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Abstract

© 2018 The Author(s). The majority of the eukaryotic genome is transcribed into noncoding
RNAs (ncRNAs), which are important regulators of different nuclear processes by controlling
chromatin structure. However, the full extent of ncRNA function has remained elusive. Here we
deciphered the function of the microRNA Mirlet7d as a key regulator of bidirectionally
transcribed genes. We found that nuclear Mirlet7d binds ncRNAs expressed from these genes.
Mirlet7d-ncRNA duplexes are further bound by C1D, which in turn targets the RNA exosome
complex and the polycomb repressive complex 2 (PRC2) to the bidirectionally active loci. The
exosome degrades the ncRNAs, whereas PRC2 induces heterochromatin and transcriptional
silencing through EZH2. Moreover, this multicomponent RNA-protein complex, which we named
MICEE, tethers the regulated genes to the perinucleolar region and thus is required for proper
nucleolar organization. Our study demonstrates that the MiCEE complex mediates epigenetic
silencing of bidirectionally expressed genes and global genome organization.

http://dx.doi.org/10.1038/s41588-018-0139-3

References

[1] Németh, A. & Langst, G. Genome organization in and around the nucleolus. Trends Genet. 27, 149-156 (2011).

[2] Farley, K. I., Surovtseva, Y., Merkel, ). & Baserga, S. J. Determinants of mammalian nucleolar architecture.
Chromosoma 124, 323-331 (2015).

[3] McStay, B. & Grummt, |. The epigenetics of rRNA genes: From molecular to chromosome biology. Annu. Rev.
Cell Dev. Biol. 24, 131-157 (2008).

[4] Warner, J. R. & McIntosh, K. B. How common are extraribosomal functions of ribosomal proteins? Mol. Cell 34,
3-11 (2009).

[5] Savi¢, N. et al. IncRNA maturation to initiate heterochromatin formation in the nucleolus is required for exit
from pluripotency in ESCs. Cell Stem Cell 15, 720-734 (2014).

[6] Consortium, E. P., ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human
genome. Nature 489, 57-74 (2012).

[7]1 Filipowicz, W., Bhattacharyya, S. N. & Sonenberg, N. Mechanisms of post-Transcriptional regulation by
microRNAs: Are the answers in sight? Nat. Rev. Genet. 9, 102-114 (2008).

[8] Quinn, J.J. & Chang, H. Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet.
17, 47-62 (2016).

[9] Schmitz, K. M., Mayer, C., Postepska, A. & Grummt, I. Interaction of noncoding RNA with the rDNA promoter
mediates recruitment of DNMT3b and silencing of rRNA genes. Genes Dev. 24, 2264-2269 (2010).

[10] Shilatifard, A. & Verrijzer, P. Chromosomes and gene expression mechanisms: Peeling away the many layers of
transcriptional control. Curr. Opin. Genet. Dev. 21, 121-123 (2011).


http://dx.doi.org/10.1038/s41588-018-0139-3

[11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]
[39]

Postepska-lgielska, A. et al. LncRNA Khpsl regulates expression of the proto-oncogene SPHK1 via triplex-
mediated changes in chromatin structure. Mol. Cell 60, 626-636 (2015).

Grewal, S. I. RNAi-dependent formation of heterochromatin and its diverse functions. Curr. Opin. Genet. Dev.
20, 134-141 (2010).

Yamanaka, S. et al. RNAi triggered by specialized machinery silences developmental genes and
retrotransposons. Nature 493, 557-560 (2013).

Schmid, M. & Jensen, T. H. The exosome: A multipurpose RNA-decay machine. Trends Biochem. Sci. 33, 501-
510 (2008).

Lykke-Andersen, S., Brodersen, D. E. & Jensen, T. H. Origins and activities of the eukaryotic exosome. J. Cell
Sci. 122, 1487-1494 (2009).

Kilchert, C., Wittmann, S. & Vasiljeva, L. The regulation and functions of the nuclear RNA exosome complex.
Nat. Rev. Mol. Cell Biol. 17, 227-239 (2016).

Park, C. W., Zeng, Y., Zhang, X., Subramanian, S. & Steer, C. J. Mature microRNAs identified in highly purified
nuclei from HCT116 colon cancer cells. RNA Biol. 7, 606-614 (2010).

Leucci, E. et al. microRNA-9 targets the long non-coding RNA MALAT1 for degradation in the nucleus. Sci. Rep.
3, 2535 (2013).

