
US011149053B2 

( 12 ) United States Patent 
Routh et al . 

( 10 ) Patent No .: US 11,149,053 B2 
( 45 ) Date of Patent : Oct. 19 , 2021 

( 54 ) POLY ( A ) -CLICKSEQ CLICK - CHEMISTRY 
FOR NEXT GENERATION 3 - END 
SEQUENCING WITHOUT RNA 
ENRICHMENT OR FRAGMENTATION 

( 71 ) Applicant : Board of Regents , The University of 
Texas System , Austin , TX ( US ) 

( 72 ) Inventors : Andrew Routh , Galveston , TX ( US ) ; 
Eric Wagner , Galveston , TX ( US ) ; 
Ping Ji , Houston , TX ( US ) ; Elizabeth 
Jaworski , La Marque , TX ( US ) 

( 73 ) Assignee : Board of Regents , The University of 
Texas System , Austin , TX ( US ) 

( * ) Notice : Subject to any disclaimer , the term of this 
patent is extended or adjusted under 35 
U.S.C. 154 ( b ) by 281 days . 

O'Leary , N.A. , et al . , “ Reference sequence ( RefSeq ) database at 
NCBI : current status , taxonomic expansion , and functional anno 
tation . ” Nucleic Acids Res . ( 2016 ) , 44 : D733-45 . 
Oktaba , K. , et al . , “ ELAV links paused Pol II to alternative 
polyadenylation in the Drosophila nervous system . ” Mol Cell 
( 2015 ) , 57 : 341-348 . 
Ozsolak , F. , et al . , “ Comprehensive polyadenylation site maps in 
yeast and human reveal pervasive alternative polyadenylation . ” Cell 
( 2010 ) , 143 : 1018-1029 . 
Proudfoot , N.J. , “ Ending the message : poly ( A ) signals then and 
now . ” Genes Dev . ( 2011 ) , 25 : 1770-82 . 
Qin , Y. , et al . , “ High - throughput sequencing of human plasma RNA 
by using thermostable group II intron reverse transcriptases . ” RNA . 
( 2016 ) , 22 : 111-28 . 
Rohland , N. , et al . , “ Cost - effective , high - throughput DNA sequenc 
ing libraries for multiplexed target capture . ” Genome Res . ( 2012 ) , 
22 : 939-46 . 
Routh , A. , et al . , “ ClickSeq : Fragmentation - Free Next - Generation 
Sequencing via Click Ligation of Adaptors to Stochastically Ter 
minated 3 ' - Azido cDNAs . ” J Mol Biol ( 2015 ) , 427 : 2610-2616 . 
Routh , A. , et al . , “ CoVaMa : Co - Variation Mapper for disequilibrium 
analysis of mutant loci in viral populations using next - generation 
sequence data . ” Methods . ( 2015 ) , 91 : 40-47 . 
Routh A. , et al . , “ Poly ( A ) -ClickSeq : click - chemistry for next 
generation 3 - end sequencing without RNA enrichment or fragmen 
tation . ” Nucleic Acids Res . ( 2017 ) , 45 ( 12 ) : e112 . 
Sandberg , R. , et al . , “ Proliferating cells express mRNAs with 
shortened 3 ' untranslated regions and fewer microRNA target sites . " 
Science ( 2008 ) , 320 : 1643-1647 . 
Schurch , N.J. , et al . , “ How many biological replicates are needed in 
an RNA - seq experiment and which differential expression tool 
should you use ? ” RNA , ( 2016 ) 22 : 839-851 . 
Schneider , I. , “ Cell lines derived from late embryonic stages of 
Drosophila melanogaster . ” Journal of Embryology and Experimen 
tal Morphology . ( 1972 ) , 27 : 353-65 . 
Seoane , S. , et al . , “ Involvement of Ptal , Pcfll and a KICYC1 
AU - rich element in alternative RNA 3 ' - end processing selection in 
yeast . ” FEBS Lett ( 2009 ) , 583 : 2843-2848 . 
Sheets , M.D. , et al . , “ Point mutations in AAUAAA and the poly ( A ) 
addition site : effects on the accuracy and efficiency of cleavage and 
polyadenylation in vitro . ” Nucleic Acids Res . , ( 1990 ) 18 : 5799 
5805 . 

( Continued ) 

( 21 ) Appl . No .: 16 / 282,159 

( 22 ) Filed : Feb. 21 , 2019 

( 65 ) Prior Publication Data 
US 2019/0256547 A1 Aug. 22 , 2019 

( 60 ) 
Related U.S. Application Data 

Provisional application No. 62 / 634,095 , filed on Feb. 
22 , 2018 . 

Primary Examiner — David C Thomas 
( 74 ) Attorney , Agent , or Firm — Chalker Flores , LLP ; 
Edwin S. Flores 

( 51 ) Int . CI . 
CO7H 21/02 ( 2006.01 ) 
CO7H 21/04 ( 2006.01 ) 
C12Q 1/68 ( 2018.01 ) 
C12Q 1/6869 ( 2018.01 ) 
C12Q 1/6855 ( 2018.01 ) 
C12Q 1/6806 ( 2018.01 ) 
C12Q 1/686 ( 2018.01 ) 

( 52 ) U.S. CI . 
CPC C07H 21/04 ( 2013.01 ) ; CO7H 21/02 

( 2013.01 ) ; C12Q 1/6806 ( 2013.01 ) ; C12Q 
1/686 ( 2013.01 ) ; C12Q 1/6855 ( 2013.01 ) ; 
C12Q 1/6869 ( 2013.01 ) ; C12Y 207/07006 

( 2013.01 ) ; CI2Y 207/07007 ( 2013.01 ) ; C12Y 
207/07049 ( 2013.01 ) 

( 58 ) Field of Classification Search 
CPC C12Q 1/6806 ; C12Q 1/6855 ; C12Q 1/686 ; 

C12Q 1/6869 ; C12Q 2521/107 ; CO7H 
21/02 ; C07H 21/04 ; C12Y 207/07006 ; 

C12Y 207/07007 ; C12Y 207/07049 
See application file for complete search history . 

