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Abstract 

Purpose: To explore whether Rho protein was involved in the radioresistance of colorectal 

cancer and investigated the underlying mechanism. 

Methods and Materials: Rho GTPase expression was measured after radiation treatment in 

colon cancer cells. RhoB knockout cell lines were established by CRISPR/Cas9 system. In 

vitro assays and zebrafish embryos were used for analyzing radiosensitivity and invasive 

ability. Mass cytometry was for detecting RhoB downstream signaling factors. RhoB and 

FOXM1 expression were detected by immunohistochemistry in rectal cancer patients who 

participated in a radiotherapy trial.  

Results: RhoB expression was related to radiation resistance. Complete depletion of RhoB 

protein increased radiosensitivity and impaired radiation-enhanced metastatic potential in 

vitro and in zebrafish model. Probing signaling using mass cytometry-based single-cell 

analysis showed that Akt phosphorylation level was inhibited by RhoB depletion after 

radiation. FOXM1 was downregulated in RhoB knockout cells and the inhibition of FOXM1 

led to lower survival rates, and attenuated migration and invasion abilities of the cells after 

radiation. In the patients with radiotherapy, RhoB overexpression was related to high 

FOXM1, late TNM stage, high distant recurrence and poor survival independent of other 

clinical factors. 

Conclusions: RhoB plays a critical role in radioresistance of colorectal cancer through Akt 

and FOXM1 pathway.  
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Introduction 

Nowadays, preoperative radiotherapy (RT) has been established as the standard treatment 

for resectable rectal cancer patients1,2. Nevertheless, even receiving RT, local and distant 

recurrence still occurs in one third of patients, leading to poor outcomes3. Therefore, it is 

urgently required to find promising treatment-related biomarkers for further refining patient 

treatment regimens. 

  Rho family, especially RhoA, and RhoC, has been proved to be involved in cancer 

progression4-6. Recently, RhoB, as a distinct member of the Rho super family, has attracted 

growing interests7-11. However, little is known about the relationship of Rho protein and RT 

response in cancer. Here, we identified RhoB as a critical component contributing to 

radioresistance and an independent prognostic factor in rectal cancer patients receiving RT.  

  Forkhead box (FOX) transcription factors are essential for cell survival and apoptosis12,13. 

We and other groups have established the involvement of FOXM1 and FOXO3 in 

chemoresistance and radioresistance of several cancer types14-16. However, whether FOXM1 

and FOXO3 contribute to radioresistance in colorectal cancer (CRC) remains unknown, and 

if yes, a mechanism linking them to RhoB has not been established. Here, we showed that 

depletion of RhoB expression restores sensitivity in radioresistant cells through Akt and 

FOXM1 pathway in CRC.  

Materials and methods 

Patients 

   Among 145 patients who participated in the Swedish rectal cancer trial of preoperative 

RT between 1987 and 199017, 83 underwent surgery alone and 62 received RT followed by 

cancer resection. Each participant signed the informed consent.  

Zebrafish embryos 

  Transgenic Tg(kdrl:EGFP) zebrafish (ZIRC, Eugene, OR) were maintained as described in 

our previous work18. 

Human colon cancer cell lines  
SW480 cell line was from the American Type Culture Collection (Manassas, VA) and 

HCT 116 from the core cell center (Johns Hopkins University, Baltimore, MD).  

Generation of CRISPR-Cas9 knockout cell lines 

  RhoB Knockout cell lines were generated using predesigned RhoB-human gene knockout 

kit via CRISPR (Origene, #KN209837).  

Detection of phosphosignaling by mass cytometry  
  Cells were analyzed on CyTOF2 (DVS Sciences Inc.) according to the manufacturer's 

protocol19.  

  Detailed information of the above mentioned materials and methods and other used 

methods including radiation treatment, PCR array, gene expression interference, confocal 

microscopy, colony forming assay, caspase-3 activity assay, migration and invasion transwell 

assays, Western blot, immunohistochemistry and statistical analysis were described in 

Supplementary Materials and Methods, Supplementary Figure 1 and Supplementary Table 1 

and 2. 

Results 

RhoB is related to radiation in cancer cell lines 

To investigate the impact of radiation, we conducted a qPCR array to evaluate the response 

of different Rho family members and their related genes to radiation (5Gy) on the HCT 116 

cells. RhoB was shown to be significantly downregulated 24 hours after radiation at the 

mRNA level (Figure 1A, Supplementary Table 3). Then, we measured RhoA, RhoB and 

RhoC expression, 24 hours after exposure of different doses of radiation (0-10Gy) by 
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Western blot. RhoB, in contrast to RhoA and RhoC, was downregulated in a dose-dependent 

manner from 2.5Gy, and a sharp RhoB attenuation was observed in response to high-dose 

radiation. Furthermore RhoB expression decreased from 4 hours until 24 hours after 10Gy 

radiation (Figure 1B, Supplementary Figure 2). 

HCT 116 cells are described as radiosensitive20, while SW480 cells as radioresistant 21. 

Using colony forming assay, we confirmed the evidence (Figure 1C). We next measured 

RhoB in the two cell lines with or without radiation. RhoB was overexpressed in SW480 cells 

compared to HCT 116 cells at both the mRNA and protein (Figure 1C, Supplementary Figure 

3). Meanwhile, RhoB protein was maintained at high levels independently of radiation in 

SW480 cells (Figure 1C, Supplementary Figure 3). Immunofluorescence results showed that 

RhoB was hardly detected in HCT 116 cells and predominantly located in the cytoplasm of 

SW480 cells (Figure 1D), and RhoB localization was not affected by radiation (Figure 1D). 

Taken together, the results suggested that RhoB was involved in radiation response. 
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Figure 1. RhoB expression is regulated by radiation. A. Rho family members and their related 

genes in HCT 116 cells were evaluated 24 hours after sham or 5Gy by RT-qPCR array screening 

(n=3). B. Western blot of Rho protein in HCT 116 cells under dose-dependent radiation, or measured 

time-dependently after 10Gy radiation (n=3). C. Dose-dependent cell survival (upper left) in response 

to radiation in SW480 and HCT116 cells. The results of three independent experiments are 

summarized in the figure. Relative mRNA expression of RhoB /18s rRNA in HCT 116 and SW480 

cells (n=3, upper right). Western blot of RhoB in HCT 116 and SW480 cells under sham or 10Gy 

radiation (n=3) (lower left). Western blot of Rho protein in SW480 cells in response to 

dose-dependent radiation (n=3) (lower right). Statistical significance was determined by a two-tailed, 

unpaired Student t test. *, P < 0.05; **, P < 0.01,***, P<0.001. D. Immunofluorescence of RhoB 

(green) under sham, and at 1 hour, 4 hours and 24 hours after 10Gy radiation in SW480 cells and 

HCT116 cells, respectively. Nuclei were stained with DAPI (blue). Representative pictures are shown 

based on three independent experiments. 

 

Depletion of RhoB sensitized cancer cell lines to radiation 

   To further evaluate the role of RhoB in radiation response, RhoB knockout cell lines 

(RhoB KO 16 and RhoB KO 55) were established from radioresistant SW480 cells using 

CRISPR/Cas9 system (Supplementary Figure 4). Complete depletion of RhoB was observed 

in the two knockout cell lines, without affecting RhoA and RhoC expression dramatically 

(Figure 2A, Supplementary Figure 5). Colony forming assay showed that both RhoB 

knockout cell lines had lower survival rates after radiation with doses from 7.5 to 10Gy 
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compared to the wild-type cells (SW480 WT) (Figure 2B). Caspase 3 activity assays also 

demonstrated that RhoB depletion promoted spontaneous and radiation-induced apoptosis in 

SW480 cells (Supplementary Figure 6). 

