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Rcl1 suppresses tumor progression 
of hepatocellular carcinoma: a comprehensive 
analysis of bioinformatics and in vitro 
experiments
Yu Jiaze1,2,3†, Hou Sinan1,2,3†, Yang Minjie1,2,3, Zhou Yongjie1,2,3, Du Nan1,2,3, Wang Liangwen1,2,3, Zhang Wen1,2,3*, 
Luo Jianjun1,2,3* and Yan Zhiping1,2,3*   

Abstract 

Background:  RNA 3’-terminal phosphate cyclase-like protein (Rcl1) is involved in pre-rRNA processing, but its impli-
cation in cancers remains unclear.

Methods:  RCL1 expressions in 21 malignancies was examinated through GEPIA website portal. Clinical implication 
data related to RCL1 level in Hepatocellular Carcinoma (HCC) samples were downloaded through TCGA, ICGC, GEO 
databases. Survival analysis and gene function enrichment analyses were performed through R software. The correla-
tion between RCL1 expression and tumor immune infiltration was assessed via the TIMER2.0 database. The effects of 
Rcl1 overexpression or knockdown on cell growth and metastasis was evaluated by CCK8, transwell, and cell cycle 
assays.

Results:  RCL1 expression is commonly down-regulated in HCC. The lower expression of RCL1 is associated with 
higher tumor stage, higher AFP level, vascular invasion, and poor prognosis. RCL1 expression has a significant correla-
tion with immune cells infiltration in HCC, especially myeloid-derived suppressor cell (MDSC). Moreover, it was further 
identified that Rcl1 expression was reduced in HCC cell lines and negatively correlated with invasion of HCC cell lines. 
Immunofluorescence (IF) analysis revealed that the level of Rcl1 expression in the cytoplasm of HCC cells is signifi-
cantly lower than that in the cytoplasm of L-02 cell. Moreover, both gain- and loss-of-function studies demonstrated 
that Rcl1 inhibited the growth and metastasis of HCC cells and regulated cell cycle progression in vitro.

Conclusions:  Rcl1 may serve as a novel tumor suppressor in HCC, and its biological effect needs further study.

Highlight 

Rcl1 mRNA expression is down-regulated within HCC tissues and associated with poor prognosis and disease progres-
sion. Anti-cancer effects of Rcl1 on HCC were confirmed in vitro. Rcl1 may be a potential tumor suppressor in HCC.
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Introduction
Primary liver cancer, the 6th most prevalent malig-
nancy in the world, is the third leading cause of can-
cer-associated death worldwide [1]. Hepatocellular 
carcinoma (HCC) is the most common subtype of 
primary liver cancer (75–85%) [2]. Despite the large 
numbers of effective treatments of mid-advanced HCC 
exist, the long-term prognosis still remains poor. There-
fore, lucubrating on the molecular mechanism of HCC 
development could contribute to the identification of 
new therapeutic targets.

Ribosome had initially been considered as a com-
pletely homogenous cellular organelle that simply syn-
thesize the protein. However, ribosome heterogeneity 
was suggested having as evidence the findings that the 
ribosome proteome, ribosome gene transcriptome, and 
ribosome biogenesis factors differ between cells and 
tissues [3, 4]. Besides, the different underlying causes 
of ribosomopathies and their tissue-specific pheno-
types also pointed out the variation in the ribosome 
composition and function [5, 6]. Furthermore, many 
studies have showed that the widespread deficiency in 
ribosome function and regulation of ribosome activity 
by oncogenes both could promote cancer development 
and progression [7]. Furthermore, it was reported that 
ribosome composition, maturation, and function could 
promote in the cancer chemo-resistance [8, 9]. In par-
ticular, many agents targeted into ribosome could be 
sensitive to several cancers that had not responded to 
chemotherapy [10, 11]. Therefore, studying the role of 
ribosome in cancer development becomes a necessity.
RCL1 encodes the RNA 3′-terminal phosphate 

cyclase-like protein, a number of RNA cyclase fami-
lies but without cyclase activity [12]. In a yeast study, 
it was suggested that Rcl1p could serve as an endonu-
clease that affects the cleavage steps in the 5’-external 
transcribed spacer and internal transcribed spacer-1 
regions of the ribosomal RNA precursor [13, 14]. How-
ever, the endonuclease activity of Rcl1 in human cells 
is controversial [15]. Minguez et  al. [16] reported that 
Rcl1 mRNA expression was associated with vascular 
invasion of HCC through transcription sequencing. 
Until now, the role and the exact mechanisms of Rcl1 in 
HCC development still remains unclear.

