RKO cells (1 × 106 
cells in 200 μL PBS) transfected with sh-URB1#1 or sh-NC lentiviral 
vectors were injected s.c. into the right axilla of the nude mice. The 
weight of each mouse and xenograft length and width were measured 
every 2 days starting on day 10 after injection. These data were used 
to calculate the weight and volume of xenografts. Intraperitoneal in-
jection of D-Luciferin (15 mg/mL), carried out prior to anesthesia and 
analysis using the Fluorescence Imaging System (Perkin Elmer), was 
used to monitor the xenograft growth status in vivo. Xenograft tissues 
were evaluated macroscopically and microscopically.

2.10.1 | Statistical analysis

Data for continuous variables are presented as means ± SD. An inde-
pendent sample t test was used to assess the significant differences be-
tween two groups, and differences among three or more groups were 
compared by one-way ANOVA. The χ2 test was used to examine the as-
sociations between URB1 expression and different clinical parameters. 
P < .05 was defined as statistically significant. GraphPad Prism 7.0 soft-
ware and SPSS 20.0 (IBM) were used to produce all statistics.

3  | RESULTS

3.1 | URB1 is highly expressed and positively 
associates with poor clinicopathological 
characteristics in human CRC

By consulting and analyzing The Cancer Genome Atlas datasets 
(http://ualcan.path.uab.edu), we found that URB1 expression is no-
ticeably higher in colorectal cancer tissues compared with adjacent 
normal tissues (Figure 1A). We then showed that URB1 mRNA ex-
pression was significantly upregulated in cancer tissues compared 
with paratumor tissues based on RT-PCR detection in 40 CRC sam-
ples (Figure  1B). Furthermore, the two sheets of CRC TMA were 
used to analyze the correlation between URB1 expression and clin-
icopathological features by IHC staining. From TMA-HColA180Su17 
IHC staining, we found that 55.45% (56/101) of the cancer speci-
mens showed a higher URB1 expression, whereas URB1 overexpres-
sion was only detected in 37.62% (38/101) of the adjacent normal 
specimens (Figure 1C,D). Compared with paratumor tissues, URB1 
was markedly overexpressed in cancer tissues and significantly cor-
related with poorer tumor differentiation and later T and TNM stage 
(Figure 1E,G,H), but not with the other clinicopathological character-
istics (Table 1). Moreover, from TMA-HColA160Cs01 IHC staining, 
we observed that the URB1 expression pattern was not related to 
K-RAS mutation (Figure 1F). The results uncovered that URB1 was 
upregulated in CRC, and stronger URB1 expression was closely cor-
related with more severe clinicopathological characteristics, sug-
gesting that URB1 might be an oncogene in CRC.

http://ualcan.path.uab.edu
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3.2 | URB1 silencing inhibits proliferation and 
induces apoptosis of CRC cells in vitro

We explored the potential effect of URB1 on the malignant biological 
phenotype of CRC cells. First, we utilized RT-PCR and western blotting 
to measure the endogenous expression levels of URB1 in CRC cell lines 
(RKO, HCT116, SW480, and LOVO) and the NCM460 normal colon epi-
thelial cell line. The results indicated that CRC cells have higher URB1 
mRNA and protein expression levels than normal colon epithelial cells 

(Figure 2A). We designed and synthesized two shRNAs (sh1 and sh2) to 
knock down URB1 in RKO and HCT116 cells, and then verified that URB1 
mRNA and protein expression was efficiently silenced by the two shRNAs 
(Figure 2B). We carried out Celigo cell counting, MTT, and colony forma-
tion assays to test the effect of URB1 on CRC cell proliferation. Results 
showed that URB1 silencing significantly impeded the proliferation and 
cloning ability of RKO and HCT116 cells (Figure 2C-E). Furthermore, FCM 
cell apoptosis assay results showed that URB1 silencing significantly 
induced apoptosis in CRC cells (Figure 2F). Taken together, the results 

