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A pan‑cancer analysis 
of anti‑proliferative protein family 
genes for therapeutic targets 
in cancer
Siming Zhang 1,7, Jue Gu 2,7, Ling‑ling Shi 3,7, Bo Qian 4, Xun Diao 1, Xiaohui Jiang 5, 
Jindong Wu 5, Zhijun Wu 6* & Aiguo Shen 1*

The recently discovered APRO (anti‑proliferative protein) family encodes a group of trans‑membrane 
glycoproteins and includes 6 members: TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4. The APRO family 
is reportedly associated with the initiation and progression of cancers. This study aims to undertake 
a comprehensive investigation of the APRO family of proteins as a prognostic biomarker in various 
human tumors. We performed a pan‑cancer analysis of the APRO family based on The Cancer Genome 
Atlas (TCGA). With the bioinformatics methods, we explored the prognostic value of the APRO 
family and the correlation between APRO family expression and tumor mutation burden (TMB), 
microsatellite instability (MSI), drug sensitivity, and immunotherapy in numerous cancers. Our 
results show that the APRO family was primarily down‑regulated in cancer samples. The expression 
of APRO family members was linked with patient prognosis. In addition, APRO family genes showed 
significant association with immune infiltrate subtypes, tumor microenvironment, and tumor cell 
stemness. Finally, our study also demonstrated the relationship between APRO family genes and drug 
sensitivity. This study provides comprehensive information to understand the APRO family’s role as an 
oncogene and predictor of survival in some tumor types.

The APRO (anti-proliferative protein) family includes 6 members: TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4 
which not only involve in the regulation of cell growth and  development1, but also play an important role in 
apoptosis, invasion and metastasis of various  tumors2, and some members are of great significance for the 
prognosis of  tumors3–6.

Tumor suppressor gene TOB1 is mainly participated in the tumor occurrence as well as T cell  activation7, 8. Bai 
et al. found that TOB1 could inhibit the proliferation of malignant pancreatic  cells9. Therefore, some researchers 
believed that TOB1 could be used as an independent indicator to evaluate the prognosis of patients with gastric 
cancer (GC)10, 11. For instance, in the study of esophageal squamous cell carcinoma (ESCC), down-regulated 
TOB1 expression was found to be correlated with the unfavorable prognosis of tumor  patients12. Addition-
ally, TOB1 was also uncovered to trigger autophagy to repress GC progression through activating AKT/mTOR 
 pathway10. BTG1 mutations may disrupt a critical immune gatekeeper mechanism that strictly limits B cell fit-
ness during antibody affinity maturation in diffuse large B-cell  lymphoma13, 14. The overexpressed BTG2 could 
decrease the proliferation and migration of glioma  cells15 and may act as an effective target for the treatment of 
luminal A breast  cancer16. As a result, BTG1 and BTG2 are considered as tumor suppressors and closely corre-
lated with tumor cell behavior as well as  prognosis17. An et al. suggested that BTG3 overexpression could inhibit 
cell proliferation and invasion and promote cell apoptosis in epithelial ovarian cancer by regulating the AKT/
GSK3β/β-catenin signaling  pathway18.

In the present study, we comprehensively analyzed the role of TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4 
in cancer from the perspective of bioinformatics. We intended to disclose correlations between the expression 
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of the APRO family and clinical features, prognosis, and tumor-infiltrating immune cells. In addition, we also 
aimed to demonstrate the expression of the APRO family changes during the immune response, tumor microen-
vironment, tumor stemness, and cancer cell sensitivity. Through a series of bioinformatics analysis, the findings 
in our study supported the important role of TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4 in pan-cancer and 
provided a reliable basis for detecting biomarkers of cancer.

Methods
Data collection
The analysis process of our study is shown in Fig. 1. We obtained pan-cancer from TCGA database combined with 
transcriptome data and clinical information from a public database UCSC Cancer Genomics Browser (https:// 
xenab rowser. net/ datap ages/). The Imvigor210 cohort was downloaded from the website based on the Creative 
Commons 3.0 license (http:// resea rch- pub. Gene. com/ imvig or210 coreb iolog ies).

Pan‑cancer analysis of APRO family genes expression
Preliminarily, we drew boxplots of APRO family genes expression within general pan-cancers or single cancer 
to test the difference in gene expression distribution. Then, heatmaps were constructed using the R package 
“pheatmap” (https:// CRAN.R- proje ct. org/ packa ge= pheat map) to observe the APRO family genes (TOB1, TOB2, 
BTG1, BTG2, BTG3 and BTG4) expression between tumors and adjacent normal tissues. Spearman correlation 
analysis was conducted to detect the expression correlation across APRO family genes. The position of these 
genes in chromosome was plotted by RCircos  package19. Additionally, we applied a STRING analysis for pro-
tein–protein interaction (PPI) network among APRO family genes. As mutually supplementary analysis, we also 
input APRO family genes in the “Gene_DE” module of TIMER2 (tumor immune estimation resource, version 2) 
web (http:// timer. cistr ome. org/) to detect the expression difference of these genes between tumor and adjacent 
normal tissues of the TCGA project as Cui et al.  described20.

Survival prognosis analysis
We explored the overall survival (OS) map data of the APRO family (TOB1, TOB2, BTG1, BTG2, BTG3 and 
BTG4) to confirm the prognostic value of APRO family members according to the univariate Cox regression. 
Then, the patients were divided into a high group and a low group according to the median expression level of 
APRO family genes. The Kaplan–Meier method and survival rate R package were used to analyze the prognosis 
of the patients in the 2 groups.

