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ABSTRACT
Background. The receptor for activated C kinase 1 (RACK1) expression is associated
with clinicopathological characteristics and the prognosis of various cancers; however,
the conclusions are controversial. As a result, this study aimed to explore the clinico-
pathological and prognostic values of RACK1 expression in patients with cancer.
Methodology. PubMed, Embase, Web of Science, Cochrane Library, and Scopus were
comprehensively explored from their inception to April 20, 2023, for selecting studies
on the clinicopathological and prognostic role of RACK1 in patients with cancer that
met the criteria for inclusion in this review. Pooled hazard ratios (HRs) and 95%
confidence intervals (CIs) were used to assess the prognosis-predictive value of RACK1
expression, while pooled odds ratios (ORs) and 95% CIs were used to evaluate the
correlation between RACK1 expression and the clinicopathological characteristics
of patients with cancer. The quality of the included studies was evaluated using the
Newcastle-Ottawa Scale.
Results. Twenty-two studies (13 on prognosis and 20 on clinicopathological character-
istics) were included in this systematic review andmeta-analysis. The findings indicated
that high RACK1 expression was significantly associated with poor overall survival (HR
= 1.62; 95% CI, 1.13–2.33; P = 0.009; I2 = 89%) and reversely correlated with disease-
free survival/recurrence-free survival (HR = 1.87; 95% CI, 1.22–2.88; P = 0.004; I2

= 0%). Furthermore, increased RACK1 expression was significantly associated with
lymphatic invasion/N+ stage (OR = 1.74; 95% CI, 1.04–2.90; P = 0.04; I2 = 79%) of
tumors.
Conclusions. RACK1 may be a global predictive marker of poor prognosis in patients
with cancer and unfavorable clinicopathological characteristics. However, further
clinical studies are required to validate these findings.
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INTRODUCTION
Cancer treatment has advanced significantly; however, cancer remains a serious public
health concern, with 608,570 cancer-related deaths reported in 2021 in the United States (Li
et al., 2021; Siegel et al., 2021; Wang et al., 2022). One reason for the low five-year survival
rate of patients with cancer may be the lack of effective predictors of cancer prognosis
(Emens et al., 2019). Biomarkers are now widely used in cancer diagnosis, treatment, and
prognosis prediction, with these prognostic indicators serving as crucial early intervention
indicators, improving the prognosis of patients with cancer (Anaya et al., 2016; Chen et al.,
2022;Herberts et al., 2022; Lee et al., 2021). As a result, it is necessary to identify biomarkers
that can be utilized as prognosticators in patients with cancer.

The receptor for activatedC kinase 1 (RACK1) is a highly conservedWD40 repeat protein
that acts as a multifunctional scaffold to mediate cellular functions (Dan et al., 2020). It
was originally identified as a protein anchored by protein kinase C (PKC), with roles in
maintaining the stability of active PKC; additionally, it was reported to be ubiquitously
expressed in a wide range of normal tissues, such as nervous system and spleen (McCahill
et al., 2002; Ron et al., 1994; Ron & Mochly-Rosen, 1994). RACK1 may play versatile roles
in various tissues as a scaffold protein; for instance, it can maintain intestinal homeostasis
by protecting the integrity and regulating the growth of the intestinal epithelium, as
well as mediate the normal development of the nervous system by regulating the Wnt/
β-catenin and Shh pathways in neural stem cells (Cheng & Cartwright, 2018; Cheng, Pai
& Cartwright, 2018; Yang et al., 2019). Furthermore, it could trigger cardiovascular disease
by modulating the contraction of vascular smooth muscle cells (Zhu & Jackson, 2017).
Notably, previous studies reported RACK1 to be closely associated with the prognosis of
patients with cancer because of its involvement in several tumor-related signaling pathways,
such as the Src/FAK (Ou et al., 2022), AKT/mTOR (Zhang et al., 2016), IKK/NF-κB (Yao
et al., 2014), and Wnt/ β-catenin pathways (Yu et al., 2021). In the digestive system, high
RACK1 expression is significantly associated with poor prognosis in oral squamous cell
carcinoma (OSCC) (Liu et al., 2018), esophageal squamous cell carcinoma (ESCC) (Wang
et al., 2015), and pancreatic cancer (PC) (Li et al., 2016); however, several studies have
demonstrated that RACK1 acts as a tumor suppressor in gastric cancer (GC) (Chen et
al., 2015; Yu et al., 2021), indicating that it may be an organ-specific tumor marker. For
non-digestive cancers, including non-small cell lung cancer (NSCLC), breast cancer (BC),
and glioma, RACK1 is a significant biomarker of poor prognosis (Cao et al., 2010; Lv et al.,
2016; Qu et al., 2017). Additionally, RACK1 may correlate with poor clinicopathological
features, such as lymphatic invasion (Zhong et al., 2013), but the opposite was observed in
PC (Zhang et al., 2019).

Multiple studies have reported that RACK1 is closely related to cancer prognosis;
however, its role in cancer prognosis remains controversial. As a result, a systematic meta-
analysis is required to better understand RACK1’s involvement in cancer prognosis as well
as its predictive value, improving clinical decision-making. The purpose of this review was
to clarify the prognostic value of RACK1 expression in cancer and its correlation with the
clinicopathological characteristics of patients with cancer.
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METHODS
Protocol and registration
This systematic review with meta-analysis was conducted in compliance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol (Table
S1). The study protocol was drafted and registered in the International Prospective Register
of Systematic Reviews (PROSPERO) database (CRD42022351129).

Search strategy
Five databases (PubMed, Embase, Web of Science, Cochrane Library, and Scopus) were
thoroughly explored from their inception to April 20, 2023, using the following keywords:
‘‘receptor of activated c kinase 1’’ and ‘‘neoplasms’’. Potentially relevant literature was also
obtained through manual searches of the reference lists of the included studies. Detailed
search strategies are presented in Table S2.

Inclusion and exclusion criteria
Inclusion criteria
The criteria for inclusion of the study were as follows: (1) diagnosis of patients with
certain malignant tumors; (2) detection of RACK1 expression in cancer tissues by
immunohistochemistry (IHC) and reverse transcription-polymerase chain reaction (RT-
PCR); (3) patient stratification according to RACK1 expression; (4) investigation of the
relationship between RACK1 and clinicopathological significance or prognosis; and (5)
original research on humans.

Exclusion criteria
Literature was excluded in the conditions below: (1) the articles were reviews, case reports,
letters, abstracts, or comments; (2) insufficient data were available to obtain hazard ratios
(HRs) of survival-related and odds ratios (ORs) regarding the correlation of RACK1
expression with clinicopathological features; (3) patients in the according study were less
than 50; (4) the cohort being studied is replicated; and (5) literatures were published in
languages other than English.

Study selection and data extraction
Two authors (YQ Wu and SX Jiang) performed a preliminary screening of the literature
based on titles and abstracts. Subsequently, two other authors (QH Wang and Y Zhang)
evaluated the full-text. Any disagreements were discussed by the review group until a
consensus was reached.

