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Abstract

Tuberculosis is an infectious disease that is caused by Mycobacterium tuberculosis (Mtb),
an intracellular pathogen that uses macrophages as a host for replication. The outcome of
the disease depends highly on Mtb’s strategies to circumvent the immune responses of
macrophages. MicroRNAs (miRNAs) are small regulatory RNAs that influence gene
functions post-transcriptionally. Recent studies indicate that miRNAs have prominent
roles in cellular host-pathogen interactions. The aim of this study is to advance our
understanding of the regulatory mechanisms that control key miRNAs in mouse M1

macrophages during Mtb infection using network analysis.

The study began with a construction of a mouse miRNA-centric regulatory network
model by combining a network of miRNA-controlling transcription factors (TFs) with a
miRNA target network. The final network places miRNAs at the center of a
comprehensive regulatory network of TFs, miRNAs and their targets. This network
represents a useful resource for investigating miRNA functions and their control.
Subsequently, we populated the network with CAGE-derived expression data for either
Mtb-infected mouse M1 macrophages or non-infected controls. We used network analysis
to determine key regulatory elements during the infection process. As a result, we
identified a core set of TFs and miRNAs, which are likely critical regulatory elements
during M1 macrophage host and Mtb interactions. Our results also demonstrate that
among the core set of regulatory elements three highly activated miRNAs, mmu-mir-149,
mmu-mir-449a, and mmu-mir-449b, work in unison with mmu-mir-155, the top-ranked
miRNA. They co-regulate a set of downstream tuberculosis immune response related
genes. Four top-ranked TFs, Fosl1, Bhlhe40, Egrl, and Egr2, were identified that they
transcriptionally control this group of miRNAs. The TFs and miRNAs, together with their

targets constitute a mmu-mir-155 regulatory sub-network. Our results also imply that



Bhlhe40 is likely an important TF that modulates the activities of the mmu-mir-155
regulatory sub-network. Bhlhe40 and the mmu-mir-155 regulatory sub-network may be
exploited by Mtb to manipulate the host immune defense for advancing survival interests.
The findings of this study provide new insights into the host immune regulatory

mechanisms of activated macrophages that are essential to control tuberculosis.



Acknowledgements

This study took me two and half years to complete. | have learned so much during this
process of research. I would like to offer my special thanks to my supervisor Dr. Sebastian
Schmeier. He gave me many invaluable supports and advice with great patience and
careful instructions. Without his guidance and help, I could not be able to finish this study.
I also like to give thanks to my colleague Elena Denisenko for her support in resolving

my PROmMIRNA retraining problems. Her help is deeply appreciated.



Table of Contents

Y o1 1 T PO PP TSR U PP PTOPPTUPPUPRRPPPON i
ACKNOWIEAZEMENTS.......uiiiiiie ettt e e e e e e re e e e e e sseasaaeeeeeeeesnstaaeeaaeeeannns sennnnnns iii
TabIE Of CONEENTS ...ttt ettt st sttt ettt e et e e beesbeesabeebeebean iv
[ o) B S T =W YU SPUURPPRR vii
LISt OF TABIES ..ttt sttt sttt e eare e viii
List OF @bhreViations. .. ..ot s iX
1.0 INErOQUCTION ottt e m e e sab e e nr e e snnee s e enneeeneeeas 1
1.1 The Tuberculosis PANAEMIC .....uuuiiiieei e e e e e e e e e e e ra e e e e e e e e s ennraneeeeeeeanns 1
1.2 Tuberculosis deVEIOPMENT........ccciiiiiiiiie et et e e eetre e e e s baee e eenbaaeeeans 2
1.3 Current tuberculosis treatMeNnts ........ccveiiiiiieiieni e 2
1.4 MicroRNA: a prominent gene regulator ..........occvieiieiiiee et 4
1.5 MicroRNAS @S therapEULICS......ccccviiieeciiiee ettt e e e e e e e sar e e e e eaaa e e e eaaaeaean 5
1.6 MICIORNA DIOZENESIS . uvveieeiiiieeeciitee et ee ettt e e sttt e e st e e e e tae e e e s bae e e e ebaeeeenabeeeeeensaeeeanreeeas 5
1.7 MicroRNA target-transcript recognition and post-transcriptional regulation.................... 6
1.8 A microRNA-centric regulatory NEtWOIK........ccovcuiiiiiiiiieeeiiie e 7
1.9 The transcriptional control of microRNA coding SENEes.......cceeeviviiieeiiiieeeciiee e 9
1.10 Macrophages @Nnd MED.......c..ueeeecuiieeiciiie ettt e et e et e e e et ae e e serte e e senbaeeesanteeeeaans 9
1.11 MicroRNA involvement in macrophage immunity against Mtb infection...................... 12
1.12 MicroRNAs and their regulatory roles in macrophage-Mtb interaction.............ccc.uoe..... 13
1.13 Gaps in our understanding of miRNA regulatory mechanisms.........c..cccccceeeeeiieneennen. 15
1.14 NEtWOTK ANGIYSIS weviiiiiiee i e e et ee e e e b e e e e sbe e e e e araeeas 17
1.15 AIM @Nd OBJECHIVES ... uviiee it et a e e araee e 19
2.0 Materials and MethOds........c.uiiiieiiieeeee e s s e 21
2.1 The CAGE expression data for macrophages........cccveeeecieieeecieececceee e 21
2.1.1 FANTOMS CAGE data...ccuveeiiiiiieiiiiiee ettt etee et e et e e e sitee e e sae e e s snaee e e nnraeas 21
2.1.2 Ensembl gene anNOtation ........ceeeiiiiiiiiiiie e 22
2,13 PROMIRNA ..ttt sttt st st sttt ettt e sb e sae e s me e 22
2.1.4 The CAGE expression data of miRNA and protein-coding genes.........cccccceeeuvveeenneen. 24