In the present study, we explored the mRNA expres-
sion and the clinical implications of Rcl1 in HCC 
patients by using several HCC cohorts. Moreover, the 
effects and mechanisms of Rcl1 in HCC cell line was 
further studied through in vitro experiments.

Materials and methods
Data resource
RCL1 expression in various cancer and its relationship 
with tumor progression were analyzed via employing the 
GEPIA2 web portal (http://​gepia2.​cancer-​pku.​cn/) and 
TISIDB web portal (http://​cis.​hku.​hk/​TISIDB). Public HCC 
gene expression matrix was download from Gene Expres-
sion Omnibus (GEO) database, Liver Hepatocellular Carci-
noma Project of The Cancer Genome Atlas (TCGA-LIHC), 
and Liver Cancer—RIKEN, JP Project from International 
Cancer Genome Consortium (ICGC-LIRI-JP). The corre-
lation of RCL1 expression with the abundance of immune 
infiltrates was obtained from the TIMER 2.0 (http://​timer.​
cistr​ome.​org/). The gene sets were downloaded from the 
Molecular Signatures Database (MSigDB) from the Gene 
Set Enrichment Analysis (GSEA) website (http://​www.​
broad​insti​tute.​org/​gsea/​msigdb/).

Cell culture
All human HCC cell lines including Hep-3B, Huh-7, SNU-
387, and Li-7, as well as normal human hepatocyte L-02, 
were obtained from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). Cells were maintained 
in Dulbecco’s Modified Eagle’s medium (DMEM; Hyclone, 
Logan, UT, USA), Minimum Essential Medium (MEM; 
Hyclone, Logan, UT, USA), or Roswell Park Memorial 
Institute-1640 (RPMI-1640, Hyclone, Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS; LON-
SERA), streptomycin (100 mg/ml), and penicillin (100 unit/
mL) at 37 ℃ in 5% CO2.

Transient transfection for overexpression and knockdown 
of Rcl1
The overexpression vector targeting Rcl1 (FLAG-Rcl1) 
and a negative control (Ctrl) was conducted with assis-
tance from Genechem CO., Ltd. (Shanghai, China). The 
Rcl1 short hairpin RNA (shRNA) vector (shRcl1) and its 
negative control (Ctrl) were also synthesized by Genechem 
CO., Ltd. (Shanghai, China). For Rcl1 knockdown, shRcl1 
targeting the sequence of 5’GCA​TTG​GTT​TCT​CCA​ACC​
TTA3’ and the control sequence 5’TTC​TCC​GAA​CGT​
GTA​CAC​GT3’. Transfections were performed using lipo-
fectamine 2000 (Invitrogen) according to the manufactur-
er’s protocols.

RNA extraction and quantitative real time‑polymerase 
chain reaction (qRT‑PCR)
Total RNA was extracted from HCC cell lines using 
EZ-press RNA Purification Kit (EZBioscience, China) 
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and then reverse transcribed into cDNA using EZscript 
Reverse Transcription Mixture (EZBioscience, China) 
according to the manufacturer’s protocol. Quantitative 
Real-Time PCR was performed using the SYBR Green 
master mixture (EZBioscience, China) according to the 
manufacturer’s protocol. The following PCR primers 
were used:

Rcl1  forward: 5′-ATC​TGT​GGA​ACA​TGA​CTG​TAGCG-3′;
Rcl1 reverse: 5′-ATC​ATT​GGT​CAC​TCC​TCG​TAGA-3′.
Tubulin  forward:  5′-TGG​ACT​CTG​TTC​GCT​CAG​

GT-3′;
Tubulin reverse: 5′-TGC​CTC​CTT​CCG​TAC​CAC​AT-3′.

Western blot (WB)
Cells were lysed in RIPA buffer (Beyotime Biotechnol-
ogy, China) containing 1X Protease and Phosphatase 
inhibitor (Beyotime Biotechnology, China). An equal 
amount of protein samples was separated by 8% SDS/
PAGE and transferred to 0.25  mm polyvinylidene fluo-
ride membranes (Millpore, Germany). The membranes 
were blocked with 5% non-fat milk for 1  h, then incu-
bated with the individual antibody at 4  ℃ overnight: 
Tubulin (YFB6011, YIFAN BIOLOGICAL), Rcl1 (15330-
1-AP; Proteintech), GAPDH (bs-0755R, Bioss). The 
membranes were then incubated with the second anti-
body (bs-40295G-HRP, Bioss) at 37  ℃ for 1  h. Finally, 
protein bands were visualized using Omni ECL reagent 
(EpiZyme, China), and the gray intensity was acquired by 
using Fiji (NCBI, USA).