( 57 ) ABSTRACT 
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POLY ( A ) -CLICKSEQ CLICK - CHEMISTRY when they are subject to cellular stress ( 15 ) , or during 
FOR NEXT GENERATION 3 - END diseased states such as cellular transformation ( 16 ) . In par 
SEQUENCING WITHOUT RNA ticular it has been shown that when cells are induced to 

ENRICHMENT OR FRAGMENTATION proliferate and / or undergo cellular transformation , there is a 
5 global trend toward the selective use of proximal poly ( A ) 

signals ( PPAS ) resulting in the production of mRNA with CROSS - REFERENCE TO RELATED truncated 3'UTR that are not effectively targeted by miRNA APPLICATIONS ( 17,18 ) . The mechanisms that manage APA regulation are 
less clear and several factors have been identified that can This application claims priority to U.S. Provisional Appli influence poly ( A ) site selection including chromatin or DNA cation Ser . No. 62 / 634,095 , filed Feb. 22 , 2018 , the entire 10 modification ( 19,20 ) , changes in RNA polymerase II elon 

contents of which are incorporated herein by reference . gation efficiency ( 21 ) , and modulation of RNA binding 
processing factors that are known to play a role in cleavage 

STATEMENT OF FEDERALLY FUNDED and polyadenylation ( 22-29 ) . Of the CPA machinery , either 
RESEARCH increases in CstF64 expression ( 30 ) or decreases in CFIm 

complex member levels ( 23,24,31 ) leads to broad shortening 
None . of 3'UTRs suggesting that these two factors may play 

antagonistic roles in governing poly ( A ) site selection . 
TECHNICAL FIELD OF THE INVENTION In light of the recent appreciation for APA , profiling the 

position of the poly ( A ) tail using high - throughput sequenc 
The present invention relates in general to the field of next 20 ing technologies is critical to understand the complex inter 

generation sequencing , and more particularly , to the novel play of poly ( A ) tail location with mRNA stability , degrada 
Poly ( A ) -ClickSeq : click - chemistry for next - generation tion and translation . In the simplest manner , the positions of 
3 ' - end sequencing without RNA enrichment or fragmenta poly ( A ) tails can be directly extracted from both short - read 
tion . RNA - seq and long - read nanopore or Pacbio ( e.g. IsoSeq ) 

25 sequencing by extracting non - reference ‘ A’s from mapped 
BACKGROUND OF THE INVENTION sequence reads ( 32 ) . Alternatively , approaches have been 

developed that infer poly ( A ) tail position and abundances 
Without limiting the scope of the invention , its back through computational analysis of standard RNA - seq using 

designer algorithms catered to measure the relative density ground is described in connection with ClickSeq chemistry . 
With the exception of replication - dependent histone 30 in the coding regions ( 33 ) . The advantage of these of sequence reads within the 3'UTR relative to that observed 

mRNAs , poly ( A ) tails are ubiquitous to all eukaryotic approaches is that they only require standard RNA - seq mRNAs and function to stimulate translation and impart analysis and can be employed retrospectively onto existing 
protection from cellular exonucleases viewed in ( 1 ) ) . Not datasets . However , they have the disadvantage in that pre surprisingly , the 3 ' termini of many RNA viruses , including cise poly ( A ) site junctions are not enriched relative to the 
picornaviruses ( 2 ) and HIV ( 3 ) , have also been found to 35 rest of the transcriptomic data and so datasets are invariably 
possess poly ( A ) tails . Cellular mRNA receive poly ( A ) tails large and require high depth sequencing runs ( > 100M reads ) 
through the process of cleavage and polyadenylation where as only a subset of the RNA - seq will contribute to the 
the pre - mRNA is co - transcriptionally cleaved and subse- analysis . 
quently used as a substrate for poly ( A ) polymerase . The As a result , a number of strategies have been developed 
location of cleavage and polyadenylation near the 3 ' end of 40 with the specific goal of enriching for the junction of the 
a pre - mRNA is governed by three primary sequence ele- encoded 3'UTR ends and the beginning of the non - templated 
ments : the hexameric polyadenylation signal ( PAS , typically poly ( A ) tail ( 11,13,34-41 ) . Common themes found in sev 
AWUAAA ) ( 4 ) , the cleavage site ( typically a CA dinucle- eral of these techniques are the enrichment for poly ( A ) + 
otide ) , and the downstream sequence element ( DSE , typi RNA from total RNA , fragmentation of mRNA using a 
cally U / UG rich ) . The collective adherence to consensus that 45 variety of approaches ( e.g. enzymatic , heat , sonication ) , and 
these three elements possess is thought to dictate the overall attachment of an adaptor to the 3 ' end either through the use 
efficiency of cleavage and polyadenylation at a particular of a splinted oligo or directly to the terminus of the poly ( A ) 
site ( 5 ) . The enzymatic process of cleavage and polyade tail . These initial steps can also involve the use of a 

biotin - containing oligonucleotide to allow for purification of nylation is carried out by a group of proteins called the the desired library intermediates using streptavidin magnetic cleavage and polyadenylation ( CPA ) complex that contains 50 beads . These approaches typically utilize between 1-20M 
at least fifteen subunits , the core members of which are reads and have the advantage of allowing precise mapping conserved from yeast to humans ( reviewed in ( 6 ) ) . Complete of the position of the poly ( A ) tail addition . However , these loss of activity of any of these core CPA subunits leads to approaches often entail complex experimental pipelines and broad failure to produce mRNA ultimately resulting in loss purification strategies that can impart sample bias and of cell viability . 55 reduce throughput capacity . Importantly , these challenges 

