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中  文  摘  要

	生物信息学是生命科学与信息科学、控制科学等多学科交叉的新兴学科。近年来，人类基因组的测序完成和各类高通量生物实验技术的发展，使得生物学数据呈指数级增长，如何用生物信息技术挖掘和分析这些海量的信息成为研究的焦点。同时，随着生物信息学研究的不断深入，它在解决重要的生物学问题、阐明新的生物学规律等方面发挥出巨大作用。
microRNA（miRNA，微小RNA）是近年来新发现的一类非编码RNA，它在诸多重要生命过程中起着关键的调控作用，人们对其在疾病的诊断和治疗等方面的应用前景寄予厚望，关于miRNA的研究是当前生命科学领域最前沿的方向之一。生物信息学在miRNA的研究中起到了关键作用，极大地推动了该领域的迅速发展。本论文的工作围绕miRNA这一重要生物学问题展开，运用统计、机器学习和模式识别等多种生物信息学方法，对miRNA的识别、转录调控、进化机制等重要问题进行了多方面的探索，取得了一些创新成果。主要有以下四方面内容：
（1）提出了高效的同源miRNA识别算法，可用于预测远同源的miRNA基因。
要研究miRNA的功能，首先必须找到miRNA。在提出本课题时，用于发现新miRNA基因的实验技术费时又费钱，而且很难找到那些表达量较低或者只在特定组织或发育阶段中表达的miRNA。因此通过高通量的计算方法从基因组中筛选出可能的miRNA基因候选集合，可以对生物学实验提供指导和参考，对推动miRNA研究具有重要意义。
同源基因预测是一类重要的基因识别方法，其出发点是利用基因在物种间的保守性，寻找已知基因的同源基因。这类方法可以将一个物种中找到的基因及其注释推广到其它物种中。包括人类基因组在内的多个物种的基因组测序完成为开展同源基因预测创造了条件。miRNA同源基因预测的难点在于miRNA自身的序列很短，只有约22个碱基，而基因组上的搜索空间却很大，因此常用的序列比对方法只能用来寻找一些在序列上高度相似的miRNA，并且预测结果具有很高的假阳性率。在深入了解miRNA相关的生物学过程后，我们注意到miRNA的前体pre-miRNA必须形成一个形似发卡环的RNA二级结构，才能被特定的酶正确加工，释放出miRNA成熟体。虽然miRNA前体序列本身并不一定在物种间保持不变，但其发卡环状二级结构却往往非常保守。基于上述认识，本论文在综合考虑miRNA成熟体序列保守和前体结构保守的基础上，提出了将序列比对与结构比对相结合的miRNA同源基因识别方法miRAlign。该方法达到了国际上公开发表的同类算法中最高的敏感性和特异性，可用于预测远同源的miRNA基因，对miRNA的识别和进化模式研究具有重要价值。所提供的miRAlign网页版计算服务被点击使用二十余万次。
（2）研究了miRNA在脊椎动物中的进化模式，为全面了解miRNA的功能及其在物种进化过程中的作用提供了新的视角。
在开展本项研究工作时，人们对miRNA这类重要调控因子的进化特性还知之甚少，大部分miRNA被认为在漫长的物种进化过程中是高度保守、一成不变的。本论文利用miRAlign方法对当时所有已测序的脊椎动物基因组进行分析，获得了已知miRNA的同源基因，并通过分析miRNA基因家族在各物种中的分布情况，研究了miRNA在脊椎动物中的进化特性。本论文一是发现新产生的miRNA会经历一个近似中性进化的过程, 之后逐渐固定下来, 并在进化上趋于保守；二是观察到miRNA在物种进化过程中存在系特异性（lineage-specific）的大规模复制现象，这种拷贝数的大量扩增对miRNA在胚胎发育的特定阶段完成重要生物学功能具有重要意义；三是注意到miRNA基因在发生串连复制后, 部分同源的miRNA前体会选择其发卡环不同臂上的序列作为成熟体, 从而大大增加了miRNA新功能产生的可能性。这些现象表明, miRNA这一类重要的调控因子在物种进化过程中是十分活跃的，并且有着复杂的演化模式，这为全面了解miRNA的功能及其在物种进化过程中的作用提供了新的视角。这些观察和推测陆续得到了国际上后续研究报道的支持。
（3）利用比较基因组学方法研究miRNA的转录调控机制，提出了序列比对与模体识别相结合的序列调控元件分析方法。
随着对miRNA研究的深入，miRNA本身的表达调控成为研究的焦点。研究发现miRNA的表达过程受到严格的调控，其中转录是最主要的调控环节。研究基因转录调控的重点是找出基因启动子区域中不同转录因子的结合位点，进而揭示基因的转录调控网络。但由于转录因子结合位点通常都较短，并具有一定的简并性，所含信息量有限，因此基于单一物种DNA 序列信息的转录调控元件分析结果具有很高的假阳性率。为准确预测和构建miRNA基因的转录调控网络，本论文建立了一套基于遗传印迹的转录调控元件识别方法，该方法综合了多物种间基因组比较、DNA模体序列识别、调控模块分析等多方面的信息，已被成功地运用于分析果蝇基因组中miRNA基因的转录调控模式。