   Radioresistant cancer cells can survive treatment and acquire radiation-enhanced 

metastasis potential, contributing to distant recurrence and poor outcomes in patients22. We 

therefore investigated whether depletion of RhoB can prevent this process. Transwell 

migration assay and Matrigel invasion assay showed that knockout RhoB decreased cell 

migration and invasion after radiation (Figure 2C).  

   To further investigate the role of RhoB in vivo, zebrafish embryos was used. The amounts 

of disseminated cells into the fish tail were lower in the RhoB knockout cells compared to the 

controls at 24, 48 and 72 hours after injection in the unirradiated and radiated embryos 

(Figure 2D). 
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Figure 2. Depletion of RhoB sensitizes radioresistant cancer cells to radiation. A. Western 

blot of Rho protein in SW480 wild type (SW480 WT) and RhoB knockout (RhoB KO 16 and RhoB 

KO 55) cells (n=3). B. Colony forming assays (upper) after different radiations and the survival 

fractions (lower) in SW480 wild type and RhoB knockout cells. Results were calculated from three 

independent experiments. C. Migration and invasion assays in SW480 wild type and RhoB knockout 

cells. Representative photographs of migration assay (upper) and invasion assay (lower) are shown in 

the left panel. The relative number of migratory cells (upper right) and the number of invasive cells 

(lower right) were counted from three independent experiments. Values present the mean (SD). D. 

Pictures (upper) and plot of disseminated cell amount (lower) of zebrafish with SW480 wild type and 

RhoB knockout cells under sham and 10Gy radiation at 24 hours, 48 hours and 72 hours. The cells 

presented posterior to the anal opening were counted in at least 20 embryos per treatment group. Results 

are calculated from three independent experiments. Statistical significance was determined by a 

two-tailed, unpaired Student t test. *, P < 0.05; **, P < 0.01, ***, P<0.001. 

 

RhoB deficiency alleviates Akt phosphorylation by mass cytometry analysis 

    To uncover the mechanisms underlying the RhoB radiosensitive effect in a profound and 

definitive way, we used mass cytometry as a novel technology combining cytometry and 

mass spectrometry to measure multiple single-cell parameters23. We composed a panel of 

antibodies that recognized 10 intracellular signaling molecules including p-Akt 

(Supplementary Table 4). Histogram plots showed that in unirradiated whole cell population, 

basal Akt phosphorylation (Ser473) level was slightly reduced after RhoB knockout. 

However, an obvious activation of Akt pathway as response to radiation was sharply 

inhibited by RhoB depletion (Figure 3A). No significant changes were found after RhoB 

knockout for other measured signaling molecules (Supplementary Figures 7-10). 

    Spanning-Tree Progression Analysis of Density-Normalized Events (SPADE) is a 

widely accepted mass cytometry analysis tool to cluster the single-cell data19,24. The analysis 

showed that single cells even in an established cell line, which is expected to be more 

heterogeneous compared to whole tumor tissue analyzed in situ, still present significant 

heterogeneity. Although the majority of cells displayed decreased Akt phosphorylation upon 

RhoB knockout, especially after radiation, the extent of decrease varied (Figure 3B). This 

heterogeneity may reflect the variations between samples and repetitions in cell function 

assays. 
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To confirm the result by mass cytometry, we measured Akt phosphorylation (Ser473) in 

RhoB knockout cells by Western blot. Consistent with mass cytometry results, basal Akt 

phosphorylation was inhibited by RhoB depletion without radiation. The level of Akt 

phosphorylation in RhoB knockout cell lines was also significantly decreased compared to 

wild-type cell line under radiation treatment (Figure 3C, Supplementary Figure 11). 

Previously, RhoB can negatively regulated Akt signaling in breast cancer cells and positively 

regulated in endothelial cells25. Here, our results implied that RhoB positively regulates Akt 

activity in colon cancer cells.  
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Figure 3. RhoB deficiency alleviates Akt phosphorylation in radioresistant cancer cells. 
A. Histogram for p-Akt levels in SW480 wild type and RhoB knockout cells under sham and 10Gy 

radiation by CyTOF. B. SPADE tree plots of p-Akt levels of different cell clusters in SW480 wild 

type and RhoB knockout cells under sham and 10Gy radiation by SPADE. C. Western blot of p-Akt 

and total-Akt in SW480 wild type and RhoB knockout cells under sham and 10Gy radiation (n=3). 

 

RhoB deficiency regulates FOXM1 signaling in cancer cell lines 

    The FOXO3-FOXM1 axis is a vital downstream effector of the Akt signaling pathway14, 

and therefore, we hypothesized the FOXO3-FOXM1 axis also contributing to RhoB 

radiosensitive effect by mediating Akt phosphorylation inhibition. Indeed, RhoB deficiency 

in both the RhoB knockout cell lines inhibited FOXM1 expression independently of radiation 

(Figure 4A, Supplementary Figure 12). FOXO3 was not affected by RhoB depletion, 

indicating that it is FOXM1 being regulated by RhoB. Furthermore, radiation decreased 

FOXM1 expression in radiosensitive HCT 116 cells but increased FOXM1 expression in 

radioresistant SW480 cells. No obvious change of FOXO3 expression was observed after 

radiation (Figure 4B, Supplementary Figure 13). To determine whether FOXM1 regulates 

radiation response, we silenced FOXM1 expression using siFOXM1 smart pool in SW480 

cells (Figure 4C, Supplementary Figure 14). FOXM1 knockdown cells had lower survival 

rates after 10Gy radiation compared non-targeting siRNA pool transfected negative controls 

(siNeg) and wild-type cells (SW480 WT). There were decreased migration and invasion 

abilities in FOXM1 knockdown cells compared to negative control and wild-type cells with 

or without radiation (Figure 4D). 

Bioinformatic analysis showed that RhoB promoter has putative FOXM1 binding site and 

RhoB acts as FOXO3 downstream effector16, and FOXO3 and FOXM1 share many 

downstream target genes14. We asked whether FOXM1 also regulates RhoB and a 

RhoB-FOXM1 regulatory loop exists. Our results showed that FOXM1 inhibition did not 

affect RhoB expression (Figure 4C, Supplementary Figure 14). Altogether, FOXM1 was a 

downstream effector of RhoB signaling pathway involved in the regulation of radiation 

response. 
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Figure 4.RhoB deficiency inhibits FOXM1 signaling in radioresistant cancer cells. 
A. Western blot of FOXM1 and FOXO3 in SW480 wild type and RhoB knockout cells under sham 

and 10Gy radiation (n=3). B. Western blot of FOXM1 and FOXO3 in HCT 116 and SW480 cells in 

response to dose-dependent radiation (n=3). C. Western blot (left) of FOXM1 and RhoB in SW480 

wild type (SW480 WT), negative control (SiNeg) and FOXM1 knockdown cells (SiFOXM1) (n=3). 

Survival fraction (right) of SW480, SiNeg and SiFOXM1 cells from colony forming assays in 

response to dose-dependent radiation. Results were calculated from three independent experiments. D. 
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photographs of migration assay (upper left) and invasion assay (lower left) were presented, and the 
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relative number of migratory cells (upper right) and the number of invasive cells (lower right) were 

counted in three independent experiments. Values present the mean (SD). Statistical significance was 

determined by a two-tailed, unpaired Student t test. *, P < 0.05; **, P < 0.01, ***, P<0.001. 

