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Introduction

MPNST are aggressive sarcomas often associated with NF1 gene inactivating mutations. MPNSTs develop due
to malignant transformation of pre-existing benign dermal or plexiform neurofibromas, with the latter having
more chances of malignant transformation. Development of MPNSTs from neurofibromas is a complex process.
Several studies have found differential expression of genes between benign and malignant tumors suggesting
the role of several genes and pathways in transformation. Such comparative studies alone could not attribute a
‘cause or effect’ relationship of these genes and pathways. So, detailed mechanisms of malignant
transformation still remain to be understood.

Based on comparative gene/miRNAs expression studies using tumors of various stages and cell lines of
neurofibromas MPNSTs and Schwann cells we have determined various genes and miRNAs that could be
involved in malignant transformation. Since miRNAs can regulate multiple genes simultaneously, deregulation
of miRNAs leads to wide spread miss-regulation of multiple genes as in the case of key genes operating high in
the order of cellular homeostasis pathways. We have observed miR29 has been significantly downregulated in
MPNSTs compared to neurofibromas. Several studies have implicated the role of miR29 in activating p53 and
DNMTs, which are major players in tumorigenesis, progression and transformation. We have also noticed the
deregulation of miRNAS such as miR34a and miR214, whose role in MPNSTs has yet to be fully established.
Hence, we hypothesize that deregulation of ‘miRNAs gene regulatory networks’ play a significant role in
malignant transformation of MPNSTs.

Body

Our objectives in this study is to determine the gene/miRNAs signatures of MPNST susceptibility which could
serve as predictive biomarkers and functionally characterize their role in malignant transformation of
neurofibromas into MPNSTs using both in vitro and in vivo mouse models which might lead to miRNAs based
therapeutics. We proposed to carry out this work with specific objectives listed below.

Specific Aims:

Aim # 1: Define profiles of MPNST susceptibility based on microRNA and gene expression signatures in
human and mouse tumors. To accomplish this, we will:

1.1. Generate miRNA profiles for benign and malignant PNSTs from human and mouse tumors and for human
PNST cell lines.

1.2. Analyze gene expression profiles (mRNA) for human and mouse PNSTs and human PNST cell lines.

1.3. Validate the expression profiles of candidate miRNAs and mRNAs by quantitative PCR.

Aim # 2: Decipher the regulatory pathways mediated by microRNAs that are etiologically significant for
malignant transformation to MPNST. To achieve this, we will:

2.1. Identify putative miRNA regulatory networks by in silico analysis of miRNA and mRNA expression data.
We will analyze regulatory interactions involving miRNAs that are differentially expressed in PNSTs as
observed in our preliminary studies (for example, miR-29, miR-214 and miR-34).

2.2. Perform functional validation of miRNA- mRNA association in vitro using human PNST cell lines and
understand the biological consequences of miRNA modulation.

2.3. Develop novel miRNA based diagnostic markers of MPNSTs using tissue microarrays.

Aim # 3: Engineer miR-29a/b dysregulation in vivo in the setting of benign neurofibroma. To accomplish
this, we will:

3.1. Develop a mouse model that shows ‘accelerated malignant transformation’ phenotype with Schwann
cell/Schwann cell precursor specific (Dhh-Cre) disruption of miR-29a/b.

3.2. Characterize the phenotypic and genotypic features of these engineered mice.

3.3. Identify predictive biomarkers of malignant transformation using blood plasma obtained from engineered
mice that have potential to show accelerated malignant transformation phenotype.



In the past years we have completed the following tasks

Completed tasks 2011

1. All the necessary, Institutional review board, Institutional Biosafety board and Animal use approval were
obtained to conduct the proposed experiments.

2. We have collected the benign and malignant peripheral nerve sheath tumor tissues from mice and have
analyzed the microRNA expression profiles.

3. MicroRNA and gene expression profiles have been completed form the human normal and tumor tissues. We
have used normal Schwann cells for normalization of the data. The miRNA expression data is published and

publically available in www.oncomiR.umn.edu

4. miRNA- gene network analysis is currently being carried out and we have identified potential candidate
miRNAs and genes for further functional analysis.

5. Experiments are currently being standardized for miRNA transfection and functional studies.
6. We have also started the construction of miR-29 knockout vectors.

Completed tasks 2012
1. Completed generation of knockout constructs for both miR-29a/b1 and miR-29 b2/c

2. DNA electroporation and screening of positive clones.

3. Identified SUZ12P as a potential regulator of microRNAs and driver of malignant transformation through
integrated genomic approaches

This annual report covers the work carried out from Aug 15" 2012 to Aug 15™2013. The following tasks were
approved to complete during this period.

Completed tasks 2013:

1. Analysis of microRNA gene regulatory networks in MPNSTs.

2. Develop miR-29a-b knockout constructs.

3. Development of miR-29 knockout mice, task is on going due to difficulties in obtaining the knocked out ES
clones.

4. Analysis of circulating miRNA markers in MPNSTs

1. Generating knock-out mice of miR29 family:

miR29 family miRNA are distributed in 2 clusters in mice. miR29a and miR29b1 are on 6™ chromosome and
miR29b2/miR29¢ are on 1* chromosome. We don’t have conclusive evidences to confirm whether these
miRNAs are expressed in clusters or regulated individually. In our experiments we have analyzed expression
levels of all 4 miRNAs of miR29 family and found that their levels are different. However it could be due to
differential rate of degradation of these miRNAs. Therefore we don’t have conclusive evidences to confirm co-
expression or co-regulation of these miRNAs. Although these miRNAs share significant sequence similarity
they have the potential to target different target genes. However this does not rule out the possibility of
redundancy in their functions. So it is essential to knock out all four miRNA29 family miRNAs individually and
also in combinations to study their role in tumor transformation / growth.



miR29a/b1 locus
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Figure 1a: miR29a/b1 locus with known transcripts indicated in black arrows. The sites for lox p insertions are
also shown.

Designing Gene targeting vector for miR29 family.

Since we did not have any conclusive information regarding the transcription start site, promoters of miR29a
and miR29b1, it is very challenging to decide the sequences to be knocked out to get rid of miR29s specifically
without affecting neighboring transcripts. It is also difficult to ensure normal expression of these miRNAs after
introducing the lox-p sites for conditional deletion of alleles. So, we analyzed the genomic locus around the
miRNAs, all the available transcripts available and also RNA seq data of Argounautel. Argonaute2 and
argonaute3 clip seq data (ref; starbase). We found several uncharectorised transcripts and noncoding RNAs in
this locus. After aligning all the sequences we narrowed down to regions which are free of any transcripts
and/or safe to insert the lox-p sites.

Knock-out construct of miR29ab1:

miR29a/miR29b1 are located on 6™ chromosome. We dont have any conclusive evidence to confirm the
coexpression and/or co-regulation of these two miRNAs. Levels of expression of these two miRNAs are
usually not similar although they are located on the same chromosome very close to each other. We have
observed several transcripts reported from this locus other than miRNAs and their putative precursors. There
was one long transcript (#1 in figure 1A) which includes miR29a/bl miRNAs, but there is a second transcript
(#2 in figurel A) upstream to the former and ends almost at the beginning of the same transcript. Hence it was
difficult to predict the transcription start site of these miRNAs. Further these multiple transcripts restrict the
choice of sites for lox-p insertions. We considered all such factors in designing out gene targeting vectors.

In order to construct a gene targeting vector for miR29a/bl we designed a new vector with pucl9 backbone
with a specially designed multiple cloning site consisting of several restrictions sites. miR29a/bl locus (of
approximately 13kb) was amplified in 3 fragments. On either side of fragment 2 which consists of miR29a/b1
we inserted lox-p and loxp-neo-loxp cassette (figure 1B). a schematic map of the gene targeting vector is in
figure 1B. since the promoter sites/regulatory sequences of miRNAs was not known we inserted loxp-neo-loxp
sites downstream to fragment 2.

Notl clal-lox-sacll pacl-LNL-rsrll ascl pmel

Fragment-1 Fragment-2 Fragment-3 DTA

Lox Lox-neo-Lox

pUC-19 backbone

Figure 1b: Map of gene targeting vector designed for miR29a/b1 locus.

Gene targeting vector for miR29b2 and miR29c:
miR29b2 and miR29c are located on chromosome 1. Similar to miR29a and b1 we don’t have any evidences to
confirm whether they are expressed and/or coregulated. Analyzing the transcripts from this locus revealed
several overlapping transcripts in both directions, making it very difficult to choose sites for lox-p sequence
insertions
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A schematic of the transcripts is shown in figure2A. miR29b2 and C seems to be a part of a very long non-
coding RNA. There are several other smaller transcripts reported from this locus as well in the same orientation
(fig 2A). They could be either degraded products of long noncoding RNAs or independent smaller transcripts.
There are two other small transcripts in apposite orientation to miR29b2 and c. considering the possible
transcriptions start sites of such transcripts and promoter sites we

could narrow down to 2 very small regions where we can insert loxp sites (to determine the locus for deletion)
as indicated in figure 2A and B. loxp-neo-loxp cassette was inserted after the 2" fragment to avoid possible
leaky transcription/elongation of the unknown transcript and gene expressed in apposite orientation as indicated
in the fig 2A. loxp site was inserted upstream of miRNAs, since precise locations of promoters are not known it
was the safest approach.

Figure 2A: miR29b2/c locus
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Figure 2a: miR29b2/c locus with known transcripts indicated in black arrows. The sites for lox p insertions are
also shown.

A schematic map of the designed gene targeting vector is shown in figure 2B. Both the vectors designed for
conditional deletion of included regions. Even the choices of loxp and loxp-neo-loxp cassette were chosen
based on the direction of miRNA transcription and the neighboring genes and non-coding RNAs. In our view
this is the best possible way to delete the

miR29 famlly miRNASs without/least Not1 cla1-lox-sacll pacl1-LNL-bcll ascl pmel
affecting other neighboring genes and \ /

: i |
transcrlpts' Fragment-1 Fragment-2 Fragment-3 DTA

Lox Lox-neo-Lox

Figure 2b: Map of gene targeting vector designed for miR29b2/c locus.

Gene targeting in mouse ES cells:

In order to do gene targeting with both miR29a/bl and miR29b2/c vectors, we linearized both gene targeting
vectors and transfected them into C57BL/6J ES cells individually. Currently we are screening selected clones
for site specific integration of gene targeting vectors.