Cell proliferation assay
Cell viability was monitored by Cell Count Kit 8 (Absin, 
China) according to the manufacturer’s protocol. Briefly, 
HCC cells were counted and plated onto 96-well cell cul-
ture plates at a density of 2 × 103/well. Proliferation rates 
were measured by absorbance of 450 nm at 0, 1-, 2-, 3-, 
and 4-days post-transfection. Experiments were repeated 
more than three times with similar results.

Immunofluorescence
HCC cells were seeded on a 35 × 35  mm confocal cell 
culture plate (Thermal, USA). After fixed using 4% para-
formaldehyde, cultured cells were blocked with Immu-
nol staining blocking buffer (Beyotime, China) with 0.3% 
Triton X-100 (Beyotine, China) in PBS for 30 min at RT. 
The samples were then incubated with primary antibody 
overnight at 4  ℃: Rcl1 (15330-1-AP; Proteintech), fol-
lowed by the appropriate secondary fluorescently labeled 
antibodies (Invitrogen, USA) for 1 h at 37 ℃. Nuclei were 
counterstained with DAPI (Beyotime). Images were ana-
lyzed by a laser scanning confocal microscope (Olympus, 
FV300).

Transwell assay
For migration assay, HCC cells were seeded (7 × 104) 
onto the upper chamber wells with serum-free medium 
and then incubating for 48 h. The penetrated cells were 
fixed with 4% paraformaldehyde and stained with crystal 
violet. For the Matrigel invasion assay, the 24-well tran-
swell chamber was coated with an extracellular matrix 
on the upper surface (Corning, USA). Then, HCC cells 
were seeded (1.5 × 105) onto the upper chamber wells 
with serum-free medium. After incubating for 48 h, the 
penetrated cells were fixed with 4% paraformaldehyde 
and stained with crystal violet. Then, migrating or invad-
ing cells were photographed at 100 × and counted in five 
random fields.

Cell cycle analysis
The cell cycle was analyzed by Cell Cycle Assay Kit Plus 
(US EVERYBRIGHT INC, China) according to the pro-
tocol. Briefly, HCC cells were collected and washed twice 
in cold phosphate-buffered saline (PBS), and then fixed in 
70% cold ethanol at −20 ℃ for 24  h. The samples were 
washed twice in cold staining buffer and resuspended in 
1 mL PBS with 4ul RedNucleus I staining solution. After 
incubation for 20 min at RT in the dark, the cell cycle was 
evaluated by flow cytometry (BD bioscience, USA). The 
ModFit LT5.0 (Verify Software House, USA) was used to 
analyze the cell cycle.

Statistical analysis
Statistical analyses were performed using R software 
(version 4.0.0, USA) or GraphPad Prism (La Jolla, USA). 
The limma package was used to evaluate Rcl1 expres-
sion between HCC tumor tissues and adjacent tissues 
using R software. The survival data of HCC patients were 
analyzed via log-rank test and Cox proportional hazard 
regression. According to the relevance of Rcl1 expres-
sion, genes in TCGA-LIHC were divided into Rcl1positive 
and Rcl1negative subgroups. Gene set enrichment analysis 
(GSEA) was performed using R software. Continuous 
data were expressed as the mean ± standard deviation 
(SD). Comparisons between groups were performed 
using Student’s t test or ANOVA test. A value of p < 0.05 
was defined as statistically significant.

Results
RCL1 is abnormally expressed in various tumor tissues, 
and associated with prognosis and tumor progression
We first explored the general expression of Rcl1 in mul-
tiple human cancers using the GEPIA2 website portal 
(Fig.  1). The analyses of the RNA-seq data of 23 malig-
nancies in TCGA suggested that the expression of RCL1 
was significantly lower in Cholangiocarcinoma and LIHC 
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compared to the adjacent normal tissues. However, RCL1 
expression of Colon and Rectum adenocarcinomas were 
significantly higher than the one in normal tissues.

The TISIDB web portal was used (Additional file 1: Fig. 
S1A) to further evaluate the correlation of RCL1 expres-
sion and survival prognosis. Notably, RCL1 expression 
had a significant impact in the prognosis of 8 cancers, 
including brain lower-grade glioma (LGG), glioblastoma 
multiforme, kidney renal clear cell carcinoma (KIRC), 
LIHC, ovarian serous cystadenocarcinoma (OV), uterine 
corpus endometrial carcinoma (UCEC), uterine carcino-
sarcoma (UCS), and uveal melanoma (UVM). Low RCL1 
expression was remarkably associated with poor progno-
sis in all these cancer types except for UCEC and UCS.