Following selection, two authors (QH Wang and Y Zhang) extracted the following data
from the included articles: (1) first author; (2) year of publication; (3) country; (4) number
of patients; (5) patients’ age; (6) detectionmethods; (7) treatment; (8) follow up; (9) cut-off
value; (10) survival information; (11) TNM stage; (12) hazard ratios (HRs) and the 95%
confidence intervals (CIs) of RACK1 for survival; (13) clinicopathological characteristics.
When HR and 95% CI were not reported, the data were analyzed using survival-related
Kaplan–Meier curves according to the method described by Tierney et al. (2007).

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 3/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.15873#supp-1
http://dx.doi.org/10.7717/peerj.15873#supp-1
http://dx.doi.org/10.7717/peerj.15873#supp-2
http://dx.doi.org/10.7717/peerj.15873


Quality assessment
Two authors (SX Jiang and M Huang) independently used the Newcastle-Ottawa Scale to
assess the quality of the cohort studies, and any disagreements were resolved by a third
author (Stang, 2010). Studies with a score ≥ 7 (score range, 0–9) were considered high
quality.

Statistical analysis
HRs and 95% CIs were used to assess the patient prognosis. HR >1 indicated poor survival
in the group with high RACK1 expression, whereas HR <1 indicated poor survival in the
group with low RACK1 expression. If the results of both univariate and multivariate Cox
regression analyses had been reported, multivariate models were preferred to pool the data.
ORs with 95% CIs were used to determine the association between RACK1 expression
and clinicopathological characteristics. The heterogeneity of the meta-analysis was tested
using Cochran’s Q test and the Higgins I-squared statistic (I2). Significant heterogeneity
was indicated by I2 >50% or a P-value <0.1, and a random effects model was then applied;
otherwise, a fixed effects model was preferred. Subgroup, meta-regression, and sensitivity
analyses were performed in the presence of significant heterogeneity. Publication bias was
evaluated using funnel plots, Begg’s test and Egger’s test. The level of statistical significance
was set at a P-value of <0.05. Statistical analysis and visualization were performed using
Revman 5.4 and Stata 12.

RESULTS
Process of study selection
From the five databases, 2,269 publications were identified, and seven relevant publications
were manually searched. After removing 1,332 duplicate studies, 944 publications were
eliminated based on their titles and abstracts. The full texts of the remaining 86 papers were
reviewed further, and 22 studies were included in the meta-analysis. Of these, 13 studies
evaluated the predictive value of RACK1 for cancer prognosis, and 20 studies assessed the
correlation between RACK1 expression and clinicopathological features. The search and
detailed selection processes are shown in the flowchart (Fig. 1).

General characteristics of the included studies
The included 22 studies were published between 2010 and 2022, with eleven studies (50%)
published in the last five years (Han et al., 2018; Li et al., 2019; Liu et al., 2017; Liu et al.,
2018; Qu et al., 2017; Shen et al., 2020; Wu et al., 2020; Xiao et al., 2018; Xu et al., 2022; Yu
et al., 2021; Zhang et al., 2019). One study was from Japan (Nagashio et al., 2010) and the
rest were from China (Cao et al., 2010; Chen et al., 2015; Han et al., 2018; Jin et al., 2014;
Li et al., 2016; Li et al., 2019; Lin et al., 2014; Liu et al., 2017; Liu et al., 2018; Lv et al., 2016;
Peng et al., 2016; Qu et al., 2017; Shen et al., 2020; Shi et al., 2012; Wang et al., 2015; Wu et
al., 2020; Xiao et al., 2018; Xu et al., 2022; Yu et al., 2021; Zhang et al., 2019; Zhong et al.,
2013). The thirteen studies used to assess the prognostic value included fifteen independent
cohorts, with three studies for PC (Han et al., 2018; Li et al., 2016; Zhang et al., 2019), two
studies each for GC (Chen et al., 2015; Yu et al., 2021) and lung cancer (LC) (Qu et al.,
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Figure 1 The flowchart showing the search and selection process of this study.
Full-size DOI: 10.7717/peerj.15873/fig-1

2017; Zhong et al., 2013), one study with three independent cohorts for OSCC (Liu et al.,
2018), and one study each for BC (Cao et al., 2010), glioma (Lv et al., 2016), ESCC (Wang
et al., 2015), cervical cancer (CC) (Wu et al., 2020), and colorectal cancer (CRC) (Xiao et
al., 2018), totaling 2,620 patients. The 20 studies used to evaluate the association between
clinicopathological features and RACK1 expression included four studies for LC (Nagashio
et al., 2010; Qu et al., 2017; Shi et al., 2012; Zhong et al., 2013), three studies each for GC
(Chen et al., 2015; Liu et al., 2017; Yu et al., 2021), PC (Han et al., 2018; Li et al., 2016;
Zhang et al., 2019), and CRC (Jin et al., 2014; Li et al., 2019; Xiao et al., 2018), two studies
for CC (Wu et al., 2020; Xu et al., 2022), and one study each for BC (Cao et al., 2010),
ovarian cancer (OC)(Lin et al., 2014), ESCC (Wang et al., 2015), melanoma (Shen et al.,
2020), and nasopharyngeal carcinoma (NPC) (Peng et al., 2016), totaling 3,043 patients.
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Figure 2 Forest plot indicating the association between RACK1 expression and overall survival.
Full-size DOI: 10.7717/peerj.15873/fig-2

The sample sizes of the cohorts included in the meta-analysis ranged from 50 to 495
patients, with a mean of 147 patients. Two studies used reverse transcription-polymerase
chain reaction (RT-PCR) to detect RACK1 expression, with immunohistochemistry (IHC)
utilized in the remaining studies. The general characteristics of the included studies are
shown in Table 1.

Quality assessment
The overall quality of the included studies was good, with none of them scoring <6
(Table S3). Of the 22 studies evaluated, 11, 10, and 1 were individually scored 8, 7, and
6, respectively. The primary sources of bias include insufficient follow-up time, unclear
cohort determination processes, and inconsistent interventions applied to the same cohort.

Association between RACK1 expression and overall survival (OS)
Thirteen studies and 2,620 patients were included in the meta-analysis to assess the
association between RACK1 expression and the prognosis of patients with cancer. The
findings indicated that high RACK1 expression was significantly associated with poor OS
despite the detection of significant heterogeneity (Fig. 2; HR = 1.62; 95% CI [1.13–2.33];
P = 0.009; I2 = 89%). Subgroup analysis, meta-regression, and sensitivity analysis were
performed to address the observed heterogeneity.

Association between RACK1 expression and disease-free
survival/recurrence-free survival (DFS/RFS)
Two studies, including 192 patients, reported DFS or RFS data. Furthermore, the results
demonstrated a significant correlation between high RACK1 expression and poor DFS/RFS,
and no significant heterogeneity was indicated (Fig. 3; HR = 1.87; 95% CI [1.22–2.88];
P = 0.004; I2 = 0%).
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Table 1 General characteristics of each included literature in this systematic review andmeta-analysis.