Methylation analysis
The detailed description on DNA methylation analysis could be seen in published  paper21. Briefly, GSCALite 
(bioinfo.life.hust.edu.cn/web/GSCALite/)22 website was applied to acquire relevant methylation information of 
APRO family genes. Here, 14 cancer types containing cancer and counterpart tissues was employed for meth-
ylation analysis. Additionally, MethSurv (biit.cs.ut.ee/methsurv/)23 online analysis were carried out to precisely 
investigate the effect of methylation sites.

Tumor microenvironment infiltration analysis
Six immune subtypes retrieved from a previous  reference24 were adopted to measure immune infiltrates in tumor 
environment. Additionally, ESTIMATE as an algorithm produces 3 scores: the StromalScore, ImmuneScore, and 
 ESTIMATEScore25. Here, we assessed the association among the expression level of TOB1, TOB2, BTG1, BTG2, 
BTG3 and BTG4 genes and three ESTIMATE scores via Spearman analysis.

Stemness scores and drug sensitivity analysis
We also evaluated the association among the expression level of APRO family genes and tumor stemness score 
(RNAss and DNAss) in substantial tumor data according to Spearman analysis. Next, CellMiner (https:// disco 
ver. nci. nih. gov/ cellm iner/) is a web-based application that provides data and a pharmacological overview of 
the NCI-60 cancer cell line, from which we mined these  data26–28. To explore the correlation between APRO 

Figure 1.  The study flow chart.

https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
http://research-pub.Gene.com/imvigor210corebiologies
https://CRAN.R-project.org/package=pheatmap
http://timer.cistrome.org/
https://discover.nci.nih.gov/cellminer/
https://discover.nci.nih.gov/cellminer/
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family genes and drug sensitivity, we downloaded the APRO family gene and compound activity data using the 
R package. For a supplement, Connectivity Map (CMap, https:// clue. io/) website is also implemented for drug 
sensitivity  prediction29.

Tumor mutation burden (TMB) and microsatellite instability analysis
TMB is the sum of mutations per megabase in tumor tissue. Microsatellite instability (MSI) is a hypermutation 
pattern that occurs on genomic microsatellites and is caused by defects in mismatch repair systems. To evaluate 
the correlation between APRO family (TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4) expression and TMB/MSI 
in pan-cancer, we used the dataset comprising mRNA-seq data from TCGA and plotted the resultant figures 
using the R package “ggstatsplot”.

Quantitative reverse transcription‑polymerase chain reaction (qRT‑PCR)
Total RNA was extracted with TRIZOL reagent from the normal epithelial cell line NHOK (Chinese Academy 
of Sciences of Shanghai) and head and neck squamous cell carcinoma (HNSC) CAL-27 (ATCC: CRL-2095) cell 
lines. RNA quantity was determined by spectrophotometer. Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR) was applied to assess APRO family gene level adopting SYBR Green (Bio-Rad, Hercules, 
CA). Utilizing the  2−ΔΔCT method, data from the threshold  cycle14 were obtained and standardized to the levels 
of GAPDH in each sample. The primers were listed in Table 1.

Statistical analysis
The expression level of the APRO family was shown, and the derived expressions were evaluated using Wilcoxon 
tests. The Pearson correlation analysis was used to explore the expression correlation between the APRO family 
and patient clinical characteristics and immune subtypes. We tested the correlation between gene expression 
and stemness scores, StromalScore, ImmuneScore, ESTIMATEScore, and drug sensitivity using R software and 
the following R packages: ggpubr, pheatmap, ggplot2, survminer, and corrplot. P values < 0.05 were considered 
statistically significant.

Results
Pan‑cancer APRO family member expression analysis
To begin, we analyzed the expression of the APRO family in the pan-cancer TCGA database. The analysis is 
shown in Fig. 2A. The Wilcoxon signed-rank test was used to analyze the differential expression of APRO family 
genes in cancer and adjacent tissues (Fig. 2B).

In the Fig. 2C, we also explored the association among TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4 and 
found that BTG3 and BTG4 (r = 0.22), TOB2 and BTG2 (r = 0.39), TOB2 and TOB1(r = 0.18), BTG1 and BTG2 
(r = 0.16) display a positive association, but TOB1 had a negative association with BTG4 (r =  − 0.09) and BTG3 
(r =  − 0.14), hinting that they possibly have common roles or functions. We also observed the alterations of these 
genes with CNVs on the chromosome (Fig. 2D) STRING analysis revealed that all APRO family genes seemed 
independent, as they did not interact with each other, implying an independent role for each gene (Fig. 2E).

Association of APRO family gene expression and overall survival
The expression of TOB1 in tumor tissues distinctly differed from that in normal tissues with higher expres-
sion levels in breast invasive carcinoma (BRCA), while lower expression levels in HNSC, kidney chromophobe 
(KICH), kidney renal clear cell carcinoma (KIRC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma 
(LUSC), prostate adenocarcinoma (PRAD) and thyroid carcinoma (THCA) (Fig. 3A). As shown in Fig. 3B, the 
expression of TOB2 was lower in tumor tissue than most of normal tissue, including bladder urothelial carcinoma 
(BLCA), BRCA, colon adenocarcinoma (COAD), kidney chromophobe (KICH), KIRC, kidney renal papillary 
cell carcinoma (KIRP), LUAD, LUSC, stomach adenocarcinoma (STAD), THCA and uterine corpus endometrial 
carcinoma (UCEC), except for opposite tendencies in  cholangiocarcinoma30, HNSC and LIHC. Additionally, 
Fig. 3C shows the expression of BTG1 was higher in tumor tissue than in normal tissue, including for BLCA, 
BRCA, COAD, KICH, LUAD, PRAD, READ, THCA, and UCEC. In the CHOL, esophageal carcinoma (ESCA), 
glioblastoma multiforme (GBM), HNSC, KIRC and LUSC, BTG1 expression was higher in tumor tissue than in 
normal tissue (all P values < 0.05). In the Fig. 3D,E, the expression levels of BTG2 and BTG3 displayed similar 
trend towards BTG1. However, the expression levels of BTG4 in tumor was basically low (Fig. 3F). Another 

Table 1.  The sequences of primer pairs for target genes.