F I G U R E  1   Expression and clinical correlation of URB1 in colorectal cancer (CRC). A, Comparison of URB1 expression in CRC 
tissues and adjacent normal tissues based on The Cancer Genome Atlas (TCGA) datasets. COAD, colon adenocarcinoma; READ, rectal 
adenocarcinoma. B, mRNA expression of URB1 was measured in paired clinical CRC samples using quantitative real-time PCR (n = 40). 
C-E, Immunohistochemistry (IHC) was utilized to measure the quantification of URB1 protein expression in clinical CRC tissue microarray 
(HcolA180Su17) (n = 101). F, Correlation between URB1 expression and K-RAS status from CRC tissue microarray (HcolA160Cs01). G, 
Overexpression of URB1 was associated with greater T stage (P = .012) and TNM stage (P = .005) in CRC patients. H, Quantification and 
representative photomicrographs of IHC staining for URB1 protein expression in TMA of CRC. Scale bar = 100 μm (×40 magnification) and 
50 μm (×400 magnification). Data are expressed as mean ± SD. *P < .05, **P < .01. ns, not significant
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showed that URB1 might enhance the malignant proliferation phenotype 
of CRC cells, suggesting that URB1 acts as an oncogene in CRC.

3.3 | Identification of ATF4 as a downstream 
target of URB1 in CRC

Microarray screening experiments based on three pairs of URB1 
silenced (sh-URB1#1) and negative control (sh-NC) RKO cells and 

IPA were used to investigate DEGs and their related regulatory 
mechanisms. Pearson’s correlation analysis and principal compo-
nent analysis collectively implied that the extracted samples fully 
met the quality inspection standards (Figure 3A,B). The volcano plot 
analysis identified that, compared with the sh-NC group, there were 
376 upregulated and 441 downregulated DEGs in the sh-URB1#1 
group (Figure 3C). Hierarchical clustering analysis was used to com-
pare the expression patterns and the functional clustering of DEGs 
(Figure 3D). The IPA indicated that the DEGs were enriched in bio-
logical functions including cell cycle regulation and cancer, and in the 
canonical pathways including cell cycle control, tRNA charging, and 
p53 signaling (Figure 3E,F). The heatmap of DEGs and IPA upstream 
regulator analysis showed that ATF4 was a downstream target of 
URB1 and located upstream of other DEGs (Figure 3G,H). Finally, we 
verified that URB1 positively regulated ATF4 and CCNA2 expression 
in vitro (Figure 3I), which in turn supported the microarray and IPA 
results.

3.4 | Overexpression of ATF4 effectively 
restores the malignant proliferation phenotype of 
URB1-silenced CRC cells

We transfected corresponding lentiviral vectors into RKO cells and 
utilized RT-PCR and western blot assays to detect the recovery 
effect of the ATF4 overexpression vector (OE-ATF4) on ATF4 ex-
pression in URB1-silenced (KD-URB1) RKO cells. The results indi-
cated that, compared with the KD (URB1) + NC (ATF4) group, ATF4 
expression was significantly higher in the KD (URB1) + OE (ATF4) 
group, indicating that ATF4 acts downstream of URB1 regulation 
(Figure 4A). Furthermore, MTT and colony formation data revealed 
that, compared with the NC (URB1) + NC (ATF4) group, prolifera-
tion and cloning ability was inhibited visibly in the KD (URB1) + NC 
(ATF4) group, but was restored effectively in the KD (URB1) + OE 
(ATF4) group (Figure 4B,C). Additionally, the FCM assay suggested 
that overexpression of ATF4 markedly reversed the increased apop-
totic capacity of URB1-silenced RKO cells (Figure 4D). These results 
clarify that ATF4 is a downstream target of URB1 and is involved in 
the oncogenic role of URB1 in CRC.

3.5 | Transcriptional regulation of ATF4 by URB1 is 
mediated by XBP1

Through microarray screening and in vitro experiments, we veri-
fied that XBP1, a classical transcription factor, can be positively 

TA B L E  1   Correlation between URB1 expression and 
clinicopathologic characteristics in patients with colorectal cancer

Characteristic No. of cases

URB1 
expression

P valuea Low High

Age (y)

≤60 22 9 13 .697

>60 79 36 43

Gender

Male 50 19 31 .189

Female 51 26 25

Pathologic subtype

Adenocarcinoma 63 30 33 .429

Mucinous 
adenocarcinoma

38 15 23

Pathological grading

pG1 23 16 7 .023*

pG2 62 23 39

pG3 16 6 10

Primary tumor

T1, T2 6 5 1 .012*

T3 75 36 39

T4 20 4 16

Lymph node status

N0 61 29 32 .757

N1 30 12 18

N2 10 4 6

TNM stage

I 6 5 1 .005**

II 54 29 25

III-IV 41 11 30

aχ2 test. 
*P < .05. 
**P < .01. 