While initially thought to be a constitutive or house can reduce the number of core facilities offering these types 
keeping event , recent work from many laboratories have of sequencing technologies thereby limiting their applica 
shown that cleavage and polyadenylation is highly dynamic tion only to laboratories with more than routine experience 
( reviewed in ( 7 ) ) . Underscoring its importance , it has been in sequencing library preparation . Thus , a need remains for 
observed that greater than 50 % of mammalian mRNA have 60 improved methods for sequencing and determining the pres 
multiple potential cleavage and polyadenylation sites giving ence of cleavage and polyadenylation sites giving rise 
rise distinct mRNA isoforms of different length ( 8 ) . This distinct mRNA isoforms of different lengths . 
process , termed alternative polyadenylation ( APA ) dramati 
cally increases the known diversity of the eukaryotic tran SUMMARY OF THE INVENTION 
scriptome ( reviewed in ( 9,10 ) ) . The preponderance of data 65 
demonstrates that APA is developmentally regulated ( 11,12 ) , In one embodiment , the present invention includes a 
can occur as tissues become more differentiated ( 13,14 ) , method for cDNA synthesis of an RNA 3 ' end and poly ( A ) 
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tail junction of RNA comprising : obtaining RNA comprising sequencing , dye terminator sequencing , sequencing by syn 
an RNA 3 ' end , a poly ( A ) junction , and a poly ( A ) tail ; thesis , pyrosequencing , microarray hybridization , next - gen 
combining the RNA with three terminating nucleotides of eration sequencing methods , next - next - generation sequenc 
modified - deoxyGTP , modified - deoxyCTP and modified - de- ing , ion semiconductor sequencing , polony sequencing , 
oxyATP , dNTPs , and adaptor sequence - oligo - dT ; perform- 5 sequencing by ligation , DNA nanoball sequencing , or single 
ing reverse transcription of the RNA with a reverse tran- molecule sequencing . In another aspect , sample contains 
scriptase primed with the adaptor sequence - oligo - dT to form total RNA or mRNA , preferably purified RNA or mRNA , 
terminated cDNA fragments that are stochastically termi- from a biological fluid , biopsy , cells , or tissue that comprise 
nated upstream of the RNA 3 ' end and poly ( A ) junction , but the RNA with the RNA 3 ' end and poly ( A ) tail junction . In 
not within the poly ( A ) tail ; isolating the terminated cDNA 10 another aspect , high stringency salt conditions are used for 
fragments ; chemically ligating a functionalized 5 ' adaptor to the step of reverse transcription , the amplification step , or 
the terminated cDNA ; and amplifying the chemically - li- both . In another aspect , a selectivity of the reverse transcrip 
gated cDNA into an amplification product , wherein the tion , the amplification , or both , is increased by using treha 
cDNA is enriched for sequences at the RNA 3 ' end and lose , betaine , tetramethylammonium chloride , tetramethyl 
poly ( A ) tail junction without fragmentation or enzymatic 15 ammonium oxalate , formamide and oligo - blockers , or 
ligation . In one aspect , the modified - deoxyGTP , modified- dimethylsulfoxide during the polymerase chain reaction , to 
deoxyCTP and modified - deoxyATP are 2- or 3 ' - azido- reduce an occurrence of mispriming . In another aspect , a 
nucleotides selected from azido - GTP ( AzGTP ) , 2'- or DNA polymerase used for the amplification reaction is Taq 
3 ' - azido - CTP ( AzCTP ) , and 2- or 3 ' - azido - ATP ( AZATP ) , or DNA polymerase , TA DNA polymerase , a Taq DNA poly 
propargyl - GTP , CTP , or ATP . In another aspect , a ratio of the 20 merase , a Klenow fragment , Sequenase or Klentaq an 
three 2'- or 3 ' - azido - nucleotides ( AzGTP , AZCTP and enzyme with proof reading activity , preferably selected from 
AZATP ) to dNTPs is 1:20 , 1:19 , 1:18 , 1:17 , 1:16 , 1:15 , 1:14 , the PFU , Ultma , Vent , Deep Vent , PWO , or Tli polymerase . 
1:13 , 1:12 , 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 1 : 6 , 1 : 5 , 1 : 4 , 1 : 3 , 1 : 2 , In another aspect , the method further comprises purifying a 
0.5 : 0.5 , or 1 mM : 1 mM . In another aspect , a ratio of PCR product from the step of amplifying the clicked - cDNA 
AZGTP : AZCTP : AZATP is x : y : z , wherein x is 0.1-10.0 , y is 25 step with a column or beads . In another aspect , the method 
0.1-10.0 , and z is 0.1-10.0 . In another aspect , the method further comprises determining a sequence of the amplified 
further comprises purifying the cDNA away from the product . In another aspect , the alkyne - functionalized , or 
3 ' - azido - nucleotides after the reverse transcription and azide - functionalized , 5 ' adaptor comprises all nucleotides 
before the amplification step . In another aspect , the purifi- NNNNNN , No - 12 as a click adapter , semi - random primers , 
cation step is by column separation , magnetic bead separa- 30 or a specific template primer sequence , or the adapter 
tion , or streptavidin magnetic bead wash . In another aspect , comprises a unique sequence . In another aspect , the termi 
the method further comprises separating the amplification nating deoxynucleotides contain a chemically reactive func 
products according to their length , by gel electrophoresis , tional group at either the 3 ' or 2 ' site of the ribose ring 
polyacrylamide gel electrophoresis , capillary electrophore- including but not limited to azido - nucleotides ( AzGTP , 
sis , pulsed - field electrophoresis , agarose gel electrophoresis , 35 AzCTP and AzATP ) , amino - nucleotides ( AmGTP , AmCTP , 
PAGE , Solid Phase Reversible Immobilization ( SPRI ) size AmATP ) , propargyl - nucleotides ( propargyl - GTP , propargyl 
fractionation , or pulsed - field capillary electrophoresis . In CTP , and propargyl - ATP ) or halogenated nucleotides ( Hal 
another aspect , the step of chemically ligating is defined GTP , Hal - CTP and Hal - ATP ) . 
further as click - ligating an alkyne - functionalized 5 ' adaptor In another embodiment , the present invention includes a 
to the azido - terminated cDNA , or an azide - functionalized 5 ' 40 kit for cDNA synthesis of an RNA 3 ' end , a poly ( A ) junction , 
adapted to the propargyl - terminated cDNA , is defined fur- and a poly ( A ) tail of RNA comprising : one or more vials 
ther as taking place in a buffered solution comprising : a comprising three terminating nucleotides of modified - deox 
solvent ; with or without metal catalysts selected from copper YGTP , modified - deoxyCTP and modified - deoxyATP , 
and ruthenium ; a chelating ligand ; and an accelerant . In dNTPs , and adaptor sequence - oligo - dT ; one or more vials 
another aspect , the method further comprises purifying the 45 comprising a reverse transcriptase ; a cDNA fragment iso 
chemically ligated - cDNA - adaptor away from unligated lating kit ; one or more vials comprising components for 
adaptors before the amplification step . In another aspect , the chemically ligating a functionalized 5 ' adaptor to the cDNA ; 
purification step is by column separation , magnetic bead a DNA amplification kit comprising for amplifying the 
separation , or streptavidin magnetic bead wash . In another chemically - ligated cDNA into an amplification product ; and 
aspect , the reverse transcription is performed by a reverse 50 instructions for amplification of the RNA 3 ' end and poly ( A ) 
transcriptase ( RT ) derived from Avian Myeloblastosis Virus tail junction without fragmentation or enzymatic ligation . In 
Reverse Transcriptase , Respiratory Syncytial Virus Reverse one aspect , the terminating modified - deoxyGTP , modified 
Transcriptase , Moloney Murine Leukemia Virus Reverse deoxyCTP and modified - deoxyATP are 2'- or 3 ' - azido 
Transcriptase , Human Immunodeficiency Virus Reverse nucleotides ( AzGTP , AZCTP and AZATP ) or 3 ' - ( O - Propar 
Transcriptase , Equine Infectious Anemia Virus Reverse 55 gyl ) -NTPs that pair with an alkyne or azide modified oligo 
Transcriptase , Rous - Associated Virus 2 Reverse Tran- during the “ click’reaction such as a hexanyl - oligo or azide 
scriptase , Avian Sarcoma Leukosis Virus Reverse Tran- oligo . In another aspect , a ratio of the three 2'- or 3 ' - azido 
scriptase , RNaseH ( - ) Reverse Transcriptase , SuperScript II nucleotides ( AzGTP , AZCTP and AzATP ) , or propargyl 
Reverse Transcriptase , SuperScript III Reverse Tran- GTP , CTP , or ATP to dNTPs is 1:20 , 1:19 , 1:18 , 1:17 , 1:16 , 
scriptase , SuperScript IV Reverse Transcriptase , thermo- 60 1:15 , 1:14 , 1:13 , 1:12 , 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 1 : 6 , 1 : 5 , 1 : 4 , 
stable group II intron reverse transcriptases ( TGIRT ) , Ther- 1 : 3 , 1 : 2 , 0.5 : 0.5 , or 1 mM : 1 mM . In another aspect , a ratio 
minator DNA Polymerase , or ThermoScript Reverse of AzGTP : AzCTP : AZATP is x : y : Z , wherein x is 0.1-2.0 , y is 
Transcriptase , wherein an RNase H activity of these RTs is 0.1-2.0 , and z is 0.1-2.0 . In another aspect , the RNA 3 ' end 
present , reduced or not present . In another aspect , the and poly ( A ) tail junction is selected from at least one of a 
method further comprises determining an identity or 65 viral genomic RNA , total cellular RNA , poly ( A ) -selected 
sequence of the amplification products by an automated RNA , unpurified DNA , or ribo - depleted RNA . In another 
process on a chip , Sanger sequencing , Maxam - Gilbert aspect , the kit further comprises a cDNA purification kit for 
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purifying the cDNA away from the 2 ' or 3 ' - azido - nucleotides junction , but not within the poly ( A ) tail to form azido 
after the reverse transcription and before the amplification terminated cDNA ; isolating the azido - terminated cDNA ; 
step selected from a column separation kit , magnetic bead click - ligating an alkyne - functionalized 5 ' adaptor to the 
separation kit , or streptavidin magnetic bead kit . In another azido - terminated cDNA to form a click - ligated cDNA ; and 
aspect , the kit further comprises a clicked - cDNA - adaptor s amplifying the click - ligated cDNA into an amplification 
purification kit for separating the clicked - cDNA - adaptor product , wherein the click - ligated cDNA is enriched for 
away from unligated alkyne - functionalized 5 ' adaptors or sequences at the RNA 3 ' end and poly ( A ) tail junction 
azide functionalized adapters when paired with propargyl- without fragmentation or enzymatic ligation . 
NTPs before the amplification step selected from a column In another embodiment , the present invention includes a 
separation kit , magnetic bead separation kit , or streptavidin 10 method for cDNA synthesis of an RNA 3 ' end and poly ( A ) 
magnetic bead kit . In another aspect , the click - ligating tail junction of cellular RNA comprising : obtaining RNA 
components comprise : an alkyne - functionalized 5 ' adaptor comprising an RNA 3 ' end , a poly ( A ) junction , and a 
to the azido - terminated cDNA ; a buffered solution compris- poly ( A ) tail ; combining the RNA with three 2'- or 3 ' - amino 
ing : a solvent mix comprising DMSO , water , and ethanol ; nucleotides ( AmGTP , AmCTP , AMATP ) , dNTPs , and adap 
metal catalysts selected from copper and ruthenium ; a 15 tor sequence - oligo - dT ; performing reverse transcription of 
chelating ligand ; and an accelerant . In another aspect , the the RNA with a reverse transcriptase primed with the 
reverse transcriptase ( RT ) is an RT derived from Avian adaptor sequence - oligo - dT to form amino - terminated cDNA 
Myeloblastosis Virus Reverse Transcriptase , Respiratory fragments that are stochastically terminated upstream of the 
Syncytial Virus Reverse Transcriptase , Moloney Murine RNA 3 ' end and poly ( A ) tail junction , but not within the 
Leukemia Virus Reverse Transcriptase , Human Immunode- 20 poly ( A ) tail ; isolating an amino - terminated cDNA frag ficiency Virus Reverse Transcriptase , Equine Infectious ments ; chemically ligating an phosphorylimidazolide - func 
Anemia Virus Reverse Transcriptase , Rous - Associated tionalized 5 ' adaptor to the amino - terminated cDNA ; and 
Virus 2 Reverse Transcriptase , Avian Sarcoma Leukosis amplifying the phosphoramidite - linked cDNA into an 
Virus Reverse Transcriptase , RNaseH ( - ) Reverse Tran- amplification product , wherein the cDNA is enriched for 
scriptase , SuperScript II Reverse Transcriptase , SuperScript 25 sequences at the RNA 3 ' end and poly ( A ) tail junction 
III Reverse Transcriptase , SuperScript IV Reverse Tran- without fragmentation or enzymatic ligation . In one aspect , 
scriptase , thermostable group II intron reverse transcriptases the reactive phosphorylimidazolide - functionalized 5 ' adap 
( TGIRT ) , Therminator DNA Polymerase , or ThermoScript tors are generated by incubating 5 ' phosphate - labeled 
Reverse Transcriptase , wherein an RNase H activity of these nucleic acid oligos with a carbodiimide crosslinker , prefer 
RTs is present , reduced or not present . In another aspect , a 30 ably ( EDC ) ( 1 - ethyl - 3- ( 3 - dimethylaminopropyl ) carbodiim 
selectivity of the reverse transcription and / or amplification , ide hydrochloride ) and preferably imidazole . 
preferably a polymerase chain reaction , is increased by using In another embodiment , the present invention includes a 
trehalose , betaine , tetramethylammonium chloride , tetram- method for cDNA synthesis of an RNA 3 ' end a poly ( A ) tail 
ethylammonium oxalate , formamide and oligo - blockers , or junction of cellular RNA comprising : obtaining RNA com 
dimethylsulfoxide during the polymerase chain reaction , to 35 prising a RNA 3 ' end , a poly ( A ) junction , and a poly ( A ) tail ; 
reduce the occurrence of mispriming . In another aspect , the combining the RNA with three 2- or 3 ' - azido - nucleotides 
kit further comprises a sequencing kit determining an iden- ( AZGTP , AzCTP and AzATP ) , dNTPs , and adaptor 
tity or sequence of the amplification products by an auto- sequence - oligo - dT ; performing reverse transcription of the 
mated process on a chip , Sanger sequencing , Maxam - Gilbert RNA with a reverse transcriptase primed with the adaptor 
sequencing , dye terminator sequencing , sequencing by syn- 40 sequence - oligo - dT to form azido - terminated cDNA frag 
thesis , pyrosequencing , microarray hybridization , next - gen- ments that are stochastically terminated upstream of the 
eration sequencing methods , next - next - generation sequenc- 3'UTR / poly ( A ) junction , but not within the poly ( A ) tail ; 
ing , ion semiconductor sequencing , polony sequencing , isolating an azido - terminated cDNA fragments ; click - ligat 
sequencing by ligation , DNA nanoball sequencing , or single ing an alkyne - functionalized 5 ' adaptor to the azido - termi 
molecule sequencing . In another aspect , a DNA polymerase 45 nated cDNA ; and amplifying the click - ligated cDNA into an 
used for the amplification reaction is Taq DNA polymerase , amplification product , wherein the cDNA is enriched for 
Tf DNA polymerase , a Taq DNA polymerase , a Klenow sequences at the 3'UTR / poly ( A ) tail junction without frag 
fragment , Sequenase or Klentaq an enzyme with proof mentation or enzymatic ligation . In one aspect , the modi 
reading activity , preferably selected from the PFU , Ultma , fied - deoxyGTP , modified - deoxyCTP and modified - de 
Vent , Deep Vent , PWO , or Tli polymerases . In another 50 OxyATP are 2'- or 3 ' - azido - nucleotides selected from azido 
aspect , the kit further comprises a kit for purifying a PCR GTP ( AZGTP ) , 2'- or 3 ' - azido - CTP ( AZCTP ) , and 2'- or 
product from the step of amplifying the clicked - cDNA step 3 ' - azido - ATP ( AZATP ) , or propargyl - GTP , CTP , or ATP . In 
with a column or beads . In another aspect , the alkyne- another aspect , a ratio of the three 2- or 3 ' - azido - nucleotides 
functionalized 5 ! adaptor comprises all nucleotides ( AzGTP , AZCTP and AzATP ) to dNTPs is 1:20 , 1:19 , 1:18 , 
NNNNNN , N. - 12 as a click adapter , semi - random primers , 55 1:17 , 1:16 , 1:15 , 1:14 , 1:13 , 1:12 , 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 
or a specific template primer sequence , or the adapter 1 : 6 , 1 : 5 , 1 : 4 , 1 : 3 , 1 : 2 , 0.5 : 0.5 , or 1 mM : 1 mM . 
comprises a unique sequence . 