2.2 The mouse miRNA-centric regulatory network model .........ccccoooviiiiiiciiei e, 25
2.2. 1 MIRECOIAS ittt ettt sttt s be e e sabeesabeesabeesbeeesateesabeesateesn aen 25
2.2. 2 MIRTAIDASE ..ttt st aee e s 26
2.2.3 TArBASE..eiiiiiiiiiii ittt e s 26



B o (11 1= T 27

2,25 NGBttt et et ettt ettt et et et et et e e e aaaaeaeeaaaaeeeees nananann 28
2.2.6 UCSC IMYSQL ACCESS ...uuuuuuuuuuuuuuuuuuuuuuuuuuuueauutasasasssasasessssessseseassersasaereseaeaea.r.—————. 28
2.2.7 The construction of the microRNA-target regulatory network .........ccccceeevvveeeennnen. 29
2. 2.8 ENCODE ... ..ttt e e e ettt e e e e e s bttt e e e e e e s nnb et e e e e e e eaann eean 29
2.2.9 Additional ChIP-S€Q data......ccceiciiiiiieee ettt e e e e e saare e e e e e e enennes 30
2.2.10 The mouse mm10 transcription factor binding site data ..........ccccceeeecieeeecieeeenee, 31
2.2.11 The identification of microRNA coding gene promoter regions.........cccceeeevveeennnnen. 31
2.2.12 The construction of the upstream regulatory network of microRNAs.................... 32
2.2.13 The construction of TF and protein-coding gene regulatory network .................... 32
2.3 Population of the regulatory network with the CAGE-derived expression data.............. 33
2.3.1 The CAGE-derived expression data for mouse M1 macrophages ..........ccccoccvveeenneen. 33
2.3.2 The construction of the final NETWOIK .........cccooiiiiiiiiiie e, 34
2.4 Identification of transcriptional regulatory relationships........cccceeveeeiieiicncee e, 35
2.4, 1 NOGE FANKING....eieiitiieeeeiee ettt e et e et e e e et e e e e eata e e e eaaeeeseabaeeeeanreeeeenrneean s 35
2.4.2 ldentification of co-regulatory relationships among top ranked transcription factors
AN MICTORNAS. ...ttt sttt et e s b e e s bt e s bt e e s bt e e sabeesbee e bt e e sabeesabeeseas 36
2.4.3 Network ViSURNZatioN.......coouieiiiiiiieieec et 36
2.5 AddiItioNal @NAIYSES ..eeeieeiieieciiee et e e et e e e e eara e e e earaeeean e 36
2.5.1 EXPression @NalySiS....ccciuuiiiiiiiieiciiiieeeiie e et e e e st e e et e e e et e e e s b e e e e e an e e e e e areeeeaareeean 36
2.5.2 Gene-set enrichment analysSiS..... ..o iiiciiiiiee e e e 37
2.6 Hardware and basic programming envirONmMeNt........ccccevevriieeesiieeeeniieeeerieee e e 37
B0 RESUIES ettt ettt et e st e s bt e a b e e s b e e s be e e ne e e ea sbeeennteesanes 38
3.1 .0Verview Of the STUAY ......ciiiiiiiie e e e e e e e eaaee e e ennae e 38
3.2 The miRNA downstream target regulatory NetWOrk .........cccccvveeiiiiiiiicciie s 41
3.3 The transcriptional network controlling MiRNAS...........cccceeeiiiiiiiieee e, 43
3.4 The miRNA-centric regulatory NetWOrk..........oeeeeiiiieciiiieeee e 45
3.5 Identification of key TFs and miRNAs through network analysis .........ccccceevciveeiviiieeenns 48
3.6 The tOP 10 raNKEA TFS..uuuiiiiieiiiiciiiieeeee ettt e e eeeetrr e e e e e e eertbrereeeeeeessbrabeeeeeeeessnsrsreeee s 50
3.7 The top miRNAs from the Node ranking .......cueeieeiiiiiiiiiie e 53
3.8 The mmu-mir-155 regulatory sub-NetWOrK .........cceiiiiiiiiiiiiiee e 56
3.9 The Bhlhe40 regulatory sub-NetWOrK ..........ccceeieiiiiiieiiee e e 57
3,010 SUMIMIAEY ettt ettt et ettt eee e e et teteeeteeaeeaaeaaaaaaaaaeeaaasaaeasaseaesasesesasasasnsnsenenens 59
4.0 DiSCUSSION. ...teeeiuiteee ettt e e ettt e sttt e e sttt e e s be et e s sabe e e e s aabe e e e sambeeeesanbeeessaseeeesaabaneesansneee s eesnraneesanns 61

