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Abstract

MiRNAs regulate gene expression post-transcriptionally and pre-translationally. Through gene
regulation, several miRNAs have been found to play a significant role in various diseases. Each
miRNA has multiple targets and is able to have a potent, albeit complex, effect on the cells.
Specifically, miRNA-15a has been found to significantly reduce cancer cell survival and
aggressiveness through multiple mechanisms across several cancer types. Our research found that
miRNA-15a was able to decrease melanoma cell viability in-vitro and in-vivo. We have also found
that miRNA-15a caused cell cycle arrest at the Go/G, phase. Moreover, miRNA-15a was found to
decrease the invasiveness of melanoma cells. CDCA4 was also discovered as a novel bona-fide
target of miRNA-15a. The following oncogenic mRNAs are verified targets of miRNA-15a:
CDCA4, BCL2L2, YAP1, AKT-3, Cyclin E1, and -y-Synuclein. In the future we hope to better
understand which miRNAs will be effective in different transcriptome and genome environments.
Efforts such as the NIH Center for Cancer Genomics' ‘The Cancer Genome Atlas,” ‘Cancer Target
and Driver Discovery Network,” and the ‘Human Cancer Models Initiatives’ among others, will
help us characterize the specific tumor environments in which different miRNAs are able to reduce
cancer proliferation and aggression. This information will be enhanced by improving the delivery
of miRNA by inducing its expression in-situ with dCas9 conjugated to activation domains.
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MicroRNA (miRNA, miR) is a 22 nucleotide non-coding RNA molecule that regulates
translation by binding the RNA-Induced Silencing Complex (RISC) with Ago 1-2
(E1f2C1-2), and Gemin3-4 [1-3]. The RISC-miRNA complex binds mRNA and inhibits its
translation through a variety of methods. If the complementary strands of miRNA and
MRNA are near-identical, nuclease activity is observed by Argonaute on the mRNA strand
in cytoplasmic “P-bodies” [4 51, This leads to complete degradation of the mRNA and
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inability for it to express its protein. However, even partial complementary matches are able
to inhibit translation by blocking ribosome binding [4].

Due to its ability to control cell processes by modulating protein expression, miRNA has
been studied heavily in order to observe its ability to fight disease. Recently, many miRNAs
have shown promise in being able to modulate the behaviors of cancer cells through
regulating various target mRNAs [¢]. In fact, there are currently at least five miRNAs or
sister-like siRNAs in clinical trials for cancer ["]. It is crucial for us to understand the
complex interactions of miRNAs, transcription factors, mRNAs, and effector proteins. By
clarifying these interactions, researchers will be able to guide the future of miRNA research
and clinical applications.

Different cancer types tend to have characteristic miRNA deregulation profiles that can be
used to make specific treatment plans for individual patients [8]. Several deregulated
miRNAs have been established in melanoma cells such as miR-26a and miR-15a [9 101, In
breast cancer, the miR-200 family has shown regulation of tumor progression and miR-205
inhibits metastasis [11: 121 Moreover, colorectal cancer metastasis and patient survival have
been shown to be regulated by miR-184 and miR-133b [13]. Several types of cancers are also
affected by deregulation of miRNAs that control DNA-repair mechanisms [24]. For example,
miR-181d targets MGMT, which is crucial for DNA repair and several miRNAs target DNA
repair enzyme inhibitor HGMAZ2 [15. 18] These are some of the best known miRNA
deregulations in cancer, but there are more being discovered and validated. Not only can we
treat these cancer patients with miRNA, but we are also able to use miRNA as an oncogenic
biomarker early detection method and for understanding the mutation spectrum of certain
cancer populations [7],

MiRNA-15a-5p has shown multiple strong roles in regulating cancer cells across several cell
types. While there have been many theoretical targets of miRNAs, it is important to make
sure they have been properly validated before making assumptions on their activity from
computations alone. With this in mind, we have used only evidence-based knowledge to help
clarify what is currently known about miR-15a activity in cancer. There are several pathways
that interact together through miR-15a. In fact, miR-15a has activity on multiple
transcription factors, making its role in cancer quite complex. Together, all of the effects of
miR-15a lead to anti-cancer effects from multiple directions, making it an ideal cancer
therapy molecule.