F I G U R E  2   Silencing of URB1 inhibits proliferation and induces apoptosis in colorectal cancer (CRC) cells. A, URB1 mRNA and protein 
expression in a normal human colon epithelial cell line (NCM460) and the human CRC cell lines (LoVo, RKO, HCT116, and SW480) were 
assessed by quantitative real-time PCR (qRT-PCR) and western blotting. B, Interference efficiency of two specific shRNAs (sh1 and sh2) to 
URB1 in CRC cells was measured by qRT-PCR and western blotting. C, D, Celigo cell counting assays and MTT assays indicated that URB1 
silencing inhibited proliferation in CRC cells. E, Colony formation in CRC cells was repressed by URB1 silencing. F, Apoptosis in CRC cells 
was increased by URB1 silencing. Scale bar = 50 μm (×100 magnification). Data are expressed as mean ± SD (n = 3). **P < .01, ***P < .001, 
****P < .0001. nc, control lentiviral vector; ns, not significant
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regulated by URB1 (Figure 5A,B). By consulting the JASPAR data-
base (http://jaspar.gener​eg.net/), we forecasted that XBP1 has a 
binding site within the 2000 bp promoter region of ATF4 (Figure 5C). 

Furthermore, the WT and mutant sequences of the ATF4 pro-
moter region containing the XBP1 binding site were constructed 
and cloned into a luciferase reporter vector (Figure  5D). We then 

http://jaspar.genereg.net/
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carried out dual-luciferase reporter experiments and observed that 
the XBP1 overexpression vector prominently upregulated the lu-
ciferase activity of the WT promoter sequence but not the mutant 
promoter sequence of ATF4. Furthermore, CHiP assay indicated that 

the ATF4 promoter region can be bound physically by XBP1 protein. 
This indicated that XBP1 might activate ATF4 transcription by di-
rectly binding to its promoter sequence (Figure 5E,H). Moreover, we 
confirmed that ATF4 mRNA expression was dramatically increased 

F I G U R E  3   Microarray screening and Ingenuity Pathway Analysis (IPA) suggest an oncogenic role for URB1 and predicted the 
differentially expressed genes (DEGs) involved in URB1-related biological processes. A, B, Pearson’s correlation (A) and principal component 
analysis (B) were used to affirm the correlation and variation of experimental samples. C, Volcano plot was used to compare DEG expression 
profiles. D, Hierarchical clustering heatmap showing the mRNA expression profiles in the negative control (sh-NC) and silencing (sh-URB1#1) 
groups. E, F, Enrichment of the top five cell biological processes and canonical signaling pathways based on IPA analysis suggested the 
biological functions of URB1. G, Heatmap of 32 selected DEGs highly related to the biological processes and canonical pathways analyzed 
in E and F. H, Upstream regulator analysis of IPA revealed that the displayed DEGs can be demonstrably regulated by URB1 through a 
downstream target, activating transcription factor 4 (ATF4). I, Quantitative RT-PCR and western blotting verified the positive regulation of 
ATF4 by URB1. Data are expressed as mean ± SD (n = 3). **P < .01, ***P < .001. CCNA2, cyclin A2
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by the XBP1 overexpression plasmid (Figure 5F). In addition, immu-
nofluorescence staining was used to measure the direct interaction 
of XBP1 and ATF4. The data indicated that XBP1 and ATF4 colocal-
ized in the nucleus in RKO cells and that URB1 silencing synchro-
nously decreased the fluorescent expression of the XBP1 and ATF4 
proteins (Figure 5G). In brief, the results revealed the feasibility of a 
URB1-XBP1-ATF4 regulatory mechanism in CRC cells.

3.6 | URB1 overexpression promotes 
proliferation of CRC cells and fibroblast cells in vitro

We successfully overexpressed URB1 in three CRC cells and one 
fibroblast to verify the oncogenic role of URB1 (Figure 6A,E). The 
MTT, colony formation, and FCM assays indicated that URB1 over-
expression markedly promoted the proliferation of SW480 cells 