In yet another embodiment , the present invention includes BRIEF DESCRIPTION OF THE DRAWINGS 
a method for cDNA synthesis of an RNA 3 ' end and poly ( A ) 
tail junction of RNA comprising : performing reverse tran- 60 For a more complete understanding of the features and 
scription of an RNA comprising an RNA 3 ' end , a poly ( A ) advantages of the present invention , reference is now made 
junction , and a poly ( A ) tail in the presence of three 2 ' or to the detailed description of the invention along with the 
3 ' - azido - nucleotides ( AZGTP , AZCTP and AzATP ) , or prop- accompanying figures and in which : 
argyl - GTP , CTP , or ATP , dNTPs , and adaptor sequence- FIGS . 1A to 1G shows a schematic overview of Poly ( A ) 
oligo - dT with a reverse transcriptase primed with the adap- 65 ClickSeq ( PAC - seq ) pipeline . FIG . 1A ) RT - PCR is launched 
tor sequence - oligo - dT to form cDNA fragments that are from a non - anchored Poly ( T ) primer containing a portion of 
stochastically terminated upstream of the 3'UTR / poly ( A ) the Illumina p7 adaptor . RT - PCR is performed in the pres 
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ence of AzATP , AZGTP and AZCTP , but not AzTTP , thus sapiens VMA21 vacuolar H + -ATPase homolog ( S. cerevi 
only allowing chain termination to occur upstream of the siae ) ( VMA21 ) , mRNA ) . PAC - Seq reveals two poly ( A ) 
poly ( A ) tail in the 3'UTR . FIG . 1B ) 3 ' - Azido - blocked cDNA sites ( the distal and proximal site ) . Upon CF25Im knock 
fragments are " click - ligated ' to 5'hexynyl - functionalised down , the proximal site is significantly enriched . This obser 
DNA oligos containing the p5 Illumina adaptor . This yields 5 vation is also supported by the RNAseq data that shows 
triazole - linked ssDNA which can be PCR - amplified using reduced read coverage over the 3'UTR of VMA21 after primers to the p5 and p7 Illumina adaptors . FIG . 1C ) The CF251m KD . The boxed region in FIG . 2D ) is enlarged in cDNA library is analysed by gel electrophoresis and should FIG . 2E ) to illustrate distal poly ( A ) site . consist of a smear of DNA products centered around 200 FIG . 2F shows di - nucleotides found in the reference 300 bp . Appropriate cDNA fragment sizes are cut out of the 10 genome at the poly ( A ) site cleavage site . The di - nucleotide gel and purified to yield a final library . FIG . 1D ) The final surrounding detected poly ( A ) site found in the HiSeq HeLa library consists of DNA fragments containing the Illumina 
p5 adaptor , a portion of the 3'UTR , a stretch of As derived sample were extracted from the reference human genome to 
from both the RNA template and the poly ( T ) primer , and find that the preferred cleavage site is most often UA , CA or 
finally the p7 Illumina Indexing primer . GA , consistent with previous studies ( 1 ) . 