We were disappointed that we failed to develop a miR-29 family knockout mice even after 3 consecutive
attempts. We screened hundreds of colonies and none of the colonies seems to contain the correct targeting. We
are currently redesigning the constructs to remove the DTA selection to maximize the colony numbers that may
increase the chance of get a correct targeted clone.

I1. Role of a pseudogene in transformation of MPNST

In order to investigate the mechanisms of transformation of tumors people have tried to explore the role of gene,
miRNAs, CNVs etc. most of them are studied in human cell lines and animal models where it is possible to
establish cause and effect relationships. However there could be many human specific elements in causing this
transformation. here we have identified one such factor which might play a role in transformation of
neurofibroma into MPNST.



Carefull analysis of nfl locus which is often deleted/mutated in MPNSTs revealed that there are some hotspots
between which microdeletions are usually observed. microdeletions are often seen in suzl2 gene and a
pseudogene of suzl2 called suz12p (figure 3A). although suz12 and suzl2p share more than 88% similarity in
genomic regions suzl2p transcripts are very small (~700nts) and share very little sequences (of ~500bases)
with suzl12 gene (fig3b). This facilitates intra-chromosomal recombination leading to micro-deletion of locus
between them. The deleted locus contains many genes, miRNA and cnrr: 178774 742p

pseudogenes including a tumor suppressor NfI [1] and many other genes, A NFREPa

. . 17p13.3 wooi L LRRC37B2
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Figure 3: Schematic diagram showing NF1 locus; * indicates
pseudogenes.
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specific to humans (ex:suzl2p). Depending on the location of the
pseudogene they might play a serious role in genomic recombination * : Posudogene
leading to chromosomal aberrations like deletions, recombination etc.

many such chromosomal aberrations are associated with various cancers. Often pseudogenes are transcribed but
the transcripts could be different from the homologous functional gene itself (at least partially). Their
expression is spatially and temporally regulated. Therefore it is possible that they play significant role in
regulating expression of various genes and noncoding RNAs and might be involved in other pathways including
RNA1 and Chromatin Modifications.

Our preliminary analysis of PAR-Clip data of Agol and Ago3 revealed SUZI2P transcripts are associated with
RNAi1 machinery (see ref [4, 5]) implicating their role in RNAi mediated regulation. Overall SUZI2P
pseudogene and transcripts have the potential to play important role in gene/genome regulation.

In our efforts to establish a correlation with cancer, we have observed that SUZI2P is overexpressed in
MPNSTs compared to benign tumors. We observed a similar trend in Schwann cells and MPNST cell lines as
well. Figure 4.

Levels of suz12 and suz12p in mpnst cell lines, schwann cells, dermal and
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We have predicted and observed that several microRNAs can target SUZ12 &/or SUZ12P. Unlike commonly
used predictions which consider only 3’UTRs of genes, we included coding regions, 5’UTRs and 3’UTRs
avoiding any bias. Some of the predicted miRNAs include miR200c (involved in EMT, tumor transformation
and metastasis) [6, 7, 8, 9], miR302, (inducing pluripotency) [10, 11] and many other important miRNAs like
miR200b, 203, 214, 182, 21, 29, 520, 503 etc., An interesting outcome of our prediction is that miR-503, 182
and 520 may target S’UTR, coding region and promoter region of SUZ12 respectively, and all of these can
target SUZ12P transcripts. We have observed that overexpression of miR29 and miR503 leads to suppression of
SUZI12P (figure 4). Hence we think SUZ12P can regulate the levels of SUZ12 by titrating-out/ quenching of
miRNAs that can suppress SUZ12 gene. This kind of buffering/titration is a novel mechanism of tuning the
expression levels of genes by competing for the same regulatory RNAs. In a broader perspective, SUZ12P when
overexpressed in cancer cells can thus release the suppression of many other genes inhibited by
miR200b/200¢/302/503/182/214 etc, which are known to be involved in EMT, pluripotency and other pathways
driving tumor progression and transformation. If confirmed this mechanism would be a first of its kind where a
pseudogene SUZ12P regulates polycomb mediated pathways, RNAi mediated pathways & gene/miRNA/Inc-
RNAs expression contributing to tumor transformation.

In order to confirm the role of suz12 and suzl12p in tumor transformation we would like to perform both gain-
of-function and loss of function studies of both these gene/pseudogene. So we have constructed shRNA
constructs to knock-down the expression of suz12/suz12p individually and both together and also full length
transcripts to overexpress both genes. Our vectors have a luciferase reporter in an independent cassette to
facilitate in-vivo tracking of cells in xenograft models. We would like to investigate the effect of loss and gain
of suz12/suz12p on cell proliferation, viability, migration and invasion. We found Transient overexpression/
suppression of suzl2/suz12p in cells showed only
mild effects so currently we are selecting stably
integrated cells of MPNST with all overexpression

group
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tested in the serum samples obtained from the MPNST patients.
Fig 5: Heat map representation of circulating miRNAs relevant to MPNSTs.

IV. MicroRNA gene regulatory Network analysis.
One of the main hurdles to develop effective therapy for malignant peripheral nerve sheath tumors (MPNST) is
the lack of understanding of molecular mechanisms regulating cancer genes and metastasis. Oncogenic
epithelial-to-mesenchymal transition (EMT) is a critical step for metastasis and is closely related with
transcriptional changes of many key genes involved in cell polarity, cell-cell adhesion, and cell migration.
Multiple abnormal signaling in this pathways and processes can initiate,
promote, and maintain EMT process. To understand the molecular networks
that regulates EMT pathway and promote metastasis in MPNST, we
systematically analyzed the microRNA (miRNA)-mediated gene regulatory
networks using miRNA and MRNA expression profiles generated from normal
Schwan cells, MPNSTSs tumor tissues and cell lines.

Both negative- and positive- correlation networks based on gene and miRNA
expression data were generated. These correlations were further mined by
referring to various relational database (protein-protein interactions, canonical
pathways, transcription factor-to-target prediction) and genomics data (copy-
number alteration, differential DNA methylation). We identified six candidate
network modules, which potentially control the preferential activation of TGF-
beta/SMAD signaling to TGF-beta/non-SMAD signaling and the induction of
cancer cell stemness. By applying different levels of data integration and | we ‘\@
exploration, we could identify several units which take part in EMT of MPNST. %x B > -
Reconstructed networks from this study suggests that miRNAs actively = T
participate in transcription control of cancer genes and cause aberrant
modification of core pathways responsible for transformation and metastasis in -
MPNST development. (See attached draft manuscript for details).
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Fig 6: Overall analysis workflow.

V. Differential target selection of miRNAs.

MicroRNAs (miRNAs) are important players of post-transcriptional gene regulation. Individual miRNAs can
target multiple mRNAs and a single mRNA can be targeted by many miRNAs. We hypothesized that miRNAs
select and regulate their targets based on their own expression levels, those of their target mRNAs and triggered
feedback loops. We studied the effects of varying concentrations of let-7a-7f and the miR-17-92 cluster
plasmids on the reporter genes carrying either DICE R- or cMYC -3'UTR in Huh-7 cells. We showed that let-7
significantly downregulated expression of DICE R 3'UTR reporter at lower concentrations, but selectively
downregulated expression of a cMYC 3'UTR reporter at higher dose. This miRNA dose-dependent target
selection was also confirmed in other target genes, including CC ND1, CDKNI1 and E2F1. After overexpressing
let-7a-7f or the miR-17-92 clusters at wide-ranging doses, the target genes displayed a nonlinear correlation to
the transfected miRNA. Further, by comparing the expression levels of let-7a and miR-17-5p, along with their
selected target genes in 3 different cell lines, we found that the knockdown dose of each miRNA was directly
related to their baseline expression level, that of the target gene and feedback loops. These findings were
supported by gene modulation studies using endogenous levels of miR-29, -1 and -206 and a luciferase reporter
system in multiple cell lines. Finally, we determined that the miR-17-92 cluster affected cell viability in a dose-
dependent manner. In conclusion, we have shown that miRNAs potentially select their targets in a dose-
dependent and nonlinear fashion that affects biological function; and this represents a novel mechanism by
which miRNAs orchestrate the finely tuned balance of cell function. (See reference 12 and attached original
article for details).

Key research accomplishments:
1. Constructed miRNA gene regulatory network in MPNST



2. Identified potential circulating miRNA relevant to MPNSTs.

3. Identified SUZ12p as a potential regulator of microRNAs and driver of malignant transformation through
integrated genomic approaches.

4. Determined the biology of target gene selection in cancer cells.

Reportable outcomes 2013:

We have published a paper on genes that can function as competing endogenous RNA that can affect the
microRNA networks. We have also developed and tested hypothesis that target gene selection is dependent on
the dose of miRNA at any given time. A manuscript is under preparation that details various miRNA networks
in MPNSTs.

Final report summary.

The collection of tumor tissue materials were carried out with appropriate Institutional review board and
Institutional Biosafety board approvals. We also obtained the necessary animal use approval to conduct the
DoD approved mice experiments. We completed miRNA expression profiles of over 25 MPNST human and
mouse tissues. The miRNA expression data is published and publically available in www.oncomiR.umn.edu
Subsequently, a comprehensive bioinformatics analysis was carried out to decipher the miRNA- gene networks
in MPNSTs. Based on the analysis we have identified potential candidate miRNAs and genes for further
functional analysis. Several experiments for miRNA functional analysis and gene networks were standardized.
We completed construction of 6 knockout vectors for miR-29 family members that include miR-29a, 29b and
29c. These knockout vectors were used in the DNA electroporation and screening of positive ES clones. We
had difficult in screening the clones as we obtained many false positives and changed the strategy for screening
of true positives. We identified SUZ12P as a potential regulator of microRNAs and driver of malignant
transformation through integrated genomic approaches. Functional analysis of Suz12p revealed that its
expression levels could significantly affect it protein coding functional counter part SUZ12. We also carried
out extensive analysis of circulating miRNA markers in MPNSTs. The manuscript is currently under
preparation. We published the following 5 papers during the course of this project.

Publications
A research and review article was published in this project period. These articles are attached in appendices.