 

RhoB overexpression correlates with poor outcome in rectal cancer patients with RT 

Since RhoB plays a vital role in radiation response of cancer cells, we hypothesized RhoB 

as a potential RT-related prognostic biomarker. To test this conjecture, RhoB protein was 

examined in rectal cancer patients who participated in a preoperative RT trial17. RhoB was 

detected in the cytoplasm of epithelial cells in normal mucosa, cancer cells in primary cancer 

and lymph node metastasis (Figure 5A). The frequencies of high RhoB expression increased 

in primary cancer compared with distant normal mucosa or adjacent normal mucosa in the 

both non-RT and RT groups (P<0.001). A slight increase of RhoB from primary cancer to 

lymph node metastasis was observed, although the relationships were not statistically 

significant in the both groups (Figure 5B). RhoB mRNA expression was also found elevated 

in CRC sample compare to normal mucosa, derived from publically available database by 

querying in ONCOMINE (Supplementary Figure 15). 

In RT group, high RhoB expression was related to late TNM stage (P=0.039) and distant 

recurrence (P=0.003), but it was not related to local recurrence (P=0.375) (Supplementary 

Table 5). The patients with high RhoB expression had poor cancer-specific overall survival 

(CSS) (P=0.005), disease free survival (DFS) (P=0.005) and distance recurrence free survival 

(P=0.007) (Figure 5C), but not being related to local recurrence free survival (P=0.291). After 

adjusting for gender, age, surgical type, TNM stage and differentiation, the significance for 

CSS (P=0.029) and DFS (P=0.033) still remained (Table 1). There were no such relationships 

in non-RT group (P>0.05). We further analyzed the relationship of RT and survival in the 

patients with high or low RhoB expression, respectively. In the low RhoB group, RT was 

significantly or tended to be significantly related to longer DFS (P=0.044) and CSS (P=0.056; 

Figure 5D) compared to non-RT. In the high RhoB group, there were no significant 

differences between non-RT and RT in CSS (P=0.306) and DFS (P=0.466). By using one 

freely available online survival analysis software (Gyorffy database26), it was also 

demonstrated that high RhoB gene expression predicted poor overall survival in lung cancer 

patients with RT by multivariable analysis (P=0.029) (Supplementary Figure 16), but not in 

patients without RT (Supplementary Figure 17). All of above results implied that high RhoB 

expression was related to cancer radioresistance.  

 

Table 1. Multivariate analysis of RhoB, gender, age, surgical type, stage, and 

differentiation in relation to survival of CRC patients. 
Variablesa CSS   DFS  

 HR 95%CI p-value  HR 95%CI P-valuea 

RhoB expression(High vs. Low) 3.251 1.127-9.380 0.029  2.644 1.081-6.465 0.033  

Gender(Female vs. Male) 0.396 0.118-1.331 0.134  0.283 0.095-0.845 0.024  

Age (>69 vs.≤69) 0.957 0.348-2.633 0.932  0.693 0.282-0.845 0.423 

Surgical Type 

(Anterior resection vs. 

Rectum amputation) 

1.180 0.381-3.654 0.773  0.908 0.339-2.426 0.848 

TNM stage(III vs. I+II) 5.348 1.880-15.215 0.002  6.991 2.670-18.302 0.001 

Differentiation 

(Poorly vs. Well+ Moderately) 
0.978 0.282-3.394 0.972  0.881 0.269-2.877 0.834 

a Significance was analyzed by Cox regression model. 

 

To further validate the concept that RhoB mediates poor outcome and resistance to RT 

through FOXM1 expression, we sought to determine whether RhoB and FOXM1 expression 

correlated in the same patient cohort. In RT group, RhoB expression positively correlated 
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with FOXM1 expression (P=0.004) (Figure 5E). There was no correlation between RhoB and 

FOXM1 expression in non-RT group (P=0.899). Collectively, the clinical data also support 

that FOXM1was at least partially responsible for the radioresistance of RhoB-overexpressing 

tumors. 
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Figure 5. RhoB correlates with poor outcome in rectal cancer patients with preoperative 

RT. A. Negative RhoB in normal mucosa and positive in primary cancer and metastasis by IHC. B. 

Distribution of high RhoB expression cases from distant and adjacent normal mucosa, primary cancer 

and metastasis in RT and non-RT group. Statistical significance was determined by a two-tailed, 

unpaired Student t test. ***, P<0.001. C. Kaplan–Meier survival curves of rectal cancer patients with 

low or high RhoB expression in RT and non-RT groups. D. Kaplan–Meier survival curves of rectal 

cancer patients with or without RT in high RhoB expression group and low RhoB expression group. E. 

RhoB and FOXM1 staining in continuous tissue microarray by IHC. 

 

Discussion 

This study provides novel evidence of RhoB as a critical factor determining radiation 

response of colon cancer cells. By CRISPR and zebrafish model, a complete RhoB depletion 

increases radiosensitivity and impairs radiation-enhanced metastasis potential of cancer cells 

through Akt and FOXM1 pathway. Our study also reveals novel insights into the RhoB 

downstream signaling events, at the single-cell level using mass cytometry. Finally, RhoB 

was proved as an independent prognostic biomarker in rectal cancer patients with RT. 

  In the present study, we prove that RhoB expression, rather than RhoA and RhoC, is 

affected by radiation. However, unlike previous report27, our results show that RhoB 

expression is downregulated in radiosensitive cancer cells and retained elevated in 

radioresistant cancer cells, indicating that RhoB plays a protective role against radiation and 

could confer radiotherapy resistance. After silencing RhoB expression, we observed an 

increasing radiosensitivity of cancer cells, and inhibiting radiation-enhanced migration and 

invasion. The roles of RhoB in cancer and radiation response have been controversial. 

Ectopic RhoB expression has been reported to be directly responsible for radiosensitivity9 

and loss of RhoB promotes bronchial cell migration28. However, other reports describe a 

contradictory role of RhoB, indicating that inhibition of RhoB pathway can impair 

tumorigenic potential11 and lead to high radiosensitivity29-32. We believe that the 

contradictory results may be due to several reasons: 1) Different cell models, such as mouse 

embryonic fibroblasts9, human non-tumor cell lines28, even cancer cells but without availabe 

intrinsic radiation response data 29,31,33. 2) Different gene expression interference strategies, 

such as ectopic overexpression9, farnesyltransferase inhibitor treatment29, dominant-negative 

mutant expression31 and siRNA technology11,28. Farnesyltransferase inhibitor and 

D 
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dominant-negative mutant have not been widely used because of lower specificity. Our 

results take the extraordinary advantage of the CRISPR, which stably and completely 

depleted the target gene at the genome level. 

Using zebrafish model, we found that RhoB depletion can inhibit cancer cell metastasis 

with or without radiation. Our results show that RhoB depletion itself does not attenuate the 

migration ability of cancer cells without radiation, but leads to decreased cell invasion, 

although not significantly in unirradiated cells, consistent with in vivo results. As it is well 

known, by coating Matrigel on membrane, invasion assay mimics in vivo environment much 

better than the migration assay with non-coated membranes. Thus, our results suggest that the 

inhibitory effect of RhoB depletion on cell invasion and metastasis highly relies on radiation 

and tumor microenvironment.  