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

TOB1 TCT GTA TGG GCT TGG CTT G TGT TGC TGC TGT GGT GGT 

TOB2 ATG CAG CTA GAG ATC AAA GTGGC CCA ATG TGA ACA CAG CGG AAG 

BTG1 CCA CCA TGA TAG GCG AGA TCG GGT TGA TGC GAA TAC AAC GGTA 

BTG2 CCT GTG GGT GGA CCC CTA T GGC CTC CTC GTA CAA GAC G

BTG3 ATG AAA TTG CTG CCG TTG TCT GCC TGT CCT TTC GAT GGT TTT 

BTG4 AGA AAA GCT GAT GAC GAT CTTGT TGA AGG CTT GCC CTT TAG AAG 

GAPDH GTC TCC TCT GAC TTC AAC AGCG ACC ACC CTG TTG CTG TAG CCAA 

https://clue.io/
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Figure 2.  Relevant analysis of the APRO family genes. (A) The general expression of APRO family genes within 
33 tumor types; (B) heatmaps of APRO family gene expression between cancer and counterpart tissues based on 
log2(fold change) for 18 cancer types which have over 5 counterpart samples (red means high expression, green 
means low expression, and color depth implies the degree of expression difference); (C) correlationship within 
APRO family genes expression among 33 cancer types; (D) alterations of APRO family genes with CNVs on the 
chromosome; (E) STRING analysis of all APRO genes with other related genes.
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TIMER2 analysis revealed similar expression tendency (Supplementary Figure S2). These observations implied 
the necessities of researching every gene as a whole.

In order to further assess the correlations and predict which APRO members promote or inhibit which kind 
of cancer types, a univariate Cox proportional hazard regression model was used for this analysis. We found 
that the change of APRO expression was usually related to the total survival period of patients; however, the cor-
relation differed according to the type of cancer detected. For example, TOB1 predicted the prognosis in KIRC, 
LGG, MESO, PAAD, PCPG, PRAD, SARC, UCEC and UVM patients, and TOB2 predicted poor prognosis 
in COAD, GBM, KIRC, LGG, PAAD patients. Besides, BTG1 predicted the prognosis in BRCA, KIRP, PCPG, 
SKCM, UVM patients. BTG2 predicted survival advantage for BRCA, KICH, KIRC, LUAD, MESO, SARC and 
SKCM (HR < 1), yet poor prognosis for ESCA (HR > 1). BTG3 was primary associated with poor survival for 
patients with ACC, KIRC, LGG, LIHC and UVM. BTG4, which was commonly low expressed in cancer and 
normal tissues, also could predict unfavorable prognosis for KICH, KIRC, LGG, LIHC, MESO and THCA with 
big HR values, indicating its significance in disease prognosis. Interestingly, we detected that APRO family but 
BTG1, all could predict the prognosis for KIRC. Four APRO family (TOB1, TOB2, BTG3 and BTG4) could help 
forecast the prognosis for LGG (Fig. 4; Table S1). As a supplementary analysis, Kaplan–Meier survival analysis 
further showed that the low expression of TOB1 in KIRC, LIHC, PCGC, SARC and the high expression of TOB1 
in LGG, PAAD, PRAD were associated with poor prognosis. More specifically, the high expression of TOB2 in 
KIRC, PCGC and UCS indicated a favorable prognosis. Increased expression of BTG1 and BTG2 was mainly 
associated with increased survival advantage, where BTG1 predicted better prognosis of patients with BRCA, 
HNSC, LUSC, SARC, UVM, and BTG2 predicted better prognosis for BLCA, LUAD, MESO, SARC, SKCM. 
However, the BTG3 and BTG4 increased mainly correlated with survival disadvantages, where BTG3 predicted 

Figure 3.  APRO family gene expression differed in certain cancer and normal tissues (A) TOB1; (B) TOB2; (C) 
BTG1; (D) BTG2; (E) BTG3; (F) BTG4 (***P < 0.001; **P < 0.01; *P < 0.05).
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poor prognosis for ACC, HNSC, LGG, and BTG4 predicted poor prognosis for HNSC, KIRC, MESO, UCS 
(Supplement Fig. 1; Table S2).

DNA methylation analysis
The methylation level of some APRO family genes distinctly differed between the cancer and para-cancerous 
tissues. We could see that the methylation level of BTG2 increased significantly in HNSC, ESCA, and COAD. 
Meanwhile, BTG2 methylation was noticeably enhanced in LUSC (Fig. 5A). What’s more, an intense and nega-
tive relation was observed within methylation degree and APRO family genes expression (Fig. 5B). Additionally, 
survival risk analysis revealed a consistent trend of high methylation and high risk BTG2 in HNSC (Fig. 5C). In 
combination with transcriptome analyses that the expression of BTG2 was inhibited in HNSC (Fig. 3D), possibly 
due to increased methylation, which may account for tumorigenesis and poor prognosis of HNSC. Additionally, 
we found detailed best methylation sites, cg01798157, which showed an inferior prognosis in the hypermethyla-
tion groups for BTG2 in HNSC though (Fig. 5D).