Blssing, I., Slack, F. ]. & Grosshans, H. let-7 microRNAs in development, stem cells and cancer. Trends Mol.
Med. 14, 400-409 (2008).

Pandit, K. V. et al. Inhibition and role of let-7d in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med.
182, 220-229 (2010).

Roush, S. & Slack, F. J. The let-7 family of microRNAs. Trends Cell Biol. 18, 505-516 (2008).

Hwang, H. W., Wentzel, E. A. & Mendell, J. T. A hexanucleotide element directs microRNA nuclear import.
Science 315, 97-100 (2007).

Seila, A. C., Core, L. J., Lis, J. T. & Sharp, P. A. Divergent transcription: A new feature of active promoters. Cell
Cycle 8, 2557-2564 (2009).

Engreitz, . M. et al. RNA-RNA interactions enable specific targeting of noncoding RNAs to nascent pre-mRNAs
and chromatin sites. Cell 159, 188-199 (2014).

Januszyk, K., Liu, Q. & Lima, C. D. Activities of human RRP6 and structure of the human RRP6 catalytic domain.
RNA 17, 1566-1577 (2011).

Pefanis, E. et al. RNA exosome-regulated long non-coding RNA transcription controls super-enhancer activity.
Cell 161, 774-789 (2015).

Schilders, G., van Dijk, E. & Pruijn, G. ). C1D and hMtr4p associate with the human exosome subunit PM/Scl-100
and are involved in pre-rRNA processing. Nucleic Acids Res. 35, 2564-2572 (2007).

Wang, P. et al. miRSponge: A manually curated database for experimentally supported miRNA sponges and
ceRNAs. Database (Oxford) 2015, bav098 (2015).

Stead, J. A., Costello, J. L., Livingstone, M. J. & Mitchell, P. The PMC2NT domain of the catalytic exosome subunit
Rrp6p provides the interface for binding with its cofactor Rrp47p, a nucleic acid-binding protein. Nucleic Acids
Res. 35, 5556-5567 (2007).

Weinmann, R. & Roeder, R. G. Role of DNA-dependent RNA polymerase 3 in the transcription of the tRNA and
5S RNAgenes. Proc. Natl. Acad. Sci. USA 71, 1790-1794 (1974).

Mahat, D. B. et al. Base-pair-resolution genome-wide mapping of active RNA polymerases using precision
nuclear run-on (PRO-seq). Nat. Protoc. 11, 1455-1476 (2016).

Bulut-Karslioglu, A. et al. Suv39h-dependent H3K9me3 marks intact retrotransposons and silences LINE
elements in mouse embryonic stem cells. Mol. Cell 55, 277-290 (2014).

Kuzmichev, A., Nishioka, K., Erdjument-Bromage, H., Tempst, P. & Reinberg, D. Histone methyltransferase
activity associated with a human multiprotein complex containing the Enhancer of Zeste protein. Genes Dev.
16, 2893-2905 (2002).

Laible, G. et al. Mammalian homologues of the polycomb-group gene enhancer of zeste mediate gene silencing
in Drosophila heterochromatin and at S. cerevisiae telomeres. EMBO J. 16, 3219-3232 (1997).

Xu, B. et al. Selective inhibition of EZH2 and EZH1 enzymatic activity by a small molecule suppresses MLL-
rearranged leukemia. Blood 125, 346-357 (2015).

Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281-2308 (2013).

Yoo, K. H. et al. Loss of EZH2 results in precocious mammary gland development and activation of STAT5-
dependent genes. Nucleic Acids Res. 43, 8774-8789 (2015).

Németh, A. et al. Initial genomics of the human nucleolus. PLoS Genet. 6, €1000889 (2010).

van Koningsbruggen, S. et al. High-resolution whole-genome sequencing reveals that specific chromatin
domains from most human chromosomes associate with nucleoli. Mol. Biol. Cell 21, 3735-3748 (2010).



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

Gonzalez, I. L., Petersen, R. & Sylvester, J. E. Independent insertion of Alu elements in the human ribosomal
spacer and their concerted evolution. Mol. Biol. Evol. 6, 413-423 (1989).

Gonzalez, I. L., Wu, S., Li, W. M., Kuo, B. A. & Sylvester, J. E. Human ribosomal RNA intergenic spacer sequence.
Nucleic Acids Res. 20, 5846 (1992).

Kaplan, F. S. et al. The topographic organization of repetitive DNA in the human nucleolus. Genomics 15, 123-
132 (1993).