FIG . 1E shows a heat - map illustrating the impact of FIG . 2G shows CF251m was knocked down in HeLa cells 
quality filters on the number of poly ( A ) sites discovered . To by siRNAs . A ) Western blotting shows < 95 % depletion 
accept a putative poly ( A ) site , the mapped reads can be compared to control cell . CF25d was knocked down in S2 
required to contain a minimum number of non - primer cells by dsRNA . B ) Real - time quantitative PCR of total 
derived ‘ A’s ( x - axis ) and each poly ( A ) site can be required 20 cellular RNA shows < 90 % depletion relative to control 
to be represented by a minimum number of reads ( y - axis ) . dsRNA . 
The number of poly ( A ) sites found ( denoted by the colour- FIG . 3A to 3C show the characterization of poly ( A ) sites 
bar ) using a range of combination of these two filters are discovered by PAC - seq . A ) Bar charts show the overlap of 
shown here . In our analyses we required as least 5 reads each detected poly ( A ) sites with UCSC known gene annotations . 
with 5 or more non - primer derived A's ( indicated by red 25 Poly ( A ) sites were either found in known exons ( Green ) , 
circle ) to confirm a poly ( A ) site . less than 500 nts upstream of known 3'UTR termini ( Yel 
FIGS . 1F and 1G show nucleotides in the reference low ) , or in unannotated regions ( Red ) . Comparisons 