First author Year Country Type of
cancer

No. of
patients
(M/F)

Age Detecting
method

Treatment Follow up
(months)

Cut off Survival
information

TNM
Stage

Source of
HR and 95%CI

Clinicopathological
characteristics

Cao, X. X. 2010 China BC 160 55.21(34–85) IHC Surgery 72(1.5-108) Scores>0 OS II-IV R(M) T, N, TNM, differentia-
tion

Nagashio, R. 2010 Japan LC 123(68/55) 65.5(41–85) IHC Surgery NI Scores ≥1 NI I-IV NI Gender, N, size

Shi, S. 2012 China LC 63(40/23) NI RT-PCR Surgery NI NI NI I-IV NI Gender, age, N, TNM,
differentiation, size

Zhong, X. 2013 China LC 180(123/57) 60(37–75) IHC Surgery 60 (3–96) Scores ≥2 OS T1 R(M) Gender, age, N, differen-
tiation

Jin, S. 2014 China CRC 157(76/81) 58.8(30–85) RT-PCR Surgery NI Ratio of tumor/ pericar-
cinous tissu e> 1.15

NI I-IV NI Gender, N, differentia-
tion

Lin, Y. 2014 China OC 50 NI IHC NI NI Scores=2 or 3 NI I-IV NI M, TNM, differentiation

Chen, L. 2015 China GC 495(347/148) 61.40(30–87) IHC Surgery NI NI OS I-IV E Gender, differentiation

Wang, N. 2015 China ESCC 100(79/21) 60(42–78) IHC Surgery; surgery plus
postoperative radiother-
apy / chemotherapy /
chemoradiotherapy

49.5(3.0–71.0) Scores>4 OS, DFS I-IV R(M) Gender, T, N, TNM,
differentiation, size

Li, X. 2016 China PC 179(119/60) 33-85 IHC Surgery NI Scores>4 OS I-IV R(M) Gender, age, N, TNM,
differentiation, nerve
invasion

Lv, Q. L. 2016 China glioma 92 NI IHC Surgery 48 NI OS NI R NI

Peng, H. 2016 China NPC 58(41/17) NI IHC NI NI NI NI I-IV NI Gender, T, M, TNM

Liu, C. 2017 China GC 70(43/27) NI IHC Surgery NI Scores=12 NI I-IV NI Gender, age, TNM, dif-
ferentiation

Qu, G. 2017 China LC 92(52/40) 57.3 IHC Surgery NI Scores 2-3 OS, RFS I-IV R(M) Gender, N, TNM

Han, H. 2018 China PC 157(76/81) 56(29–81) IHC Surgery NI Scores>0 OS I-IV R(M) Gender, age, N, TNM

Liu, S. 2018 BJ cohort China OSCC 83(65/18) 60.89± 12.73 IHC Surgery; surgery plus
radiotherapy and/or
chemotherapy

52 Scores>6 OS I-IV R(U) NI

Liu, S. 2018 CD co-
hort

China OSCC 151(107/44) 61.07± 12.58 IHC Surgery; surgery plus
radiotherapy and/or
chemotherapy

74 Scores>6 OS I-IV R(U) NI

Liu, S. 2018 GZ co-
hort

China OSCC 108(41/67) 61.46± 12.45 IHC Surgery; surgery plus
radiotherapy and/or
chemotherapy

78 Scores>6 OS I-IV R(U) NI

Xiao, T. 2018 China CRC 180(100/80) NI IHC Surgery ≥70 Scores 4-6 OS I-IV E Gender, N, TNM, differ-
entiation

Li, X. Y. 2019 China CRC 205(120/85) NI IHC NI NI Scores ≥3 NI I-IV NI Gender, N, M, TNM

Zhang, L. 2019 China PC 182(95/87) NI IHC Surgery NI Scores ≥4 OS IA,IB,IIA,IIB E Gender, age, T, N, dif-
ferentiation, size, nerve
invasion

Shen, C. 2020 China Melanoma 67(40/27) NI IHC NI NI Score 1-3 NI I-IV NI Gender, N, TNM

(continued on next page)
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Table 1 (continued)
First author Year Country Type of

cancer
No. of
patients
(M/F)

Age Detecting
method

Treatment Follow up
(months)

Cut off Survival
information

TNM
Stage

Source of
HR and 95%CI

Clinicopathological
characteristics

Wu, H. 2020 China CC 306 NI IHC Surgery NI Scores ≥7 OS FIGO I,II E Differentiation

Yu, Z. 2021 China GC 155(108/47) NI IHC Surgery NI Scores 6-12 OS I-IV E Gender, T, N, TNM

Xu, L. 2022 China CC 104 49.52(28–68) IHC Surgery NI NI NI FIGO ≤IIB,>IIB NI N

Notes.
BC, breast cancer; GC, gastric cancer; PC, pancreatic cancer; CC, cervical cancer; LC, lung cancer; CRC, colorectal carcinoma; OC, ovarian cancer; OSCC, oral squamous cell carcinoma; NPC,
nasopharyngeal carcinoma; ESCC, esophageal squamous cell carcinoma; OS, overall survival; RFS, recurrence-free survival; DFS, disease-free survival; FIGO, The International Federation of Gy-
necology and Obstetrics; R(M), Data analyzed with multivariate Cox regression analysis were reported in study; R(U), Data analyzed with univariate Cox regression analysis were reported in study; E,
HRs and 95%CI were estimated from Kaplan–Meier curves according to the method described by Tierney et al.; age, age ≥60 years old or age <60 years old; T, T stage; N, lymphatic metastasis; M,
distant metastasis; TNM, TNM stage; size, tumor size (size ≥ 3 cm or size <3 cm); NI, not informed.
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Figure 3 Forest plot displaying the association between RACK1 expression and disease-free
survival/recurrence-free survival.

Full-size DOI: 10.7717/peerj.15873/fig-3

Table 2 The results of the association between RACK1 expression and clinicopathological characteristics.

Clinicopathological
characteristics

Included
studies

Included
patients

Pooled
OR (95% CI)

P Heterogeneity Effect
modelI2 (%) P

Age (≥60 vs. <60) 6 831 1.74(0.88–3.42) 0.11 73 0.002 Random
Gender (male vs. female) 16 2463 1.09(0.91–1.31) 0.32 0 0.59 Fixed
T stage (T3/T4 vs. T1/T2) 5 655 0.98(0.35–2.79) 0.97 84 <0.001 Random
Lymphatic invasion (N+ vs. N0)a 15 2013 1.74(1.04–2.90) 0.04 79 <0.001 Random
M stage (M+ vs. M0) 3 260 1.27(0.36–4.47) 0.71 66 0.05 Random
TNM stage (IV/III vs. I/II) 13 1483 1.58(0.85–2.94) 0.15 80 <0.001 Random
Differentiation (poor vs. median/high) 12 2099 1.56(0.84–2.86) 0.16 85 <0.001 Random
Tumor size (≥3 cm vs. <3 cm) 4 468 1.29(0.66–2.52) 0.46 63 0.04 Random
Nerve invasion 2 361 0.74(0.18–3.07) 0.67 89 0.003 Random

Notes.
aData on lymphatic invasion was extracted from the N stage of TNM stages in the primary literatures.

Association between RACK1 expression and clinicopathological
characteristics
To evaluate the association between RACK1 expression and clinicopathological features,
20 cohorts containing 3,043 patients were included in this meta-analysis. The pooled
results indicated that high RACK1 expression in patients with cancer was associated with
lymphatic invasion/N+ stage (OR = 1.74; 95% CI [1.04–2.90]; P = 0.04; I2 = 79%) of
tumors. No relationship was observed between RACK1 expression and age, gender, T stage,
M stage, TNM stage, tumor differentiation, tumor size, or nerve invasion, as presented in
Table 2 and Fig. S1. Significant heterogeneity was observed in each group when the effect
sizes were combined, except when the relationship between gender and RACK1 expression
was explored.