F I G U R E  4   Activating transcription factor 4 (ATF4) overexpression effectively rescues the malignant phenotype of URB1-silenced 
RKO cells. A, Confirmed by quantitative RT-PCR and western blotting, the ATF4 overexpression lentiviral vector (OE ATF4) restored ATF4 
expression in URB1-silenced RKO cells. B, C, MTT and colony formation assays were used to compare the proliferation and cloning ability of 
RKO cells between the different transfection groups. D, Flow cytometry indicated that ATF4 overexpression reduced apoptosis in URB1-
silenced RKO cells. Data are expressed as mean ± SD (n = 3). *P < .05, **P < .01, ***P < .001. KD, knock down; NC, negative control; ns, not 
significant
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and inhibited the apoptosis of HCT116 cells, but with little ef-
fect to the others (Figure 6B-D). Moreover, we found that URB1 
overexpression significantly accelerated cell cycle progression and 
promoted proliferation in fibroblast cells (Figure 6F,G). In addition, 
western blotting data showed that URB1 overexpression promi-
nently upregulated XBP1 and ATF4 protein expression levels in 
RKO cells (Figure 6H), implying the role of the URB1-XBP1-ATF4 
axis in tumorigenesis. The results indicated that URB1 might be an 
oncogene in CRC.

3.7 | URB1 silencing suppresses the growth of 
human CRC xenografts and inhibits ATF4 and CCNA2 
expression in vivo

We then explored whether URB1 contributes to CRC carcinogen-
esis and growth in vivo. The s.c. human CRC xenograft model was 
established in BALB/c nude mice using URB1-silenced (sh-URB1#1) 
RKO cells and the corresponding negative control (sh-NC) cells. The 
results revealed that the sh-URB1#1 group showed a lower tumor 

F I G U R E  5   URB1 regulates activating transcription factor 4 (ATF4) through the transcriptional control of X-box binding protein 1 (XBP1). 
A, B, Microarray screening, RT-PCR, and western blotting were used to investigate the potential regulation of XBP1 by URB1. C, XBP1 binding 
site on the ATF4 promoter region was predicted by consulting the JASPAR database. D, Schematic illustration of the XBP1 binding site on WT 
and mutant (Mut) ATF4 promoter sequences. E, F, Dual luciferase reporter assays and RT-PCR confirmed the specific binding of XBP1 with the 
ATF4 promoter and the activation of ATF4 mRNA transcription. G, Subcellular colocalization of XBP1 and ATF4 in RKO cells was evaluated 
by immunofluorescence staining. H, Interaction of XBP1 with ATF4 promoter region was validated by CHiP assay. Scale bar = 50 μm (×100 
magnification). Data are expressed as mean ± SD (n = 3). **P < .01, ***P < .001. ns, not significant; sh-NC, negative control
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F I G U R E  6   URB1 overexpression promotes proliferation in colorectal cancer (CRC) cells and fibroblasts. A, URB1 overexpression 
efficiency in CRC cells was measured by quantitative RT-PCR and western blotting. B-D, MTT, colony formation, and flow cytometry (FCM) 
assays were used to evaluate the effect of URB1 overexpression on CRC cells. E, URB1 overexpression efficiency in fibroblasts assessed 
by western blotting. F, G, FCM and MTT assays indicated that URB1 overexpression promotes cell cycle progression and proliferation in 
fibroblasts. Blank, blank control group; URB1, URB1 overexpression group; Vector, negative control group. H, Regulation of URB1 on X-box 
binding protein 1 (XBP1) and activating transcription factor 4 (ATF4) in CRC cells was measured by western blotting. Data are expressed as 
mean ± SD (n = 3). *P < .05, **P < .01, ***P < .001, ****P < .0001. ns, not significant



112  |     WANG et al.

F I G U R E  7   Silencing of URB1 inhibits colorectal cancer cell proliferation in vivo. A, B, Images of s.c. xenografts from URB1 silenced (sh-
URB1#1) and negative control (sh-NC) groups (n = 10). C-E, Comparison of tumor weight (C), mean tumor diameter (D), and tumor volume 
growth curves (E) for s.c. xenografts of the indicated groups. F, In vivo fluorescence imaging (left panel) and GFP intensity analysis (middle 
and right panels) show the different growth status of xenografts between the indicated groups (n = 10). G, Immunohistochemistry staining 
to detect the regulatory effect of URB1 on activating transcription factor 4 (ATF4), cyclin A2 (CCNA2), and Ki-67 expression in vivo. Scale 
bar = 50 μm (×400 magnification). Data are expressed as mean ± SD (n = 5). *P < .05, **P < .01, ***P < .001
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weight, smaller tumor size, and a slower increase in tumor volume 
compared with the sh-NC group (Figure 7A-E). Fluorescence imaging 
in vivo was executed to observe the growth status of CRC xenografts 
in tumor-bearing nude mice. Fluorescein intensity detection showed 
a conspicuous disparity in xenograft cell proliferation between the 
sh-URB1#1 and sh-NC groups (Figure  7F). Immunohistochemistry 
staining images showed that URB1, ATF4, CCNA2, and Ki-67 protein 
expression levels were observably lower in the URB1-silenced xeno-
grafts than in controls (Figure  7G), which was consistent with the 
conclusions in vitro. In brief, these in vivo results provide evidence 
that URB1 substantially contributes to tumorigenesis and growth in 
CRC by activating ATF4.

