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Abstract 

Ionizing radiation (IR) including space radiation can transform cells from normal status to 

tumorigenesis, which is a slow complicated process involving multiple factors and pathways. It 

is believed that microRNAs (miRNAs) that are small non-coding genes and regulate normal gene 

expression through binding the 3’untranslated regions of target genes contribute to IR including 

space radiation-induced tumorigenesis. This review summarizes how IR affects miRNA 

expression and how the changed miRNA expression in turn affects the status of irradiated cells 

by describing two samples of miRNA: miR-21 (an onco-miRNA) and miR-34a (a tumor 

suppressor miRNA) in detail. Understanding the detailed relationship between ionizing radiation 

and miRNA will help us to find efficient ways to reduce the risk of IR including space radiation-

induced carcinogenesis.            

Introduction 

The data from the Japanese atom bomb survivors demonstrate that low linear energy (LET) 

ionizing radiation (IR) could increase the incidents for all types of cancers (Preston et al, 2003). 

High-LET radiation exists in deep space (Zeitlin et al, 2013). Animal data also showed that high-

LET IR could be more efficient than low-LET IR at inducing tumorigenesis (Fry et al, 1983, Fry 

et al, 1985). However, since carcinogenesis is a long-term complicated process, the mechanism 

underlying carcinogenesis, including IR-induced and high-LET IR-induced carcinogenesis 
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remains unclear. It is generally believed that carcinogenesis requires either over-activated 

oncogenes or inactivated tumor suppressor genes. Therefore, we believe that high-LET IR-

induced carcinogenesis should be linked to oncogene activation or tumor suppressor inactivation. 

In this paper, I briefly describe the effects of high-LET IR-induced changes in miRNA 

expression on tumorigenesis.     

 

MiRNAs could be Oncogenes or Tumor Suppressors  

 

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression at a post-

transcriptional level. Long primary transcripts (pri-miRNAs) are processed by Drosha to 

precursor miRNAs (pre-miRNA) of ~70 nucleotide (nt), translocated to the cytoplasm, and 

further processed by Dicer or Ago2 to double stranded RNA fragments of 19-22nt (Cheloufi et 

al, 2010, Cifuentes et al, 2010). One strand of the mature miRNA is incorporated into the RNA-

induced signaling complex (RISC), which delivers it to its target mRNAs. Base pairing with the 

3’ untranslated region (UTR) of target mRNAs promotes degradation or translational blockage 

depending on the degree of complementarity. The transcription of pri-miRNAs is RNA 

polymerase II-dependent and is under similar regulatory controls (eg. transcription factors, 

epigenetic mechanisms) as protein coding genes.  

Most human genes are regulated by at least one miRNA (Friedman et al, 2009). Considering 

that ~1% of the human genome is devoted to miRNA genes (Bartel, 2004), and each miRNA has 

multiple mRNA targets, the potential impact of altered miRNA levels is conceivably enormous. 

Aberrant regulation of miRNAs is common in human cancers (Davalos and Esteller, 2010, Iorio 

et al, 2010), and can result from defects in the miRNA processing machinery (Drosha, Dicer, 

Ago2), constitutive activation of oncogenic transcription factors, and gene deletions, 
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amplifications, or translocations. miRNAs could be oncogenes through targeting tumor 

suppressors or could be tumor suppressors through targeting oncogenes. However, there are two 

factors that we should pay attention to. One factor is that one miRNA could target both 

oncogenes or tumor suppressors at the same time since one miRNA could target multiple genes. 

At such conditions, the miRNA acting as an oncogene or tumor suppressor should depend on the 

balance of the neutralizing effects. The other factor is that one miRNA in one cell line from one 

type of tissue is a tumor suppressor/oncogene could be an oncogene/tumor suppressor in other 

types of cell lines from other types of tissue since miRNA expression is tissue dependent (Ro et 

al, 2007, Rosenfeld et al, 2008). 

 

Ionizing Radiation Could Change miRNA Expression          

Many studies have reported that IR including both low-LET and high-LET could change 

miRNA expression patterns in different types of human or mouse cells (Chaudhry et al, 2010, 

Khan et al, 2013, Maes et al, 2008, Templin et al, 2011, Wagner-Ecker et al, 2010). Among the 

IR-induced miRNA changes, some are up-regulated and some are down-regulated. In general, 

the change in miRNA expression is temperate, time and dose dependent, most of them 

disappeared at 24 h after IR (Maes et al, 2008). As mentioned above, since miRNA expression 

depends on the different tissue origin, it is difficult to get one conclusion for the IR-changed 

miRNA expression profiles of different cell lines from different reports.  