For the US alone, there are an estimated 595,690 deaths caused by cancer over the year of
2016 [18], |n the US, melanoma is forecasted to consist of 6% of all new cancer cases for
males and 3% for females as well as result in death for 10,130 cancer patients. Effective and
safe treatment options are still in high demand. One of the most effective targeted treatments
for melanoma, Vemurafenib in combination with Cobimetinib, still only has median
progression free survival of 9.9 months and 24% of patients obtain Cutaneous Squamous
Cell Carcinoma as a side-effect [19: 201 Moreover, although interleukin-2 and Ipilimumab
have recently been credited for their relatively high efficacy against melanoma, they still
only have a 5-year survival rate of 20% [21.22], The need for new therapies is prevalent, and
miRNA is starting to fill that role.
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We have been working to discover the effects of miR-15a in malignant melanoma. We have
found that miR-15a displayed a strong inhibitory effect on cell proliferation, cell cycle
progression and cell migration of melanoma cells and directly targeted CDCA4 101, We
observed that miR-15a transfection significantly decreased the cell viability of four different
melanoma cell lines: B16-F10, SKMEL-28, A375 and CRL-2808. Also, miR-15a caused
increased percentages in the G1/Gg phase and concomitant decrease in cell populations in
both the S and G5 phases, suggesting that miR-15a caused cell cycle arrest at G1/Gq phase.
In addition, miR-15a transfection reduced the cell invasion by 47%, which was displayed by
the decreased ability of the melanoma cells to invade through the Transwell membrane. /n
vivo, miR-15a significantly retarded the growth of melanoma established by melanoma cells
that were transfected with miR-15a starting at 10 nM. We also performed a mechanistic
study to discover the mechanism by which miR-15a induces these anti-cancer properties. We
used the TargetScan database to determine highly conserved theoretical targets of miR-15a.
Putative targets were then analyzed through Western Blotting to determine whether these
targets were down-regulated by miR-15a. We found Akt-3 and CDCA4 to both have
decreased expressions in both the CRL-2808 and SK-MEL-28 cell lines. In order to
determine the bona-fide target of miR-15a, we used a luminescence reporter assay, in which
a Gaussia Luciferase (GLuc) gene was under the regulation of CDCA4's 3" untranslated
region (UTR) onits 3" end. While the scramble miRNA had no effect on GLuc expression,
miR-15a mimics successfully inhibited the expression and activity of luciferase. Since
miR-15a significantly decreased expression of the CDCA4 3 UTR-regulated gene, we
conclude that miR-15a directly targets the CDCA4 3" UTR at the 468-475 highly conserved
seed region as determined by TargetScan. This experiment was the first elucidation of
CDCAA4 as a direct target of miR-15a. CDCAA4 activity has been found to be associated with
the G1/S phase transition regulation as a transcription factor. It is a Trip-Br cofactor, which
is known to suppress the E2F1 promoter [23]. CDCAA4 has also been determined to be a
transcription factor that plays a role in regulating the expression of the JUN oncogene [24].
Our lab is currently working on elucidating more functions and associations with the
CDCAA4 protein.

One of the first studies done to understand the anti-cancer effects of miR-15a was in 2009
where AKT-3 was determined as a novel direct target. In 2003 Stahl et a/. determined that
AKT-3 deregulation drove melanoma cell proliferation [2°]. Moreover, in 2008 Cheung et /.
discovered that AKT-3 works synergistically with V600E Braf to exacerbate melanoma cell
proliferation [26]. A 2009 study by Roccaro et al. then elucidated AKT-3 as a target of
miR-15a in multiple myeloma [27]. Another discovery in 2013 by Luo et a/. showed that
miR-15a is able to inhibit breast cancer by targeting cyclin E1 (CCNE1) [28]. Cyclin E1 is
able to regulate the G1 to S phase transition in the cell cycle by regulating the activity of
CDK2, a protein whose activity is mandatory for progressing from the G1 to S phase [2°].
This function of CDK2 has been known to be tumorigenic and makes cyclin E1 a desirable
target for cancer treatment [30],

A 2015 study by Kang et al. showed that miR-15a displays anti-cancer activity by targeting
Yes-associated protein 1 (YAP1) [32]. These results were determined through multiple
experiments with gastric adenocarcinoma (GAC). Kang et a/. found miR-15a to be
downregulated in GAC cells and to have an inverse expression relationship with YAP1.
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YAP1 is a transcription factor that has several characteristics that make it a target of interest
in cancer biology. It has been shown that YAP1 plays an integral role in tumor cell survival
by rescuing K-Ras, B-Raf, and PI3K inhibition [32]. This makes it an important protein to
target as an adjuvant therapy with K-Ras, B-Raf, and PI3K inhibitors in cancer treatment.
YAP1 also has been identified to antagonize contact inhibition when dephosphorylated by
activity initiated through mitogenic growth factors, allowing nuclear localization and
induction of CTGF expression [33].