4  | DISCUSSION

The most important finding of this study was that URB1, one of 
the RAFs, plays a pivotal role in tumorigenesis. Overexpression of 
URB1 in CRC was highly related to more severe clinicopathologi-
cal characteristics. Silencing of URB1 curtailed carcinogenesis and 
CRC growth in vitro and in vivo through inhibition of proliferation 
and induction of apoptosis through the transcriptional regulation of 
ATF4. In addition, overexpression of ATF4 restored the malignant 
phenotype of CRC. Furthermore, we showed that the transcriptional 
regulation of ATF4 by URB1 was mediated by the direct binding of 
the transcription factor XBP1 to the ATF4 promoter. Additionally, 
we found that the expression patterns of CCNA2 and ATF4 were 
decreased following URB1 depletion, suggesting that CCNA2 might 
be involved in the URB1-XBP1-ATF4 axis in the development and 
progression of CRC (Figure 8).

Ribosome biogenesis is a classical hallmark of cell growth and 
proliferation and is intimately associated with tumorigenesis and pro-
gression.21-24 High-efficiency ribosome biogenesis also fuels tumor 
epithelial-mesenchymal transition to program cellular plasticity, de-
differentiation, and cancer progression.25 It was found that RAFs, 

including RIO1 and NOB1, are extensively upregulated in various 
malignant tumors.26,27 One type of RAF, PNO1, is critical for ribo-
some biogenesis and contributes to CRC cell proliferation by neg-
atively regulating the p53/p21 pathway.9 These findings imply that 
RAF could act independently of the ribosome assembly and could be 
a highly conserved driver of tumor initiation and progression.

It is well known that URB1 is essential for ribosome assembly. 
Previous studies have revealed that Npa1 acts as the backbone of 
the RAFs complex to actuate the assembly of the 60S ribosome 
subunit.4,6,28,29 Npa1, which interacts with Rrp5 and would be 
expected to be present in 90S particles, is also required for 40S 
subunit synthesis.30,31 The uncontrolled growth and rapid prolifer-
ation of cancer cells require accelerated protein synthesis to fuel 
cell division and metabolism. Initially, we suspected that URB1 
might be activated by cancer cells to increase ribosome biogenesis 
to adapt to alterations in the cellular environment. Interestingly, 
through our investigation, a novel role for URB1 in CRC oncogen-
esis has gradually emerged.

The prominent oncogenic function of URB1 in CRC encour-
aged us to explore its downstream molecular mechanism. Through 
a combination of microarray screening, IPA bioinformatics meth-
ods, and lentiviral-mediated gene loss of function, we showed 
that ATF4 was significantly regulated by URB1 and located up-
stream of other DEGs such as CEBPB, CDKN1A, VEGFA, and TRIB3 
(Figure 3H). In addition, restoration of ATF4 significantly reversed 
the malignant proliferation of URB1-silenced CRC cells, which 
indicates a potential driving force for the URB1-ATF4 regulatory 
mechanism in CRC initiation and progression. Activating tran-
scription factor 4 is a stress-induced transcription factor that is 
frequently activated in multiple malignant tumors and regulates 
the cellular stress response to benefit tumor cell adaptation to the 
limited availability of nutrients resulting from rapid cell prolifer-
ation.32-34 Uncontrolled cancer cell growth and proliferation re-
quires extensive protein synthesis, which can result in two states. 
First, a large amount of amino acids are consumed to supply protein 