genomes upstream of poly ( A ) sites were found be enriched between wild - type and CF25Im KD HeLa cell - lines are 
for A's . This indicates that these may be derived from shown when analyzed either using a HiSeq or MiSeq . 
internally primed sequences , rather than from genuine poly 30 Scatter - plots comparing the poly ( A ) site frequencies found 
( A ) tails . The number of nucleotides found upstream of each by HiSeq and MiSeq analysis for B ) wild - type and C ) 
poly ( A ) sites were counted for FIG . 1F all poly ( A ) sites , and CF251m KD HeLa cell - lines . The number of sites in each 
FIG . 16 after removing poly ( A ) sites containing 15 or more category are indicated . 
A’s within 20 nucleotides of the upstream reference FIGS . 4A - C : Determination of PAC - seq sensitivity . A ) 
sequence . The x - axis indicates the nucleotide count , and the 35 Agarose gel image of PAC - seq libraries following PCR 
y - axis gives the relative frequency with which each nucleo- amplification . The amount of input total RNA for cDNA 
tide count was found . generation is labeled . B ) Scatterplot analysis of the fre 
FIG . 1H shows poly ( A ) tail lengths inferred from the read quency of PASs identified by PAC - seq from the five libraries 

data . The number of ‘ A’s remaining at the end of each read shown in panel A. In all cases , an individual library is 
after adaptor trimming is determined and appended onto the 40 compared to a “ standard ” library created from 2 ug of total 
read name . After mapping , the distribution of poly ( A ) tail RNA . The Pearson correlation coefficient is indicated for all 
length at each mapped loci can be determined . The distri- blots . C ) Representative genome browser screenshot of the 
bution of tail lengths over all the mapped reads for each of 3 ' region of the TIMP2 gene . The five tracks in yellow are 
the HiSeq Poly ( A ) -ClickSeq datasets of HeLa total cellular from PAC - seq while the lower track in red was generated 
RNA ( orange ) and CFIm25 KD total cellular RNA ( blue ) is 45 using the previously published polyA_DB database ( 55 ) . 
shown . A range of poly ( A ) tail lengths from 21 up to 200 nts FIGS . 5A - J : Alternative poly - adenylation upon CF251m 
is found . knock - down . The poly ( A ) sites found in wild - type and 
FIGS . 2A to 2H show examples of PAC - seq mapping data CF25Im KD HeLa cells lines were compared and revealed 

over mRNAs and comparison to RNAseq data . The posi- whether mRNAs had one or multiple poly ( A ) sites within 
tions of poly ( A ) sites were determined from PAC - seq analy- 50 annotated terminal exons , and whether CF25Im knock - down 
sis of wild - type and CF251m knockdown HeLa cells . UCSC resulted in the lengthening of shortening mRNA transcripts . 
tracks are shown for the poly ( A ) Sites ( data not shown ) , the Frequency of poly ( A ) sites in these categories are shown in 
coverage of the mapped PAC - seq reads . and from RNAseq A ) . B ) Motif enrichment analysis using the MEME suite 
analysis of HeLa cells from a previous analysis ( 69 ) . Scale revealed that AWUAAA and UGUA motifs were enriched 
bars are indicated below each group of tracks ( NB different 55 upstream of both proximal ( PPAS ) and distal ( dPAS ) poly 
scale ) . FIG . 2A ) The mapping of reads over the human gene ( A ) sites . Centrimo analysis showed that AWUAAA was 
Akt1 is illustrated . PAC - seq reads are only found at the very found 20-40 nucleotides upstream of PASs while UGUA 
3 ' end of the mRNA transcript . In contrast , standard RNAseq was dispersed . C ) Poly ( A ) site and coverage tracks are 
coverage is distributed over all the exons . FIG . 2B ) PAC - seq shown for an example of a gene ( ELAVL1 , Human Antigen 
and RNAseq coverage is illustrated over the abundant 60 R ) exhibiting 3'UTR shortening upon CF25Im KD . D ) The 
transcript , RPL12 ( Homo sapiens ribosomal protein L12 , frequency of AWUAAA and UGUA motifs found within 
mRNA ) . PAC - Seq reveals the exact site of the poly ( A ) tail 100 nt upstream of both proximal ( PPAS ) and distal ( DPAS ) 
with nucleotide resolution revealing that the precise cleav- poly ( A ) sites only for shortened mRNAs are shown . E ) 
age sites is variable . The boxed region in FIG . 2B ) is Poly ( A ) site and coverage tracks are shown for an example 
enlarged in FIG . 2C ) to illustrate diversity of poly ( A ) sites . 65 of a gene ( ZNF467 , Zinc Finger Protein 467 ) exhibiting 
FIG . 2D ) PAC - seq and RNAseq coverage is illustrated over 3'UTR lengthening upon CF251m KD . F ) The frequency of 
the alternatively poly - adenylated transcript , VMA21 ( Homo AWUAAA and UGUA motifs found within 100 nt upstream 
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of either proximal ( pPAS ) and distal ( dPAS ) poly ( A ) sites mately 75-80 % of all the reads map to exonic sequences 
only for lengthened mRNAs are shown . ( cyan ) , with a greater proportion of these mapping to the 
FIGS . 5G to 5J show the frequency of AWUAAA and terminal exons ( dark cyan ) in the PAC - seq datasets . ( FIG . 