RhoB has been reported to be involved in regulation of several classical signal 

transduction pathways25,33. However, hitherto no study comprehensively and simultaneously 

has investigated the effects of RhoB on signal transduction. Mass cytometry is a novel 

method unhampered to the greatest extent by interference from spectral overlap, and it allows 

for the detection of considerably more simultaneous parameters than traditional flow 

cytometry23. This makes mass cytometry an ideal tool for investigating intracellular pathway 

at the signal network level and the single cell level. Here, we show that RhoB is key for 

regulating Akt phosphorylation especially under radiation treatment, implying that RhoB 

radiosensitivity effect is mediated by the Akt pathway.  

Recent research shows that FOXM1 and FOXO3 are both important Akt downstream 

signaling effectors14 and played a vital role in carcinogenesis and drug resistance12. Here, we 

did not find obvious change of FOXO3 by radiation and RhoB depletion. However FOXM1 

is regulated by radiation, and knockdown of FOXM1 expression increased radiosensitivity 

and inhibited radiation-enhanced migration and invasion, implying the important role of 

FOXM1 in radioresistance of rectal cancer. Furthermore, RhoB depletion abrogates FOXM1 

expression and knockdown FOXM1 expression does not affect RhoB expression, supporting 

our hypothesis that RhoB regulated radioresistance of cancer through FOXM1 pathway.  

So far, all the results on the role of RhoB in radioresponse are based on cell and animal 

models, there is no study on the correlation of RhoB expression and RT related clinical 

events in cancer patients. In the preset study, we examined RhoB protein expression in a 

randomized preoperative RT clinical trial of rectal cancer patient with long follow-up data. 

Our results showed that in RT group RhoB expression was related to late TNM stage and 

high risk of distant recurrence. Furthermore, high RhoB expression independently predicted 

poor survival in the patients with RT, but not in the patients without RT. Meanwhile, survival 

benefit from RT can only be observed in the patients with low RhoB expressed tumors. We 

also found that high RhoB expression correlated with poor overall survival in lung cancer 

patients received RT by analysing public database, further supporting our results in rectal 

cancer. Thus, RhoB could serve as an independent prognostic biomarker in rectal cancer 

patients with RT. 

    In summary, our results elucidate the novel and critical role of RhoB in radioresistance 

of CRC. Targeting the RhoB pathway could provide a novel avenue in refining patient RT 

treatment regimens in the future. 

 

 

 

 

 

 

 



                                                                                                                                                                      

 

14 

 

Reference 
1 Ferlay J, S. I., Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, Bray F. Cancer 

incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. 

International Journal of Cancer136, E359-386 (2015). 

2 Jemal, A. et al. Global cancer statistics. CA: a cancer journal for clinicians61, 69-90 (2011). 

3 Bosset, J. F. et al. Fluorouracil-based adjuvant chemotherapy after preoperative chemoradiotherapy in 

rectal cancer: long-term results of the EORTC 22921 randomised study. The Lancet. Oncology15, 

184-190 (2014). 

4 Vega, F. M. & Ridley, A. J. Rho GTPases in cancer cell biology. FEBS letters582, 2093-2101 (2008). 

5 Liu, N. et al. Reversal of the malignant phenotype of gastric cancer cells by inhibition of RhoA 

expression and activity. Clinical cancer research: an official journal of the American Association for 

Cancer Research10, 6239-6247 (2004). 

6 Liu, N. et al. RhoC is essential for the metastasis of gastric cancer. J Mol Med85, 1149-1156 (2007). 

7 Mazieres, J. et al. Loss of RhoB expression in human lung cancer progression. Clinical cancer 

research : an official journal of the American Association for Cancer Research10, 2742-2750 (2004). 

8 Liu, A. X., Rane, N., Liu, J. P. & Prendergast, G. C. RhoB is dispensable for mouse development, but it 

modifies susceptibility to tumor formation as well as cell adhesion and growth factor signaling in 

transformed cells. Molecular and cellular biology21, 6906-6912 (2001). 

9 Liu, A., Cerniglia, G. J., Bernhard, E. J. & Prendergast, G. C. RhoB is required to mediate apoptosis in 

neoplastically transformed cells after DNA damage. Proceedings of the National Academy of Sciences 

of the United States of America98, 6192-6197 (2001). 

10 Luis-Ravelo, D. et al. RHOB influences lung adenocarcinoma metastasis and resistance in a 

host-sensitive manner. Molecular oncology8, 196-206 (2014). 

11 Ma, Y. et al. Critical functions of RhoB in support of glioblastoma tumorigenesis. Neuro-oncology17, 

516-525 (2015). 

12 Lam, E. W., Brosens, J. J., Gomes, A. R. & Koo, C. Y. Forkhead box proteins: tuning forks for 

transcriptional harmony. Nat Rev Cancer13, 482-495 (2013). 

13 Won, K. J. et al. NSC126188 induces apoptosis of prostate cancer PC-3 cells through inhibition of Akt 

membrane translocation, FOXO3 activation, and RhoB transcription. Apoptosis19, 179-190 (2014). 

14 Zhao, F. & Lam, E. W. Role of the forkhead transcription factor FOXO-FOXM1 axis in cancer and 

drug resistance. Frontiers of medicine6, 376-380 (2012). 

15 Kambach, D. M., Sodi, V. L., Lelkes, P. I., Azizkhan-Clifford, J. & Reginato, M. J. ErbB2, FoxM1 and 

14-3-3zeta prime breast cancer cells for invasion in response to ionizing radiation. Oncogene33, 

589-598 (2014). 

16 Khongkow, P. et al. Paclitaxel targets FOXM1 to regulate KIF20A in mitotic catastrophe and breast 

cancer paclitaxel resistance. Oncogene35, 990-1002 (2016). 

17 Swedish Rectal Cancer Trial. Improved survival with preoperative radiotherapy in resectable rectal 

cancer. New England Journal of Medcine336, 980-987 (1997). 

18 Gnosa, S., Capodanno, A., Murthy, R. V., Jensen, L. D. & Sun, X. F. AEG-1 knockdown in colon 

cancer cell lines inhibits radiation-enhanced migration and invasion in vitro and in a novel in vivo 

zebrafish model. Oncotarget7, 81634-81644 (2016). 

19 Qiu, P. et al. Extracting a cellular hierarchy from high-dimensional cytometry data with SPADE. 

Nature biotechnology29, 886-891 (2011). 

20 Kobunai, T., Watanabe, T. & Fukusato, T. REG4, NEIL2, and BIRC5 gene expression correlates with 

gamma-radiation sensitivity in patients with rectal cancer receiving radiotherapy. Anticancer 

research31, 4147-4153 (2011). 

21 Rödel C, H. J., Groth A, Grabenbauer GG, Sauer R, Rödel F. Spontaneous and radiation-induced 

apoptosis in colorectal carcinoma cells with different intrinsic radiosensitivities: survivin as a 

radioresistance factor. International Journal of Radiation Oncology • Biology • Physics55, 1341-1347 

(2003). 

22 Moncharmont, C. et al. Radiation-enhanced cell migration/invasion process: a review. Critical reviews 

in oncology/hematology92, 133-142 (2014). 

23 Bendall, S. C. et al. Single-cell mass cytometry of differential immune and drug responses across a 

human hematopoietic continuum. Science332, 687-696 (2011). 

24 Han, L. et al. Single-cell mass cytometry reveals intracellular survival/proliferative signaling in 

FLT3-ITD-mutated AML stem/progenitor cells. Cytometry A87, 346-356 (2015). 