It remains unclear how IR induces the change in miRNA expression. It is known that p53, an 

IR-inducible transcription factor, is a positive regulator of miR-34a (Chang et al, 2007, He et al, 

2007, Raver-Shapira et al, 2007), suggesting that IR-could promote miR-34a expression through 

stimulating p53. However, it is also known that p63, a member of the p53 family, negatively 
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regulates miR-34a expression (Antonini et al, 2010). These results indicate that the miR-34a 

level in irradiated cells depends on the balance of p53 and p63. My group has studied the 

mechanism by which IR-induced miR-21 up-regulates in human hepatocytes (Zhu et al, 2010). 

We showed in this study that at an earlier time after IR (< 2 h), the transcription factor, Ap1, was 

over-activated and at a later time after IR (> 2 h), the transcription factor, Stat3 (and its upstream 

regulator, EGFR) , was over-activated in the cells (Zhu et al, 2010). We also showed that after 

knocking down Ap1 or Stat3, the IR-up-regulated miR-21 level decreased. In addition, we 

showed that the up-regulation of miR-21 could be maintained for up to one year in a brain from 

whole body high-LET irradiated (0.5 Gy) mice, which was associated with the up-regulation of 

EGFR (Shi et al, 2012). These data strongly support that IR-induced up-regulation of miR-21 is 

due to IR stimulating the transcription factors of miR-21. In the near future, more studies are 

needed to also investigate the mechanisms underlying IR-changed miRNA expression in addition 

to to studying the miRNAs’ targets, which will allow us to better understand the effects of the 

miRNA network on IR-induced carcinogenesis. In the following paragraphs, I describe the 

effects of two miRNAs: miR-21 (an oncogene) and miR-34a (a tumor suppressor) on IR-induced 

carcinogenesis.     

 

Link between IR-induced miR-21 Up-regulation and IR-induced Carcinogenesis      

Although in general, miRNA expression has tissue-specificity, miR-21 is a unique miR that 

has been reported to show an up-regulation in almost all types of human tumors, suggesting that 

miR-21 expression has no clear tissue-specific choice. The over-expression of miR-21 is 

associated with advanced stage, lymph node metastasis and a poor prognosis (Asangani et al, 

2008, Chan et al, 2005, Hwang et al, 2010, Liu et al, 2010, Seike et al, 2009, Volinia et al, 2006, 

Wickramasinghe et al, 2009). This association of miR-21 over-expression and tumor progress is 
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involved in that miR-21 targets the tumor suppressors PTEN, PDCD4 and TPM1 (Lu et al, 2008, 

Qi et al, 2009, Si et al, 2007). It has been demonstrated that over-expressing miR-21 resulted in 

tumorigenesis and knockout miR-21 resulted in less tumorigenesis in the miR-21 knock-in or 

knockout mouse models (Hatley et al, 2010, Ma et al, 2011, Medina et al, 2010). These results 

indicate that miR-21 is an oncogene. MiR-21 is upregulated in response to ionized radiation 

(Chaudhry et al, 2010, Wagner-Ecker et al, 2010), particularly to high-LET irradiated human 

hepatocytes (Zhu et al, 2010). We also showed that over-expression of miR-21 in human 

hepatocytes (non-tumorigenesis) could make cells become tumorigenesis in nude mice, and the 

tumor size was larger when the cells were irradiated with 0.5 Gy (particularly with high-LET IR) 

before they were injected into the nude mice (Zhu et al, 2010). These results suggest that IR and 

up-regulation of miR-21 have a synergistic effect on tumorigenesis, supporting that IR-induced 

up-regulation of miR-21 contributes to IR-induced carcinogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  Figure 1. Outline of space radiation-induced carcinogenesis through modulating miRNAs. 
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To study the mechanism by which up-regulation of miR-21 contributes to IR-induced 

carcinogenesis, we identified new targets of miR-21, SODs (Zhang et al, 2012) that play an 

important role to clean endogenous and exogenous reactive oxygen species (ROS). It is known 

that IR-could stimulate ROS generation that contributes to tumorigenesis.  We identified that 