Subgroup analysis and meta-regression
Subgroup analysis for RACK1 expression and OS was based on cancer type (digestive or
non-digestive system cancers) and sample size (sample size ≥ 100 or <100), as well as
the source of HRs(reported and estimated) and the Cox analysis method (multivariate
and univariate). Except for the subgroups regarding the digestive system, estimated HR,
and univariate Cox analysis, all other results of the subgroup analysis suggested that high
RACK1 expression could predict poor OS (Table 3 and Fig. S2).
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Table 3 Subgroup analysis regarding association of RACK1 with overall survival and the results of meta-regression.

Subgroups Included
studiesa

Included
patients

Pooled HR
(95% CI)

P Heterogeneity Effect
model

Meta-regression
(P)I2 (%) P

Cancer type 0.327
Digestive system 10 1,790 1.44 (0.91–2.27) 0.12 91 <0.001 Random
Non-digestive system 5 830 2.08 (1.38–3.13) <0.001 59 0.04 Random
Sample size 0.604
≥100 12 2,353 1.55 (1.01–2.37) 0.04 90 <0.001 Random
<100 3 267 1.95 (1.41–2.69) <0.001 89 <0.001 Random
Source of HR 0.037
Reported 10 1,302 1.92 (1.64–2.25) <0.001 34 0.14 Fixed
Estimated 5 1,318 1.01 (0.50–2.03) 0.98 93 <0.001 Random
Analyzing method 0.189
Multivariate 6 868 2.09 (1.49–2.94) <0.001 61 0.02 Random
Univariate 9 1,752 1.35 (0.82–2.21) 0.24 91 <0.001 Random

Notes.
aStudy of Liu. S. et al. including 3 individual cohorts was considered as 3 separate studies for analysis.

Table 4 The results of the association between RACK1 expression and lymphatic invasion/ N+ stage regarding specific cancer types.

Cancer types Included
studies

Included
patients

Pooled
OR (95% CI)

P Heterogeneitya Effect
modelaI2 (%) P

Lung cancer 4 420 2.36 (1.56–3.56) <0.001 44 0.15 Fixed
Colorectal carcinoma 3 489 1.99 (0.66–6.02) 0.22 83 0.003 Random
Pancreatic cancer 3 518 1.08 (0.40–2.92) 0.88 85 0.002 Random
Breast cancer 1 160 10.42 (0.53–205.14) 0.12 N/A N/A N/A
Cervical cancer 1 104 4.57 (1.42–14.74) 0.01 N/A N/A N/A
Esophageal squamous cell carcinoma 1 100 2.46 (1.04–5.82) 0.04 N/A N/A N/A
Gastric cancer 1 155 0.20 (0.08–0.48) <0.001 N/A N/A N/A
Melanoma 1 67 1.52 (0.06–38.75) 0.80 N/A N/A N/A

Notes.
aDue to the limited study on breast cancer, cervical cancer, esophageal squamous cell carcinoma, gastric cancer, and melanoma, the corresponding ‘‘heterogeneity’’ and ‘‘effect
model’’ were not applicable (N/A).

Considering that different cancer types may have different propensities for lymphatic
invasion, we analyzed the association between RACK1 expression and lymphatic invasion
in specific cancer types. The findings indicated high RACK1 expression to be significantly
associated with lymphatic invasion in LC (OR = 2.36; 95% CI [1.56–3.56]; P < 0.001; I2

= 44%), but not statistically associated with PC and CRC. For other cancer types, definite
conclusions could not be drawn because only one study for each could be included in the
analysis (Table 4 and Fig. S3).

To further explain the heterogeneity among the studies focusing on RACK1 expression
and OS, meta-regression was performed, and a P value <0.05 was utilized as the assessment
standard for judging whether a certain factor serves as the source of heterogeneity. The
findings implied that the source of HR (P = 0.037) might be a source of heterogeneity,
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Figure 4 Sensitivity analysis for meta-analysis of RACK1 expression and (A) overall survival and (B)
lymphatic invasion/N+ stage.

Full-size DOI: 10.7717/peerj.15873/fig-4

contributing 29.49% of the heterogeneity. The detailed results of the subgroup analysis
and meta-regression are presented in Table 3.

Sensitivity analysis
Sensitivity was evaluated to verify the stability of our conclusions when significant
heterogeneity occurred in assessing the correlation of RACK1 expression with OS and
lymphatic invasion. The sequential exclusion of each study did not affect the conclusion
regarding the OS, indicating that the results were relatively stable and reliable (Fig. 4A).
However, inconsistent combined results were observed for lymphatic invasion after
removing specific literature; some pooled ORs indicated that RACK1 expression was
not associated with lymphatic invasion (Fig. 4B). As a result, the conclusions regarding
lymphatic invasion might be unstable.

Publication bias
Visually inspecting the funnel plot, we found asymmetry in the OS analysis, and no
asymmetry was found for DFS/RFS or lymphatic invasion (Fig. 5). Begg’s and Egger’s tests
were performed to assess the funnel plot asymmetry. No publication bias was observed in
the association between RACK1 expression and lymphatic invasion (Begg’s test: P = 0.692;
Egger’s test: P = 0.258) of cancer. However, publication bias was found in the studies
on the correlation between RACK1 expression and OS using Egger’s test (Begg’s test:
P = 0.092; Egger’s test: P = 0.004). As a result, caution was required when interpreting
OS outcomes. No quantitative assessment of publication bias for DFS/RFS was conducted
owing to insufficient literature.

DISCUSSION
Numerous studies have investigated the relationship between RACK1 expression and
the prognosis and clinicopathological characteristics of patients with cancer; however,
conflicting conclusions have been drawn. To the best of our knowledge, this is the first
systematic review and meta-analysis serving as a global proof that high RACK1 expression
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Figure 5 Funnel plots with pseudo 95% confidence limits for the included studies reporting (A) over-
all survival, (B) disease-free survival/recurrence-free survival and (C) lymphatic invasion/N+ stage.

Full-size DOI: 10.7717/peerj.15873/fig-5

is a predictive marker of poor prognosis in various cancers, consistent with the findings
of the majority of the studies. Increased RACK1 expression was significantly associated
with lymphatic invasion, which might account for the poorer survival rate in RACK1-high
patients with cancer.