1. Sarver A, Subramanian S. Competitive endogenous RNA Database. Bioinformation 2012 8(15): 731-733.

2. Subramanian S and Kartha RV. MicroRNA mediated gene regulations in human sarcomas. Cell Mol Life
Sci 2012 69: 3571-3585

3.Shu J, Xia Z, Li L, Liang ET, Slipek N, Shen D, Foo J, Subramanian S, Steer C. Dose-dependent
differential mMRNA target selection and regulation by let-7a-7f and miR-17-92 cluster microRNAs. RNA
Biol 2012 9:1275-1287.

4. Choi K, Jegga AG, Hajeri P, Subramanian S, Ratner N MicroRNA mediated Gene Regulatory Networks in
Malignant Peripheral Nerve Sheath Tumors (manuscript in preparation)

5.Subramanian S and Kartha RV. MicroRNA mediated gene regulations in human sarcomas. Cell Mol Life
Sci 2012 Nov;69(21):3571-85

Conclusions:

With this funding support we have generated extensive data in our understanding of miRNA mediated gene
regulation in MPNSTs. We also generated a database of competing endogenous RNAs that will also be
applicable to study other cancer types. We also created a network of miRNA gene interaction map and showed
that the differential target gene section is cancer cells are based on the expression levels of miRNAs.



References:

1. Holzel, M.; Huang, S.; Koster, J.; Ora, I.; Lakeman, A.; Caron, H.; Nijkamp, W.; Xie, J.; Callens, T.;
Asgharzadeh, S.; Seeger, R.C.; Messiaen, L.; Versteeg, R.; Bernards, R. NF1 is a tumor suppressor in
neuroblastoma that determines retinoic acid response and disease outcome. Cell 2010, /42, 218-229.

2. Gieni, R.S.; Hendzel, M.J. Polycomb group protein gene silencing, non-coding RNA, stem cells, and cancer.
Biochemistry and cell biology = Biochimie et biologie cellulaire 2009, 87, 711-746.

3. Sauvageau, M.; Sauvageau, G. Polycomb group genes: keeping stem cell activity in balance. PLoS biology 2008,
6,el13.

4. Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.; Ascano, M., Jr.;

Jungkamp, A.C.; Munschauer, M.; Ulrich, A.; Wardle, G.S.; Dewell, S.; Zavolan, M.; Tuschl, T. Transcriptome-
wide identification of RNA-binding protein and microRNA target sites by PAR-CLIP. Cell 2010, /41, 129-141.

5. Yang, J.H.; Li, J.H.; Shao, P.; Zhou, H.; Chen, Y.Q.; Qu, L.H. starBase: a database for exploring microRNA-
mRNA interaction maps from Argonaute CLIP-Seq and Degradome-Seq data. Nucleic acids research 2011, 39,
D202-209.

6. Gregory, P.A.; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.;

Goodall, G.J. The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1
and SIP1. Nature cell biology 2008, 10, 593-601.

7. Korpal, M.; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition and
cancer cell migration by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. The Journal of
biological chemistry 2008, 283, 14910-14914.

8. Gibbons, D.L.; Lin, W.; Creighton, C.J.; Rizvi, Z.H.; Gregory, P.A.; Goodall, G.J.; Thilaganathan, N.; Du, L.;
Zhang, Y.; Pertsemlidis, A.; Kurie, J.M. Contextual extracellular cues promote tumor cell EMT and metastasis by
regulating miR-200 family expression. Genes & development 2009, 23, 2140-2151.

9. Korpal, M.; Ell, B.J.; Buffa, F.M.; Ibrahim, T.; Blanco, M.A.; Celia-Terrassa, T.; Mercatali, L.; Khan, Z.;
Goodarzi, H.; Hua, Y.; Wei, Y.; Hu, G.; Garcia, B.A.; Ragoussis, J.; Amadori, D.; Harris, A.L.; Kang, Y. Direct
targeting of Sec23a by miR-200s influences cancer cell secretome and promotes metastatic colonization. Nature
medicine 2011, 17, 1101-1108.

10. Barroso-delJesus, A.; Romero-Lopez, C.; Lucena-Aguilar, G.; Melen, G.J.; Sanchez, L.; Ligero, G.; Berzal-
Herranz, A.; Menendez, P. Embryonic stem cell-specific miR302-367 cluster: human gene structure and
functional characterization of its core promoter. Molecular and cellular biology 2008, 28, 6609-6619.

11. Lin, S.L.; Chang, D.C.; Chang-Lin, S.; Lin, C.H.; Wu, D.T.; Chen, D.T.; Ying, S.Y. Mir-302 reprograms human
skin cancer cells into a pluripotent ES-cell-like state. RNA 2008, /4, 2115-2124.

12. Shu J, Xia Z, Li L, Liang ET, Slipek N, Shen D, Foo J, Subramanian S, Steer C. Dose-dependent
differential mRNA target selection and regulation by let-7a-7f and miR-17-92 cluster microRNAs.
RNA Biol 2012, 9:1275-1287.

Appendices: PDF files of an article published and a draft manuscript.



MicroRNA mediated Gene Regulatory Networks in
Malignant Peripheral Nerve Sheath Tumors

Kwangmin Choi'%, Anil G Jegga?, Praveensingh Hajeri *, Subbaya Subramanian
3, Nancy Ratner’



Abstract

Background
One of the main hurdles to develop effective therapy for malignant peripheral nerve

sheath tumors (MPNST) is the lack of understanding of molecular mechanisms
regulating cancer genes and metastasis. Oncogenic epithelial-to-mesenchymal
transition (EMT) is a critical step for metastasis and is closely related with
transcriptional changes of many key genes involved in cell polarity, cell-cell adhesion,
and cell migration. Multiple abnormal signaling in this pathways and processes can
initiate, promote, and maintain EMT process. To understand the molecular networks
that regulates EMT pathway and promote metastasis in MPNST, we systematically
analyzed the microRNA (miRNA)-mediated gene regulatory networks using miRNA
and MRNA expression profiles generated from normal Schwan cells, MPNSTs tumor
tissues and cell lines.

Results

Both negative- and positive- correlation networks based on gene and miRNA
expression data were generated. These correlations were further mined by referring to
various relational database (protein-protein interactions, canonical pathways,
transcription factor-to-target prediction) and genomics data (copy-number alteration,
differential DNA methylation). We identified six candidate network modules, which
potentially control the preferential activation of TGF-beta/SMAD signaling to TGF-
beta/non-SMAD signaling and the induction of cancer cell stemness.

Conclusions

By applying different levels of data integration and exploration, we could identify
several units which take part in EMT of MPNST. Reconstructed networks from this

study suggests that miRNAs actively participate in transcription control of cancer
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genes and cause aberrant modification of core pathways responsible for

transformation and metastasis in MPNST development.

Background
Neurofibromatosis type 1 (NF1) caused by germline mutations of the NF/ gene is an

autosomal dominant disorder affecting one in 3000 individuals world-wide. NF1 [1].
Benign tumors neurofibroma (NF) originates from Schwann cells in NF1 patients.
About 95% of NF patients have multiple dermal NFs (dNF), 30% develop plexiform
NFs (pNF), and 5 -10 % develop malignant peripheral nerve sheath tumors
(MPNSTs). MPNST patients’ survival rate beyond 5 years is less than 43% [2, 3].
Although it is believed that pNF may transform to MPNST, the sequences of
biological events and exact mechanisms driving malignant tumor is not completely
understood. Beyond mutations in both copies of the NF'/ gene, few molecular changes
have been associated with MPNSTs [4]. One of the main hurdles to develop effective
therapy for MPNST is the lack of understanding of deregulation in miRNA mediated
molecular networks that lead to uncontrolled cell growth and invasion. distinguishing
characteristic of MPNST is its propensity to metastasize to other body sites,
predominately to the lungs. Epithelial-to-Mesenchymal Transition (EMT) is a
process where fully differentiated and polarized epithelial cells transform their
epithelial phenotypes into mesenchymal ones, depending on a set of transcription
factors and cellular environment. EMT is generally characterized by loss of cell
polarity, loss of epithelial markers (e.g. cell-to-cell adhesion proteins), gain of
mesenchymal markers (e.g. a-smooth muscle actin), cytoskeletal remodeling, and,
and migratory phenotype [5].

EMT plays a critical roles in both normal cell development programs and

cancer metastasis [6]. Oncogenic EMT is a result of various cellular changes

_3-



including aberrant apoptosis/anoikis and modified molecular signaling. Among many
abnormal signaling pathways, RAS activation [7] and TGF-beta pathway [8] has been
known as central players in oncogenic EMT. Autocrine induction of TFG-beta and its
interaction with RAS significantly promote EMT and migration of malignant cells.
The cancer type-dependent differential roles of SMADs in TGF-beta-induced EMT
have been also suggested [8].

MicroRNAs (miRNAs) play a major role in the post-transcriptional regulation
of cancer genes [9-13]. Although the biological roles and mechanisms of many
miRNAs are still not fully understood, two independent regulatory mechanisms such
as RNA inference (RNAi) and RNA activation (RNAa) have been investigated. In
RNAi1 mode [14], a miRNA can cleave target mRNAs (in case of perfect
complementary match with its target mRNAs) or inhibit protein translation from the
target mRNAs (in case of imperfect complementary match to its target mRNAs) [15].
Whereas in RNAa mode, promoter-targeting miRNAs can induce prolonged
activation of gene expression associated with epigenetic changes. Aberrant RNAa in
pathological condition has been suggested as another level of epigenetic control
mechanism in cancers [16-18]. Actual transcriptional and/or translational regulation
by a group of miRNAs can be very complex because multiple miRNAs may
cooperatively regulate one target mRNA or a single miRNA multiple target genes.

DNA copy-number alteration and/or epigenetic changes in cancer genomes
can also significantly modify gene regulatory programs via miRNAs [16, 17].
Furthermore, it is possible that the same miRNA can switch its role between RNAi
and RNAa, depending on a given cellular contexts and target gene availability.

We reconstructed miRNA-gene correlation networks of MPNST transcriptome, using

genome-wide gene and miRNA expression data. Our strategy is a similar approach



used in MMIA (need to expand) [19], which is specified to the data to with a
control/disease contrast. To focus on cancer genes whose expression are potentailly
controlled by miRNAs, we also applied two additional filters based on available DNA
copy number aberration and DNA methylation data. Through this genome-wide

integrative approach we uncovered several key regulatory units involved in oncogenic

EMT pathway in MPNST.