Moreover, the association between RCL1 expression 
and tumor progression across human cancers was identi-
fied. It was revealed that RCL1 expression was positively 
correlated to tumor stage in KIRC, LIHC, and Stomach 
adenocarcinoma, as well as in UVM (Additional file  1: 
Fig. S1B). Similarly, the expression of RCL1 in KIRC and 
LIHC was also positively associated with histological 

grade (Additional file  1: Fig. S1C). However, the RCL1 
downregulation was notably correlated with higher grade 
of Cervical squamous cell carcinoma and endocervical 
adenocarcinoma and UCEC (Additional file 1: Fig. S1C).

In summary, these results confirmed that RCL1 could 
be a potential tumor-associated gene in several malig-
nancies. Notably, it was in LIHC that RCL1 expression 
was not only significantly down-regulated but also asso-
ciated with prognosis, tumor progression across many 
human cancers.

Low RCL1 expression is correlated with poor 
clinicopathological outcomes in HCC patients
Eleven HCC datasets were downloaded and analyzed to 
further verify RCL1 expression in HCC tumor tissue. For 
9 HCC datasets including GSE22058 (Fig. 2A), GSE25097 
(Fig.  2B), GSE36376 (Fig.  2C), GSE14520 (Fig.  2D), 
GSE54236 (Fig.  2F), ICGC-LIR-JP (Fig.  2G), GSE63898 
(Fig. 2I), TCGA-LIHC (Fig. 2J), and GSE76427 (Fig. 2K), 
the expression levels of Rcl1 in HCC tissues were gener-
ally lower than the ones in adjacent tissues (p < 0.001).

Fig. 1  Human RCL1 expression levels in different tumors and adjacent normal tissues from TCGA database. p-value Significant Codes: * < 0.05



Page 5 of 14Jiaze et al. Cancer Cell International          (2022) 22:114 	

Univariate and multiple survival analyses were per-
formed using R programming environment on the 
TCGA-LIHC dataset to promote understanding of the 
association between the RCL1 expression and the prog-
nosis of HCC. Univariate analysis indicated that patients 
with the high RCL1 expression was associated with better 
overall survival (OS, HR = 0.607 (0.416–0.886)) and pro-
gression-free survival (PFS, HR = 0.661 (0.476–0.917)) 
(Fig. 3A, B). Univariate and multivariate analyses further 
confirmed that RCL1 expression is an independent factor 
for OS (HR = 0.616 (0.420–0.905)) and PFS (HR = 0.701 
(0.502–0.98)) of HCC patients (Fig. 3C, D, Table 1).

In addition, we studied the connection between RCL1 
expression and the clinicopathological characteristics. 
It was found that low RCL1 expression was significantly 
correlated with female, advanced primary tumor (T clas-
sification) and TNM stage, higher AFP level, as well as 
vascular invasion in TCGA-LIHC cohort (Fig.  4A–E). 
Besides, it was found that a decrease in the RCL1 expres-
sion was associated with increasing T classification, 
HBV infection, portal vein and hepatic vein invasion in 
ICJC-LIRI-JP cohort (Fig.  4F–I). Meanwhile, a remark-
able connection between RCL1 expression was lower in 
the patients with BCLC C stage, proliferation class, high 
AFP level, vascular invasion, as well as phosphoryla-
tion level of Akt, RPS6, and IGFR1 in GSE9843 cohort 
(Fig. 4J–P). No significant relationship between the RCL1 
mRNA expression and age (Additional file  2: Fig. S2A, 

C, F), cirrhosis (Additional file 2: Fig. S2B, E), as well as 
gender (Additional file 2: Fig. S2D, G) was found in HCC 
cohorts.