In this study, thirteen studies investigating 2,620 patients with cancer were included to
assess the relationship between RACK1 expression and OS, and the pooled HR indicated
that higher RACK1 expression might predict poorer OS. The poor prognosis induced by
RACK1 expression may be explained by the following mechanisms: first, in non-small cell
lung cancer, RACK1 plays a key role in carcinogenesis by activating the AKT and FAK
pathways (Wu et al., 2021); second, RACK1 might promote the development of esophageal
cancer by activating the RAS/MEK/ERK pathway (Li et al., 2022); and third, RACK1 could
accelerate the progression of OSCC via the AKT/mTOR pathway (Zhang et al., 2016).
In contrast, Chen et al. (2015) reported that low expression of RACK1 may enhance the
autocrine IL8 through miRNA-302c and contribute to an invasive or metastatic phenotype
of gastric cancer, indicating the relationship between decreased RACK1 and poor prognosis
in patients with GC; and Zhang et al. (2019) found that RACK1 down-regulation might be
responsible for the occurrence of PC in its early stage by activating the NF-κB pathway (Hu
et al., 2019). Therefore, organ specificity may contribute to the versatile roles of RACK1
in cancer, accounting for the heterogeneity of the pooled results from various cancers.
In the subgroup analysis, except for the digestive system subgroups, estimated HR, and
univariate Cox analysismethod, all other subgroups confirmed that high RACK1 expression
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was associated with a poorer prognosis. Many factors may account for the inconsistent
results across studies, including, heterogeneity due to differences in cancers originating
from different anatomic sites (as previously stated), distinct IHC results obtained under
different conditions (such as staining on fresh or long-term stored sections or antibodies
of varying natures), different percentages of tumor cells on various slides as RACK1 may
also be expressed in non-tumor cells, affecting the scoring, and inclusion of a small sample
size in the subgroup.

Recurrence is frequently a cause of disease deterioration and contributes substantially
to cancer-related deaths in patients (Fox et al., 2020). Two studies and 192 patients
were pooled to examine the relationship between RACK1 expression and DFS/RFS.
The combined results demonstrated that high RACK1 expression was significantly and
negatively associated withDFS/RFS, further strengthening the previous finding that RACK1
predicts a poor prognosis. Similarly, Wang et al. reported that high RACK1 expression was
significantly associated with the recurrence of OSCC and predicted poor clinical outcomes
(Wang et al., 2009), implying that clinicians should closely monitor the disease progression
of patients with higher RACK1 expression and increase the frequency of follow-up visits if
needed.

To evaluate the correlation between RACK1 expression and the clinicopathological
characteristics of patients with cancer, 20 studies with 3043 patients were included. We
found that cancer patients with high RACK1 expression exhibited a higher tendency
for lymphatic invasion/N+ stage. These clinicopathological features may significantly
contribute to poor survival outcomes in patients with cancer, consistent with the above
finding that high RACK1 expression is associated with a poor prognosis (Zhang et al.,
2021). Additionally, RACK1 expression was observed to be associated with the lymphatic
invasion/N+ stage in LC. Even early-stage LC tends to invade the lymphatic system,
contributing to its poor prognosis (Sato et al., 2021). During PC progression, lymphatic
invasion could be observed early, despite the presence of only a few lymphatic vessels
(Fink, Steele & Hollingsworth, 2016). CRC most commonly metastasizes to the liver via the
bloodstream and to the lungs via the lymphatic system (Naxerova et al., 2017). Notably,
RACK1 may promote the migration and invasion of malignant tumors by mediating the
epithelial-mesenchymal transition in LC, the PI3K/Akt pathway in PC, and the AMPK/YAP
pathway inCRC (Kong et al., 2020;Qu et al., 2017; Sun et al., 2021). However, its expression
did not correlate with lymphatic invasion in CRC and PC in our study; therefore, more
well-designed studies are required to ascertain the role of RACK1 in various cancers. Apart
from the lymphatic invasion/N+ stage, no correlation between RACK1 and the remaining
clinicopathological features (age, gender, T stage, M stage, TNM stage, differentiation,
tumor size, and nerve invasion) was observed, implying that RACK1 might contribute to
the poor prognosis of patients with cancer primarily by promoting lymphatic invasion.

This study had some limitations. First, the patients with cancer included in the literature
were all from East Asia; this may result in bias considering the homogeneity of the region
and ethnicity. Second, no uniformity in determining the cut-off value of high/low RACK1
expression was observed; additionally, subjectivity in scoring IHC findings could not be
ignored, and inconsistency regarding the selection of antibodies for IHC or primers for
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RT-PCR among the included original studies might compromise the validity of the pooled
effect sizes. Third, only a limited number of studies (one each for LC and ESCC) were
considered for DFS/RFS, which might have resulted in non-convincing results. Fourth, the
conclusion regarding lymphatic invasion was found to be unstable by sensitivity analysis,
and potential publication bias was observed when exploring the relationship between
RACK1 and OS, potentially diminishing the benefit of this meta-analysis. In the future,
more well-designed studies are warranted to validate the value of RACK1 as a prognostic
factor for cancer compared to other recognized typical markers.

CONCLUSION
Our systematic review and meta-analysis demonstrated from an evidence-based medical
perspective that RACK1 is a relatively global marker of poor prognosis in patients with
cancer; particularly, high RACK1 expression was indicated to be significantly associated
with poorer survival (OS and DFS/RFS) and worse clinicopathological characteristics
(lymphatic invasion/N+ stage). As a result, patients with high RACK1 levels should have
more frequent follow-ups to avoid unfavorable clinical outcomes. Owing to the limited
number of studies and types of cancers included in this review, more high-quality studies
are needed to validate the findings of our study.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work is supported by the National Natural Science Foundation of China (82272899,
81902782, 82203180), the Research Funding from West China School/Hospital
of Stomatology Sichuan University (No. RCDWJS2022-16), the Innovation and
Entrepreneurship Training Scheme for University Students Program of Sichuan
University (20231525L), the 14th special grant from China Postdoctoral Science
Foundation (2021T140484), the Postdoctoral Research Funding of Sichuan University
(2022SCU12132), the Research and Exploration Program of West China Hospital of
Stomatology of Sichuan University (No. RD-02-202204), and the Key Research Program
of Sichuan Provincial Science and Technology Agency (2023YFS0127). The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 82272899, 81902782, 82203180.
Research Funding from West China School/Hospital of Stomatology Sichuan University:
RCDWJS2022-16.
Innovation and Entrepreneurship Training Scheme for University Students Program of
Sichuan University: 20231525L.
14th special grant from China Postdoctoral Science Foundation: 2021T140484.

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 14/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.15873


Postdoctoral Research Funding of Sichuan University: 2022SCU12132.
Research and Exploration Program of West China Hospital of Stomatology of Sichuan
University: RD-02-202204.
Key Research Program of Sichuan Provincial Science and Technology Agency:
2023YFS0127.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Qiuhao Wang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Sixin Jiang performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.
• Yuqi Wu performed the experiments, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.
• You Zhang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Mei Huang analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.
• Yan Qiu conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Xiaobo Luo conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Raw data are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15873#supplemental-information.

REFERENCES
Anaya J, Reon B, ChenW-M, Bekiranov S, Dutta A. 2016. A pan-cancer analysis of

prognostic genes. PeerJ 3:e1499 DOI 10.7717/peerj.1499.
Cao XX, Xu JD, Liu XL, Xu JW,WangWJ, Li QQ, Chen Q, Xu ZD, Liu XP. 2010.

RACK1: a superior independent predictor for poor clinical outcome in breast cancer.
International Journal of Cancer 127:1172–1179 DOI 10.1002/ijc.25120.

Chen L, Min L,Wang X, Zhao J, Chen H, Qin J, ChenW, Shen Z, Tang Z, Gan Q,
Ruan Y, Sun Y, Qin X, Gu J. 2015. Loss of RACK1 promotes metastasis of gastric
cancer by inducing a miR-302c/IL8 signaling loop. Cancer Research 75:3832–3841
DOI 10.1158/0008-5472.Can-14-3690.