（4）开发了新一代的基因核心启动子计算机识别方法，能成功预测出大部分已知人类miRNA的核心启动子。
基因的启动子内包含了决定基因转录起始时间和表达程度的主要信息，目前启动子的识别是基因转录调控研究中的关键和难点。由于人类基因组中miRNA的转录起始位点往往远离成熟体，加之miRNA的初始转录产物pri-miRNA在细胞核内被迅速加工和降解，使得通过实验手段获取miRNA启动子非常困难，仅有极少量人类miRNA启动子被实验验证；同时，仅用DNA序列的信息又难以准确预测启动子。因此，miRNA启动子的识别成为miRNA功能研究中主要瓶颈之一。
本论文在国际上率先提出了融合DNA序列和表观遗传修饰两方面信息来识别人类基因核心启动子的方法。本研究通过对海量表观基因组实验数据的挖掘，在全基因组水平研究了几十种不同的组蛋白修饰在基因启动子区的特征模式，系统分析了这些模式与DNA序列特征以及基因表达量之间的联系，并利用Boosting的方法融合多种特征，构建了预测分类器。本论文提出的相关算法CoreBoost_HM在敏感性和特异性方面均显著优于国际上已有的基因启动子识别方法，能提供高分辨率的预测结果，并能用于识别miRNA等非编码基因的启动子。
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Computational studies on recognition, evolution and transcriptional regulation of microRNAs
Xiaowo Wang
ABSTRACT
	Bioinformatics is an interdisciplinary area of biology and information sciences. The sequencing of the human genome and the development of various high-throughput experimental technologies make biological data continue to increase exponentially. Bioinformatics plays a key role in handling, integrating and mining these data to solve important biological questions and elucidate new biological rules. 
MicroRNAs (miRNAs) are a class of recently identified small non-coding RNAs. These tiny molecules received wide attention due to their important regulatory roles in various biological processes and potential applications in diagnosis and treatment of human diseases. The application of bioinformatics in miRNA research greatly promotes the development and brisk progress of this cutting-edge area of current biology. In this dissertation, I studied miRNAs’ identification, their evolutionary properties and transcriptional regulation using bioinformatics approaches. My work is mainly composed by the following four parts:
(1) Developed a high performance miRNA prediction method, which can be used to identify distantly related miRNA homolog genes. 