Methods

Gene expression data and DE-genes, (Figure 1-B)
The gene expression data used in this study is from our previous study ([4], GEO

accession # GSE14038, whole-genome Affymetrix GeneChip HU133 Plus 2.0 using
the Affymetrix protocol). Microarray data from 10 independent primary human
Schwann cells (NHSC, n = 10) and MPNST cell line (MPNST, n = 13) from patient
samples were used for this study.

Statistical comparisons were done using R/Bioconductor and GeneSpring GX
v7.3.1 (Agilent Technologies). Differentially expressed (DE)-genes were defined as
genes whose expression levels were at least three-fold higher or lower in target groups

(MPNST) compared to NHSC after applying Benjamini and Hochberg false discovery

rate [20] correction (FDR/BH p<0.05) . For gene annotation, custom CDF (custom

GeneChip library file) based on RefSeq target definitions (Hs133P REFSEQ Version
8) was downloaded and used to provide accurate interpretation of GeneChip data

[21].

MicroRNA expression array and DE-miRNAs (Figure #2, #2)
Three out of 10 NHSC samples and three out of 13 MPNST samples were

used to extract miRNAs for miRNA expression microarray experiment. Total RNAs

were extracted from NHSC and MPNST cells using miRvana total RNA isolation kit
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(Ambion) according to the manufacture’s instruction. We used Illumina Sentrix Array
Matrix for miRNA expression profiling as previously described [22]. Briefly, total
RNA quality was determined by Agilent 6000 nanochip (Agilent Technologies, Palo
Alto, CA, USA). Only samples with RNA index number (RIN) of 6 were subjected to
miRNA analysis using miRNA BeadArrays. 500 ng of total RNA was used for each
sample. The miRNA BeadArray procedure [22] is similar to the cDNA-mediated
annealing, selection, extension and ligation (DASL) method [23]. After hybridization,
the arrays were imaged using an Illumina BeadArray Reader and the fluorescent
intensity of miRNA probes were analyzed wusing BeadStudio version
3.1.1(Illumina).MiRNA array was performed using the human MO V2 chip
(Illumina), which contains up to 1145 miRNAs.

Per-chip normalization to 50 percentile and then per-gene median
normalization were applied to the raw data on GeneSpring GX v7.3.1. DE-miRNAs

were defined as miRNAs whose expression levels were at least 1.5-fold higher or

lower in MPNST compared to NHSC, with t-test p-value <0.05 (without FDR

correction). When the fold change of a given miRNA was bigger (or smaller) than
1500 (or 1/1500), the DE-miRNA was considered to be artifact and excluded from the
analysis.

MiR target prediction (Figure 3, #3)

Once DE-miRNAs were identified, their putative target genes were matched among
DE-genes by referring to three miR-target databases. We selected (i) PITA
(http://genie.weizmann.ac.il/pubs/mir07/mir07 data.html, 3/15-flank, TOP
prediction) [24]; (i1) TargetScan-human (v5.2, conserved targets) [25]; and (iii)
miRanda/mirSVR (http://www.microrna.org/microrna, August 2010, conserved and

good mirSVR < -0.5) [26] for compiling the putative targets of DE-miRNAs.
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Additionally, a miR-to-target gene relationship was considered only if the prediction
was found in at least two of three selected databases. Based on retrieved miRNAs and

their target genes, initial miR-to-gene correlation networks were generated.

Correlation analysis using Pearson-correlation between paired sample data
(Figure 4, #4)
Resulting bipartite graphs/networks (i.e. miR-target networks) are complex and do not
necessarily reflect true regulatory networks based on real transcriptome profile of
MPNST genome. To reduce network complexity and leave out weak correlation
edges (or false positives) in the networks, Pearson correlation-based filtering was
applied. For each miR-to-target pair, Pearson correlation coefficient was calculated
between three paired samples (i.e. three gene microarray and their paired miRNA
microarray data). The correlation between two variables reflects the degree to which
the wvariables are related. Strong (0.4<[r|<0.7) and very strong (0.7<|r|<1.0)
correlations were only considered. Pearson-correlation coefficient was computed
following conventional formula.

> XY —
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Network analysis (Figure 5, #5-6 and Figure 2-4)
A visualization program was written in Python and NetworkX package

(http://networkx.lanl.gov, Ver. 1.6) to easily explore data and visualize hidden cluster
structures (NEATO layout).

To visualize the coordinated participation of multiple miRNAs on the same
biological theme, protein-protein interaction (PPI) and pathway membership
information were also integrated. Gene sets of three canonical pathway databases

(KEGG (http://www.genome.jp/kegg), REACTOME (http://www.reactome.org),
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BIOCARTA (http://www.biocarta.com) were extracted from MSigDB v.3.0
(http://www .broadinstitute.org/gsea/msigdb) and a red edge was assigned to two
genes when two genes in a network belong to the same canonical pathway. A blue
edge connects two genes if their protein products directly interact in manually curated
HPRD database (Release 9; http://www.hprd.org). We considered using only
manually curated PPI data set from HPRD to avoid potential false positives. By
adding this information, the resulting networks could reveal several clues of how
genes and miRNAs are functionally interrelated in the networks. Finally, cancer-
related network genes from the most updated cancer-related gene list from Bushman
Lab (2032 genes, Release 8/2011;
http://microb230.med.upenn.edu/protocols/cancergenes.html) were highlighted with
yellow (up-regulated genes) or green (down-regulated genes) colors. The final
networks contain the following information: (i) fold change levels of DE-genes and
DE-miRNAs (size of node); (i1) strong correlated DE-genes and DE-miRNAs; (iii)
pathway memberships of DE-genes; and (iv) physical interaction between DE-genes
(see Figure 2-5). The strong negative- and strong positive- correlation networks two
types of correlation networks were merged into a single network as in Figure 6. For
better visibility, PPI and gene association (canonical pathways) information was
removed in Figure 7-A. A subset network in Figure 4 was generated using only
cancer genes and their targeting miRNAs from the original combined correlation

network.

A network of miRNA-controlled TFs and their target genes (Figure 1-G and
Figure 5).
Some of miRNAs in the correlation network seem to participate in the coordinated

transcriptional controls on a set of transcription factors in order to maximize

downstream effects. From a main correlation network in Figure 4, four differentially
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expressed transcription factors (DE-TFs) were identified and a new subset network
was constructed using these four TFs, their target genes, and DE-miRNAs showing
strong correlation with these genes (Figure 5-A). Figure 5-B is a simplified version of
Figure 6-A using several target genes/miRNAs of interest.

Based on 615 MSigDB C3-TFT gene set (originally from Xie et al. [27] and
Transfac v7.4 (http://gene-regulation.com)), TFs and their target genes in the
combined network were extracted and then a new network was reconstructed. Three
edge types in these networks are (i) miR-to-target gene relations (gray color); (ii) TF-
vs-target gene relations (orange); (ii1) canonical pathway membership (red); and (iv)
HPRD PPI (blue). Gene set enrichment test of target genes for each TF was

performed using ToppGene Suite (http://toppgene.cchmc.org).

Whole-genome methylome data (see Figure 8-H)
Ferber et al. [28] recently published unbiased whole-methylome data of normal

primary human Schwann cell, benign NF and malignant MPNST genomes. Their
MeDIP-seq data have been deposited in GEO (http://www.ncbi.nlm.nih.gov/geo)
under accession number GSE21714. The method detecting differentially methylated
regions (DMR) in MPNST compared to NHSC was adopted from Ferber et al. [28].
Briefly, Batman methylation scores per 100 bp were averaged for each 1K bp
windows. A conservative threshold for calling DMR calling was used based on the
95th percentile of the difference in methylation score. DMR regions were mapped to
human genome hg18 version (Build NCBI-36).

The nearest CpG island shores (CpG-IS) to the transcription start sites of each
gene/miRNA were scanned [28, 29]. The definition of CpG-IS is areas up to 2K bp

distant from CpG islands. We consider only the nearest CpG-IS from the transcription



start site (TSS), within 5K bp ranges from each TSS. The genomic coordinates of
miRNAs, genes, and CpG islands (NCBI36/hg18) were extracted from corresponding
tracks of UCSC Genome Browser (http://genome.ucsc.edu). In case of intragenic
miRNAs, we assumed that their expression is influenced by the nearest CpG-IS to the
transcription start site of their host gene (see Supplementary Data Table 1)
Copy-number alteration data (see Figure 9-I)

Unpublished copy-number alteration (CNA) data obtained from 14 MPNST patient
tumor samples were provided by Dr. Eduard Serra at Institut de Medicina Predictiva i
Personalitzada del Cancer (Barcelona, Spain). The CNA regions were mapped to
human genome hgl8 version (build NCBI-36). Since no statistical scores are
assigned to any region yet, we simply assumed that a gene (region) is gained (or lost)
when the whole gene coding region falls within any reported gained (or deleted)
region. Since this condition is very stringent, any conclusion from CNA data needs to
be considered provisional.

The possible relationships of expression fold change, CNA, DNA methylation
of all genes and miRNAs in our correlation network are provided as supplementary
data (See Supplementary Data Table 1, Excel format). Literature search (Figure 1-
J)Many portions of gene-to-gene, miR-to-gene, or protein-to-protein interaction data
have not fully mined from biomedical literatures yet. To efficiently search and collect
known or inferred relationships between gene-gene, protein-protein, or miR-gene,
each edge (e.g., miR-gene or gene-gene) in our combined network was used as a
query to BioGraph [30]. A publication list per each query was parsed from the HTML
output and additional relational information (e.g. activation, inhibition) from the
literatures were added to Figure 6. Several gene nodes (e.g. “(MMP1)”) were also

added to Figure 5 if they seemed to be important players based on collected literatures.
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Genes classified by gene expression fold change, copy-number alteration, and
DNA methylation (Figure 6, Table 3)

DE-genes in correlation networks were plotted according to their fold change levels
(up/down), DNA methylation patterns (hyper-/hypo-methylation), and CNA patterns
(gain/loss). The resulting 3-dimensional plots were presented in Figure 5. Here, “fold
change” (Z-axis, vertical) means one gene’s differential fold change level compared
to NHSC. The +/- symbols represent up/down-regulation of the gene. The CNA (Y-
axis) score means the ratio of patient sample numbers showing copy number change
(gain or loss) to total 14 samples. The ratio used in X-axis (DM) is the ratio of
differentially hyper- or hypo-methylated regions (DMR) covered in the nearest CpG-
IS region (2K in length). We only consider cases where a given CpG-IS region is
covered over 33% by DMR. If CpG-IS regions are covered by both hyper- and hypo-
DMRs, it was not considered to be a differentially methylated CpG-IS.