In 2015 it was discovered that BCL2L2 is also targeted by miR-15a in non-small cell lung
cancer [34]. This was further supported by results in 2016 that confirmed BCL2L2 as a target
of miR-15a in HPV-positive hypopharyngeal squamous cell carcinoma [351. BCL2L2 protein
is in the BCL2 family and works as an anti-apoptotic molecule by preventing BH123
proteins from releasing cytochrome C from the mitochondria. These experiments were
further proved by observing a reverse effect on cancer proliferation after the use of miR-15a
inhibitors. In addition to targeting BCL2L2, miR-15a is able to induce apoptosis in some
breast cancer cells by targeting y-Synuclein (SNCG) [36]. y-Synuclein is known to be
correlated with poor prognosis in breast cancer, colon adenocarcinoma, oral squamous cell
carcinoma, and bladder cancer [37-4%]. The gene targets of miR-15a identified up to date and
the effects of downregulating these target genes are demonstrated in Figure 1.

MiRNA is very effective and its abilities are far-reaching, with the ability to regulate up to
80% of the human genome [411. In future studies, it is becoming more important that we find
ways to use our information about the cancer microRNAome in translational research to
determine effective and affordable clinical treatment plans. Much is known about the cancer
microRNAome, but until we have a dependable way to treat cancer patients with miRNA,
this knowledge is not reaching its full potential [6]. Currently, clinical trials are underway for
several microRNAs in what is called “miRNA replacement therapy.” MiRNA mimics and
expression vectors are used for the main method of delivery in this kind of therapy [42],
Unfortunately, miRNA mimics are expensive, have a short half-life /n vivo, and have poor
biodistribution; moreover, even though use of expression vectors is efficient, it has high
toxicity and also creates immunogenic problems [43]. Fortunately, recent researchers have
discovered more about how miRNA is transferred between cells. Using this information
alongside the use of CRISPR interference (CRISPRI) to control the expression of miRNA,
we may be able to provide cancer populations with translation control that will help regulate
the cell cycle and decrease the malignancy of cancer populations.

Our lab is currently working on an innovative technique that employs a variation of
CRISPR/Cas9 to specifically target the promoter region of the miR-15a gene and other
microRNA genes. CRISPR/Cas9 works as revolutionary genome-editing tool by
synthesizing crRNA to target any specific position of the genome with relatively high
fidelity [4]. This technique can be used to modify the genome or target the genome with
transcription factors directly. CRISPRi is performed by conjugating transcription activator
domains to a ‘dead’ (endonuclease-inactivated) version of Cas9, dCas9, thus enabling one to
induce transcription of almost any gene, including miRNAs, in the genome 431, The
CRISPR system is quite affordable and costs only about 50 USD per guide RNA and
necessary components; old methods for genome targeting such as the zinc finger nucleases
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and TALENS required thousands of dollars and the laborious task of making custom
proteins rather than guide RNAs [46. 47],

The CRISPR/Cas9 system by itself may not be the best method of action for fighting cancer
mutations, though, because if even one cell is not successfully edited, the entire cancer
population could be regenerated. On the other hand, with the new research done on
understanding circulating microvesicles (CMVs), budded off cell fragments ranging from
100-1000 nm in diameter, miRNA is found to be passed between cells on a large

scale [48-51] Therefore, by inducing the transcription of anticancer miRNA in any significant
number of cells, cancerous or not, all the cancerous cells will be saturated with the necessary
translation-regulating miRNAs. In fact, clinical trials are in progress for using these
microvesicles in the early detection of cancers; although, to date, there have been no other
studies working with the cancer microRNAome on its combined use with CRISPR/Cas9 for
the treatment of cancer cells [17: 52,

The novel idea of targeting the regulation of miRNA with CRISPRi presented here is
hopeful because it provides a method of sustained regulation of gene expression across the
entire cancer population so that small sub-populations are not able to regenerate the cancer
cell population. As previously mentioned, this method of miRNA delivery will improve cost,
efficacy, treatment frequency, miRNA stability, toxicity, biodistribution, and immunogenic
problems. In order for this to work clinically, significant amounts of research will need to be
done to improve the fidelity of CRISPR/Cas9 and observe the efficacy of this method in the
lab under various circumstances [331. It is our hope that significant progress will be made on
this in the scientific and public community so that reliable, safe treatments for cancer
patients can be provided at the soonest time possible.