RCL1 expression significantly correlates with infiltrating 
levels of various immune cells in HCC
The correlation of RCL1 expression in HCC samples 
with immune infiltration levels were investigated using 
TIMER2.0 website portal. The results showed that RCL1 
expression significantly correlated with the infiltrat-
ing levels of myeloid-derived suppressor cell (MDSC, 
r = −  0.395, p = 2.32e−14, Fig.  5G), endothelial cell 
(r = 0.336, p = 1.57e−10, Fig.  5H), hematopoietic stem 
cell (r = 0.296, p = 2.21e−08, Fig. 5I), Tregs (r = − 0.279, 
p = 1.34e−07, Fig. 5J), monocyte (r = 0.261, p = 9.2e−07, 
Fig.  5K), granulocyte-monocyte progenitor (r = 0.255, 
p = 1.53e−06,  Fig.  5L),  CD4 + T  cells  (r = −  0.31, 
p = 3.92e−09, Fig. 5B), myeloid dendritic cell (r = − 0.204, 
p = 1.35e−04,  Fig.  5D),  macrophages  (r = −  0.197, 
p =  2.35e−04,  Fig .  5F),  CD8 +  T  cells  (r =  0.16, 
p = 2.81e−03, Fig. 5A), B cells (r = − 0.125, p = 2.01e−02, 
Fig.  5C), and neutrophils (r = −  0.133, p = 1.36e−02, 
Fig. 5E) in LIHC, although no significant correlation with 
tumor purity was found. Furthermore, the RCL1 expres-
sion was negatively associated with the infiltration level 
of naïve CD4 + T cell (r = − 0.131, p = 1.51e−02, Fig. 5P), 
Th1 cell (r = −  0.182, p = 6.78e−04, Fig.  5Q), Th2 cell 
(r = −  0.245, p = 3.98e−06, Fig.  5R), M0 macrophages 

Fig. 2  Expression of Rcl1 in patients with HCC based on data from TCGA-LIHC and GEO datasets. A GSE22058, B GSE25097, C GSE36376, D 
GSE14250 E GSE46444, F GSE54236, G ICGC-LIRI-JP, H GSE64041, I GSE63898, J TCGA-LIHC K GSE76427
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(r = −  0.266, p = 5.44e−07, Fig.  5M), but not with M1 
macrophages (r = 0.025, p = 6.40e−01, Fig.  5N) and M2 
macrophages (r = − 0.081, p = 1.33e−01, Fig. 5O).

Moreover, RCL1 expression was found to be signifi-
cantly different between molecular and immune subtypes 
by exploring the TISIDB web portal (p < 0.001, Fig.  6A, 
B). Furthermore, the expression levels of RCL1 in the 
patients with TP53 and IDH1 mutation were lower than 
the ones in the patients with TP53 and IDH1 wild-type 
(Fig. 6C, D). The expression levels of RCL1 in the patients 
with CTNNB1 mutation were higher than the ones in the 
patients with CTNNB1 wild-type (Fig.  6E) and no sig-
nificant difference was observed between the expression 
levels of RCL1 in TERT mutation and wild-type patients 
(Fig. 6F).

Rcl1 is down expression in HCC cells and suppresses HCC 
cell growth and metastasis in vitro
The endogenous Rcl1 expression levels were detected 
in a collection of liver cancer cell lines and L-02 cells. 
Both mRNA and protein expression levels of Rcl1 were 

generally lower in all liver cancer lines in comparison 
with L-02 cells (Fig. 7A, B). The Rcl1 expression of high-
invasive HCC cell lines were substantially lower than the 
one in the low-invasive cell lines. These findings were 
further supported by immunofluorescence staining. 
Interestingly, it was also revealed that there was a marked 
difference in the distribution of Rcl1 protein between the 
liver cells and cancer cells. In particular, Rcl1 was mostly 
located in the nucleus in the HCC cell lines, while it was 
uniformly distributed in nucleus and cytoplasm in the 
liver cell lines (Fig. 7C).

Then a recombinant plasmid vector encoding Rcl1 
(FLAG-Rcl1) was conducted and an empty vector was 
used as control (Ctrl). The overexpression of Rcl1 in 
Huh-7 cells was validated with RT-PCR and western 
blot analyses (Fig. 8A, C). Forced Rcl1 expression could 
markedly inhibit cell growth as supported by cell viabil-
ity assay in Huh-7 cell (Fig.  8E). Moreover, transwell 
assays indicated that the overexpression of Rcl1 sig-
nificantly impaired Huh-7 cell’s ability to migrate and 
invade (Fig.  8G). Furthermore, Rcl1 was knockdown by 

Fig. 3  Patients with higher Rcl1 mRNA expression level had better prognosis in the TCGA-LIHC dataset. A Kaplan–Meier curve analysis for OS. 
B Kaplan–Meier analysis for PFS. C Forest plot of multivariate analysis for OS. D Forest plot of multivariate analysis for PFS. OS overall survival, PFS 
progression-free survival, AJCC American Joint Committee on Cancer
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transfecting the shRcl1 vector or empty vector into Hep-
3B cell line. The efficiency of knockdown was confirmed 
by RT-PCR and western blot analyses (Fig. 8B, D). Con-
sistently, knockdown of Rcl1 in Hep-3B cell strikingly 
enhanced cell viability, migration, and invasion (Fig.  8F, 
H).