A gene’s expression pattern in microarray can be influenced by any of (i)
targeting miRNAs, (i1) DNA methylation (=DM) status in CpG-IS regions, and (iii)
copy-number alteration (=CNA) status and these effects can make the interpretation
of gene/miRNA expression profile complicated. Thus we primarily focused on genes
which show no or minute differential methylation and CNA patterns (e.g. LGI1) and
then expand genes of interest as needed. In Figure 6, these primary target genes are
aligned vertically (Z-axis, FC) on the center of X-Y (DM-CNA) plane.

Identification of key regulatory units
Several genes of interest were chosen from the correlation network, then functional

annotations (e.g. “induces”, “represses”, “binds”, “acetylates”, etc.) between two

genes were extracted from the published literatures and added to edges in proposed

regulatory units (Figure 5-B and Figure 7). Thus, all gene-to-gene edges and some
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miR-to-gene edges in these units represent experimental evidences on their functional
relations, although two genes (or a miRNA and its target gene) do not necessarily
have the sample functional relations in MPNST because most evidences were from
non-MPNST cancers. Thus all edge annotation need to be considered to be

provisional.

Results and Discussion

DE-miRNAs and DE-genes
47 up-regulated and 91 down-regulated miRNAs were detected by comparing to

NHSC (fold change > 1.5 or < 1/1.5, p<0.05 without FDR correction). 431 up-
regulated and 520 down-regulated were identified by comparing to NHSC (fold
change > 3 or <1/3, p<0.05 with FDR (=BH) correction).

Before and after applying Pearson correlation filter (Table 1)

By searching TargetScan, PITA, and miRanda/mirSVR databases, miRNA:target
relationships between DE-miRNAs and DE-genes were retrieved. Resulting networks
have high complexity (see Table 1) and possibly contains many false positives
because DB-based target prediction does not necessarily mean the retrieved miR:gene
pairs are true regulatory units in a given MPNST transcriptome. Pearson correlation-
based filter could significantly reduce network complexity and provide a degree of
correlation between a miRNA and its target gene in transcription level. For example,
the negative correlation network (down-regulated miRNAs and up-regulated genes)
had 44 nodes of miRNAs, 335 nodes of genes, and 963 edges between two node types.
After filtering, the same network could be effectively pruned to 12 nodes of miRNAs,

45 nodes of genes, and 56 edges between them (see Table 1).
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Correlation networks with PPl and pathway membership information (Figure 2-
4 and Table2)

Five up-regulated miRNAs (miR-148a, miR-301a, miR-92b, miR-101, and miR-96)
and 11 down-regulated miRNAs (miR-216b, miR-338-3p, miR-365, miR-449b, miR-
424, miR-200c, and let-b/d/f, mir-211, miR-365) are involved in both negative and
positive correlation networks. Three up-regulated miRNAs (miR-242-3p, miR-335,
and miR-551b) were only involved in a positive correlation networks while miR-542-
3p belongs only to a negative correlation network. Down-regulated miR-450a
belongs to positive correlation network.

Transcription factors and their targets (Figure 5, supplementary Table 3)

ETS2 (4.6x) shows strong negative correlation with miR-200c (0.38x). 13 genes
(including ETS?2 itself) in the correlation network have a conserved ETS2 binding site
within promoter region and 12 genes show significant enrichment result (p-
value=2.783E-12) on RYTTCCTG_VS$ETS2 B term. SOX9 (47x) is negatively
correlated with miR-216b (0.64x) and connects to 11 TF target genes (including
SOXO9 itself) found the correlation network. 10 out of 11 target gene set show
significant enrichment result (p-value =5.505E-15) on CATTGTYY_V$SOX9 Bl
term. PITX2 (7.2x) is negatively correlated with miR-211 (0.041x). 25 target genes
(including PITX2 itself) in the correlation network show very significant enrichment
result (p-value=1.349E-33) on GGATTA VS$PITX2 Q2 term (1.349E-33). Finally,
PAX3 (0.32x) is negatively correlated with miR-92b (1.9x) and targeting 6 genes
(including PAX3 itself) found in the correlation network. 5 out of 6 target genes also
shows significant enrichment result (p-value=1.036E-9) on CGTSACG_V$PAX3 B

term.
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MPNST, metastasis, and EMT
The activation of EMT pathway triggers invasion and migration of cancer cells. Since

the most distinguishing characteristic of MPNST is its aggressive invasion to different
body sites, understanding of how MPNST cells modulate EMT/MET pathways can be
a critical step to find effective therapeutic targets against this invasive cancer.

We investigated how DE-miRNAs possibly control targeted cancer genes in
MPNST and several miRNAs were identified as promising candidates involved in
epigenetic modulation of key EMT gene expression. Although positive correlation
between miRNAs and target genes may imply RNA activation mechanism, we will
mainly focus on negatively correlated cases in Discussion section because it is still
difficult to interpret positive correlation as RNA activation yet. For example, when a
miRNA and its target gene are both up-regulated, the transcriptional up-regulation of
the target gene can be a result of direct RNA activation or an outcome of the indirect
mechanism where an unknown suppressor to the target is repressed by the miR. (see
Figure 6 and 7).

MiR-200c feedback loop and TGF-beta signaling pathway

Five members of the miR-200 family are encoded in the two gene loci: miR-200b
(0.37x)-200a (0.0049x)-429 (0.48x) and miR-200c (0.38x)-141 (0.55x). MiR-141,
miR-200b, and miR-200c are highly conserved in sequence level. In our MPNST
model, all five miR-200 family genes were down-regulated.

The miR-200 family genes are known to be strong inducers of epithelial
differentiation and directly inhibit the expression of ZEB1 and ZEB2 [31, 32]. ZEB1
and ZEB2 repress cell-adhesion and polarity-target genes [33, 34]. Wellner et al. [35]
reported that ZEB1 also inhibits the expression of the miR-200 family genes and
causes EMT-activation and stemness-maintenance by suppressing stemness-inhibiting
miRNAs such as miR-200s.
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ZEBI1 is one of the central regulator genes which control EMT pathway [36]
and acts as a transcriptional repressor or activator depending on several poorly
understood conditions. Up-regulated ZEB1 [37] is known to repress CDHI (a.k.a. E-
cadherin expression [38], cell junction, and cell polarity [39] in many types of
cancers. Although CDHI loss is generally linked to increased EMT and metastasis
both in vitro and in vivo, our MPNST data shows no significant change in the
expression level of CDHI. It is probably related with the stage of EMT [40] or
preferential activation of TGF-beta/SMAD pathway [8]. In our correlation network
(Figure 4), ZEB1 (5.5x) shows strong negative correlation with miR-200c (0.38x) and
strong positive correlation with miR-342-3p (2.0x). Interestingly, miR-342-3p (2.0x)
targets both PDGFRA (51x) and ZEB1 (5.5x). It is not clear whether this observation
is a result of RNA activation or not. It is also possible that the expression of unknown
suppressor (s) of ZEB1 and PDFGRA is repressed by miR-342-3p. Interestingly,
ZEB2 is down-regulated in our MPNST data. There is one report that ZEB1 and
ZEB2 undergo opposing roles in TGF-beta/ BMP/SMAD pathway, that is, ZEB1
enhances but ZEB2 represses SMADs-mediated gene expression in TGF-
beta/BMP/SMAD pathway [41]. In our MPNST data, ZEB1 does not show
differential DNA methylation pattern in the nearest CpG-IS region nor copy-number
alteration patterns, thus it is plausible that the expression of ZEBI is mainly
controlled by miR-200c (supplementary Table 2).

Many different types of signals can induce EMT, but TGF-beta is considered
to be a master switch [8]. TGF-beta seems to be a crucial inducer of ZEB1 expression
and EMT progression in MPNST (TGFBI1=1.8x, TGFB2=2.5x, TGFB3=3.1x,
TGFBR1=2.0x, TGFBR2=1.4x). Gregory et al. [32] proposed that an autocrine TGF-

beta singling can induce and maintain EMT process via ZEB/miR-200 loop. It is also
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known that over-expression of the miR-200 family alone is sufficient to block TGF-
beta-induced EMT [31, 32]. Additionally, Wang et al. [42] reported that all five
members of the miR-200 family are significantly down-regulated in cells undergoing
EMT in response to TGF-beta signaling. Our MPNST data are well consistent with
these reports. Interestingly, two miR-200 family members, miR-141 (0.55x) and miR-
200c (0.38x), are known to directly target and negatively regulate TGFB2 (2.5x) gene
in cancer cells [43].

Thus, TGFB2, ZEB1, and miR-200c seem to work as a reciprocally regulating
unit to initiate and stabilize EMT and to promote invasion of MPNST cancer cells.
MiR-211, miR-503, and miR-338-p: TGF-beta/SMAD3 pathway (Figure 7-B)

The tumor suppressive role of miR-211 in malignant and invasive melanoma has been
well studied [44, 45]. In our MPNST data, miR-211 (0.041x) is significantly down-
regulated and also negatively correlated with several target cancer genes, which are
involved in TGF-beta/SMAD/BMP pathway [46]. In MPNST data, miR-211 is
negatively correlated with ZNF423 (6.6x) and ZNF521 (13x). Both ZNF423 and
ZNF521 are associates with SMADs in response to BMP2 and can activate the
transcription of BMP target genes [47]. In our gene expression data, only SMAD3
(2.8x) is up-regulated, but SMAD2 (0.65x), SMAD4 (0.53x), and SMADG6 (0.83x) are
slightly down-regulated. ZNF423 and ZNF521 are known to act as transcriptional
activators or repressors, depending on biological context of cells. When ZNF423 and
ZNF521 act as repressors to TGF-beta pathway, they interact with EBF1 and repress
LTBP1 [47]. Since the expression level of LTBP1 (6.1x) is rather increased, ZNF423
and ZNF521 may not play as repressors of TGF-beta pathway in MPNST. ZNF423 is

also negatively correlated with miR-503 (0.3x), which is known to promote cell
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differentiation and cell cycle quiescence/G1 arrest and decrease proliferation and
metastasis of cancer cells [48].