Acknowledgments

This project was supported by an Institutional Development Award (IDeA) from the National Institute of General
Medical Sciences of the National Institutes of Health under grant number P20 GM103418 and the Emporia State
University Faculty Research and Creativity Grant (PI: Dr. Yixin Yang).

References

1. Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song JJ, et al. Argonaute? is the catalytic
engine of mammalian RNA.. Science. 2004; 305:1437-1441. [PubMed: 15284456]

2. Martinez J, Patkaniowska A, Urlaub H, Luhrmann R, Tuschl T. Single-stranded antisense siRNAs
guide target RNA cleavage in RNA.. Cell. 2002; 110:563-574. [PubMed: 12230974]

3. Hutvagner G, Zamore PD. A microRNA in a multiple-turnover RNAi enzyme complex. Science.
2002; 297:2056-2060. [PubMed: 12154197]

4. Pratt AJ, MacRae 1J. The RNA-induced silencing complex: a versatile gene-silencing machine. J
Biol Chem. 2009; 284:17897-17901. [PubMed: 19342379]

5. Sen GL, Blau HM. Argonaute 2/RISC resides in sites of mammalian mRNA decay known as
cytoplasmic bodies. Nat Cell Biol. 2005; 7:633-636. [PubMed: 15908945]

6. Musilova K, Mraz M. MicroRNAs in B-cell lymphomas: how a complex biology gets more
complex. Leukemia. 2015; 29:1004-1017. [PubMed: 25541152]

7. Burnett JC, Rossi JJ. RNA-based therapeutics: current progress and future prospects. Chem Biol.
2012; 19:60-71. [PubMed: 22284355]

RNA Dis. Author manuscript; available in PMC 2017 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alderman and Yang

Page 6

8. de Pontual L, Yao E, Callier P, Faivre L, Drouin V, Cariou S, et al. Germline deletion of the miR-17
approximately 92 cluster causes skeletal and growth defects in humans. Nat Genet. 2011; 43:1026—
1030. [PubMed: 21892160]

9. Ryu B, Hwang S, Alani RM. MicroRNAs as an emerging target for melanoma therapy. J Invest
Dermatol. 2013; 133:1137-1139. [PubMed: 23594536]

10. Alderman C, Sehlaoui A, Xiao Z, Yang Y. MicroRNA-15a inhibits the growth and invasiveness of

malignant melanoma and directly targets on CDCA4 gene. Tumour Biol. 2016

11. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol.
2008; 10:593-601. [PubMed: 18376396]

12. Wu H, Mo Y. Targeting miR-205 in breast cancer. Expert Opin Ther Targets. 2009; 13:1439-
1448. [PubMed: 19839716]

13. Akcakaya P, Ekelund S, Kolosenko I, Caramuta S, Ozata DM, Xie H, et al. miR-185 and miR-133b
deregulation is associated with overall survival and metastasis in colorectal cancer. Int J Oncol.
2011; 39:311-318. [PubMed: 21573504]

14. Bernstein C, Nfonsam V, Prasad AR, Bernstein H. Epigenetic field defects in progression to cancer.
World J Gastrointest Oncol. 2013; 5:43-49. [PubMed: 23671730]

15. Zhang W, Zhang J, Hoadley K, Kushwaha D, Ramakrishnan V, Li S, et al. miR-181d: a predictive
glioblastoma biomarker that downregulates MGMT expression. Neuro Oncol. 2012; 14:712-719.
[PubMed: 22570426]

16. Malumbres M. miRNAs and cancer: an epigenetics view. Mol Aspects Med. 2013; 34:863-874.
[PubMed: 22771542]

17. Pfeffer SR, Grossmann KF, Cassidy PB, Yang CH, Fan M, Kopelovich L, et al. Detection of
Exosomal miRNAs in the Plasma of Melanoma Patients. J Clin Med. 2015; 4:2012-2027.
[PubMed: 26694476]

18. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin. 2012; 62:10-29.
[PubMed: 22237781]

19. Larkin J, Ascierto PA, Dreno B, Atkinson V, Liszkay G, Maio M, et al. Combined vemurafenib and
cobimetinib in BRAF-mutated melanoma. N Engl J Med. 2014; 371:1867-1876. [PubMed:
25265494]

20. Mays R, Curry J, Kim K, Tsai K, Arora A, Khan F, et al. Eruptive squamous cell carcinomas after
vemurafenib therapy. J Cutan Med Surg. 2013; 17:419-422. [PubMed: 24138980]