Rcl1 could potentially participate in regulating cell cycle 
and metabolism‑associated signal pathways
Notably, the Rcl1positive group of genes were enriched 
in multiple cellular metabolic processes such as xeno-
biotic, fatty acid, bile acid, adipogenesis, and oxida-
tive phosphorylation, while the Rcl1negative subgroup 

Fig. 4  Association between RCL1 expression and clinicopathologic characteristics in the HCC cohorts. RCL1 expression was lower in A female, B 
higher TNM stage, C higher T classification, D higher AFP levels, E vascular invasion in TCGA cohort, F higher T classification, G HBV, H portal vein 
invasion, I hepatic vein invasion in ICGC cohort, and J BCLC C stage, K proliferation class, L high AFP level, M vascular invasion, and the positive 
expression of N phosphorylated Akt, O phosphorylated RPS6, P phosphorylated IGFR1 in GSE9843 cohort
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of genes were enriched in cell cycle regulation includ-
ing G2M checkpoint, E2F targets and mitotic spindle 
(Fig.  9A, C). Moreover, gene ontology (GO) analysis 
revealed that Rcl1 could potentially promote the activa-
tion of protein-binding and transmembrane transport, 
while simultaneously inhibiting microtubule and protein 
kinase activity (Fig. 9B). Mitochondria and chromosomes 
were the main cellular organelles of the Rcl1positive and 
Rcl1negative groups, respectively (Fig. 9D).

The effects of Rcl1 on cell cycle distribution was evalu-
ated using flow cytometry analysis. We found that the 
overexpression of Rcl1 resulted in a significant increase 
of cells in G2M phase (35.10% vs 22.06%, p = 0.002) 
and a concomitantly significant decrease of cells in 
S phase (25.62% vs 39.53%, p = 0.0002) in Huh-7 cell 
(Fig.  9E). As expected, upon Rcl1 knockdown, the ratio 
of cells in G2M phase was decreased (18.89% vs 26.58%, 
p = 0.003), the ratio in S phase was increased (32.33% vs 
17.59%, p = 0.0001), and the ratio in the G0/1 phase was 
decreased (50.78% vs 55.84%, p = 0.040) (Fig. 9F).

Discussion
Rcl1 could interact with Bms1 to endonucleolytic cleave 
the pre-rRNA at the A2 site, which is required for the 
eukaryotic pre-ribosome assembly implicated in the 18 s 

rRNA biogenesis [17–19]. However, the mechanism that 
allows Rcl1 to carry out the catalytic activity in human 
species still remains unclear since the mutation of the 
proposed pre-rRNA substrate binding site of human 
Rcl1 does not affect 2a cleavage or 18S production [15]. 
In the present study, we found that the expression levels 
of RCL1 was primarily reduced in HCC tissues and cell 
lines. Moreover, its expression significantly correlated 
with the survival prognosis, tumor progression, immune 
infiltration level, as well as molecular classification of 
HCC. Furthermore, both gain- and loss-of-function 
experiments demonstrated that Rcl1 has the inhibitory 
effects on the proliferation, migration, and invasion of 
HCC cells in  vitro. Bioinformatic analyses revealed that 
Rcl1 could be significantly associated with cell cycle tran-
sition, cellular metabolic processes. Mechanistically, it 
was identified that Rcl1 overexpression or knockdown 
could inhibit or promote cell cycle transition.
RCL1 was found to be up-regulated in colorectal can-

cers, but downregulated in liver and bile duct cancers. 
Venkateswaran et  al. found that non-coding variants 
of RCL1 could regulate granulocyte–macrophage col-
ony-stimulating factor signaling in inflammatory bowel 
disease patients [20]. It is likely that single nucleotide pol-
ymorphism of RCL1 influences the gut microbiome. Gut 

Fig. 5  Correlation analyses between RCL1 expression and immune cell infiltration in TCGA-LIHC cohort. A CD8+ T cell, B CD4+ T cell, C B cell, D 
Myeloid dendritic cell, E Neutrophil, F Macrophage, G myeloid-derived suppressor cell (MDSC), H Endothelial cell, I Hematopoietic stem cell, J T cell 
regulatory (Tregs), K Monocyte, L Granulocyte-monocyte progenitor, M CD4+ Th1 T cell, N CD4+ Th2 T cell, O CD4+ naïve T cell, P Macrophage M0, 
Q Macrophage M1, R Macrophage M2
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microbiome has a key role in carcinogenesis and antican-
cer immune response of HCC and colorectal cancer [21, 
22]. And low RCL1 expression was associated with poor 
prognosis and tumor stage in multiple cancers. It sug-
gested that Rcl1 may play a dualistic role by acting both 
as an oncogene and tumor suppressor, which is similar to 
other ribosome biogenesis factors [23].