APRO family genes were associated with immune response and the tumor microenvironment 
in cancer
In order to understand the expression of the APRO family in different immune subtypes, we explored their 
differential expression. The distribution of immune subtypes in pan-cancer is shown in Table S3. We observed 
significant differences in APRO family genes among different immune subtypes, with P values less than 0.001 
(Fig. 6), suggesting that the APRO family was related to tumor immunity, and the expression level of the BTG2 
ranks first in the overall immune subtypes of C1–C6. In addition, we found a close correlation between the APRO 
family genes and StromalScore in most tumors (Fig. 7A). We found that TOB1 was negatively associated with 
BLCA, COAD, HNSC, KIRC, LUAD, PAAD, SARC and UCEC. However, TOB1 was positively related to the 
LAML, LGG, TGCT and THYM. More specifically, we found significant positive correlations between TOB2 and 
stromal score in HNSC and PCPG, BTG1 in BRCA, COAD, GBM, KIRC, KIRP, LAML, LIHC, MESO, PAAD, 
PCPG, PRAD, SKCM, STAD, TGCT, THCA, UCEC, BTG2 in BRCA, KIRC, LAML, LIHC, LUSC, PRAD, SKCM, 
STAD, TGCT, THCA and UVM, BTG3 in LGG, PRAD and THCA, and BTG4 in COAD, GBM and LUAD 
(P < 0.001). Furthermore, we also analyzed the relevance of the APRO family genes to ImmuneScore (Fig. 7B) 
and ESTIMATEScore (Fig. 7C) with similar findings.

Figure 4.  Univariate Cox regression analysis the prognosis of APRO family member across 33 cancer types.
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APRO family was associated with tumor stemness and cancer cell sensitivity to chemotherapy
We assessed the associations across the expression level of TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4, within 
RNAss, DNAss, and drug sensitivity (Fig. 8). APRO family genes had different degrees of correlation with RNAss 
and DNAss in different cancers. In terms of RNAss, KIRP had a negatively significant correlation with APRO 

Figure 5.  Methylation analysis (A) Methylation difference between tumor and normal samples. (B) 
Spearman correlation coefficient of methylation and gene expression. (C) Overall survival difference between 
hypermethylation and hypomethylation. (D) Survival analysis and distribution of the methylation level of the 
BTG2 probes.
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Figure 6.  APRO family genes expression analysis in different immune subtypes.

Figure 7.  The relationship of APRO family gene expression levels with the StromalScore (A), ImmuneScore 
(B), and ESTIMATEScore (C).
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family genes (Fig. 8A). In aspect of DNAss, OV was positively correlated with APRO family excluding BTG2 
(Fig. 8B).

Next, we studied the correlation between APRO family gene expression and drug compound activity. We 
found that the high expression of APRO family genes, especially TOB1 and BTG2, were related to the increased 
drug sensitivity of many antitumor drugs, however, BTG3 displayed the negatively association with antitumor 
drugs, suggesting potentials to drug resistance (Fig. 8C, Table 2). For example, TOB1 was positively correlated 

Figure 8.  The relationship of APRO family genes expression with tRNAss, DNAss, and drug sensitivity. (A,B) 
The correlation between APRO family genes and RNAss and DNAss; (C) the correlation between the APRO 
family and drug sensitivity.
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with drug sensitivity to SR16157, Fulvestrant, Dexrazoxane, Elesclomol and Aminoflavone. BTG2 was associ-
ated with drug sensitivity to Fluphenazine, Oxaliplatin and Temsirolimus. Inversely, BTG3 was related to the 
drug resistance to SR16157, Elesclomol, Tamoxifen, Fulvestrant, LDK-378 and Palbociclib. For CMap analysis, 
we divided the tumor cell lines into high and low expression groups based on the median values of APRO fam-
ily gene expression, and then calculated the differential expression genes between the high and low expression 
groups. We selected the top 150 high expression genes and uploaded them to the CMap database to obtain the 
corresponding compounds for each APRO family genes (Supplementary Table S4). Interestingly, as seen in 
Table 1, we observed that TOB1 was also positively correlated with drug sensitivity to Elesclomol with a CMap 
Score > 90. Same predicted targets (font red and box yellow to be prominently presented in the table) were also 
found for BTG2 and BTG3, nevertheless |CMap Score|< 90, which means extremely low  correlation31. The rea-
son for the difference in drug target prediction between the two databases may be that each database contains 
different numbers of compounds.

Here CMap score > 0 means positively correlation, while CMap score < 0 means negatively correlation.

Relationship between expression of APRO family and TMB/MSI
We then used the R package “ggstatsplot” to analyze whether the APRO family expression linked to the level of 
TMB and MSI in TCGA database. The results revealed that TOB1 and TMB for CESC, COAD, KICH, LUAD 
and THCA, showed a negative association, but we found a positive correlation for ESCA, OV, PAAD, STAD, 
THYM and UCEC (Fig. 9A). In addition, we found a negative correlation between TOB2 expression and TMB for 
BRCA, LGG, LIHC, LUAD and THCA (Fig. 9B). The TMB in BTG1 showed a negative correlation with BLCA, 
BRCA, ESCA, KIRP, LIHC, LUAD, PAAD, STAD, TGCT, THCA and THYM. However, we found that BTG1 
had a positive association with COAD and LGG (Fig. 9C). More specifically, the BTG2 expression displayed the 
association with BLCA, BRCA, CESC, COAD, HNSC, KICH, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, PAAD, 
PRAD, SARC SKCM, STAD, THCA and THYM in TMB (Fig. 9D). For the BTG3 in TMB associated with ACC, 
BRCA, COAD, KICH, KIRC, LGG, PRAD, SKCM, STAD, UCEC and UCS (Fig. 9E). In TMB, BTG4 expression 
associated with BLCA, ESCA, HNSC, LUAD, LUSC, PRAD, SARC, THCA, THYM and UCEC (Fig. 9F). As for 
the relationship between APRO family and MSI, TOB1 expression was negatively correlated with MSI of BLCA, 
DLBC, HNSC, LUSC, OV and PRAD (Fig. 10A), but was positively correlated with that of STAD, TGCT and 
UCEC. The TOB2 expression was negatively correlated with MSI of BRCA, DLBC, HNSC, PAAD, SKCM, but we 
found TOB2 had a positive correlation with COAD, KICH, UCEC and UVM (Fig. 10B). The BTG1 expression 
was correlated with MSI of BLCA, COAD, LGG, LUAD, OV, PAAD, READ, SKCM, STAD, THCA and UVM 
(Fig. 10C). More specifically, the BTG2 expression displayed the association with ACC, LIHC, LUSC, PAAD, 
PRAD, SARC SKCM, STAD and UCS in MSI (Fig. 10D). The BTG3 in MSI associated with BRCA, COAD, HNSC, 
STAD, THCA, UCEC (Fig. 10E). In MSI, BTG4 expression was associated with CESC, COAD, GBM, HNSC, 
KICH, KIRC, MESO and UCEC (Fig. 10F).