SOD3 and TNF- (an upstream transcription factor of SOD2) as the key targets of miR-21 for 

mediating the ROS levels in irradiated cells (Zhang et al, 2012). We found that IR increased the 

ROS levels through up-regulating miR-21 that directly inhibited SOD3 and indirectly inhibited 

SOD2 (through inhibiting TNF-), which promoted the cell transformation that is an initial key 

step for cells from normal development to an oncogenic stage (Zhang et al, 2012). Multiple 

pathways such as cell growth control, apoptosis, senescence, and DNA damage response, 

contribute to cell transformation (Dimri et al, 2005); although, the whole picture remains unclear. 

Our study demonstrates that the miR-21 mediated ROS level through targeting SODs contributes 

to IR-induced cell transformation. This is an example for an oncogenic miRNA to involve IR-

induced tumorgenesis. Next, there is another example for a tumor suppressor miRNA to involve 

IR-induced tumorigenesis.  

 

Link between IR-induced miR-34a Down-regulation and IR-induced Carcinogenesis      

miR-34a as a tumor suppressor (Cole et al, 2008, Dalgard et al, 2009, Di Leva and Croce, 

2013, Kasinski and Slack, 2012, Tazawa et al, 2007, Yin et al, 2013) is one of the down-

regulated miRNAs in high-LET transformed human epithelial cells (Ng et al, 2013). To study the 

effects of the down-regulation of miR-34a on IR-induced cell transformation, we identified 

OCT4 as a novel target of miR-34a (Ng et al, 2013).  OCT4 is one of the major transcriptional 

factors that play a key role during the induced pluripotent stem cell (iPSC) process (Takahashi 

and Yamanaka, 2006, Takahashi et al, 2007). Since human cancer stem cells (hCSCs) share 
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many characteristics with human embryonic stem cells (hESCs). It is possible that as normal 

human cells transform into an oncogenic stage they share some similar mechanisms with the 

iPSC process. p53 stimulates miR-34a expression(Antonini et al, 2010, Chang et al, 2007, He et 

al, 2007, Raver-Shapira et al, 2007), which plays an important role in stimulating stem cell 

differentiation and inhibiting tumorigenesis. As a member of the p53 family, p63 has many 

different functions from p53 (Crum and McKeon, 2010), that includes inhibition of the miR-34a 

expression (Antonini et al, 2010) and maintaining stem cell characteristics (Blanpain and Fuchs, 

2007, Koster et al, 2004, Lin et al, 2005, McKeon, 2004, Pellegrini et al, 2001, Senoo et al, 2007, 

Su et al, 2009, Wang et al, 2011). 

Through studying the high-LET IR-transformed cells, we revealed a novel functional link 

among p53 or p63 and miR-34a to target OCT4, as well as OCT4 feedback to target p53 or p63 

with different consequences, which significantly affects cell transformation (Ng et al, 2013). We 

found that OCT4 as a target of miR-34a could inhibit p53 but stimulate p63 expression (Ng et al, 

2013). We showed that p53 and p63 have opposite effects on human cell transformation through 

regulating miR-34a/OCT4 and, in turn, are affected by OCT4 (Ng et al, 2013). Our results detail 

the functional relationships among these factors and demonstrate that the balance of two 

functional loops, p53-miR-34a-OCT4-p53 and p63-miR-34a-OCT4-p63, are decisive in high-

LET IR-induced cell transformation. These results provide strong evidence for the similarity 

between iPSC and oncogenic cell transformation.  

    In summary, IR including space radiation (high-LET IR) could induce tumorigenesis. 

Although IR-induced tumorigenesis is a complicated process that involves multiple factors and 

pathways, it is clearly that IR-changed miRNA expression contributes to IR-induced 
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carcinogenesis (Figure 1). Understanding the detailed mechanism will help us to find efficient 

ways to reduce the risk of IR including space radiation-induced carcinogenesis.       

 

Acknowledgements 

This work as described from this paper is supported by National Aeronautics and Space 

Administration grant (NNX11AC30G). 