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.15873#supplemental-information
http://dx.doi.org/10.7717/peerj.15873#supplemental-information
http://dx.doi.org/10.7717/peerj.15873#supplemental-information
http://dx.doi.org/10.7717/peerj.1499
http://dx.doi.org/10.1002/ijc.25120
http://dx.doi.org/10.1158/0008-5472.Can-14-3690
http://dx.doi.org/10.7717/peerj.15873


Chen RJ, LuMY,Williamson DFK, Chen TY, Lipkova J, Noor Z, ShabanM, Shady
M,WilliamsM, Joo B, Mahmood F. 2022. Pan-cancer integrative histology-
genomic analysis via multimodal deep learning. Cancer Cell 40(8):865–878.e6
DOI 10.1016/j.ccell.2022.07.004.

Cheng Z-F, Cartwright CA. 2018. Rack1 maintains intestinal homeostasis by protecting
the integrity of the epithelial barrier. American Journal of Physiology Gastrointestinal
and Liver Physiology 314:G263–G274 DOI 10.1152/ajpgi.00241.2017.

Cheng Z-F, Pai RK, Cartwright CA. 2018. Rack1 function in intestinal epithelia:
regulating crypt cell proliferation and regeneration and promoting differentiation
and apoptosis. American Journal of Physiology Gastrointestinal and Liver Physiology
314(1):G1–G13 DOI 10.1152/ajpgi.00240.2017.

DanH, Liu S, Liu J, Liu D, Yin F,Wei Z,Wang J, Zhou Y, Jiang L, Ji N, Zeng X, Li J,
Chen Q. 2020. RACK1 promotes cancer progression by increasing the M2/M1
macrophage ratio via the NF-κB pathway in oral squamous cell carcinoma.Molec-
ular Oncology 14:795–807 DOI 10.1002/1878-0261.12644.

Emens LA, Cruz C, Eder JP, Braiteh F, Chung C, Tolaney SM, Kuter I, Nanda R,
Cassier PA, Delord J-P, GordonMS, ElGabry E, Chang C-W, Sarkar I, Gross-
manW, O’Hear C, FassòM,Molinero L, Schmid P. 2019. Long-term clinical
outcomes and biomarker analyses of atezolizumab therapy for patients with
metastatic triple-negative breast cancer: a phase 1 study. JAMA Oncology 5:74–82
DOI 10.1001/jamaoncol.2018.4224.

Fink DM, Steele MM, HollingsworthMA. 2016. The lymphatic system and pancreatic
cancer. Cancer Letters 381:217–236 DOI 10.1016/j.canlet.2015.11.048.

Fox DB, Garcia NMG,McKinney BJ, Lupo R, Noteware LC, Newcomb R, Liu J, Locasale
JW, HirscheyMD, Alvarez JV. 2020. NRF2 activation promotes the recurrence
of dormant tumour cells through regulation of redox and nucleotide metabolism.
Nature Metabolism 2:318–334 DOI 10.1038/s42255-020-0191-z.

HanH,Wang D, YangM,Wang S. 2018.High expression of RACK1 is associated with
poor prognosis in patients with pancreatic ductal adenocarcinoma. Oncology Letters
15:2073–2078 DOI 10.3892/ol.2017.7539.

Herberts C, Annala M, Sipola J, Ng SWS, Chen XE, Nurminen A, Korhonen OV,
Munzur AD, Beja K, Schönlau E, Bernales CQ, Ritch E, Bacon JVW, Lack NA,
Nykter M, Aggarwal R, Small EJ, Gleave ME, Quigley DA, Feng FY, Chi KN,Wyatt
AW. 2022. Deep whole-genome ctDNA chronology of treatment-resistant prostate
cancer. Nature 608:199–208 DOI 10.1038/s41586-022-04975-9.

Hu Y, Liu J-P, Li X-Y, Cai Y, He C, Li N-S, Xie C, Xiong Z-J, Ge Z-M, Lu N-H, Zhu Y.
2019. Downregulation of tumor suppressor RACK1 by Helicobacter pylori infection
promotes gastric carcinogenesis through the integrin β-1/NF-κB signaling pathway.
Cancer Letters 450:144–154 DOI 10.1016/j.canlet.2019.02.039.

Jin S, Mu Y,Wang X, Liu Z,Wan L, Xiong Y, Zhang Y, Zhou L, Li L. 2014. Overex-
pressed RACK1 is positively correlated with malignant degree of human colorectal
carcinoma.Molecular Biology Reports 41:3393–3399
DOI 10.1007/s11033-014-3201-y.

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 16/20

https://peerj.com
http://dx.doi.org/10.1016/j.ccell.2022.07.004
http://dx.doi.org/10.1152/ajpgi.00241.2017
http://dx.doi.org/10.1152/ajpgi.00240.2017
http://dx.doi.org/10.1002/1878-0261.12644
http://dx.doi.org/10.1001/jamaoncol.2018.4224
http://dx.doi.org/10.1016/j.canlet.2015.11.048
http://dx.doi.org/10.1038/s42255-020-0191-z
http://dx.doi.org/10.3892/ol.2017.7539
http://dx.doi.org/10.1038/s41586-022-04975-9
http://dx.doi.org/10.1016/j.canlet.2019.02.039
http://dx.doi.org/10.1007/s11033-014-3201-y
http://dx.doi.org/10.7717/peerj.15873


Kong Y, Li Y, Luo Y, Zhu J, Zheng H, Gao B, Guo X, Li Z, Chen R, Chen C. 2020.
circNFIB1 inhibits lymphangiogenesis and lymphatic metastasis via the miR-
486-5p/PIK3R1/VEGF-C axis in pancreatic cancer.Molecular Cancer 19:82
DOI 10.1186/s12943-020-01205-6.

Lee JS, Nair NU, Dinstag G, Chapman L, Chung Y,Wang K, Sinha S, Cha H, KimD,
Schperberg AV, Srinivasan A, Lazar V, Rubin E, Hwang S, Berger R, Beker T, Ze
Ronai, Hannenhalli S, Gilbert MR, Kurzrock R, Lee S-H, Aldape K, Ruppin E.
2021. Synthetic lethality-mediated precision oncology via the tumor transcriptome.
Cell 184(9):2487–2502.e13 DOI 10.1016/j.cell.2021.03.030.

Li C, Liu F, Yang X, Guo B, Li G, Yin J, He G, Yang C, Xu L, Li S, WuH, Liu H, Ruan Y,
Gu J, Wang L. 2022. Targeting lectin-like oxidized low-density lipoprotein receptor-
1 triggers autophagic program in esophageal cancer. Cell Death and Differentiation
29:697–708 DOI 10.1038/s41418-021-00884-y.

Li N, Chen J, Liu Q, QuH, Yang X, Gao P,Wang Y, Gao H,Wang H, Zhao Z. 2021.
Prognostic significance and tumor-immune infiltration of mTOR in clear cell renal
cell carcinoma. PeerJ 9:e11901 DOI 10.7717/peerj.11901.

Li XY, Hu Y, Li NS,Wan JH, Zhu Y, Lu NH. 2019. RACK1 acts as a potential tumor
promoter in colorectal cancer. Gastroenterology Research and Practice 2019:5625026
DOI 10.1155/2019/5625026.