4.1 Investigation of the host immune regulatory mechanisms of activated macrophages ... 61

4.2 The regulatory NETWOIK ........ei it e st e e e et e e e e aaeeaeas 62



4.3 CAGE-based miRNA promoter identification.......cccccvveeeiiiiiiiiieeceecee e 62

4.4 Network Analysis: out-degree based node ranking comparison........ccccceevcveeeercieeeennnen. 64
4.5 The key transcription faCtors ........eiiciiii it e e e 66
4.6 The KEY MICTORNAS ......uiiii ittt ettt e e et e et ae e e e e e e et e e e e s abaeeeeeabreeeenbaeeesnraeen s 68
4.7 The regulatory sub-network of mmu-mir-155........c.ccccoiiiiiiiiiiieiiciiiieeee e 70
S 2 o1 o= {0 P PPPURR 73
4.9 E1S2 and MIR-155 ..ttt e e ar e s e 75
0 (O] o Yo o o 11 Y=< 3PP 76
410 FURUIE WOTK. .ottt sttt sb e s s e 77
5.0 CONCIUSIONS ...ttt ettt ettt e b e bt bt e bt e s b e e sbe e she e s ae e sat e st e sabe et e enbeenneas 79
6.0 SUPPIEMENTAIY DAtA .oeieciiiieeiiiie ettt e e et e e e et e e e et b e e e e abeeeeeaaeeeeensreeesenneereas 81
A0 211 o 1 ToT = =T ] 1 R 82

Vi



List of Figures

Figure 1.1:
Figure 1.2:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:

Figure 3.6:

Example of a miRNA-centric regulatory Nnetwork ........c.ccoevveeeeeeeeeececvecenneen, 8
M1 & M2 macrophage activations.........cccoeeiiieiiiiciceceeeeee e, 11
General workflow of the experiment ..o, 40
The miRNA downstream regulatory Nnetwork.........ccccceevveeceeeececvecrececre e 42
mMiRNA upstream transcriptional control network .........cccccoeeveviiievieviieenennn. 44
The miRNA-centric regulatory Network...........cceevevveieiieiieseceeee e 47
The mmu-mir-155 regulatory sub-network ...........cccoeveiiiiiiiiiciece e 57

The Bhlhed0 regulatory sub-network..........ccocoveviiiiieiiieceeeeeeee, 58

vii



List of Tables

Table 3.1: The top 15 ranked NOUES ........cvooviiieiecececeeee ettt e eae 49
Table 3.2: Top 10 transcription factors from the node ranking........c.ccccoeeieieiciineennnne. 51

Table 3.3: Top enriched pathways of the protein-coding genes regulated
DY the TOP L0 TFS .ottt ettt e st e e aa e besbeesa e besteennesbeeseennas 52

Table 3.4: Top 10 microRNA genes from the node ranking .........cccccveeveveviiecicceceeenne, 54

Table 3.5: Top enriched pathways of the protein-coding genes regulated
by the tOP L0 MIRNAS .....ooiieceeeceeee et sttt e st e e be e e s beeaeebesbeensenreneas 55

viii



List of abbreviations

3
5

BCG

bp
CAGE
ChlP-seq
chr

DNA
EMB
FDR
HIV
IFN-y

IL

INH
LPS

M1

M2
MDR-TB
miRNA
Mtb
NCBI
NGS

NO

nt

Three prime

Five prime

Mycobacterium Bovis

Base-pair

Cap analysis gene expression

Chromatin Immunoprecipitation sequencing
Chromosome

Deoxyribonucleic acid

Ethambutol

False discovery rate

Human immunodeficiency virus

Interferon gamma

Interleukin

Isoniazid

Lipopolysaccharide

Classically activated

Alternatively activated

Multiple drug resistant strains of Tuberculosis
MicroRNA

Mycobacterium tuberculosis

National Center for Biotechnology Information
Next generation sequencing

Nitric oxide

Nucleotide



PCR
poly-A
pre-miRNA
pri-miRNA
gPCR
RISC

RLE

RMP

RNA

ROS
RT-PCR
SM

B

TF

TFBS
TGF-B
Th2
TNF-a
TSS

UCsC

WHO

Polymerase chain reaction
Polyadenylation

Precursor microRNA

Primary microRNA

Quantitative polymerase chain reaction
RNA-induced silencing complex
Relative Log Expression

Rifampicin

Ribonucleic acid

Reactive oxygen species

Reverse transcription polymerase chain reaction
Streptomycin

Tuberculosis

Transcription factor

Transcription factor binding site
Transforming growth factor beta

T helper 2

Tumor necrosis factor alpha
Transcription start site

The University of California, Santa Cruz

World Health Organization