References 

 

Antonini D, Russo MT, De Rosa L, Gorrese M, Del Vecchio L, Missero C. Transcriptional 

repression of miR-34 family contributes to p63-mediated cell cycle progression in 

epidermal cells. J Invest Dermatol 2010 130: 1249-1257. 

Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S et al. MicroRNA-21 

(miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and stimulates 

invasion, intravasation and metastasis in colorectal cancer. Oncogene 2008 27: 2128-2136. 

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004 116: 281-

297. 

Blanpain C, Fuchs E. p63: revving up epithelial stem-cell potential. Nat Cell Biol 2007 9: 731-

733. 

Chan J, Krichevsky A, Kosik K. MicroRNA-21 is an antiapoptotic factor in human glioblastoma 

cells. Cancer Res 2005 65: 6029 - 6033. 

Chang T-C, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee Kwang H et al. 

Transactivation of miR-34a by p53 Broadly Influences Gene Expression 

and Promotes Apoptosis. Mol Cell 2007 26: 745-752. 

Chaudhry MA, Sachdeva H, Omaruddin RA. Radiation-Induced Micro-RNA Modulation in 

Glioblastoma Cells Differing in DNA-Repair Pathways. DNA and Cell Biology 2010 00: 1-

9. 

Cheloufi S, Dos Santos CO, Chong MMW, Hannon GJ. A dicer-independent miRNA biogenesis 

pathway that requires Ago catalysis. Nature 2010 465: 584-589. 

The effects of space radiation-changed MiRNAs on Tumorigenesis. Wang Y. 
https://three-jsc.nasa.gov/articles/Ya-Wang-MiRNA.pdf. Date posted: 02-05-2014.



9 

 

Cifuentes D, Xue H, Taylor DW, Patnode H, Mishima Y, Cheloufi S et al. A Novel miRNA 

Processing Pathway Independent of Dicer Requires Argonaute2 Catalytic Activity. Science 

2010 328: 1694-1698. 

Cole KA, Attiyeh EF, Mosse YP, Laquaglia MJ, Diskin SJ, Brodeur GM et al. A Functional 

Screen Identifies miR-34a as a Candidate Neuroblastoma Tumor Suppressor Gene. Mol 

Cancer Res 2008 6: 735-742. 

Crum CP, McKeon FD. p63 in epithelial survival, germ cell surveillance, and neoplasia. Annu 

Rev Pathol 2010 5: 349-371. 

Dalgard CL, Gonzalez M, deNiro JE, O'Brien JM. Differential MicroRNA-34a Expression and 

Tumor Suppressor Function in Retinoblastoma Cells. Inves Ophthalmol Visual Sci 2009 

50: 4542-4551. 

Davalos V, Esteller M. MicroRNAs and cancer epigenetics: a macrorevolution. Curr Opin Oncol 

2010 22: 35-45. 

Di Leva G, Croce CM. miRNA profiling of cancer. Curr Opin Genet Dev 2013. 

Dimri G, Band H, Band V. Mammary epithelial cell transformation: insights from cell culture 

and mouse models. Breast Cancer Res 2005 7: 171-179. 

Friedman RC, Farh KK-H, Burge CB, Bartel DP. Most mammalian mRNAs are conserved 

targets of microRNAs. Genome Res 2009 19: 92-105. 

Fry RJ, Powers-Risius P, Alpen EL, Ainsworth EJ, Ullrich RL. High-LET radiation 

carcinogenesis. Adv Space Res 1983 3: 241-248. 

Fry RJ, Powers-Risius P, Alpen EL, E.J. A. High-LET radiation carcinogenesis. Radiat Res 1985 

8: S188-S195. 

Hatley ME, Patrick DM, Garcia MR, Richardson JA, Bassel-Duby R, van Rooij E et al. 

Modulation of K-Ras-Dependent Lung Tumorigenesis by MicroRNA-21. Cancer Cell 

2010 18: 282-293. 

He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y et al. A microRNA component of the p53 

tumour suppressor network. Nature 2007 447: 1130-1134. 

Hwang J-H, Voortman J, Giovannetti E, Steinberg S, Leon L, Kim Y-T et al. Identification of 

MicroRNA-21 as a Biomarker for Chemoresistance and Clinical Outcome Following 

Adjuvant Therapy in Resectable Pancreatic Cancer. PLoS One 2010 5: e10630. 