Validation of the expression of APRO family genes in HNSC cells
Based on the methylation results of bioinformatics analysis, we found that low expression of the hyper-methylated 
BTG2 gene in HNSC. Therefore, we selected this cancer related cell lines for qRT-PCR validation. We found that 
BTG2 were significantly low expressed in HNSC cell lines, which was in consistent with bioinformatics analysis 
result. Additionally, TOB1 and BTG1 were also under-expressed in CAL-27 cells, while TOB2, BTG3 and BTG4 
were highly expressed in CAL-27 cells (Fig. 11).

Discussion
Tumor invasion as a significant issue is a hot topic in current  research32. As a new class of important factors that 
can effectively regulate the invasiveness of cancer cells, different APRO family members have different functions 
in tumor cells. For example, the low TOB1 expression activates gastric cancer progression by inhibiting Smad4- 
and activating β-catenin-mediated signaling  pathways33. BTG1 inhibits proliferation, migration, and invasion 
of endometrial carcinom by the epithelial-to-mesenchymal transition  process34. With further investigation of 
the relationship between APRO family members and tumors, the APRO family may become a basis for tumor 
diagnosis, and APRO family may be a new index for clinical treatment and prognostic assessment.

Drug sensitivity is an important influencing factor for the effectiveness of drug therapy. A previous research 
revealed that elevated BTG2 could enhance the responsiveness to Tamoxifen in estrogen receptor-positive breast 
cancer (BC)  patients35. To our knowledge, this is the first time that we thoroughly explored the drug sensitivity 
of some APRO family members. We found that TOB1 and BTG2 exhibited drug resistance to several drugs. 
Interestingly, both CellMiner and CMap websites revealed that highly expressed TOB1 was sensitive to Elesclo-
mol, an oxidative stress/apoptosis regulator. To our knowledge, TOB1 has been reported to induce apoptosis of 

Table 2.  CMap study results for APRO family genes.

TOB1 BTG2 BTG3

Compound CMap score Compound CMap score Compound CMap score

Elesclomol 94.4 Temsirolimus − 16.68 Tamoxifen − 41.02

Fulvestrant − 69.9 Fluphenazine − 74.68 Palbociclib − 34.39

Fulvestrant 89.04



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21607  | https://doi.org/10.1038/s41598-023-48961-1

www.nature.com/scientificreports/

cancer cell through kin ds of pathways, such as depressing AKT/mTOR signaling pathway in  GC10, JNK and p38 
pathways in  BC36. While, elevated levels of BTG3 was related to the drug resistance to Elesclomol. These findings 
could be applied for drug selection targeting APRO family in the future. What’s more, we also analyzed the tumor 
stemness score (tRNAss and DNAss). A study showed that cancer stem cells function similarly to the self-renewal 
of stem  cells37. The higher stemness score, the stronger biological activity and weaker tumor dedifferentiation 
ability in tumor stem  cells38. We observed that most APRO family genes were negatively associated with stemness 
score, indicating that the expression of APRO family genes could predict the outcomes of stem cell-associated 
treatment. In fact, the research on stem cell related score (tRNAss and DNAss) and drug sensitivity is rare, we 
only found one study revealed a stemness-relevant prognostic gene signature on drug sensitivity  prediction39. 
The connections between stemness score and drug sensitivity may be a promising research.

We used bioinformatics methods to analyze the characteristics of TOB1, TOB2, BTG1, BTG2, BTG3 and 
BTG4 in pan-cancer. And based on DNA methylation analysis, we also confirmed the expression of these APRO 
family genes in HNSC. Unfortunately, although based on DNA methylation prediction, we confirmed the expres-
sion of these genes in HNSC cell lines, which was almost consistent with the expression data from TCGA data-
base. The studies about the function of these genes in HNSC cell lines were rarely involved. Nonetheless, massive 
reviews and researches have revealed the role of APRO family genes on cell growth, migration, as well as invasion 
in other  tumors2. For example, TOB1 was up-regulated in colon cancer and BC, indicating a poor prognosis, 
which was in line with other  studies4, 36, and elevated TOB1 was demonstrated to promote proliferation in colon 
cancer through a Wnt positive feedback  loop4. The study of Ikematsu et al.40 showed that TOB2 interacted with 
Caf1 involved in cell cycle regulation. Moreover, some studies elucidated that BTG1 can be used as a potential 
prognostic biomarker for endometrial  carcinoma34 pancreatic ductal  adenocarcinoma3, colorectal  cancer41. In 
consistent with our analysis, overexpressed BTG2 was also found in  LUAD42, renal cell  carcinoma43, bladder 
 cancer44 and hepatocellular  carcinoma45. Up-regulated BTG2 could facilitate the apoptosis in non-small cell lung 
cancer and strengthen the effect of radio-sensitivity46. An in vitro experiment had illustrated the inhibitory effect 
of raised BTG2 on the development of human renal carcinoma  cells47. In colorectal cancer, BTG3 low expression 
might strengthen the aggressive  behavior48. A newly published paper uncovered that BTG4 is a p53 target gene, 
and overexpressed BTG4 could depress cell growth and induces apoptosis in lung and colorectal  cancers49. On 
the foundation of above study background, in the future, the mechanism of APRO family members in occurrence 
and development of HNSC is worth deep research.