Li X, Xiao Y, Fan S, XiaoM,Wang X, Chen X, Li C, Zong G, Zhou G,Wan C.
2016. RACK1 overexpression associates with pancreatic ductal adenocarcinoma
growth and poor prognosis. Experimental and Molecular Pathology 101:176–186
DOI 10.1016/j.yexmp.2016.08.001.

Lin Y, Cui M, Teng H,Wang F, YuW, Xu T. 2014. Silencing the receptor of activated C-
kinase 1 (RACK1) suppresses tumorigenicity in epithelial ovarian cancer in vitro and
in vivo. International Journal of Oncology 44:1252–1258 DOI 10.3892/ijo.2014.2274.

Liu C, Ren L,Wang Y, Liu Y, Xiao J. 2017. The interaction between RACK1 and
WEE1 regulates the growth of gastric cancer cell line HGC27. Oncology Letters
14:4784–4792 DOI 10.3892/ol.2017.6741.

Liu S, Liu J, Wang J, Cheng J, Zeng X, Ji N, Li J, Chen Q. 2018. RACK1 is an organ-
specific prognostic predictor in OSCC. Oral Oncology 76:22–26
DOI 10.1016/j.oraloncology.2017.10.025.

Lv QL, Huang YT,Wang GH, Liu YL, Huang J, Qu Q, Sun B, Hu L, Cheng L, Chen
SH, Zhou HH. 2016. Overexpression of RACK1 promotes metastasis by enhancing
epithelial-mesenchymal transition and predicts poor prognosis in human glioma.
International Journal of Environmental Research and Public Health 13(10):1021
DOI 10.3390/ijerph13101021.

McCahill A, Warwicker J, Bolger GB, Houslay MD, Yarwood SJ. 2002. The RACK1 scaf-
fold protein: a dynamic cog in cell response mechanisms.Molecular Pharmacology
62:1261–1273 DOI 10.1124/mol.62.6.1261.

Nagashio R, Sato Y, Matsumoto T, Kageyama T, Satoh Y, Shinichiro R, Ma-
suda N, Goshima N, Jiang SX, Okayasu I. 2010. Expression of RACK1 is a

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 17/20

https://peerj.com
http://dx.doi.org/10.1186/s12943-020-01205-6
http://dx.doi.org/10.1016/j.cell.2021.03.030
http://dx.doi.org/10.1038/s41418-021-00884-y
http://dx.doi.org/10.7717/peerj.11901
http://dx.doi.org/10.1155/2019/5625026
http://dx.doi.org/10.1016/j.yexmp.2016.08.001
http://dx.doi.org/10.3892/ijo.2014.2274
http://dx.doi.org/10.3892/ol.2017.6741
http://dx.doi.org/10.1016/j.oraloncology.2017.10.025
http://dx.doi.org/10.3390/ijerph13101021
http://dx.doi.org/10.1124/mol.62.6.1261
http://dx.doi.org/10.7717/peerj.15873


novel biomarker in pulmonary adenocarcinomas. Lung Cancer 69:54–59
DOI 10.1016/j.lungcan.2009.09.015.

Naxerova K, Reiter JG, Brachtel E, Lennerz JK,WeteringMVande, Rowan A, Cai
T, Clevers H, Swanton C, NowakMA, Elledge SJ, Jain RK. 2017. Origins of
lymphatic and distant metastases in human colorectal cancer. Science 357:55–60
DOI 10.1126/science.aai8515.

OuH,Wang L, Xi Z, Shen H, Jiang Y, Zhou F, Liu Y, Zhou Y. 2022.MYO10 contributes
to the malignant phenotypes of colorectal cancer via RACK1 by activating integrin/S-
rc/FAK signaling. Cancer Science 113:3838–3851 DOI 10.1111/cas.15519.

Peng H, Gong PG, Li JB, Cai LM, Yang L, Liu YY, Yao KT, Li X. 2016. The im-
portant role of the receptor for activated C kinase 1 (RACK1) in nasopha-
ryngeal carcinoma progression. Journal of Translational Medicine 14:131
DOI 10.1186/s12967-016-0885-x.

QuGP, Liu CT, Fang XQ, Zhang ZJ, Sun BJ, Wang P. 2017. RACK1 as a potential
prognostic biomarker and regulator of epithelial-mesenchymal transition in non-
small cell lung cancer. International Journal of Clinical and Experimental Medicine
10:9019–9028.

Ron D, Chen CH, Caldwell J, Jamieson L, Orr E, Mochly-Rosen D. 1994. Cloning of
an intracellular receptor for protein kinase C: a homolog of the beta subunit of
G proteins. Proceedings of the National Academy of Sciences of the United States of
America 91:839–843.

Ron D, Mochly-Rosen D. 1994. Agonists and antagonists of protein kinase C func-
tion, derived from its binding proteins. The Journal of Biological Chemistry
269:21395–21398 DOI 10.1016/S0021-9258(17)31814-8.

Sato T, Shimada Y, Mimae T, Tsutani Y, Miyata Y, Ito H, Nakayama H, OkadaM, Ikeda
N. 2021. The impact of pathological lymph node metastasis with lymphatic invasion
on the survival of patients with clinically node-negative non-small cell lung cancer: a
multicenter study. Lung Cancer 158:9–14 DOI 10.1016/j.lungcan.2021.05.029.

Shen C, Hua H, Gu L, Cao S, Cai H, Yao X, Chen X. 2020. Overexpression of
RACK1 predicts poor prognosis in melanoma. Journal of Cancer 11:795–803
DOI 10.7150/jca.36905.

Shi S, Deng YZ, Zhao JS, Ji XD, Shi J, Feng YX, Li G, Li JJ, Zhu D, Koeffler HP, Zhao
Y, Xie D. 2012. RACK1 promotes non-small-cell lung cancer tumorigenicity
through activating sonic hedgehog signaling pathway. Journal of Biological Chemistry
287:7845–7858 DOI 10.1074/jbc.M111.315416.

Siegel RL, Miller KD, Fuchs HE, Jemal A. 2021. Cancer Statistics, 2021. CA: a Cancer
Journal For Clinicians 71(1):7–33 DOI 10.3322/caac.21654.

Stang A. 2010. Critical evaluation of the Newcastle-Ottawa scale for the assessment
of the quality of nonrandomized studies in meta-analyses. European Journal of
Epidemiology 25:603–605 DOI 10.1007/s10654-010-9491-z.

Sun L, Yang X, Huang X, Yao Y,Wei X, Yang S, Zhou D, ZhangW, Long Z, Xu X, Zhu
X, He S, Su X. 2021. 2-hydroxylation of fatty acids represses colorectal tumorigenesis

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 18/20

https://peerj.com
http://dx.doi.org/10.1016/j.lungcan.2009.09.015
http://dx.doi.org/10.1126/science.aai8515
http://dx.doi.org/10.1111/cas.15519
http://dx.doi.org/10.1186/s12967-016-0885-x
http://dx.doi.org/10.1016/S0021-9258(17)31814-8
http://dx.doi.org/10.1016/j.lungcan.2021.05.029
http://dx.doi.org/10.7150/jca.36905
http://dx.doi.org/10.1074/jbc.M111.315416
http://dx.doi.org/10.3322/caac.21654
http://dx.doi.org/10.1007/s10654-010-9491-z
http://dx.doi.org/10.7717/peerj.15873


and metastasis via the YAP transcriptional axis. Cancer Research 81:289–302
DOI 10.1158/0008-5472.CAN-20-1517.