The effects of space radiation-changed MiRNAs on Tumorigenesis. Wang Y. 
https://three-jsc.nasa.gov/articles/Ya-Wang-MiRNA.pdf. Date posted: 02-05-2014.



10 

 

Iorio M, Piovan C, Croce C. Interplay between microRNAs and the epigenetic machinery: An 

intricate network. Biochim Biophys Acta 2010 1799: 694-701. 

Kasinski AL, Slack FJ. miRNA-34 Prevents Cancer Initiation and Progression in a 

Therapeutically Resistant K-ras and p53-Induced Mouse Model of Lung Adenocarcinoma. 

Cancer Res 2012 72: 5576-5587. 

Khan SY, Tariq MA, Perrott JP, Brumbaugh CD, Kim HJ, Shabbir MI et al. Distinctive 

microRNA expression signatures in proton-irradiated mice. Mol Cell Biochem 2013 382: 

225-235. 

Koster MI, Kim S, Mills AA, DeMayo FJ, Roop DR. p63 is the molecular switch for initiation of 

an epithelial stratification program. Genes Dev 2004 18: 126-131. 

Lin T, Chao C, Saito Si, Mazur SJ, Murphy ME, Appella E et al. p53 induces differentiation of 

mouse embryonic stem cells by suppressing Nanog expression. Nat Cell Biol 2005 7: 165-

171. 

Liu C, Yu J, Yu S, Lavker RM, Cai L, Liu W et al. MicroRNA-21 acts as an oncomir through 

multiple targets in human hepatocellular carcinoma. J Hepatology 2010 53: 98-107. 

Lu Z, Liu M, Stribinskis V, Klinge C, Ramos K, Colburn N. MicroRNA-21 promotes cell 

transformation by targeting the programmed cell death 4 gene. Oncogene 2008 27: 4373 - 

4379. 

Ma X, Kumar M, Choudhury SN, Becker Buscaglia LE, Barker JR, Kanakamedala K et al. Loss 

of the miR-21 allele elevates the expression of its target genes and reduces tumorigenesis. 

Proc Natl Acad Sci USA 2011 108: 10144-10149. 

Maes OC, An J, Sarojini H, Wu H, Wang E. Changes in MicroRNA expression patterns in 

human fibroblasts after low-LET radiation. J Cell Biochem 2008 105: 824-834. 

McKeon F. p63 and the epithelial stem cell: more than status quo? Genes Dev 2004 18: 465-469. 

Medina PP, Nolde M, Slack FJ. OncomiR addiction in an in vivo model of microRNA-21-

induced pre-B-cell lymphoma. Nature 2010 467: 86-90. 

Ng W, Chen G, Wang M, Wang H, Story S, Shay J et al. OCT4 as a target of miR-34a stimulates 

p63 but inhibits p53 to promote human cell transformation Cell Death Dis 2014 5:e1024. 

Pellegrini G, Dellambra E, Golisano O, Martinelli E, Fantozzi I, Bondanza S et al. p63 identifies 

keratinocyte stem cells. Proc Natl Acad Sci USA 2001 98: 3156-3161. 

The effects of space radiation-changed MiRNAs on Tumorigenesis. Wang Y. 
https://three-jsc.nasa.gov/articles/Ya-Wang-MiRNA.pdf. Date posted: 02-05-2014.



11 

 

Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K. Studies of Mortality of Atomic 

Bomb Survivors. Report 13: Solid Cancer and Noncancer Disease Mortality: 1950–1997. 

Radiat Res 2003 160: 381-407. 

Qi L, Bart J, Tan L, Platteel I, Sluis T, Huitema S et al. Expression of miR-21 and its targets 

(PTEN, PDCD4, TM1) in flat epithelial atypia of the breast in relation to ductal carcinoma 

in situ and invasive carcinoma. BMC Cancer 2009 9: 163. 

Raver-Shapira N, Marciano E, Meiri E, Spector Y, Rosenfeld N, Moskovits N et al. 

Transcriptional Activation of miR-34a Contributes to p53-Mediated Apoptosis. Mol Cell 

2007 26: 731-743. 

Ro S, Park C, Young D, Sanders KM, Yan W. Tissue-dependent paired expression of miRNAs. 

Nucleic Acids Res 2007 35: 5944-5953. 