MSI testing and TMB are genomic biomarkers employed to distinguish patients that are possibly to benefit 
from immune checkpoint inhibitors (ICIs)50. MSI is usually caused by mismatch repair deficient (dMMR), which 

Figure 9.  Spearman correlation analysis of TMB score of 33 cancer types and APRO family genes expression 
distribution. (A) TOB1; (B) TOB2; (C) BTG1; (D) BTG2; (E) BTG3; (F) BTG4. (***P < 0.001; **P < 0.01; 
*P < 0.05). TMB, tumor mutation burden.
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accumulates high levels of mutations and produces new antigens, resulting in higher sensitivity to PD-1/PD-L1 
antibodies. The results of whole exon sequencing showed that MSI tumors had more somatic mutations, and a 
higher rate of somatic mutations was associated with longer PFS, indicating that dMMR based anti PD-1 therapy 
would be a breakthrough in  immunotherapy51. In May 2017, FDA approved Pabolizumab for the treatment of 
microsatellite instability high (MSI-H) solid tumors such as CRC 52, endometrial  cancer53 and breast  cancer54. 
Also, high TMB is served as an immunotherapy biomarker for  ICIs55. Here, we found that APRO family members 
had close connections with MSI and TMB related cancers. Therefore, we believed that APRO family members 
which were positively correlated with both TMB and MSI related cancers may also be potential targets for ICIs 
treatment in the future.

Thorsson et al.24 found that the C1–C6 immune subtype exists in malignant tumors, forming a specific 
immune environment, which plays a crucial role in cancer prognosis to predict disease outcomes. Interestingly, 
we observed that APRO (TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4) family genes were associated with 
immune invasion subtypes in TME, and BTG1 and BTG2 were highly expressed in C6, however, TOB2 had a 
high expression in C5. StromalScore and ImmunoScore were used to analyze the correlation between APRO 
(TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4) expression and tumor purity and tumor microenvironment 
characteristics.

However, our research also has limitations. The specific role of APRO family members in regulating the 
development and progression of pan-cancer requires more exploration and  research56. Further experiments 
using in vivo, in vitro models as well as clinical samples to are needed to confirm our conclusions. And we plan 
to further explore the APRO family (TOB1, TOB2, BTG1, BTG2, BTG3 and BTG4) in HNSC tumors through 
molecular and animal experiments.

Conclusion
Collectively, the present research provided holistic information to analyze transcription profiles of APRO fam-
ily members as well as predicted their prognostic values in various cancer subtypes through survival analysis, 
immune infiltration and immunotherapy etc., in an attempt to offer valuable insights in exploring cancer associa-
tions with the APRO family genes. Altogether, carcinostatic APRO family genes could serve as specific biomark-
ers and potential prognosticators in different cancers.

Figure 10.  Spearman correlation analysis of MSI score of 33 cancer types and APRO family genes expression 
distribution. (A) TOB1; (B) TOB2; (C) BTG1; (D) BTG2; (E) BTG3; (F) BTG4. (***P < 0.001; **P < 0.01; 
*P < 0.05). MSI, microsatellite instability.
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gov/ repos itory.

Received: 13 May 2023; Accepted: 1 December 2023

References
 1. Winkler, G. S. The mammalian anti-proliferative BTG/Tob protein family. J. Cell Physiol. 222(1), 66–72 (2010).
 2. Ikeda, Y. et al. Presumed roles of APRO family proteins in cancer invasiveness. Cancers (Basel) 14, 19 (2022).
 3. Huang, Y. et al. BTG1 low expression in pancreatic ductal adenocarcinoma is associated with a poorer prognosis. Int. J. Biol. Mark. 

33(2), 189–194 (2018).
 4. Li, D. et al. High expression of Tob1 indicates poor survival outcome and promotes tumour progression via a Wnt positive feedback 

loop in colon cancer. Mol. Cancer 17(1), 159 (2018).
 5. Bai, Y. et al. Expression and prognosis analyses of the Tob/BTG antiproliferative (APRO) protein family in human cancers. 

PLoS One 12(9), e0184902 (2017).
 6. Ikeda, Y. et al. CircRNAs and RNA-binding proteins involved in the pathogenesis of cancers or central nervous system disorders. 

Noncoding RNA 9, 2 (2023).

Figure 11.  qRT-PCR validation the expression of APRO family genes in HNSC cells. N = 3, the significance of 
the difference was marked with *, *P < 0.05, ***P < 0.001. The results are presented as mean ± SEM.

https://portal.gdc.cancer.gov/repository
https://portal.gdc.cancer.gov/repository


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21607  | https://doi.org/10.1038/s41598-023-48961-1

www.nature.com/scientificreports/

 7. Lin, R. et al. TOB1 blocks intestinal mucosal inflammation through inducing ID2-mediated suppression of Th1/Th17 cell immune 
responses in IBD. Cell Mol. Gastroenterol. Hepatol. 13(4), 1201–1221 (2022).