Mir-211 also shows strong negative correlation with its target PITX2 (7.2x).
PITX2 is activated by SMAD2/3/4 via TGF-beta/SMAD pathway, canonical and non-
canonical WNT pathways [49, 50]. PITX2 also seems to play a critical role in TF-vs-
target network (Figure 7) of MPNST with other central TFs (i.e. SOX9, PAX3, ETS2).
The nearest CpG-IS region of PITX2 (7.2x) is hyper-methylated according to
GSE21714 data (see Supplementary Table 2). Interestingly, Hirose et al. [51]
reported that PITX2 is down-regulated and its expression level shows anti-correlation
with metastasis and cell growth of colorectal cancer. Hyper-methylation of PITX2
gene was suggested as a mechanism explaining significant decrease of PITX2
expression in prostate cancer [52]. Interestingly, Gu et al. [53] reported that PITX2 is
up-regulated in breast cancer. Thus the effect of hyper-methylation may not fully
explain the expression level of PITX2 in MPNST.

MiR-338-3p (0.0094x) is significantly down-regulated in MPNST compared
to NHSC. This miRNA is known to be a suppressor of metastasis in liver cancer [54],
but its role in MPNST development has not reported yet. According to Gokey et al.
[55], miR-338 is SOX10-dependent and SOX10 (0.035x) directly regulates the
expression of miR-338 by binding to the internal promoter of its host AATK (17x)
gene in Schwann cell. Thus this report is consistent with our MPNST data.

EVII1 (7.7x) showed a strong negative correlation with miR-338-3p. EVI1 is
an oncogene and increases cell survival by blocking TGF-beta-mediated apoptosis via
PI3K/AKT and by interacting with SMAD3 (2.8x) [56]. EV1 is also known to

regulate hematopoietic stem cell proliferation [57]. Since the EVII1 gene is gained (2
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out of 14 patients, unpublished data) and its promoter regions are hyper-methylated, it
is not clear whether miR-338-3p is a single factor controlling up-regulation of EVII1.
Let-7d/f and miR-338-p: Stemness control via EPHA4 (Figure 7-C)

Cancer stem cells (CSC) are believed to have invasive and migratory capacity
required for metastasis and several miRNAs have been reported that they can actually
regulate metastasis via stemness control [58, 59]. Several well-known pluripotent
stem cell genes [11] are up-regulated in our MPNST data: CCND2 (3.72x, negatively
correlated with miR-503), MYC (2.6x), LIN28B (8.1x), and HMGA2(44.17x) .

Let-7 members are good candidates showing the strong relationship between
stemness and metastasis. For example, let-7 family can inhibit self-renewal and
maintenance capacity in undifferentiated status of breast cancer cells [11]. In our
MPNST data, two let-7 family miRNAs (let-7d/f) seem to be involved in one type of
stemness control along with miR-200c/ZEB1/TGFB2 module. Let-7b (0.36x) and let-
7t (0.59x) show both positive- and negative- correlations with many cancer-related
genes (see Figure 4). Both let-7b and let-7f show strong negative correlation with
EPHAA4 (3.0x), which is a potential regulator of neurogenesis and causes a loss of cell
polarity via abnormal WNT/PCP pathway [60]. Sperber et al. [61] reported that
EPHAA4 is expressed only by neural stem cells (NSCs) in adult neurogenic niches and
directly binds to FYN (0.29x) and causes undifferentiated and unmyelinated axons
[62]. EFNB2 (3.2x), showing strong positive correlation with miR-148a (2.2x),
directly binds to EPHAs with high affinity [63]. In addition, FGFR1 (3.2x), which is
negatively correlated with miR-424 (0.54x), directly interacts with EPHA4 [64] and
initiates EMT in prostate cancers [65, 66]. Thus EPHA4 seems to be a key player in

stemness control during EMT in MPNST.
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Non-canonical WNT signals are transduced to the WNT/planar cell polarity
(PCP) signaling pathway, and aberrant WNT/PCP pathway can cause tumor
metastasis [67] because WNT/PCP pathway controls tissue polarity, cell adhesion,
and motility of developing cells. Thus aberrant changes in WNT/PCP pathway may
lead to more severe malignant phenotypes including severe MPNST metastasis.
CELSR2 (0.22x) , a member of atypical cadherin family, and FZD3 (0.32x), a
representative WNT receptor in WNT/PCP pathway, are known to be key players in
neuronal migration [68]. These two WNT/PCP pathway genes show strong positive
correlations with miR-338-3p. There is no report yet if miR-338-3p can regulate
target genes in RNAa mode.

MiR-92b and miR-196: activation of PDGFRA (Figure 7-D)

In humans, two polycistronic miR-17-92 cluster [69] and miR-106A-363 clusters
[70] encode two different miR-92 loci (miR-92a in chromosome 13 and miR-92b in
chromosome 1), respectively [71-73]. While the oncogenic role of miR-92a (not
differentially expressed) in miR-17-92 cluster (chromosome 13) has been well
studied [74], the role of miR-92b (1.9x) is still unclear. Since miR-92a and miR-92b
differ by only one nucleotide within their seed sequences, it is possible that miR-92b,
instead of miR-92a, may play an oncogenic role in MPNST development.
Interestingly, miR-92b was reported to be over-expressed in neuronal precursors and
stem cells compared to adult brain [75].

Pavan et al. [76] reported that SATB1 regulates gene expression by acting as a
"docking site" for chromatin remodeling enzymes and also by recruiting co-regulators
directly to promoters. When SATBI interacts with KAT2B (a.k.a. PCAF, no copy-
number alteration, no differential DNA methylation), KAT2B acetylates the PDZ-

like domain of SATBI and this leads to the loss of its DNA binding activity, and
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finally leads to the down-regulation of genes in the vicinity. KAT2B also acetylates
the histone proteins, so directly regulates the gene expression. In addition, two
protein-level regulations by SATB1 and TWIST1 (36x) are also identified. This
suggests that a strong driving force acts on KAT2B during in EMT of MPNST.

In our MPNST data, the expression levels of both SATB1 (0.2x) and KAT2B
(0.1x) are significantly down-regulated, so the transcription of some set of genes
(possibly, signature genes with epithelial features) in the target regions can be
probably down-regulated. In our network, three independent miRNAs target KAT2B,
including miR-92b (1.9x, negative correlation), miR-200c (0.38x, positive
correlation), and miR-342-3p (2.0x, negative correlation).

Grady et al. [77] reported that miR-342 (2.0x), which is encoded in an intron
of the gene EVL, is commonly suppressed in human colorectal cancer. Wang et al.
[78] also reported that miR-342 inhibits proliferation and metastasis of colorectal
cancer cells by directly targeting DNA methyltransferase 1. In contrast to their reports,
our MPNST data shows that both miR-342 (2.0x) and its host gene EVL (2.0x) show
two-fold increases.

MiR-92b (1.97x) shows a strong positive correlation with TWIST1 (36x) in
our correlation network. Hamamori et al. [79] reported that TWISTI1 binds to
CBP/p300 and KAT2B (0.1x), directly regulates its HAT activities, and results in the
inhibition of their acetyltransferase activities. Interestingly, our data shows that the
expression fold change of CDHI is not significant between NHSC and MPNST. As
described previously, the expression levels of both KAT2B (0.1x) and its interacting
protein SATB1 (0.2x) are down-regulated. Additionally, Shiota et al. [80] reported
that KAT2B can affect oncogenic properties of TWIST1 including EMT, cell growth,

metastasis, sensitivity to anti-cancer drugs via acetylating TWIST1. They reported
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that disruption of TWIST1 acetylation inhibits YBI transcription and nuclear
localization of TWIST1. According to the temporal/spatial cooperation of TWIST1
and SNAII by Tran et al. [40], TWIST]I, present throughout the primary tumor, is
transiently repressed by SNAI1 (0.60x) during EMT initiation stage, then is increased
again in later stages of EMT. According to the ratio of TWISTI1 (36x) and SNAII
(0.60x), our MPNST data probably represent the later EMT stage.

PDGFRA (51x) is one of the most interesting cancer genes, possibly positively
controlled by miR-196. This gene encodes a cell surface tyrosine kinase receptor for
PDGF family. PDGFs are mitogens for cells with mesenchymal origin and function as
cell survival factors during EMT. Jechlinger et al. [81] reported that metastatic
potential of oncogenic mammary epithelial cells requires an autocrine PDGF/PDGFR
loop, which is a result of TGF-beta-induced EMT. Eckert et al. [82] also reported that,
in breast cancer, TWIST1 (36x) directly induces transcription of PDGFA. In our
MPNST data, TWIST1 shows strong positive correlation with miR-92b (1.9x). The
role of TWIST1 during EMT will be described in the following section.

MiR-96 and miR-196: ECM degradation (Figure 7-E)

MiR-96 (410x) is highly up-regulated in our MPNST data and both negatively- and
positively- correlated with several cancer genes in our correlation network. Recent
reports on miR-96 showed that the expression of miR-96 is up-regulated in non-small
cell lung cancer [36] and prostate cancer [83], and plays an critical role in cancer
development.

LGI1 (0.018x) 1s negatively correlated with miR-96 and significantly down-
regulated in MPNST data. LGI1 plays a role in suppressing the production of MMP1
and MMP3 via the PI3K/ERK pathway [84] and MMPs are key players in ECM

degradation during EMT. In MPNST, MMP1 (22x) and MMP3 (3.1x) are up-
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regulated, plausibly due to the down-regulation of LGI1. LGI1 does not show copy-
number alteration or differential methylation pattern (Figure 5 and supplementary
Table 2), so its transcription seem to be mainly controlled by miR-96.

PRDM16, a transcription factor, interacts with SMAD?2/3 and functions as a
repressor of TGF-beta signaling by stabilizing the inactive SMAD3-SKI complex on
the promoter of TGF-beta target genes [85]. In MPNST, PRDM16 (0.15x) is
significantly down-regulated and negatively correlated with miR-96. Since PRDM16
functions as a repressor of TGF-beta signaling, down-regulation of PRDM16 can
induce activation of TGF-beta signaling-induced EMT pathway.