Tierney JF, Stewart LA, Ghersi D, Burdett S, Sydes MR. 2007. Practical methods
for incorporating summary time-to-event data into meta-analysis. Trials 8:16
DOI 10.1186/1745-6215-8-16.

Wang D, Fang J, Wen S, Li Q,Wang J, Yang L, DaiW, Lu H, Guo J, Shan Z, XieW,
Liu X,Wen L, Shen J, Wang A, Chen Q,Wang Z. 2022. A comprehensive profile
of TCF1+ progenitor and TCF1- terminally exhausted PD-1+CD8+ T cells in head
and neck squamous cell carcinoma: implications for prognosis and immunotherapy.
International Journal of Oral Science 14:8 DOI 10.1038/s41368-022-00160-w.

Wang N, Liu F, Cao F, Jia Y,Wang J, MaW, Tan B,Wang K, Song Q, Cheng Y. 2015.
RACK1 predicts poor prognosis and regulates progression of esophageal squamous
cell carcinoma through its epithelial-mesenchymal transition. Cancer Biology &
Therapy 16:528–540 DOI 10.1080/15384047.2015.1016687.

Wang Z, Zhang B, Jiang L, Zeng X, Chen Y, Feng X, Guo Y, Chen Q. 2009. RACK1, an
excellent predictor for poor clinical outcome in oral squamous carcinoma, similar to
Ki67. European Journal of Cancer 45:490–496 DOI 10.1016/j.ejca.2008.11.012.

WuB, Chang N, Xi H, Xiong J, Zhou Y,Wu Y,Wu S,Wang N, Yi H, Song Y, Chen L,
Zhang J. 2021. PHB2 promotes tumorigenesis via RACK1 in non-small cell lung
cancer. Theranostics 11:3150–3166 DOI 10.7150/thno.52848.

WuH, Song S, Yan A, Guo X, Chang L, Xu L, Hu L, KuangM, Liu B, He D, Zhao R,
Wang L,Wu X, Gu J, Ruan Y. 2020. RACK1 promotes the invasive activities and
lymph node metastasis of cervical cancer via galectin-1. Cancer Letters 469:287–300
DOI 10.1016/j.canlet.2019.11.002.

Xiao T, ZhuW, HuangW, Lu SS, Li XH, Xiao ZQ, Yi H. 2018. RACK1 promotes
tumorigenicity of colon cancer by inducing cell autophagy. Cell Death & Disease
9:1148 DOI 10.1038/s41419-018-1113-9.

Xu L, Li J, TursunM, Hai Y, Tursun H, Mamtimin B, Hasim A. 2022. Receptor for
activated C kinase 1 promotes cervical cancer lymph node metastasis via the
glycolysis-dependent AKT/mTOR signaling. International Journal of Oncology
61(1):83 DOI 10.3892/ijo.2022.5373.

Yang H, Zhu Q, Cheng J, Wu Y, FanM, Zhang J, WuH. 2019. Opposite regulation
of Wnt/ β-catenin and Shh signaling pathways by Rack1 controls mammalian
cerebellar development. Proceedings of the National Academy of Sciences of the United
States of America 116:4661–4670 DOI 10.1073/pnas.1813244116.

Yao F, Long L-Y, Deng Y-Z, Feng Y-Y, Ying G-Y, BaoW-D, Li G, Guan D-X, Zhu Y-
Q, Li J-J, Xie D. 2014. RACK1 modulates NF-κB activation by interfering with
the interaction between TRAF2 and the IKK complex. Cell Research 24:359–371
DOI 10.1038/cr.2013.162.

Yu Z, Jiang X, Qin L, Deng H,Wang J, RenW, Li H, Zhao L, Liu H, Yan H, ShiW,Wang
Q, Luo C, Long B, Zhou H, Sun H, Jiao Z. 2021. A novel UBE2T inhibitor suppresses
Wnt/ β-catenin signaling hyperactivation and gastric cancer progression by blocking
RACK1 ubiquitination. Oncogene 40:1027–1042 DOI 10.1038/s41388-020-01572-w.

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 19/20

https://peerj.com
http://dx.doi.org/10.1158/0008-5472.CAN-20-1517
http://dx.doi.org/10.1186/1745-6215-8-16
http://dx.doi.org/10.1038/s41368-022-00160-w
http://dx.doi.org/10.1080/15384047.2015.1016687
http://dx.doi.org/10.1016/j.ejca.2008.11.012
http://dx.doi.org/10.7150/thno.52848
http://dx.doi.org/10.1016/j.canlet.2019.11.002
http://dx.doi.org/10.1038/s41419-018-1113-9
http://dx.doi.org/10.3892/ijo.2022.5373
http://dx.doi.org/10.1073/pnas.1813244116
http://dx.doi.org/10.1038/cr.2013.162
http://dx.doi.org/10.1038/s41388-020-01572-w
http://dx.doi.org/10.7717/peerj.15873


Zhang L, Lv Y, Rong Y, ChenW, Fang Y, MaoW, LouW, Jin D, Xu X. 2019. Down-
regulated expression of RACK1 results in pancreatic cancer growth and metastasis.
OncoTargets and Therapy 12:1007–1020 DOI 10.2147/OTT.S176101.

Zhang X, Liu N, Ma D, Liu L, Jiang L, Zhou Y, Zeng X, Li J, Chen Q. 2016. Re-
ceptor for activated C kinase 1 (RACK1) promotes the progression of OSCC
via the AKT/mTOR pathway. International Journal of Oncology 49:539–548
DOI 10.3892/ijo.2016.3562.

Zhang X-F, Xue F, Dong D-H,Weiss M, Popescu I, Marques HP, Aldrighetti L,
Maithel SK, Pulitano C, Bauer TW, Shen F, Poultsides GA, Soubrane O, Martel G,
Koerkamp BG, Itaru E, Lv Y, Pawlik TM. 2021. Number and station of lymph node
metastasis after curative-intent resection of intrahepatic cholangiocarcinoma impact
prognosis. Annals of Surgery 274:e1187–e1195 DOI 10.1097/SLA.0000000000003788.

Zhong X, Li M, Nie B,Wu F, Zhang L,Wang E, Han Y. 2013. Overexpressions of RACK1
and CD147 associated with poor prognosis in stage T1 pulmonary adenocarcinoma.
Annals of Surgical Oncology 20:1044–1052 DOI 10.1245/s10434-012-2377-4.

Zhu X, Jackson EK. 2017. RACK1 regulates angiotensin II-induced contractions of SHR
preglomerular vascular smooth muscle cells. American Journal of Physiology Renal
Physiology 312:F565–F576 DOI 10.1152/ajprenal.00547.2016.

Wang et al. (2023), PeerJ, DOI 10.7717/peerj.15873 20/20

https://peerj.com
http://dx.doi.org/10.2147/OTT.S176101
http://dx.doi.org/10.3892/ijo.2016.3562
http://dx.doi.org/10.1097/SLA.0000000000003788
http://dx.doi.org/10.1245/s10434-012-2377-4
http://dx.doi.org/10.1152/ajprenal.00547.2016
http://dx.doi.org/10.7717/peerj.15873