Identification of miRNAs is the first step in miRNA functional studies. When we started this work, only highly expressed miRNAs had been detected by biological experiments due to limitations of the techniques. For finding those low-expression or tissue-specific miRNA genes, computational prediction provides an efficient approach. 
Homologue search is widely adopted in gene prediction. Such methods could be used to reveal and annotate homologs of known genes. Because the mature miRNA sequences are short (∼22 nt), sequence alignment tools can only find the nearly-perfect matches due to the large number of irrelevant hits. We noticed that, the precursor of miRNAs (pre-miRNA) has to form a hairpin-like secondary structure to be correctly processed by the enzyme Dicer to release the mature miRNAs. For distantly related miRNA homologs, the pre-miRNAs may diverge in sequence but keep conservation in structure. Taking the advantage of both sequence and structure conservation, we proposed a method call miRAlign to detect new miRNAs based on both sequence and structure alignment. Experiments show this approach has higher sensitivity and specificity than previously reported homologue searching methods, and could be used to identify distantly related miRNA homologs. The web service of miRAlign has been clicked for more than two hundred thousand times since its publication.
(2) Studied the evolutionary patterns of miRNAs in vertebrates, provided a new angle of view to understand the function of miRNAs during the evolution. 

When we started this work, little was known about the evolutionary properties of miRNAs. Most miRNAs were thought to be phylogenetically conserved. Using miRAlign, we predicted the homolog genes of all the known miRNAs in the sequenced vertebrate genomes and characterized the distribution of miRNA families in each species. We found that recently generated miRNAs seem to evolve neutrally during a certain period following their emergence. Multiple lineage-specific expansions were observed, which would contribute to specific functions during embryo development. Homologous pre-miRNAs may produce mature products from the opposite stem arms following tandem duplications, which may have important contribution to miRNA innovation. Our observations of miRNAs’ complicated evolutionary patterns support the notion that these key regulatory molecules may play very active roles in evolution and provided a new angle of view to understand the function of miRNAs. Our observations and hypothesizes were supported by recent literature reports. 

(3) Studied the transcriptional regulatory mechanism of miRNAs using comparative genomic approaches, and proposed a new strategy that takes the advantage of both alignment-based and motif-based methods to identify cis-regulatory elements.

The expression of miRNA genes is intensively regulated, and transcriptional control plays the major effect. The key to study gene transcriptional regulatory mechanism is to find out the transcription factor binding sites (TFBSs) in gene promoter regions and construct the transcriptional regulatory networks. Typically, TFBSs are short and degenerate nucleotide sequences. Searching TFBSs using the information of a single genome is likely to result in a very high rate of false positive predictions. Recently, the genome sequencing of diverse animal and plant species provides researchers a great opportunity to study gene transcriptional regulation mechanisms through comparative genomic approaches. In this thesis, we proposed a new phylogenetic footprinting strategy that takes the advantage of both alignment-based and motif-based methods to identify and analyze conserved DNA cis-regulatory elements. This method was successfully used to analyze the miRNA genes in the Drosophila species. 
(4) We developed a new gene core-promoter prediction method which can accurately identify most of the known miRNA promoters. 

The correct localization of gene transcription start site and core-promoter is important for understanding the transcriptional regulation of genes. Typically human miRNAs arise from large primary transcripts (pri-miRNAs) which are processed rapidly in the nucleus. It’s difficult to identify such distal transcription start sites through current experimental procedures like 5’ RACE. And in addition, the DNA sequence alone could not provide enough information to accurately predict miRNA promoters through computational strategies. Up to now, only few human miRNA promoters have been identified. The sparse annotation of miRNA gene promoters is the major limitation in miRNA functional studies.

In this work, we took the lead in integrating epigenetic markers and DNA sequence features together to predict gene core-promoters in the human genome. We systematically analyzed dozens of genome-wide histone modification profiles and extracted epigenetic features of gene promoters. These features were compared and integrated with DNA sequence features to build a classifier based on a boosting strategy. Our new predictor CoreBoost_HM outperforms existing algorithms by providing significantly higher sensitivity, specificity and finer resolution, and can accurately identify the known miRNA promoters. 
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