Many studies have elucidated that many ribosome 
assembly factors could promote cell growth and metasta-
sis in HCC by up-regulating the rate of ribosome biogen-
esis [9, 24–28]. But we found that RCL1 expression was 
commonly downregulated in HCC tissues and cell lines. 
Besides, bioinformatic analyses indicated that low RCL1 

expression was the risk factor of poor survival progno-
sis and tumor progression, including: advanced TNM 
classification, high AFP level, vascular invasion in many 
HCC cohorts. And RCL1 expression was relatively low-
est in iCluster 1 and proliferation molecular subtypes of 
HCC which exhibited the high frequency of macrovas-
cular invasion and a significantly worse prognosis [29]. 
Recently, Zhu et  al. reported that Rcl1 is essential for 
the 18S rRNA maturation at A1-site and for digestive 
organogenesis in zebrafish [30]. And its deficiency may 
upregulate the expression of genes responsible for ribo-
some biogenesis. Meanwhile, we also found that Rcl1 
protein was distributed in both nucleus and cytoplasm of 
HCC cell and hepatocyte lines by immunofluorescence, 
which is consistent with a recent study [31]. Notably, 
the cytoplasmic Rcl1 protein level of HCC cell lines was 
dramatically reduced compared to hepatocyte cell. And 
it has been documented that the localization of BOP1, 
one of ribosome biogenesis factors, from nucleus to cyto-
plasm correlated with advanced disease and decreased 
survival in prostate cancer patients. Further research is 
needed to be proven whether Rcl1 could participate in 
the biological processes in the cytoplasm.

Moreover, functional tests indicated Rcl1 may be a 
potential tumor suppressor in HCC in  vitro. Mechanis-
tically, GSEA also suggested RCL1 was involved in cell 
cycle control and multiple cellular metabolic processes. 
It was further identified that Rcl1 overexpression could 
induce HCC cell cycle arrest by flow cytometer analysis. 
Consistently, Rcl1 knockdown obviously promote cell 
cycle progression of HCC cell. Large number of stud-
ies have demonstrated that aberrant pre-rRNA inter-
mediates could lead to cell cycle arrest [32–35]. The 
most widely accepted model of cell-cycle arrest, upon 
pre-rRNA processing defect, was that the PeBoW com-
plex could increase the extra-ribosome RPL5-RPL11-5S 
rRNA complex to bind and block the human homolog of 
mouse double minute-mediated ubiquitination and deg-
radation of p53 [34, 36–38]. But it was documented that 
exogenous expression of Rcl1 in senescent cells could 
not increase the accumulation of p53, p21, and p16 [39]. 
Combining the bioinformatic analyses and flow cytom-
eter analysis, we found that Rcl1 mainly control cell cycle 
progression by interfering the S phase.

Immune-related mechanisms play notable roles in the 
incidence and recurrence of HCC, and a combination 
of molecular and immune therapies could remarkably 
increase objective response in advanced HCC by 30–40% 
[40]. Ribosome biogenesis modulate immunosurveil-
lance and innate immune response [41–43]. We also 
examined the correlation between the RCL1 expression 
and the infiltration levels of several immune cells in the 

Fig. 6  RCL1 expression is strongly correlated with molecular- and 
immune-classifications of HCC. A Violin Plot of the RCL1 expression in 
different molecular subtypes. B Violin Plot of the RCL1 expression in 
different immune subtypes. C1 Wound healing, C2 IFN-γ Dominant, 
C3 inflammatory, C4 Lymphocyte depleted, C6 TGF-β Dominant. 
C Violin Plot visualizing the RCL1 expression in wild-type and 
mutant TP53 gene. D Violin Plot visualizing the RCL1 expression in 
wild-type and mutant CTNNB1 gene. E Violin Plot visualizing the 
RCL1 expression in wild-type and mutant TERT gene. F Violin Plot 
visualizing the RCL1 expression in wild-type and mutant IDH1 gene
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TCGA-LIHC cohort. There exists a moderate negative 
relationship between the Rcl1 expression and the infil-
tration level of MDSC, CD4 + T cell, and Tregs, and sig-
nificantly positive correlations with the infiltration level 
of endothelial cell, hematopoietic stem cell, and CD8 + T 
cells. MDSC contributes to the immunosuppressive net-
work through multiple mechanisms and mediates the 
tumor growth, angiogenesis, and metastasis of HCC [44] 

while endothelial cell necroptosis induced by tumor-cells 
could reversely promote cancer metastasis [45]. Moreo-
ver, we also found a prominent association between the 
expression levels of RCL1 and the immune-subtypes in 
HCC patients. The RCL1 expression was relatively lower 
in the C1 subtype (wound healing). Its characteristics 
include a high proliferation rate, the upregulated expres-
sion of angiogenic genes, a Th2 cell-dominated immune 