UGUA motifs found within 100 nt upstream of both proxi- 10B ) Comparison of read coverage between the two sample 
mal ( PPAS ) and distal ( dPAS ) poly ( A ) sites for shortened or 5 preparation methods from the same source RNA . The upper 
lengthened mRNAs . Analyses showed similar trends when light grey RNA - seq by ClickSeq method shows read cov 
considering mRNAs with FIG . 56 ) multiple PASs and erage throughout the gene body due to the random nature of 
> 20 % APA ; FIG . 5H ) only two PASs and > 20 % APA ; FIG . the RT - reaction steps . The lower dark grey PAC - seq cover 
51 ) only two PASs and > 50 % APA ; and FIG . 5J ) only two age is specific for the 3'UTR . ( FIG . 10C ) Representative 
PASs and > 80 % APA . genes that showed down - regulation from LacZ control upon 
FIGS . 6A to 6D show PAC - seq analysis of Drosophila INTS11 knockdown , grey and red bars respectively . ( FIG . 

melanogaster cells in culture reveal little effect of CF25d 10D ) Representative genes that showed upregulation from 
known - down upon poly ( A ) site selection . FIG . 6A ) Bar LacZ control upon INTS11 knockdown , grey and red bars 
charts show the overlap of detected poly ( A ) sites with respectively . 
UCSC known gene annotations . Poly ( A ) sites were either 15 FIGS . 11A and 11B show a comparison of read counts 
found in known exons ( Green ) , less than 500 nts upstream between samples and preparation methods . ( FIG . 11A ) Non 
of known 3'UTR termini ( Yellow ) , or in unannotated regions normalized Log 10 read counts between the three biological 
( Red ) . FIG . 6B ) A scatter - plot comparing the frequency of replicates of the INTS11 KD for the PAC - seq and RNA - seq 
poly ( A ) sites in both wild - type and CF25d KD S2 cell is methods , upper and lower rows respectively . The tight data 
shown revealing very high correlation between the two 20 patterns of both preparation methods indicate a high level of 
datasets ( R = 0.99 ) . FIG . 6C ) The effect of CF25d knock- reproducibility . ( FIG . 11B ) Non - normalized Logo read 
down upon poly ( A ) site diversity is limited in Drosophila . counts of the three biological replicates of INTS11 KD 
Frequency of poly ( A ) sites in the same categories as comparing the read counts for all transcripts between the 
described for FIG . 4B are shown . FIG . 6D ) The frequency PAC - seq and RNA - seq methods . 
of AWUAAA and UGUA motifs found within 100 nt 25 FIGS . 12A to 12D show output visualization of DESeq2 
upstream of both proximal ( pPAS ) and distal ( dPAS ) poly results . ( FIG . 12A ) Principal Component Analysis of gene 
( A ) sites are shown for both shortened and lengthened read count distributions . The majority of the variance is 
mRNA . between PAC - seq and RNA - seq preparation methods at 

FIGS . 7A and 7B shows motif enrichment analysis using 79 % . The remaining variance along the PC2 component , at 
MEME suite illustrates the position of enriched motif rela- 30 17 % , was due to the effects of INTS11 knockdown com 
tive to detected poly ( A ) sites . This reveals AWUAAA sites pared to LacZ . ( FIG . 12B and FIG . 12C ) Logz fold change 
~ 20-40 nts upstream of detected poly ( A ) sites found in versus the P - adjusted value for the DE detected in PAC - seq 
Drosophila melanogaster S2 cells either with or without and RNA - seq respectively . Genes that had a fold change 
CF25d knockdown . Although UGUA are significantly greater than two and a P - adjusted value less than 0.05 have 
enriched , there is no positional preference . Traces are shown 35 been colored red for those upregulated and blue for those 
for all found poly ( A ) sites ( All ) , and for proximal ( PPAS ) downregulated upon INTS11 knockdown . ( FIG . 12D ) Com 
and distal ( PAS ) sites found in mRNAs that were either parison of log2 fold change between methods . The log2 fold 
lengthened ( Long ) or shortened ( Short ) upon CF25d knock- change of genes that had an adjusted p - value < 0.05 was 
down . highly correlated between methods with an R2 value of 
FIG . 8 is a schematic of the steps in the PAC - seq library 40 0.8961 and a slightly lower fold change detected by RNA 