25 Kazerounian, S. et al. RhoB differentially controls Akt function in tumor cells and stromal endothelial 

cells during breast tumorigenesis. Cancer research73, 50-61 (2013). 



                                                                                                                                                                      

 

15 

 

26 Gyorffy, B., Surowiak, P., Budczies, J. & Lanczky, A. Online survival analysis software to assess the 

prognostic value of biomarkers using transcriptomic data in non-small-cell lung cancer. PloS one8, 

e82241 (2013). 

27 Fritz, G., Gnad, R. & Kaina, B. Cell and tissue-type specific expression of Ras-related GTPase RhoB. 

Anticancer research19, 1681-1688 (1999). 

28 Bousquet, E. et al. Loss of RhoB expression promotes migration and invasion of human bronchial cells 

via activation of AKT1. Cancer research69, 6092-6099 (2009). 

29 Ader, I. et al. RhoB controls the 24 kDa FGF-2-induced radioresistance in HeLa cells by preventing 

post-mitotic cell death. Oncogene21, 5998-6006 (2002). 

30 Monferran, S. et al. Alphavbeta3 and alphavbeta5 integrins control glioma cell response to ionising 

radiation through ILK and RhoB. International Journal of Cancer123, 357-364 (2008). 

31 Ader, I. et al. Inhibition of Rho pathways induces radiosensitization and oxygenation in human 

glioblastoma xenografts. Oncogene22, 8861-8869 (2003). 

32 Skuli, N. et al. Activation of RhoB by hypoxia controls hypoxia-inducible factor-1alpha stabilization 

through glycogen synthase kinase-3 in U87 glioblastoma cells. Cancer research66, 482-489 (2006). 

33 Adini, I., Rabinovitz, I., Sun, J. F., Prendergast, G. C. & Benjamin, L. E. RhoB controls Akt trafficking 

and stage-specific survival of endothelial cells during vascular development. Genes & development17, 

2721-2732 (2003). 

34 Rouhi, P. et al. Hypoxia-induced metastasis model in embryonic zebrafish. Nature protocols5, 

1911-1918 (2010). 

35 Heilmann, S. et al. A Quantitative System for Studying Metastasis Using Transparent Zebrafish. 

Cancer research75, 4272-4282 (2015). 

36 Sacco, A. et al. Cancer Cell Dissemination and Homing to the Bone Marrow in a Zebrafish Model. 

Cancer research76, 463-471 (2016). 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                                      

 

16 

 

Supplementary Materials and Methods 

Patient material 

The patient cohort was from the South-East Swedish Health Care region and participated in 

the randomized Swedish rectal cancer trial of preoperative RT between 1987 and 1990 

(Swedish Rectal Cancer Trial, 1997). Each participant signed the informed consent. The 

patient cohort included 145 primary rectal adenocarcinomas, 125 distant normal mucosa 

specimens (112 corresponding to the primary cancer, i.e., normal mucosa and primary cancer 

from the same patient) that were histologically free from cancer and taken from the margin of 

distant surgical resection, 78 adjacent normal mucosa (69 corresponding to the primary 

cancer) and 50 lymph node metastases (46 corresponding to the primary cancer). Of the 145 

patients (median age, 69.0 years), whose primary cancer tissue specimens were used in this 

study, 83 underwent surgery alone and 62 received RT followed by cancer resection. RT was 

given with 25Gy in 5 fractions within a median of 6 days (range, 5–12 days). Surgery was 

then carried out in a median of 3 days (range, 0–13 days) after RT. None of the patients 

received preoperative or adjuvant chemotherapy. The mean follow-up period was 84 months 

(range, 0–193 months), and information on local and distant recurrence; disease free survival 

(DFS) and overall cancer-specific survival (OS) were obtained from patient medical records. 

The characteristics of the patients and cancers are presented in Supplementary Table 1 and 

Supplementary Figure 1.   

Human colon cancer cell lines  
The SW480 colon cancer cell line was obtained from the American Type Culture Collection 

(Manassas, VA). The cells were kept at 37°C and 5% CO2 in Eagle’s MEM (Sigma-Aldrich, 

St Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum albumin (GIBCO, 

Invitrogen, Paisley, UK) and 1% Penicillin-streptomycin (GIBCO). The HCT 116 colon 

cancer cell line was obtained from the core cell center (Johns Hopkins University, Baltimore, 

MD), and was maintained in McCoy’s 5A medium (Sigma-Aldrich) supplemented with 10% 

heat-inactivated fetal bovine serum albumin (GIBCO) and 1% Penicillin-streptomycin 

(GIBCO) and kept in the same manner as SW480. Both cell lines were routinely tested as 

negative for mycoplasma.  

RNA extraction and cDNA preparation 

Total RNA was extracted from two colon cancer cell lines, SW480 and HCT116, 24 h after 

sham and 5Gy X-radiation (n= 3) using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Quality of the RNA samples was evaluated 

using RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA). A total of 1 μg mRNA 

was reverse-transcribed to cDNA with RT2 first strand kit (Qiagen). Each cDNA sample was 

prepared for qRT-PCR. 

PCR array and data analysis 

The RT2 Profiler PCR Array system for human cell motility (Qiagen) was used according to 

the manufacturer's protocol. Briefly, 102 μL cDNA was mixed with 2×RT2 SYBR Green 

Master Mix (Qiagen) and H2O to a total volume of 2700 μL. Subsequently, 25 μL of the 

mixture was placed into each well of the 96-well PCR array plate. The PCR program of one 

cycle of 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C and 1 min at 60 °C, was 

performed on the ABI-7300 instrument (Applied Biosystems, Waltham, MA). The threshold 

cycle changes (△Ct) denoted the difference in Ct for the gene of interest based on the Ct 

level of GAPDH within the sample. The relative expression intensity was obtained by 

calculating the 2-△Ct for each cell line in both sham- and X-radiated conditions for further 

t-test analysis, according to RT2 Profiler PCR Array Data Analysis v3.5 Handbook (Qiagen). 

Radiation of cancer cell lines  
All experiments were carried out in biological triplicate. Briefly, cancer cells were plated into 

standard tissue culture plates 24 hours prior to radiation treatment. Cells were irradiated using 
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the Faxitron CP160 X-Ray irradiator. Control cells were mock-irradiated under the same 

conditions.  

Immunohistochemistry 
IHC staining was done on 4 μm tissue microarray sections from paraffin-embedded surgical 

specimens. Sections were deparaffinized by immersing the slides twice in 100% xylene at 

room temperature for 10 minutes each. This was followed by incubating twice in 100% 

ethanol for 10 minutes each, and rehydrating with decreasing concentrations of ethanol (90% 

and 70%; vol/vol in water, 10 minutes each) before a final 5-minute incubation in water. 

Antigen retrieval was carried out in a target retrieval citrate buffer (pH 6.0) (Dako, Glostrup, 

Denmark) at 95°C for 15 minutes. The sections were allowed to cool for 15 minutes and 

rinsed with phosphate-buffered saline (PBS). The sections were incubated in 3% 

H2O2-methanol for 5 minutes to block the activity of endogenous peroxidase. After being 

washed in PBS, the sections were incubated with protein block (Dako) for 10 minutes to 

reduce nonspecific background staining. The sections were incubated with anti-RhoB mouse 

monoclonal (sc-8048) or anti-FOXM1 rabbit polyclonal antibody (Santa Cruz) overnight. 