 8. Fonseca-Camarillo, G. et al. Expression of TOB/BTG family members in patients with inflammatory bowel disease. Scand. J. 
Immunol. 93(4), e13004 (2021).

 9. Bai, Y. et al. TOB1 suppresses proliferation in K-Ras wild-type pancreatic cancer. Cancer Med. 9(4), 1503–1514 (2020).
 10. Wang, D. et al. Involvement of TOB1 on autophagy in gastric cancer AGS cells via decreasing the activation of AKT/mTOR signal-

ing pathway. PeerJ 10, e12904 (2022).
 11. Guo, H. et al. Decreased expression levels of DAL-1 and TOB1 are associated with clinicopathological features and poor prognosis 

in gastric cancer. Pathol. Res. Pract. 215(6), 152403 (2019).
 12. Dong, Z. et al. Methylation mediated downregulation of TOB1-AS1 and TOB1 correlates with malignant progression and poor 

prognosis of esophageal squamous cell carcinoma. Dig. Dis. Sci. 68(4), 1316–1331 (2023).
 13. Delage, L. et al. BTG1 inactivation drives lymphomagenesis and promotes lymphoma dissemination through activation of BCAR1. 

Blood 141(10), 1209–1220 (2023).
 14. Mlynarczyk, C. et al. BTG1 mutation yields supercompetitive B cells primed for malignant transformation. Science 379(6629), 

eabj7412 (2023).
 15. Tong, H. et al. CircZNF609/miR-134-5p/BTG-2 axis regulates proliferation and migration of glioma cell. J. Pharm. Pharmacol. 

72(1), 68–75 (2020).
 16. Wang, R. et al. BTG2 as a tumor target for the treatment of luminal A breast cancer. Exp. Ther. Med. 23(5), 339 (2022).
 17. Yuniati, L. et al. Tumor suppressors BTG1 and BTG2: Beyond growth control. J. Cell Physiol. 234(5), 5379–5389 (2019).
 18. An, Q. et al. BTG3 overexpression suppresses the proliferation and invasion in epithelial ovarian cancer cell by regulating AKT/

GSK3beta/beta-catenin signaling. Reprod. Sci. 24(10), 1462–1468 (2017).
 19. Zhang, H., Meltzer, P. & Davis, S. RCircos: An R package for Circos 2D track plots. BMC Bioinform. 14, 244 (2013).
 20. Cui, X. et al. A pan-cancer analysis of the oncogenic role of staphylococcal nuclease domain-containing protein 1 (SND1) in human 

tumors. Genomics 112(6), 3958–3967 (2020).
 21. Pan, S. et al. Pan-cancer landscape of the RUNX protein family reveals their potential as carcinogenic biomarkers and the mecha-

nisms underlying their action. J. Transl. Int. Med. 10(2), 156–174 (2022).
 22. Liu, C. J. et al. GSCALite: A web server for gene set cancer analysis. Bioinformatics 34(21), 3771–3772 (2018).
 23. Modhukur, V. et al. MethSurv: A web tool to perform multivariable survival analysis using DNA methylation data. Epigenomics 

10(3), 277–288 (2018).
 24. Thorsson, V. et al. The immune landscape of cancer. Immunity 48(4), 812-830.e14 (2018).
 25. Chen, B. et al. Profiling tumor infiltrating immune cells with CIBERSORT. Methods Mol. Biol. 1711, 243–259 (2018).
 26. Shankavaram, U. T. et al. Cell Miner: A relational database and query tool for the NCI-60 cancer cell lines. BMC Genom. 10, 277 

(2009).
 27. Reinhold, W. C. et al. Cell Miner: A web-based suite of genomic and pharmacologic tools to explore transcript and drug patterns 

in the NCI-60 cell line set. Cancer Res. 72(14), 3499–3511 (2012).
 28. Reinhold, W. C. et al. Using cell miner 1.6 for systems pharmacology and genomic analysis of the NCI-60. Clin. Cancer Res. 21(17), 

3841–3852 (2015).
 29. Lamb, J. et al. The Connectivity Map: Using gene-expression signatures to connect small molecules, genes, and disease. Science 

313(5795), 1929–1935 (2006).
 30. Barbie, D. A. et al. Systematic RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature 462(7269), 

108–112 (2009).
 31. Uva, P. et al. Connectivity map analysis indicates PI3K/Akt/mTOR inhibitors as potential anti-hypoxia drugs in neuroblastoma. 

Cancers 13(11), 2809 (2021).
 32. Wu, Y. et al. Serum level of tumor-specific growth factor in patients with cervical cancer and its potential prognostic role. Oncologie 

24(3), 499–512 (2022).
 33. Kundu, J. et al. Tob1 induces apoptosis and inhibits proliferation, migration and invasion of gastric cancer cells by activating Smad4 

and inhibiting beta-catenin signaling. Int. J. Oncol. 41(3), 839–848 (2012).
 34. Li, Y. et al. BTG1 inhibits malignancy as a novel prognosis signature in endometrial carcinoma. Cancer Cell Int. 20, 490 (2020).
 35. Takahashi, M. et al. Loss of B-cell translocation gene 2 expression in estrogen receptor-positive breast cancer predicts tamoxifen 

resistance. Cancer Sci. 105(6), 675–682 (2014).
 36. Wu, D. et al. Tob1 enhances radiosensitivity of breast cancer cells involving the JNK and p38 pathways. Cell Biol. Int. 39(12), 

1425–1430 (2015).
 37. Friedmann-Morvinski, D. & Verma, I. M. Dedifferentiation and reprogramming: Origins of cancer stem cells. EMBO Rep. 15(3), 