Smirnov, E., Cmarko, D., Mazel, T., Hornacek, M. & Raska, I. NucleolarDNA: The host and the guests.
Histochem. Cell Biol. 145, 359-372 (2016).

Floutsakou, I. et al. The shared genomic architecture of human nucleolar organizer regions. Genome Res. 23,
2003-2012 (2013).

Ochs, R. L. & Press, R. I. Centromere autoantigens are associated with the nucleolus. Exp. Cell Res. 200, 339-
350 (1992).

Léger, I., Guillaud, M., Krief, B. & Brugal, G. Interactive computer-Assisted analysis of chromosome 1
colocalization with nucleoli. Cytometry 16, 313-323 (1994).

Carvalho, C. et al. Chromosomal G-dark bands determine the spatial organization of centromeric
heterochromatin in the nucleus. Mol. Biol. Cell 12, 3563-3572 (2001).

Wong, L. H. et al. Centromere RNA is a key component for the assembly of nucleoproteins at the nucleolus and
centromere. Genome Res. 17, 1146-1160 (2007).

Berger, A. B. et al. High-resolution statistical mapping reveals gene territories in live yeast. Nat. Methods 5,
1031-1037 (2008).

Chubb, J. R., Boyle, S., Perry, P. & Bickmore, W. A. Chromatin motion is constrained by association with nuclear
compartments in human cells. Curr. Biol. 12, 439-445 (2002).

Edgar, R., Domrachev, M. & Lash, A. E. Gene Expression Omnibus: NCBI gene expression and hybridization
array data repository. Nucleic Acids Res. 30, 207-210 (2002).

Akeson, A. L. et al. Embryonic vasculogenesis by endothelial precursor cells derived from lung mesenchyme.
Dev. Dyn. 217, 11-23 (2000).

Singh, I. et al. Hmga2 is required for canonical WNT signaling during lung development. BMC Biol. 12, 21
(2014).

Obernosterer, G., Martinez, J. & Alenius, M. Locked nucleic acid-based in situ detection of microRNAs in mouse
tissue sections. Nat. Protoc. 2, 1508-1514 (2007).

Bolland, D.J., King, M.R., Reik, W., Corcoran, A.E. & Krueger, C. Robust 3D DNA FISH using directly labeled
probes. J. Vis. Exp. https://doi.org/10.3791/50587 (2013).

Singh, I. et al. High mobility group protein-mediated transcription requires DNA damage marker y-H2AX. Cell
Res. 25, 837-850 (2015).

Percipalle, P. & Obrdlik, A. Analysis of nascent RNA transcripts by chromatin RNA immunoprecipitation.
Methods Mol. Biol. 567, 215-235 (2009).

Patel, R. K. & Jain, M. NGS QC Toolkit: A toolkit for quality control of next generation sequencing data. PLoS One
7,e30619 (2012).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for lllumina sequence data.
Bioinformatics 30, 2114-2120 (2014).

Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357-359 (2012).

Heinz, S. et al. Simple combinations of lineage-determining transcription factors prime cis-regulatory elements
required for macrophage and B cell identities. Mol. Cell 38, 576-589 (2010).

Rehmsmeier, M., Steffen, P., Hochsmann, M. & Giegerich, R. Fast and effective prediction of microRNA/target
duplexes. RNA 10, 1507-1517 (2004).

Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25,
1754-1760 (2009).

Roberts, T. C. et al. Quantification of nascent transcription by bromouridine immunocapture nuclear run-on RT-
qPCR. Nat. Protoc. 10, 1198-1211 (2015).

Chu, C., Qu, K., Zhong, F. L., Artandi, S. E. & Chang, H. Y. Genomic maps of long noncoding RNA occupancy
reveal principles of RNA-chromatin interactions. Mol. Cell 44, 667-678 (2011).

Schmieder, R. & Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 27,
863-864 (2011).

Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9, R137 (2008).

[68] Ji, X., Li, W., Song, ., Wei, L. & Liu, X. S. CEAS: Cis-regulatory element annotation system. Nucleic Acids Res.

[69]

34, W551-W554 (2006).

Shen, L., Shao, N., Liu, X. & Nestler, E. Ngs.plot: Quick mining and visualization of next-generation sequencing
data by integrating genomic databases. BMC Genomics 15, 284 (2014).



[70] Quinlan, A. R. & Hall, I. M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics
26, 841-842 (2010).