The reduction of FYN expression (0.25x) is interesting because FYN is
generally required for enhanced metastasis in many cancer types. FYN is over-
expressed in multiple human cancers (e.g. prostate, melanoma, pancreatic, glioma,
chronic myeloma). Yadav et al. [86] reported that the activation of AKTs was
necessary and sufficient for FYN induction by HRAS in various metastatic cancer
types. But in MPNST data, FYN is rather down-regulated by four-fold, but expression
fold changes of HRAS (1.2x), AKT1 (0.76x) and AKT2 (1.1x) are not significant.
Thus, FYN seems to play a different biological role in MPNST metastasis. FYN
seems to show gene loss pattern in MPNST (3/14 patients).

The role of miR-196 (5.3x) is still unclear. Although Li et al. [26] suggested a
miR-196 as a possible tumor-suppressor due to its strong correlation with HOXCS,
they also reported that the miR-196 family is not correlated with cell motility or
metastasis status. Interestingly, in the context of glioblastoma multiforme (GBM),
Lakomy et al. [87] reported that the expression miR-196 is up-regulated compare to
non-tumor brain tissue and only miR-196b (not miR-196a) is positively correlated

with overall survival. Guan et al. [88] also reported that miR-196 is up-regulated in
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glioblastoma but not in anaplastic astrocytoma plus normal brains. Thus they
suggested that miR-196 may play a role in the malignant progression of gliomas. In
our data, miR-196 (5.3x) is both positively and negatively correlation with several
cancer genes. MiR-196 is positively correlated with several target genes in our
network. Guarino et al. [89] reported that transcription factor GATA6 (20x) induces
MMP1 (22x) to promote EMT. As mentioned previously, MMP1 is up-regulated by
down-regulation of LGI1, possibly by miR-96. LGI1 plays a role in suppressing the
production of MMP1 and MMP3 via the PI3K/ERK pathway and our data shows that
both LGI1 and PI3K/ERK pathway are down-regulated, but GATAG is up-regulated.
Invadopodia is a cellular structure related with ECM degradation. According to Eckert
et al. [82], PDGFRA (51x), positively correlated with miR-196 (5.3x), increases Src
kinase activity (without significant changes in transcription level) which leads to
invadopodia formation and/or stabilization by phosphorylating invadopodia
components by activated Src kinase. Cell migration (Figure 7-F)

ROBOL is a receptor for SLIT1/2 and a molecular guidance cue in cellular migration
[90] and ROBO1 (3.3x) is positively correlated with miR-92b (1.9x) in our MPNST
data. SRC activates ABL to stabilize ROBO1 in order to promote cell migration [91].
ROBOLI is significantly up-regulated during EMT of head and neck squamous cell
carcinoma (HNSCC) [92] and shows strong correlation with HS6ST2 (8.4x, no copy-
number alteration, no differential DNA methylation), which is also responsible for
cell migration, in two models of WNT-induced cancers [93]. Interestingly, Fuxe et al.
[94] reported that 6-O-sulfated heparan sulfate is required for the activation of SLIT-
ROBO signaling. In MPNST, HS6ST2 (8.5x) is up-regulated and negatively correlate
with miR-503 (0.30x). NTN4 (3.9x), which is positively correlated with miR-96, is

also responsible for axon guidance and cell migration [95].
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RDX (0.23x) shows a strong negative correlation with miR-196. Since RDX
encodes a cytoskeletal protein linking actin to the plasma membrane, its down-
regulation is possibly related with EMT-related structural modification of cancer cells.

RDX is also down-regulated in invasive adenocarcinoma [96].

Conclusions
Most of miR-related researches have been focused on miRNAs’ transcriptional

inhibitory roles on target genes. This correlation may be computationally detected by
looking negative correlation of transcription level of a miRNA and its target genes,
but its positive correlations with target genes have been often ignored or
underestimated partly because only a few RNA activation cases have ever been
reported. In this paper, we do not claim that identified positive correlations explain
RNAa mechanism because unknown/undetected suppressors of miRNA target genes
can be indirectly involved in this regulatory mechanism.

We integrated positive and negative correlations altogether and reconstructed
more comprehensive regulatory networks of MPNST transcriptome. By combining
microarray data, protein-protein interaction DB, canonical pathway information, TF-
target relation, and experimental evidences from literature, we could identify several
units which take part in EMT of MPNST. Roughly two regulatory themes/units were
revealed from our MPNST data: (1) preferential activation of TGF-beta/SMAD
signaling to TGF-beta/non-SMAD signaling and (2) induction of cancer cell stemness.

Willis et al. [8] summarized TGF-beta/SMAD and TGF-beta/non-SMAD
signaling pathway involved in EMT. Interestingly, our analysis shows that MPNST
regulates EMT preferentially via TGF-beta/SMAD pathway using a set of miRNAs
and interaction of target genes, thus TGF-beta/SMAD signaling [8, 97] seems to be

key pathway involved in MPNST metastasis. Interestingly, most of key genes in TGF-
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beta/non-SMAD-mediated pathway (e.g. CDHI1/E-cadherin change), PIK3s/PI3K,
AKT1/3, RHOA, PARD6, SNAIl, MAPKSs) show no differential expression pattern
or are slightly down-regulated. Huge down-regulation of LGI1 (0.018x) by miR-96
(410x) is probably related with down-regulation of PI3K/MAPK pathway. Probably,
this observation explains why our data does not show the significant down-regulation
of CDH1/E-cadherin although this pattern is generally considered as EMT markers.
TGF-beta/SMAD signaling can cause quite wide range of effect because SMADs with
low DNA binding affinity require other cofactors with high affinity/specificity for
target genes [98]. EPHA4, FGFRI1, let-7d/f, and TGFB2/ZEB1/miR-200c feedback
loop seem to be main players in stemness induction. Transcriptional crosstalk
between TGF-beta/SMAD pathway and stem cell pathway in cancer EMT are also
possible via orchestration multiple miRNAs and their target genes.

Reconstructed networks from this study suggests that miRNAs are actively
involved in transcription control of cancer genes and cause aberrant modification of
core pathways in transformation and metastasis, although our result is provisional

until biologists prove underlying regulatory units by experiments.
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Figures

Figure 10 — Overall analysis workflow
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Figure 11 — Strong negative correlation network

Up-regulated miRNAs (diamond) and genes (circle) are represented in yellow or pink

colors. Down-regulated miRNAs (diamond) and genes (circle) are represented in

green or sky blue colors. Cancer-related genes (from Bushman Lab, see Methods

section) are highlighted with yellow (up-regulated) or green (down-regulated). The

gray edges between a miRNA and a gene represents a strong (thin, 0.4<|r|<0.75) or a

very strong (thick, [r[>0.75) Pearson correlation. Red edges between two genes

represent their association in any canonical pathways defined in KEGG, BioCarta, or

Reactome databases. Blue edges represent direct physical interaction between two

genes defined in HPRD database. The size of each node represents the node’s fold
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Figure 12 - Strong positive correlation networks
Up-regulated miRNAs (diamond) and genes (circle) are represented in yellow or pink

colors. Down-regulated miRNAs (diamond) and genes (circle) are represented in
green or sky blue colors. Cancer-related genes (from Bushman Lab, see Methods
section) are highlighted with yellow (up-regulated) or green (down-regulated). The
gray edges between a miRNA and a gene represents a strong (thin, 0.4<|r|<0.75) or a
very strong (thick, [r[>0.75) Pearson correlation. Red edges between two genes
represent their association in any canonical pathways defined in KEGG, BioCarta, or
Reactome databases. Blue edges represent direct physical interaction between two

genes defined in HPRD database. The size of each node represents the node’s fold

change in MPNST compared to NHSC.
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Figure 13 - Combined network
Figure 14 and Figure 15 are combined.
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Figure 5 - TF-to-target gene network (A) and a proposed unit (B)
Pink/yellow nodes Blue/green nodes respectively represent up- and down-regulated

miRNAs or genes. TFs are highlight using yellow or green colors. Four edge colors

in panel A represent (i) thick gray (=strong correlation); (i1) thin gray (=stronger

correlation); (ii1) blue (=pathway membership); (iv) red (=experimentally proven

protein-protein interaction); and (v) orange (=TF-target relationship).
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Figure 6 - DE-genes in correlation networks and their relation with CNA and

DNA methylation data.
DE-gene (up (=red)/down(=blue)) in the combined network are plotted in 3-D space.

X-, Y-, and Z-axes represent differential DNA methylation (hypo-/hyper), fold change

compared to NHSC, and copy number alteration patterns (gain/loss). Some

interesting DE-genes which are probably controlled only by miR (yellow shade in the

center) are listed on the side (green).
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Figure 7 - Key modules reconstructed from correlation networks and literature

search

Up-regulated miRNAs (diamond) and genes (circle) are represented as pink. Down-

regulated miRNAs (diamond) and genes (circle) are represented as sky blue.
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genes is not in correlation networks, but mentioned in Discussion section, the gene

name is wrapped in parenthesis.

Tables
Table 1 - Network complexity before and after applying Pearson correlation
filter

Negative correlation Positive correlation
Filtering Nodes Edges | Nodes Edges | Nodes Edges | Nodes Edges
using
Pearson. miR | Gene miR | gene miR | gene miR | Gene
correlation

UP DN DN UP UP UP DN DN
Before 24 284 651 44 335 963 25 280 702 43 318 853
After 7 49 53 12 45 56 10 52 61 12 51 77

Table 2 — Summary of suggested

regulatory modules

Models | miRNAs Genes Suggested function
TGF-beta induced
. signaling and reciprocal
A miR-200c ZEB1 TGFB2 feedback loop [31, 32,
35, 41-43]
. . EVI1  PITX2 ZNF43 | Cell survival during EMT
B m?g'i §'3p miR-303 | 7 \Fs21 (SMAD3) | + TGF-beta/BMP/WNT
mis- SOX10 pathway [46, 47, 53]
miR-101 miR-200c let-7d | FLRT3 NCAMI1 FYN | WNT/PCP pathway +
C let-7f miR-424 miR-338- | FGFR1 EPHA4 CELSR2 | Stemness control [11, 60-
3p FZD3 (SOX10) 62, 64-68]
D miR-92b miR-342-3p | KAT2B TWIST1 | Cell survival and ECM
miR-200c PDGFRA (HMGA?2) degradation [74, 75]
GATA6 LGI1I PRDMI6 .
E miR-196 miR-96 RDX PDGFRA (MMPI) g?%fggr";‘guon [36, 81-
(MMP3) ’ ’
F gr;)l?—%b miR-96 miR- ROBO] NTN4 HS5ST2 gse]ll migration [90, 93,
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Additional files

Additional file 1 — Genes, miRNAs, CNA DNA methylation data
Microsoft Excel file.