Fig. 7  The Rcl1 expression in HCC cell lines. A Analysis of the Rcl1 mRNA expression in HCC cell lines. B Western blot analysis of the Rcl1 protein 
expression in HCC cell lines. C Immunofluorescence staining of the Rcl1 protein in HCC cell lines. p-value significance symbols: * < 0.05, ** < 0.01, 
*** < 0.001. Bar = 50 μm
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infiltration, as well as less favorable outcomes. Recently, 
Jung et  al. found that an rRNA fragment containing 
2’,3’-cyclic phosphate and guanosine triphosphate (GTP) 
-binding activity functions as an endogenous RIG-I 
ligand to induce immune stimulation [46]. It is generally 
accepted that the interaction between Rcl1 and Bms1, 
a GTPase-activating protein, is involved in pre-rRNA 
processing across species [17, 18]. Further observational 
studies are required to confirm whether the Rcl1-Bms1 
complex could module the innate stimulation by activat-
ing RIG-I.

Our study has several limitations. First, this was a ret-
rospective analysis based on public databases (TCGA 
and GEO). Although Rcl1 expression in human HCC cell 
lines has been analyzed, it should still be determined in 

clinical specimens. Second, despite in vitro experiments 
suggested that Rcl1 may be a tumor suppressor in HCC, 
additional animal tests should be performed. In addition, 
the exact molecular mechanism regarding Rcl1on cell 
cycle regulation should be further explored.

Conclusions
In summary, our study demonstrates that Rcl1 could 
serve as a favorable prognostic factor for HCC. Moreo-
ver, intracellular molecular metabolism and cell cycle 
control might be the primary biological processes regu-
lated by Rcl1. Furthermore, the results of cell experi-
ment indicated that Rcl1 plays a pivotal anti-cancer role 
by inhibiting of both growth and metastasis of HCC. 
The significant reduction of cytoplasmic Rcl1 protein 

Fig. 8  Rcl1 inhibits HCC cells proliferation, migration and invasion in vitro. A, B western blot analyses and C, D qRT-PCR assays of Rcl1 
overexpression and knockdown in Huh-7 and Hep-3B cells. E, F CCK-8 assays of Huh-7 and Hep-3B cells after Rcl1 overexpression or knockdown 
with the corresponding negative controls. G, H Transwell assays examined the migration and invasion activities of Rcl1 overexpression or 
knockdown with their corresponding negative controls. Data are presented as the mean ± standard deviation from three independent experiments. 
*p < 0.05; **p < 0.01; ***p < 0.001. Bar = 100 μm
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Fig. 9  Rcl1 is strongly correlated with cell cycle- and metabolism-related pathways. A Scatter plot of the significantly enriched Hallmark gene sets. 
Top 10 enriched pathways are shown in B, C, D The significantly enriched Gene Ontology annotations (molecular functions, biological processes, 
and cellular components). Top 20 enriched pathways are shown in E, F) Cell cycle tests of Huh-7 and Hep-3B cells after Rcl1 overexpression or 
knockdown with their corresponding controls. NS > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Table 1  Univariate analysis of TCGA-LIHC patient overall survival and progression-free survival

TNM tumor-nodes-metastases

AJCC American Joint Committee on Cancer

Statistically significant P value (p < 0.05) were bold processed

Parameters Overall survival Progression-free survival

HR 95%CI P value HR 95%CI P value

Age 1.070 0.717–1.597 0.741 0.909 0.645–1.281 0.585

Gender 0.750 0.511–1.100 0.14 0.957 0.674–1.36 0.808

HBV 0.470 0.280–0.791 0.004 0.734 0.498–1.082 0.118

HCV 1.134 0.590–2.179 0.707 1.703 1.048–2.766 0.032
Etiology 1.442 0.693–1.821 0.002 1.035 0.846–1.265 0.74

AJCC_T 2.369 1.617–3.471 0.000 2.242 1.582–3.178 0.000
Stage 2.348 1.605–3.436 0.000 2.257 1.598–3.188 0.000
RCL1 0.607 0.416–0.886 0.009 0.661 0.476–0.917 0.01
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in HCC imply the additional biological function. Our 
study revealed that Rcl1 may act as a potential prognostic 
marker and tumor suppressor in HCC.
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