21. McDermott D, Lebbe C, Hodi FS, Maio M, Weber JS, Wolchok JD, et al. Durable benefit and the
potential for long-term survival with immunotherapy in advanced melanoma. Cancer Treat Rev.
2014; 40:1056-1064. [PubMed: 25060490]

22. Buchbinder EI, Gunturi A, Perritt J, Dutcher J, Aung S, Kaufman HL, et al. A retrospective
analysis of High-Dose Interleukin-2 (HD IL-2) following Ipilimumab in metastatic melanoma. J
Immunother Cancer. 2016; 4:52. [PubMed: 27660706]

23. Hayashi R, Goto Y, Ikeda R, Yokoyama KK, Yoshida K. CDCA4 is an E2F transcription factor
family-induced nuclear factor that regulates E2F-dependent transcriptional activation and cell
proliferation. J Biol Chem. 2006; 281:35633-35648. [PubMed: 16984923]

24. Tategu M, Nakagawa H, Hayashi R, Yoshida K. Transcriptional co-factor CDCAA4 participates in
the regulation of JUN oncogene expression. Biochimie. 2008; 90:1515-1522. [PubMed:
18572021]

25. Stahl JM, Sharma A, Cheung M, Zimmerman M, Cheng JQ, Bosenberg MW, et al. Deregulated
Akt3 activity promotes development of malignant melanoma. Cancer Res. 2004; 64:7002—7010.
[PubMed: 15466193]

26. Cheung M, Sharma A, Madhunapantula SV, Robertson GP. Akt3 and mutant V600OE B-Raf
cooperate to promote early melanoma development. Cancer Res. 2008; 68:3429-3439. [PubMed:
18451171]

27. Roccaro AM, Sacco A, Thompson B, Leleu X, Azab AK, Azab F, et al. MicroRNAs 15a and 16
regulate tumor proliferation in multiple myeloma. Blood. 2009; 113:6669-6680. [PubMed:
19401561]

RNA Dis. Author manuscript; available in PMC 2017 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alderman and Yang

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.
48.

Page 7

Luo Q, Li X, Li J, Kong X, Zhang J, Chen L, et al. MiR-15a is underexpressed and inhibits the cell
cycle by targeting CCNELX in breast cancer. Int J Oncol. 2013; 43:1212-1218. [PubMed:
23900351]

Sutherland RL, Musgrove EA. Cyclins and breast cancer. ] Mammary Gland Biol Neoplasia. 2004;
9:95-104. [PubMed: 15082921]

Lew DJ, Dulic V, Reed Sl. Isolation of three novel human cyclins by rescue of G1 cyclin (Cln)
function in yeast. Cell. 1991; 66:1197-1206. [PubMed: 1833066]

Kang W, Tong JH, Lung RW, Dong Y, Zhao J, Liang Q, et al. Targeting of YAP1 by
microRNA-15a and microRNA-16-1 exerts tumor suppressor function in gastric adenocarcinoma.
Mol Cancer. 2015; 14:52. [PubMed: 25743273]

Nussinov R, Tsai CJ, Jang H, Korcsmaros T, Csermely P. Oncogenic KRAS signaling and YAP1/
beta-catenin: Similar cell cycle control in tumor initiation. Semin Cell Dev Biol. 2016; 58:79-85.
[PubMed: 27058752]

Fan R, Kim NG, Gumbiner BM. Regulation of Hippo pathway by mitogenic growth factors via
phosphoinositide 3-kinase and phosphoinositide-dependent kinase-1. Proc Natl Acad Sci U S A.
2013; 110:2569-2574. [PubMed: 23359693]

Yang T, Thakur A, Chen T, Yang L, Lei G, Liang Y, et al. MicroRNA-15a induces cell apoptosis
and inhibits metastasis by targeting BCL2L2 in non-small cell lung cancer. Tumour Biol. 2015;
36:4357-4365. [PubMed: 25874488]

LuW, Feng L, Zhang Y, Ma Y, Li P, Wang Y, et al. miR-15a induces cell apoptosis by targeting
BCL2L2 and BCL2 in HPV-positive hypopharyngeal squamous cell carcinoma. Oncol Rep. 2016;
36:2169-2176. [PubMed: 27573302]