Additional file 2 —3D plot data (?)

Microsoft Excel file.
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Abstract:

A given mRNA can be regulated by interactions with miRNAs and in turn the availability of these miRNAs can be regulated by
their interactions with alternate mRNAs. The concept of regulation of a given mRNA by alternate mRNA (competing endogenous
mRNA) by virtue of interactions with miRNAs through shared miRNA response elements is poised to become a fundamental
genetic regulatory mechanism. The molecular basis of the mRNA-mRNA cross talks is via miRNA response elements, which can
be predicted based on both molecular interaction and evolutionary conservation. By examining the co-occurrence of miRNA
response elements in the mRNAs on a genome-wide basis we predict competing endogenous RNA for specific nRNAs targeted by
miRNAs. Comparison of the mRNAs predicted to regulate PTEN with recently published work, indicate that the results presented

within the competing endogenous RNA database (ceRDB) have biological relevance.

Availability: http:/ /www.oncomir.umn.edu/ cefinder/

Key words: ceRNAs, MRE, microRNA response elements, database, competing endogenous RNAs database, ceRDB

Background:

MicroRNAs (miRNAs) play an important role in almost all
biological functions [1].  Transcriptional deregulations in
miRNAs have been implicated in disease processes including
cancers and developmental disorders [2]. It has been well
established that a single miRNA can regulate the expression of
many mRNAs/ transcripts and an mRNA can be regulated by
multiple miRNAs [1]. miRNA gene regulation is mediated by a
complex set of proteins termed RNA induced silencing
complex. The miRNAs are guided to the miRNA response
elements (MRE) present in the target mRNAs, which may result
in transcript degradation and/or translational inhibition [3].
Recently it has been established that miRNA activity on the
target gene can be influenced by the presence or absence of
other competing endogenous (ceRNA) mRNAs that contain
shared MREs [4-7]. These miRNA activity modulators can act as
a sponge, absorbing and releasing miRNA based on the level of
the transcript. Several modulators of miRNA activity have been
recently characterized [8]. Salmena et al proposed a hypothesis
that these modulators can communicate with each other in a
miRNA dependent manner mediated through MREs [9]. This
complex miRNA-mRNA network and interactions opens up a
new chapter in miRNA-mediated gene regulation. However,
currently there are no publicly available resources that identify
ISSN 0973-2063 (online) 0973-8894 (print)
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and catalog the list of genes that can act as miRNA activity
modulators or ceRNAs. Here we developed a comprehensive
and easy to use resource named ‘competing endogenous RNA
database (ceRDB)’ that lists potential MRE containing genes that
can act in a sponge like fashion for a given mRNA based on a
set of scoring and ranking criteria.

Methodology:

MiRNA-mRNA target interactions were obtained from
http:/ /www.targetscan.org Release 52 June 2011. The
predicted conserved target information file was parsed to
obtain 54979 conserved human miRNA-mRNA interactions. To
explore the structure of the dataset, the list of interactions was
converted into a matrix containing 153 miRNA families on the
X-axis and 9448 target mRNAs on the Y-axis. The presence of a
predicted conserved miRNA-mRNA interaction is defined by
the presence of a ‘1" at the defined gene row miRNA column
corresponding to the interaction. The absence of an interaction
is defined by the presence of a ‘0" at the corresponding
interaction. To shuffle the matrix, interactions between each
miRNA and mRNA were randomly assigned maintaining the
total number of interactions for each mRNA. Both the real
matrix and the shuffled matrix were filtered to only show genes
with more than 5 miRNA binding sites and these were
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clustered using Gene Cluster 3.0 hierarchical clustering of both
the X and the Y-axis using Centroid linkage. The resulting
clustered matrixes were visualized using Java Treeview. To
score potential ceRNA interactions, the 54979 human
interactions were loaded into a mySQL database and when the
user selects a given mRNA all predicted miRNA targets for the
given mRNA are obtained. These miRNA are then used to

open access

by adding up the total number of miRNA binding sites that
overlap with the miRNA for a given mRNA. This interaction
score is then used to sort the results and the top 50 predicted
potential ceRNAs are returned. This process is carried out on
the fly using PHP interactions with mySQL in a similar fashion
as previously described in our publicly available databases such
as sarcoma microRNA expression database (S-MED).

define all mRNAs that contain binding sites for the set of
miRNAs. For each mRNA, an interaction score is then defined

 miRNA-mRNA interaction
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Figure 1: Visualization of co-occurrence in predicted miRNA-mRNA interactions. Heat map showing the presence of predicted
miRNA-binding sites on the X-axis and the genes that contain the binding sites in the 3'UTR on the Y-axis. Only genes that show
more than 5 binding sites are shown for (A) predicted interactions and (B) predicted interactions after shuffling. (C) Predicting
competing mRNA via miRNA-mRNA interactions. miRNA binding site predictions in the 3'UTR are shown as colored boxes. The
‘Score’ is generated by counting the number of conserved predicted interactions. In this hypothetical case shown there are 7
predicted binding elements in the 3'UTR of the gene. (D) To predict potential competing RNA for the gene shown in A, binding
sites for the predicted miRNA found in A are obtained and summed in all genes. The genes are then sorted by total number of
overlapping binding sites and returned to the user. (E) Example of competing mRNA predictions from ceRDB for PTEN. The user
selects an mRNA of interest from the list of available mRNA. In the case shown here the PTEN tumor suppressor is chosen. (F)
Starting with the list of miRNA binding elements present in PTEN the tool predicts potential competing RNA and visualizes the
extent of overlap between the miRNA binding sites. Only a representative subset of the matrix is shown, the full matrix is available
online. Each predicted gene is linked back to the TargetScan database to visualize the position and total numbers of each miRNA
element.

Results:
In order to define the information content present within
miRNA-mRNA predicted interactions we clustered a matrix

ISSN 0973-2063 (online) 0973-8894 (print)
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containing miRNA families on the Y-axis with genes on the X-
axis. Predicted binding interactions are labeled with a ‘1" and
the lack of an interaction is labeled with a ‘0" at corresponding
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points in the matrix. A heatmap of the clustered images as well
as the branch structure indicate that miRNA binding sites
coexist within 3’UTR at a much higher rate than would be
expected at random. To visually show this we randomized the
interaction matrix and clustered the results (Figure 1A & B).
Within the cell, each miRNA has many mRNA targets and each
mRNA has potentially many miRNAs capable of regulation
leading to a complex and dynamic regulatory system. One
heretofore overlooked consequence of this system is that
manipulation of the transcript level of a given mRNA may lead
to changes in the concentration of available miRNAs leading to
changes in alternate mRNA regulation via miRNA-mRNA
interactions. In order to predict these interactions for a given
target mRNA we determined all possible miRNA binding to
this target mRNA and then found mRNAs (ceRNAs) that
contained binding sites to these miRNAs. The potential for
competition was ranked for each mRNA by counting the
number of overlapping miRNA binding sites shared between
the given mRNA and the potential ceRNA (Figure 1C & D).
Competing endogenous mRNA rankings were generated using
the conserved mRNA-miRNA interactions. To access the data,
we built a simple to use web interface and have made it
available at http://www.oncomir.umn.edu/cefinder/. The
user enters an mRNA they are interested in finding potential
competing mRNAs that can regulate the gene of interest, and
the tool returns potential ceRNA regulators. The list is sorted
based on the overlap of the miRNA binding sites in the each of
the pairwise relationships (Figure 1E & F). Additionally the
miRNA interactions present within the 3’'UTR of the primary
mRNA and all potential regulators are visualized in the final
table.

Discussion:

In recent years miRNAs have taken center stage in many
aspects of post transcriptional gene regulation. The complexity
of miRNA-mediated gene regulation is compounded by the
presence of multiple mechanisms that modulate either the
levels of miRNAs and/or its target gene. Recently, the Pandolfi
group proposed a novel concept in which mRNAs can regulate
each other via common miRNA response elements [4, 8].
Through this cross talk novel mRNA-mRNA interactions have
been identified in multiple cancer types. These findings suggest
that modulation of miRNA activity by changing the levels of
competing endogenous RNA is a key fundamental mechanism
of gene regulation that will be applicable for many biological
functions. Here we present a general and straightforward tool
for identifying competing endogenous RNAs (ceRNAs) for a
given gene of interest. Starting with the conserved set of
miRNA-mRNA interactions, we observe that there is high
degree of co-occurrence of miRNA binding sites within the
miRNA-mRNA interaction dataset. This is consistent with the
reports of Shalgi et al [10]. We then use the co-occurrence of
miRNA binding sites to predict and rank potential ceRNAs for
all mRNAs. Our predictions are experimentally validated for
PTEN and likely very relevant for a large number of additional
genes [5]. Several recent articles have described ceRNAs that
are capable of regulating PTEN via competing reactions [4, 5].
In these cases, loss of a competing mRNA releases miRNAs for
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interaction with the tumor suppressor PTEN leading to
decreased PTEN expression. Our database predicts many of the
biologically validated interactions previously reported and uses
a very straightforward algorithm in identifying these competing
endogenous RNAs. Our search for ceRNAs for many
established tumor suppressors in our database revealed some
interesting observations. For example, genes such as ONECUT2,
NFIB and TNRC6B appeared in many of the ceRNAs gene lists,
these genes contains long 3'UTRs of up to 14kb in length and
are predicted to contain many MREs that can potentially act as
a sponge for multiple miRNAs. We are tempted to speculate
that these ceRNAs with long 3'UTR can act as a ‘master” MRE
containing gene whose regulation may be affected in multiple
disease conditions. Recently, TNRC6B was predicted to
function as a ceRNA for PTEN and the downregulation of
TNRC6B reduced the expression of PTEN [5].

In conclusion, we have developed the ceRDB resource to in the
future accommodate multiple species such as model organisms
and other types of sequences such as long non-coding RNAs
and pseudogenes that can potentially also function as ceRNAs.
We believe that the concept of competing endogenous RNA is
likely to become a canonical central theme of gene regulation
and having the ceRDB resource will significantly enhance our
understanding of this fundamental gene regulatory mechanism.
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