After being washed in PBS, the sections were incubated with a secondary antibody, Envision 

System Labelled Polymer-HRP Anti-Mouse or Anti-Rabbit (Dako) for 25 minutes. The 

sections were rinsed in PBS before reacting with Liquid DAB+ (Dako) to produce coloration. 

Finally, the sections were lightly counterstained with hematoxylin.  

The immunostaining was scored by two independent observers based on the intensity and 

localisation without information of the patients. The intensity in epithelial cells or cancer 

cells was scored as negative, weak (light yellow), moderate (yellow brown), and strong 

staining (brown). In the case of discrepant scoring results, a consensus score was reached 

after re-evaluation. For statistical analyses, negative, weak and moderate-stained cases were 

considered as low-expressing group, and strong staining as high-expressing group.  

Confocal microscopy  
Cells were seeded on coverslips and allowed to adhere overnight in 6-well plates, then fixed 

with 4% paraformaldehyde, and permeabilized with 0.5% triton-x-100 in PBS. The cells were 

blocked in blocking buffer for 30 minutes, and then stained with the primary antibody 

(described above) in a 1:50 dilution and incubated at room temperature for 1.5 hours. The 

reaction was stopped by adding wash buffer and rinsing 3 times. Cells were then incubated 

with anti-rabbit Alexa Fluor 488 conjugated secondary antibody (Thermo Fisher Scientific, 

Waltham, MA) for 30 minutes at 37°C. Coverslips with cells were fixed on glasses by adding 

mounting medium with Diamidino-2-phenylindole (DAPI) (Olink Bioscience, Uppsala, 

Sweden). Prepared cells were analysed in upright Zeiss Axio Imager with LSM 700 confocal 

microscope (Zeiss, Germany) using a 63× oil immersion objective.  

Generation of CRISPR-Cas9 knockout cell lines 

RhoB Knockout cell lines were generated using predesigned RhoB-human gene knockout kit 

via CRISPR (Origene, #KN209837) including two guiding RNA vectors (G1 Target 

Sequence: CAGTAAGGACGAGTTCCCCG, G2 Target Sequence: 

GTGGTGGGCGACGGCGCGTG) and one donor vector containing left and right 

homologous arms and GFP-Puromycin functional cassette. Briefly, SW480cells were seeded 

in 6-well plates 24 h prior to transfection. The mixture of the gRNA vector, donor vector and 

Opti-MEM ( ThermoFisher, CA) were incubated with lipofectamine 2000 (ThermoFisher, 

CA ) and added on the 6-well plates drop-wise. A scramble vector was also used as negative 

controls. Cells were selected using puromycin (thermo fisher, CA) in a concentration of 1.8 

μg/ml, and the remaining cells are placed in 96-well plates in serial dilutions. Formed clones 

were expanded for DNA isolation and protein extraction for validation. 

Assessing CRIPSR-cas9 by PCR and Sanger sequencing 
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DNA was extracted from clones by DNeasy Blood &Tissue Kit (Qiagen, Hilden,Germany) 

according to instructions provided by the manufacturer.The purity and concentration of 

samples were measure by NanoDrop (Thermo Scientific, Wilmington, DE).For carrying out 

PCRs, the DNA samples were mixed with FastStart HiFi Fidelity PCR System (Roche 

Applied Science, Germany) and primers(ThermoFisher, CA). All the used primers are listed 

in Supplementary table 2. 

The PCRs were performed under following profiles: 5min at 95°C, followed by 40 cycles of 

95 °C for 30s, 55°C-57°C (regarding to the primers) for 30s, 72°C for 50s; and an extension 

at 72 °C for 7min. Negative controls were analyzed for every plate. The reaction products 

were loaded on 1% agarose gel stained by Midori Green Advance DNA Stain (Nippon 

Genetics Europe GmbH, Dueren, Germany) for electrophoresis and visualization by 

ChemiDoc™ MP System(BioRad, CA).Sanger Sequencing was performed on ABI3500 

genetic analyzer (Applied Biosystems, Foster City) by using BigDye Terminator v3.1 Ready 

Reaction Mix(Applied Biosystems).The collected data was analyzed using Sequence analyzer 

software (Applied Biosystems) and compared with NCBI public database.  

Western blot 

Protein, collected from cultured cell lines, was extracted by lysis buffer containing 150 mM 

NaCl, 2% Triton, 0.1% SDS, 50 mM Tris, pH 8.0, and 10% Protease inhibitor cocktail 

(Sigma-Aldrich) and stored at −20 °C. The colorimetric bicinchoninic acid protein assay 

reagent (Pierce, Woburn, MA) was used to determine the protein concentration. Equal 

quantities of protein were loaded into pre-cast Mini Protean TGX gels (Bio-Rad, Hercules, 

CA), separated by electrophoresis, and transferred to a Trans-blot Turbo polyvinylidene 

fluoride membrane (Bio-Rad) using the Trans-blot Turbo transfer system (Bio-Rad). 

Membranes were blocked with 5% milk powder (BioRad) in TBS containing 0.1% Tween-20 

for 1 h at room temperature and incubated with primary antibody overnight at 4 °C. The 

membranes were washed by TBS containing 0.1% Tween-20 and subsequently incubated 

with the secondary horseradish peroxidase-conjugated polyclonal antibody goat anti-rabbit 

(Dako) at 1:2000 for 1 h at room temperature. Enhanced chemiluminiscence plus Western 

Blotting Detection System (Amersham Bioscience/GE Healthcare, Piscataway, NJ) was used 

to detect Protein bands. To verify equal protein loadings, monoclonal rabbit anti-β-actin (Cell 

Signaling Technology, Danvers, MA,#4970) at 1:2000 was used as a loading control.  

The antibodies against RhoB (119)(sc-180) and FOXM1(C-20)(sc-502) were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA). RhoA (#2117), RhoC (#3430), phospho-Akt 

(Ser473) (#9271), Akt (#9272) and β-actin (#4970) antibodies were purchased from Cell 

Signaling Technology. FOXO3a/FKHRL1 (07-702) antibody was from Millipore. 

Migration and invasion assays 

Modified Boyden chamber matrigel invasion assays (8μm pore, Corning, Corning, NY) and 

Boyden chamber migration assays (8μm pore, Corning, NY) were used to determine the 

invasive and migratory capacity respectively. Both 1x105 cells of SW480,RhoB KO 16 and 

RhoB KO 55 were re-suspended in FBS-free medium and plated in upper chambers, while 

the lower chambers were loaded with medium containing 10% FBS as chemoattractant 

(2,Sebastian paper iv). The cells were incubated for 1h before 0 or 10Gy radiation, and after 

radiation the cells were incubated for 24 h, followed by removing non-invading cells, 

formaldehyde fixation and crystal violet staining. The filters were moved from the inserts and 

fixed on cover slides. The quantification was preformed under microscope using 20 

magnification (Zeiss Lab.A1, Jena, Germany). The average number and SD were calculated 

on triplicates.  

Colony forming assay 

Cells from different cell lines (500-2000cells/well) were seeded 24h prior to 0-10 Gy 

radiation with 2 ml complete medium in quadruplicate in 6-well plates and incubated for 10 
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days after radiation. Formaldehyde was used for fixation followed by crystal violet staining. 

The colonies of at least 50 cells were counted as one colony. The number of colonies for 

treated cells was normalized to the corresponding non-irradiated cells. Survival was 

calculated as fraction of formed colonies over number of cells plated, normalized to that of 

control cells. 