Li P, Xie XB, Chen Q, Pang GL, Luo W, Tu JC, et al. MiRNA-15a mediates cell cycle arrest and
potentiates apoptosis in breast cancer cells by targeting synuclein-gamma. Asian Pac J Cancer
Prev. 2014; 15:6949-6954. [PubMed: 25169552]

Zhao J, Xing N. Identification of gamma-synuclein as a stage-specific marker in bladder cancer by
immunohistochemistry. Med Sci Monit. 2014; 20:2550-2555. [PubMed: 25479371]

Cheng JC, Chiang MT, Lee CH, Liu SY, Chiu KC, Chou YT, et al. gamma-Synuclein Expression Is
a Malignant Index in Oral Squamous Cell Carcinoma. J Dent Res. 2016; 95:439-445. [PubMed:
26661712]

Yerramilli VS, Scarlata S. The Breast Cancer Susceptibility Gene Product (gamma-Synuclein)
Alters Cell Behavior through its [corrected] Interaction with Phospholipase Cheta. Cell Signal.
2016; 28:91-99. [PubMed: 26521046]

Sun H, Shi L, He X, Zheng S. Expressions of TUBB3 and gamma-synuclein in colorectal
adenocarcinoma and their clinical significance. Zhonghua Yi Xue Za Zhi. 2015; 95:1242-1244,
[PubMed: 26081510]

Andersen T. Gastroplasty and very-low-calorie diet in the treatment of morbid obesity. Dan Med
Bull. 1990; 37:359-370. [PubMed: 2245660]

Saumet A, Mathelier A, Lecellier CH. The potential of microRNAs in personalized medicine
against cancers. Biomed Res Int. 2014; 2014:642916. [PubMed: 25243170]

Zhang Y, Wang Z, Gemeinhart RA. Progress in microRNA delivery. J Control Release. 2013;
172:962-974. [PubMed: 24075926]

Dugar G, Herbig A, Forstner KU, Heidrich N, Reinhardt R, Nieselt K, et al. High-resolution
transcriptome maps reveal strain-specific regulatory features of multiple Campylobacter jejuni
isolates. PLoS Genet. 2013; 9:¢1003495. [PubMed: 23696746]

Pennisi E. The CRISPR craze. Science. 2013; 341:833-836. [PubMed: 23970676]

Bhattacharya D, Marfo CA, Li D, Lane M, Khokha MK. CRISPR/Cas9: An inexpensive, efficient
loss of function tool to screen human disease genes in Xenopus. Dev Biol. 2015; 408:196-204.
[PubMed: 26546975]

Ledford H. CRISPR, the disruptor. Nature. 2015; 522:20-24. [PubMed: 26040877]
Muralidharan-Chari V, Clancy JW, Sedgwick A, D'Souza-Schorey C. Microvesicles: mediators of
extracellular communication during cancer progression. J Cell Sci. 2010; 123:1603-1611.
[PubMed: 20445011]

RNA Dis. Author manuscript; available in PMC 2017 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alderman and Yang

49.

50.

51.

52.

53.

Page 8

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol.
2007; 9:654-659. [PubMed: 17486113]

Yuan A, Farber EL, Rapoport AL, Tejada D, Deniskin R, Akhmedov NB, et al. Transfer of
microRNAs by embryonic stem cell microvesicles. PLoS One. 2009; 4:e4722. [PubMed:
19266099]

van Doormaal FF, Kleinjan A, Di Nisio M, Buller HR, Nieuwland R. Cell-derived microvesicles
and cancer. Neth J Med. 2009; 67:266-273.

Nielsen BS, Jorgensen S, Fog JU, Sokilde R, Christensen IJ, Hansen U, et al. High levels of
microRNA-21 in the stroma of colorectal cancers predict short disease-free survival in stage 11
colon cancer patients. Clin Exp Metastasis. 2011; 28:27-38. [PubMed: 21069438]

Liang P, Xu Y, Zhang X, Ding C, Huang R, Zhang Z, et al. CRISPR/Cas9-mediated gene editing in
human tripronuclear zygotes. Protein Cell. 2015; 6:363-372. [PubMed: 25894090]

RNA Dis. Author manuscript; available in PMC 2017 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alderman and Yang Page 9

AN

(Lcocas) (Lecaz)  [Lvape) (LakT3] (Vsneg)

Promotes G1/S Apoptosis Increases Promotes Increases Regulates CDK2
transition inhibitor MAPK pathway cell growth replication in breast and promotes
activity cancer G1/S transition

Figurel.

The complete gene targets of miR-15a identified to date and the effects of downregulating
these target genes.
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