244–253 (2014).
 38. Liu, J. et al. A comprehensive analysis and validation of cuproptosis-associated genes across cancers: Overall survival, the tumor 

microenvironment, stemness scores, and drug sensitivity. Front. Genet. 13, 939956 (2022).
 39. Zheng, H. et al. Characterization of stem cell landscape and identification of stemness-relevant prognostic gene signature to aid 

immunotherapy in colorectal cancer. Stem Cell Res. Ther 13(1), 244 (2022).
 40. Ikematsu, N. et al. Tob2, a novel anti-proliferative Tob/BTG1 family member, associates with a component of the CCR4 transcrip-

tional regulatory complex capable of binding cyclin-dependent kinases. Oncogene 18(52), 7432–7441 (1999).
 41. Zhao, S. et al. BTG1 overexpression might promote invasion and metastasis of colorectal cancer via decreasing adhesion and 

inducing epithelial-mesenchymal transition. Front. Oncol. 10, 598192 (2020).
 42. Zhang, X. Z. et al. BTG2 serves as a potential prognostic marker and correlates with immune infiltration in lung adenocarcinoma. 

Int. J. Gen. Med. 15, 2727–2745 (2022).
 43. Qi, F. et al. BTG2 suppresses renal cell carcinoma progression through N6-methyladenosine. Front. Oncol. 12, 1049928 (2022).
 44. Tsui, K. H. et al. BTG2 is a tumor suppressor gene upregulated by p53 and PTEN in human bladder carcinoma cells. Cancer Med. 

7(1), 184–195 (2018).
 45. Huang, C. S. et al. BTG2 is down-regulated and inhibits cancer stem cell-like features of side population cells in hepatocellular 

carcinoma. Dig. Dis. Sci.. 62(12), 3501–3510 (2017).
 46. Zhu, C. et al. Elevated BTG2 improves the radiosensitivity of non-small cell lung cancer (NSCLC) through apoptosis. Thorac. 

Cancer 13(10), 1441–1448 (2022).
 47. Sima, J. et al. Overexpression of BTG2 suppresses growth, migration, and invasion of human renal carcinoma cells in vitro. Neo-

plasma 63(3), 385–393 (2016).
 48. Lv, C. et al. The function of BTG3 in colorectal cancer cells and its possible signaling pathway. J. Cancer Res. Clin. Oncol. 144(2), 

295–308 (2018).
 49. Zhang, N. et al. BTG4 is A Novel p53 target gene that inhibits cell growth and induces apoptosis. Genes (Basel) 11, 2 (2020).
 50. Palmeri, M. et al. Real-world application of tumor mutational burden-high (TMB-high) and microsatellite instability (MSI) 

confirms their utility as immunotherapy biomarkers. ESMO Open 7(1), 100336 (2022).
 51. Amato, M. et al. Microsatellite instability: From the implementation of the detection to a prognostic and predictive role in cancers. 

Int. J. Mol. Sci. 23, 15 (2022).



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21607  | https://doi.org/10.1038/s41598-023-48961-1

www.nature.com/scientificreports/

 52. Lin, A., Zhang, J. & Luo, P. Crosstalk between the MSI status and tumor microenvironment in colorectal cancer. Front. Immunol. 
11, 2039 (2020).

 53. Oaknin, A. et al. Safety and antitumor activity of dostarlimab in patients with advanced or recurrent DNA mismatch repair defi-
cient/microsatellite instability-high (dMMR/MSI-H) or proficient/stable (MMRp/MSS) endometrial cancer: Interim results from 
GARNET-a phase I, single-arm study. J. Immunother. Cancer 10, 1 (2022).

 54. Zhu, Y. et al. Progress and challenges of immunotherapy in triple-negative breast cancer. Biochim. Biophys. Acta Rev. Cancer 
1876(2), 188593 (2021).

 55. Chan, T. A. et al. Development of tumor mutation burden as an immunotherapy biomarker: Utility for the oncology clinic. Ann. 
Oncol. 30(1), 44–56 (2019).

 56. Tang, L. et al. Expression and clinical significance of ACTA2 in osteosarcoma tissue. Oncologie 24(4), 913–925 (2022).

Author contributions
(I) Conception and design: S.Z., J.G.; administrative support: A.S., Z.W.; provision of study materials or patients: 
L.S., X.D., X.J.; collection and assembly of data: B.Q., J.W.; (V) data analysis and interpretation: S.Z., J.G., L.S.; 
(VI) manuscript writing: all authors; (VII) final approval of manuscript: all authors.

Funding
Tis work were supported by Health Committee of Nantong (Grant nos. QN2022030, QA2020018, 
MB2021046 and MS2023047), Nantong Science and Technology Foundation (Grant no. MS22019008 and 
JCZ21112).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 48961-1.

Correspondence and requests for materials should be addressed to Z.W. or A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-48961-1
https://doi.org/10.1038/s41598-023-48961-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A pan-cancer analysis of anti-proliferative protein family genes for therapeutic targets in cancer
	Methods
	Data collection
	Pan-cancer analysis of APRO family genes expression
	Survival prognosis analysis
	Methylation analysis
	Tumor microenvironment infiltration analysis
	Stemness scores and drug sensitivity analysis
	Tumor mutation burden (TMB) and microsatellite instability analysis
	Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Statistical analysis

	Results
	Pan-cancer APRO family member expression analysis
	Association of APRO family gene expression and overall survival
	DNA methylation analysis
	APRO family genes were associated with immune response and the tumor microenvironment in cancer
	APRO family was associated with tumor stemness and cancer cell sensitivity to chemotherapy
	Relationship between expression of APRO family and TMBMSI
	Validation of the expression of APRO family genes in HNSC cells

	Discussion
	Conclusion
	References