Caspase-3 activity assay 
Caspase-3 activity in SW480, SW480-KO55 and SW480-KO16 cell lines was determined by 

using a caspase-3 activity assay kit, according to the manufacturer's instructions (Biovision, 

Inc., Milpitas, CA). Briefly, the cells were lysed in caspase-3 sample lysis buffer (Biovision, 

Inc.). The homogenates were then centrifuged at 10,000 × g and 4°C for 10 minutes and the 

supernatant was collected. The cell lysates (200 µg) were then exposed to the DEVD 

substrate conjugate for 2 hours at 37°C. The samples were measured in an automatic 

microplate at an excitation of 405 nm. 

Zebrafish experiments 

Transgenic Tg(fli1:EGFP)y1 zebrafish (ZIRC, Eugene, OR), with EGFP labeled endothelial 

cells were maintained according to standard protocols at the zebrafish facility at xxx 

University. Zebrafish embryos were produced by natural mating, and eggs were collected in 

the morning immediately after spawning. Subsequently, the eggs were cleaned, sorted for 

successful fertilization and incubated in E3 medium supplemented with 1-phenyl-2-thiourea 

at 28.5°C in humidified ambient air until injection. The cell lines were labelled with 

1,1 ́-dioctadecyl-3,3,3 ́3 ́-tetramethylindocarbocyanine (DiI) at a concentration of 5 ng/ml in 

PBS for 1.5 h, re-plated in complete medium and incubated at 37°C and 5% CO2 for 24 h. 

After labelling, the cells were collected and injected into the perivitelline space of 48 h old 

embryos. After injection, the embryos with labeled cells in the circulation were excluded. The 

amount of injected cells was identical for all treatment groups. The embryos were irradiated 

with 0 and 10Gy and incubated at 28.5°C in humidified ambient air. After 24h, 48h and 72h, 

the embryos were anaesthetized with 0.004% triciane and the cells were visualized under a 

fluorescence microscope (Nikon D-eclipse C1, Tokyo, Japan). The cells presented posterior 

to the anal opening were counted in at least 30 embryos per treatment group.  

Detection of phosphosignaling by mass cytometry  
Cells were treated with cisplatin (Sigma-Aldrich, St. Louis, MO) at 2.5µM and incubated at 

RT for 5 min. After washing cells were fixed in phosphate-buffered formaldehyde for 15min 

at RT. After two additional washing steps, the cells were permeabilized in ice-cold methanol 

on ice for 15 min. Cells were again washed twice, and then incubated for 60 min at 4°C with 

50 µl of intracellular antibody cocktail (Supplementary Table 4; all purchased from Fluidigm 

Corporation, South San Francisco, CA) per 2x106 cells. After washing, cells were incubated 

overnight in 4% phosphate-buffered formaldehyde at 4°C. Before acquisition, cells were 

incubated for 20 min at RT with DNA intercalator Ir191/193 (final concentration 125nM; 

Fluidigm). Finally, cells were resuspended in 1ml 0.1X EQ beads (Fluidigm) in H2O and 

injected on a CyTOF2 mass cytometer (DVS Sciences, Markham, Canada). The experiment 

files were subject to de-barcoding and then pre-gated to remove dead cells and eliminate 

interference from beads and background noise.  

Gene expression interference with siRNA 

FOXM1 siRNA SMART-pool (L-009762-00) was purchased from Dharmacon and 

transiently transfected into SW480 cells according to instructions provided by the 

manufacturer. 

Statistical analysis 

All statistical analyses were carried out by using STATISTICA software package (version 7.0; 

STATSOFT Inc., Tulsa, OK). McNemar’s or Person χ2 test was used to examine the 

significance of the differences in RhoB expression, as well as the association with 
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clinicopathological or biological variables. Survival data was analyzed by using 

Kaplan–Meier analysis (Log rank test) and Cox proportional hazards regression analysis. Cell 

experiments were performed at least three times unless otherwise stated. Student’s t-test was 

applied for statistical significance. Images were proceeded by GraphPad statistical software 

(GraphPad Software Inc., San Diego, CA, USA). P-values less than 0.05 were considered 

significant (*P 0.05, **P 0.01, ***P 0.001).  
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Supplementary Table 1: Characteristics of patients and cancers 

 

Characteristics 

 

 

Non-RT (%) 

 

RT (%) 

 

p-value 

Gender   0.608 

   Male 46 (55) 37 (60)  

   Female 37 (45) 25 (40)  

Age (years)   0.517 

   ≤69 41 (49) 34 (55)  

   >69 42 (51) 28 (45)  

Stage   0.315 

   I 22 (27) 16(26)  

   II 21(25) 22 (35)  

   III 35 (42) 18 (29)  

   IV 5 (6) 6 (10)  

Differentiation   0.868 

   Well 2 (2) 1 (2)  

   Moderately 66 (80) 48 (77)  

   Poorly 15(18) 13 (21)  

Number   0.518 

   Single 71(86) 52 (84)  

   Multiplea 10 (12) 10 (16)  

   Unknown 2 (2) 0 (0)  

Surgical type   0.070 

   Rectal amputation 42 (51) 22 (35)  

   Anterior amputation 41(49) 40 (65)  

Resection margin   0.757 

   Negative 78 (94) 59 (95)  

   Positive 5 (6) 3 (5)  

Data presented as numbers of patients, with percentage in parentheses. 
aPrevious colorectal cancer and/or other types of tumors before the present rectal cancer. 
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Supplementary Table 2. Primers for clone selection 
 

Name Sequence in 5’-3’orientation 
Tm 

(°C) 

Length 

(bp) 

1 Left forward for negative selection TGAAGCCTGTCTCGGAACC 55.9 19 

2 Left reverse for negative selection ACCAGCTTCTTGCGGATGG 56 19 

3 Right forward for negative selection AAGACGTGCCTGCTGATCG  57 19 

4 Right reverse for negative selection GAAGGGCGAACATCTGATGG 56.9 20 

5 Left forward for left integration junction TGAAGCCTGTCTCGGAACC 55.9 19 

6 Left reverse for left integration junction ATCACGTGGCTCAGCAGG 56.5 19 

7 Right forward for right integration junction AAGACGTGCCTGCTGATCG 56.6 20 

8 Right reverse for right integration junction GAAGGGCGAACATCTGATGG 56.7 21 

Tm, melting temperature of the primers in °C 

 

 

Supplementary Table 3. PCR array results 
 

Symbol 

 

 

Full Name 

 

Fold Regulation 

 

p-value 

RHOA Ras homolog gene family, member A -1,1875 0,550232 

RHOB Ras homolog gene family, member B -1,2777 0,003184 

RHOC Ras homolog gene family, member C 1,013 0,89252 

RND3 Rho family GTPase 3 -1,1174 0,61564 

RAC1 Ras-related C3 botulinum toxin substrate 1 (rho family, 

small GTP binding protein Rac1) 

-1,2431 0,319113 

RAC2 Ras-related C3 botulinum toxin substrate 2 (rho family, 

small GTP binding protein Rac2) 