F I G U R E  8   Schematic representation 
of the main processes of URB1 targeting 
the X-box binding protein 1 (XBP1)-
activating transcription factor 4 (ATF4) 
regulatory axis involved in colorectal 
cancer (CRC) proliferation. Upregulation 
of URB1 activates the transcription 
factor XBP1, which further stimulates 
ATF4 mRNA transcription and ultimately 
promotes CRC cell proliferation. Cyclin A2 
(CCNA2) could be a potential executor of 
the URB1-XBP1-ATF4 axis in CRC
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synthesis, which leads to amino acid deprivation and simultaneous 
acceleration of ribosome biogenesis. Second, immoderate protein 
synthesis and misfolded proteins stimulate the unfolded protein 
response (UPR). Activating transcription factor 4 is the common 
downstream effector of these two responses.35 In the present 
study, URB1 silencing impeded proliferation, induced apoptosis, 
and downregulated ATF4 expression in CRC cells. We speculated 
that step-down ribosome biogenesis is likely to ameliorate immod-
erate protein synthesis and decrease ATF4 due to the mitigation of 
UPR. Therefore, we sought to identify the underlying mechanism 
behind URB1 regulation of ATF4.

Given that ATF4 was verified as a downstream target of URB1 in 
CRC, we searched for its upstream transcription factor by consulting 
the JASPAR database. Results showed that XBP1 had a high score 
for binding with the ATF4 promoter region (Figure 5C). Interestingly, 
microarray results had shown that XBP1 was one of the DEGs in-
fluenced by URB1, and through the JASPAR database, we verified 
that XBP1 was positively regulated by URB1. Through a series of 
experiments, we confirmed that XBP1 directly binds with the ATF4 
promoter sequence and activates ATF4 mRNA transcription in vitro, 
suggesting that XBP1 mediates the transcriptional regulation of 
ATF4 by URB1. It is widely known that XBP1 is similar to ATF4, also 
belongs to the bZIP protein family, is a downstream target of the 
IRE/XBP1 signaling pathway, and is the most conserved response 
effector of ERS.36 X-box binding protein 1 mediates the proper 
folding and degradation of misfolded proteins by transcriptionally 
regulating multiple downstream target genes of UPR, thus balanc-
ing ERS to protect cells from death.37,38 At present, XBP1 has been 
found to be significantly overexpressed in a variety of malignancies 
and to increase cell survival, proliferation, invasion, and metastasis 
in the harsh tumor microenvironment.39-42 As a highly conserved 
intracellular zinc finger structural transcription factor and executor 
of UPR, XBP1 regulates UPR-related processes by directly binding 
to the promoter of its downstream target gene. Given that ATF4 is 
a noted target gene of UPR, it is likely that XBP1 and ATF4 jointly 
participate in cell stress regulation. As URB1 is crucial to protein 
synthesis, it contributes to tumorigenesis through its extraribosomal 
function. We speculated that URB1 overexpression in tumor cells 
might overspeed protein synthesis, arouse UPR, and further activate 
XBP1 expression, to balance the stress environment and promote 
cell survival and proliferation.

More interestingly, URB1 silencing notably downregulated ATF4 
and the cell cycle promoting factor CCNA2. Located downstream 
of the p53/p21 pathway, CCNA2 most likely controls cell cycle 
progression, cellular senescence, and determines cell fate.43-46 An 
increasing number of studies suggest that CCNA2 is aberrantly ex-
pressed in various tumors and participates in multiple steps of tumor 
progression.44,47-49 While it responds to diverse therapies, CCNA2 is 
also important to different tumor states, including proliferation and 
susceptibility to apoptosis.50-52 In accordance with expectations, 
the current study showed that CCNA2 plays a key role in CRC. We 
showed that URB1 silencing significantly inhibited proliferation and 
induced apoptosis in CRC cells by downregulating ATF4 and CCNA2. 

This further suggested that CCNA2 might be an executor of the 
URB1-XBP1-ATF4 regulatory axis in CRC.

In conclusion, this is the first exploration of the ribosome assem-
bly factor URB1 in tumorigenesis. We showed that URB1 acts as an 
oncogenic driver in CRC through transcriptional activation of ATF4. 
Moreover, the transcriptional regulation of ATF4 by URB1 was me-
diated by the transcription factor XBP1. We have also shown that 
CCNA2, a downstream target of the p53/p21 pathway, was posi-
tively regulated by the URB1-XBP1-ATF4 axis and determined the 
fate of CRC cells. Therefore, our findings suggest that identification 
of inhibitors of URB1 could be a novel therapeutic strategy in CRC.
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