Rosenfeld N, Aharonov R, Meiri E, Rosenwald S, Spector Y, Zepeniuk M et al. MicroRNAs 

accurately identify cancer tissue origin. Nat Biotech 2008 26: 462-469. 

Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa I et al. MiR-21 is an EGFR-

regulated anti-apoptotic factor in lung cancer in never-smokers. Proc Natl Acad Sci USA 

2009 106: 12085-12090. 

Senoo M, Pinto F, Crum CP, McKeon F. p63 Is Essential for the Proliferative Potential of Stem 

Cells in Stratified Epithelia. Cell 2007 129: 523-536. 

 

Shi S, Zhang X, Tang X, Wang P, Wang H, Wang Y. MiR-21 Is Continually Elevated Long-

Term in the Brain following Ionizing Radiation. Radiat Res 2012 177: 124-128. 

Si M-L, Zhu S, Wu H, Lu Z, Wu F, Mo Y-Y. miR-21-mediated tumor growth. Oncogene 2007 

26: 2799-2803. 

Su X, Paris M, Gi YJ, Tsai KY, Cho MS, Lin Y-L et al. TAp63 Prevents Premature Aging by 

Promoting Adult Stem Cell Maintenance. Cell Stem Cell 2009 5: 64-75. 

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult 

fibroblast cultures by defined factors. Cell 2006 126: 663-676. 

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K et al. Induction of 

Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell 2007 131: 

861-872. 

The effects of space radiation-changed MiRNAs on Tumorigenesis. Wang Y. 
https://three-jsc.nasa.gov/articles/Ya-Wang-MiRNA.pdf. Date posted: 02-05-2014.



12 

 

Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a induces 

senescence-like growth arrest through modulation of the E2F pathway in human colon 

cancer cells. Proc Natl Acad Sci USA 2007 104: 15472-15477. 

Templin T, Amundson SA, Brenner DJ, Smilenov LB. Whole mouse blood microRNA as 

biomarkers for exposure to gamma-rays and (56)Fe ion. Int J Radiat Biol 2011 87: 653-

662. 

Volinia S, Calin GA, Liu C-G, Ambs S, Cimmino A, Petrocca F et al. A microRNA expression 

signature of human solid tumors defines cancer gene targets 

10.1073/pnas.0510565103. Proc Natl Acad Sci USA 2006 103: 2257-2261. 

Wagner-Ecker M, Schwager C, Wirkner U, Abdollahi A, Huber PE. MicroRNA expression after 

ionizing radiation in human endothelial cells. Radiat Oncol 2010 5: 25. 

Wang X, Ouyang H, Yamamoto Y, Kumar Pooja A, Wei Tay S, Dagher R et al. Residual 

Embryonic Cells as Precursors of a Barrett's-like Metaplasia. Cell 2011 145: 1023-1035. 

Wickramasinghe NS, Manavalan TT, Dougherty SM, Riggs KA, Li Y, Klinge CM. Estradiol 

downregulates miR-21 expression and increases miR-21 target gene expression in MCF-7 

breast cancer cells. Nucleic Acids Res 2009 37: 2584-2595. 

Yin D, Ogawa S, Kawamata N, Leiter A, Ham M, Li D et al. miR-34a functions as a tumor 

suppressor modulating EGFR in glioblastoma multiforme. Oncogene 2013 32: 1155-1163. 

Zeitlin C, Hassler DM, Cucinotta FA, Ehresmann B, Wimmer-Schweingruber RF, Brinza DE et 

al. Measurements of Energetic Particle Radiation in Transit to Mars on the Mars Science 

Laboratory. Science 2013 340: 1080-1084. 

 

Zhang X, Ng W-L, Wang P, Tian L, Werner E, Wang H et al. MicroRNA-21 Modulates the 

Levels of Reactive Oxygen Species by Targeting SOD3 and TNF. Cancer Res 2012 72: 

4707-4713. 

Zhu Y, Yu X, Fu H, Wang H, Wang P, Zheng X et al. MicroRNA-21 involves radiation-

promoted liver carcinogenesis. Int J Clin Exp Med 2010 3: 211-222. 

 

 

The effects of space radiation-changed MiRNAs on Tumorigenesis. Wang Y. 
https://three-jsc.nasa.gov/articles/Ya-Wang-MiRNA.pdf. Date posted: 02-05-2014.