1,0383 0,742121 

CDC42 Cell division cycle 42 (GTP binding protein, 25kDa) -1,0337 0,83958 

ARHGDIA Rho GDP dissociation inhibitor (GDI) alpha -1,8517 0,015092 

ARHGEF7 Rho guanine nucleotide exchange factor (GEF) 7 -1,0907 0,293084 

ROCK1 Rho-associated, coiled-coil containing protein kinase 1 -1,2596 0,250343 

PAK1 P21 protein (Cdc42/Rac)-activated kinase 1 -1,3427 0,030967 

PAK4 P21 protein (Cdc42/Rac)-activated kinase 4 -1,2917 0,046153 

CAV1 Caveolin 1, caveolae protein, 22kDa -1,0792 0,745859 

CFL1 Cofilin 1 (non-muscle) 1,0244 0,874365 

EZR Ezrin -1,0186 0,917014 

PFN1 Profilin 1 -1,053 0,853721 

VCL Vinculin 1,002 0,973907 

ACTR2 ARP2 actin-related protein 2 homolog (yeast) 1,1171 0,199373 

ACTR3 ARP3 actin-related protein 3 homolog (yeast) -1,2363 0,056876 

CAPN1 Calpain 1, (mu/I) large subunit 1,3175 0,199489 

CAPN2 Calpain 2, (m/II) large subunit 1,0195 0,971241 

PXN Paxillin -1,0807 0,474585 

 



                                                                                                                                                                      

 

23 

 

Supplmentary Table 4. CyTOF antibody panels 

 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Antibody  Clones Metals 

1 pNF-kB p65 (S529) K10-895.12.50 Er166Di 

2 pSTAT1 (Y701) 58D6 Eu153Di 

3 pSTAT3 (Y705) 4/P-Stat3 Gd158Di 

4 pSTAT4 (Y693) 38 Yb174Di 

5 pSTAT5 (Y694) 47 Nd150Di 

6 pSTAT6 (Y641) 18 Lu175Di 

7 p-Akt (S473) D9E Sm152Di 

8 pS6  (S235/S236) N7-548 Yb172Di 

9 p-p38 MAPK (T180/Y182) D3F9 Gd156Di 

10 pZAP70 (Y319/Syk(Y352) 17a Yb171Di 
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Supplmentary Table 5.  RhoB expression in the primary rectal cancer in relation to 

clinicopathological variables  
  Non-RT     RT   

Variablesa RhoB expression   RhoB expression  

  Low (%) High (%) p-value   Low (%) High (%) p-value 

Gender     0.772    0.686 

Male 27 (64) 15 (36)   23(68) 11 (32)  

Female 22 (61) 14 (39)   16 (73) 6 (27)  

Age (years)   0.597    0.603 

≤69 25 (66) 13 (34)   20 (67) 10 (33)  

>69 24 (60) 16 (40)   19 (73) 7 (27)  

Stage  0.632    0.039 

I 13 (59) 9 (41)   15(94) 1 (6)  

II 15(71) 6 (29)   14 (64) 8 (36)  

III 21 (60) 14 (40)   10(56) 8 (44)  

Differentiation   0.507    0.801 

Well  2 (100) 0 (0)   1 (100) 0 (0)  

Moderately 39 (61) 25 (39)   29(69) 13 (31)  

Poorly 8 (67) 4 (33)   9(69) 4 (31)  

Local recurrence  0.109    0.375 

No  40(68) 19 (32)   37 (71) 15 (29)  

Yes 9 (47) 10 (53)   2 (50) 2 (50)  

Distant recurrence  0.491    0.003 

No 30(60) 20 (40)   30 (83) 6 (17)  

Yes 19(68) 9 (32) 
  

9 (45) 11 (55) 
 

          

Data presented as numbers of patients, with percentage in parentheses. 

a Only for cancer stage I-III 
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Supplementary Figure Captions 

 

1. The diagram of patient material. 

 

2. Western blot quantification results of Rho protein in HCT 116 cells under dose-dependent 

radiation, or measured time-dependently after 10Gy radiation. Results were calculated from 

three independent experiments. 

 

3. Western blot quantification results of RhoB in HCT 116 and SW480 cells under sham or 

10Gy radiation. Results were calculated from three independent experiments. 

 

4. RhoB knockout cell lines were established and verified by PCR and Sanger Sequencing. 

A. Schema of primer design principles (Homologous directed repair was used for gene 

editing. The intergrated cassette contained left homologous arm and GFP in the upstream, 

while the downstreamcontained PGK puromycin and right homologous arm. The primers 

were designed for positive selection and negative selection.) 

B. PCR results of positive selection.  

C. PCR results of negative selection. 

D. Representive image for sequencing results of positive selection. 

 

5. Western blot quantification results of Rho protein in SW480 wild type (SW480 WT) and 

RhoB knockout (RhoB KO 16 and RhoB KO 55) cells. Results were calculated from three 

independent experiments. 

 

6. The effect of RhoB depletion on regulating SW480 cell apoptosis. Caspase-3 activity assay 

was used to detect apoptosis of RhoB knockout and control cells under sham (0Gy) and 10Gy 

radiation. Values represent the mean (SD) from three independent experiments. ***, 

P<0.001. 

 

7. CyTOF histogram of phosphorylated STAT1(pSTAT1) levels in SW480 wild type 

(SW480 WT) and RhoB knockout ( RhoB KO16 and RhoB KO 55) cells under sham (0Gy) 

and 10Gy radiation. 

 

8. CyTOF histogram of phosphorylated NF-kB (p-NF-kB) levels in SW480 wild type 

(SW480 WT) and RhoB knockout (RhoB KO16 and RhoB KO 55) cells under sham (0Gy) 

and 10 Gy radiation. 

 

9.CyTOF histogram of phosphorylated p38 (p-p38) levels in SW480 wild type (SW480 WT) 

and RhoB knockout ( RhoB KO16 and RhoB KO 55) cells under sham (0Gy) and 10 Gy 

radiation. 

 

10. CyTOF histogram of phosphorylated S6 (p-S6) levels in SW480 wild type (SW480 WT) 

and RhoB knockout ( RhoB KO16 and RhoB KO 55) cells under sham (0Gy) and 10 Gy 

radiation. 

 

11. Western blot quantification results of p-Akt, total-Akt and RhoB in SW480 wild type and 

RhoB knockout cells under sham and 10Gy radiation. Results were calculated from three 

independent experiments. 

 

12. Western blot quantification results of FOXM1 and FOXO3 in SW480 wild type and 
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RhoB knockout cells under sham and 10Gy radiation. Results were calculated from three 

independent experiments. 

 

13. Western blot quantification results of FOXM1 and FOXO3 in HCT 116 and SW480 cells 

under radiation. Results were calculated from three independent experiments. 

 

14. Western blot quantification results of FOXM1 and RhoB in SW480 wild type (SW480 

WT), negative control (SiNeg) and FOXM1 knockdown cells (SiFOXM1). Results were 

calculated from three independent experiments. 

 

15. RhoB mRNA levels in normal colon (n=12) and colorectal carcinoma (n=70) based on 

Oncomine data. 

 

16. Overall survival curves of lung cancer patients with high (n=35) and low (n=35) RhoB 

expression in RT group based on Gyorffy database .  

 

17. Overall survival curve of lung cancer patients with high (n=136) and low (n=135) RhoB 

expression in non-RT group based on Gyorffy database . 
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Rectal Cancer Patients 

Surgery Radiotherapy+Surgery 

   
  DN        AN         PC       M 

    n=     58          35          62        21  

DN-distant normal mucosa; AN-adjacent normal mucosa 

PC-primary cancer; M-metastasis 

Supplementary Figure 1  

DN        AN         PC        M 

      n=    67          43           83         29 
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***P<0.001 
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Supplementary Figure 6  

***P<0.001 
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Supplementary Figure 7  

Supplementary Figure 8 
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Supplementary Figure 9  

Supplementary Figure 10 
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Supplementary Figure 11 
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Supplementary Figure 15 
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