preparation . ( 1 ) A non - anchored 21 - dT primer with a partial seq at 0.8933 of the value for PAC - seq . 
p7 adapter sequence is used to reverse synthesize mRNA 
containing a poly ( A ) tail . 3 ' - azido - deoxynucleotides DETAILED DESCRIPTION OF THE 
( AZCTP , AzATP , and AzGTPs ) are added to terminate the INVENTION 
RT - reaction randomly depending on dNTP : AZVTP ratio 45 
upon reaching the 3'UTR . ( 2 ) Click chemistry is used to While the making and using of various embodiments of 
attach a p5 universal adapter to the azido - terminated 3 ' end the present invention are discussed in detail below , it should 
of the cDNA . ( 3 ) PCR is then performed using the p5 be appreciated that the present invention provides many 
Universal primer and Indexing primers completing the p7 applicable inventive concepts that can be embodied in a 
end . ( 4 ) The PCR product is electrophoresed on an agarose 50 wide variety of specific contexts . The specific embodiments 
gel and the band corresponding to products with a 3'UTR discussed herein are merely illustrative of specific ways to 
segment of approximately 230 nt is selected for purification . make and use the invention and do not delimit the scope of 
( 5 ) Representation of final PAC - seq preparation that is used the invention . 
for downstream sequencing . To facilitate the understanding of this invention , a number 
FIG . 9 is a flowchart of data analysis . Raw reads in fastq 55 of terms are defined below . Terms defined herein have 

format are filtered and trimmed before alignment to the meanings as commonly understood by a person of ordinary 
reference genome using STAR aligner . Sorted reads are then skill in the areas relevant to the present invention . Terms 
input to the DESeq2 pipeline following a matrix input such as “ a ” , “ an ” and “ the ” are not intended to refer to only 
format . This allows comparison of DE and normalized a singular entity , but include the general class of which a 
counts both through visualization by creating bedgraphs and 60 specific example may be used for illustration . The terminol 
fold change analysis . ogy herein is used to describe specific embodiments of the 
FIGS . 10A to 10D show examples of bedgraphs of outputs invention , but their usage does not limit the invention , 

from data analysis . ( FIG . 10A ) Total number of mapped except as outlined in the claims . 
reads from each sample type to different annotated regions The recent emergence of alternative polyadenylation 
of mRNAs is illustrated ( dark cyan : terminal exons ; light 65 ( APA ) as an engine driving transcriptomic diversity has 
cyan : all exons ; white : introns ; yellow : 200 nts downstream stimulated the development of sequencing methodologies 
of annotated 3'end ; green : unannotated regions ) . Approxi- designed to assess genome - wide polyadenylation events . 
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The goal of these approaches is to enrich , partition , capture , of viral pathogens from crude patient specimens that also 
and ultimately sequence poly ( A ) site junctions . However , possess poly ( A ) tails , such as enteroviruses , alphaviruses 
these methods often require poly ( A ) enrichment , 3 ' linker and HIV . 
ligation steps , and RNA fragmentation , which can necessi- Isolation of RNA from HeLa cells and siRNA knockdown 
tate higher levels of starting RNA , increase experimental 5 of CFlm25 . Parental HeLa cells were purchased from ATCC 
error , and potentially introduce bias . The inventors recently ( Cat # CCL - 2 ) and maintained in Eagle's Minimum Essential 
reported a click - chemistry based method for generating Medium ( Lonza , Cat # 12-604F ) with 10 % fetal bovine 
RNAseq libraries called " ClickSeq " . serum . The cells are transfected with three different siRNAS 

for CFIm25 ( Sigma Aldrich , St. Louis , Mo. , ID : 
Example 1. Novel Method to Direct the cDNA 10 SASI_Hs01_00146875–77 ) and negative control siRNA 

Synthesis Specifically Toward the 3'UTR / Poly ( A ) ( Sigma Aldrich , St. Louis , Mo. , ID : SIC002 ) using previ 
Tail Junction of Cellular RNA ously established approaches ( 43 ) . Knockdown of CFlm25 

was determined by Western blotting with anti - CFIm25 anti 
The inventors have developed a novel method to direct body ( Proteintechlab , Rosemont , ill . , Cat # 10322-1 - AP ) , 

the cDNA synthesis specifically toward the 3'UTR / poly ( A ) 15 GAPDH ( Sigma , St. Louis , Mo. , G9545 ) served as a loading 
tail junction of cellular RNA . With this novel approach , the control . Total RNA was extracted using TRIzol Reagent 
inventors demonstrate sensitive and specific enrichment for ( Life Technologies ) using the manufacturers protocol . 
poly ( A ) site junctions without the need for complex sample Isolation of RNA from S2 cells and dsRNA knockdown of 
preparation , fragmentation or purification . Poly ( A ) -Click- CFIm 25. Drosophila S2 cells were cultured in Schneider's 
Seq ( PAC - seq ) is therefore a simple procedure that generates 20 Drosophila media ( GIBCO ) supplemented with 10 % FBS , 
high - quality RNA - seq poly ( A ) libraries . As a proof - of- 50 units / ml penicillin , and 50 ug / ml streptomycin at 28 ° C. 
principle , the inventors utilized PAC - seq to explore the To knockdown CFIm25 in S2 cells , an individual DNA 
poly ( A ) landscape of both human and Drosophila cells in fragment in exon 1 of CFIm25 308 bp in length was PCR 
culture and observed outstanding overlap with existing amplified . Each primer used in the PCR contained a 5 ' T7 
poly ( A ) databases and also identified previously unanno- 25 RNA polymerase binding site ( GAATTAATACGACTCAC 
tated poly ( A ) sites . Moreover , the inventors utilize PAC - seq TATAGGG ( SEQ ID NO : 1 ) followed by sequences specific 
to quantify and analyze APA events regulated by CFIm25 for CFIm25 gene ( Forward primer : 
illustrating how this technology can be harnessed to identify + AGCGCTGGACAGAAAAGTGT ( SEQ ID NO : 2 ) and alternatively polyadenylated RNA . reverse primer : + CGCCTGGTTGGTGTACTTCT ( SEQ ID 

The novel method of the present invention has a number 30 NO : 3 ) ) . The PCR products were purified and used as tem 
of advantages over other methodologies due to its simplicity , plates to produce dsRNA using 17 RNA polymerase ( Am 
cost - effectiveness , and speed while providing high - quality , bion ) . The dsRNA products were ethanol - precipitated and 
unbiased sequencing libraries . The approach is an alteration resuspended in water . The dsRNAs were annealed by incu 
of an RNA - seq technique the inventors recently reported bation at 65 ° C. for 30 min followed by slow cooling to room 
called “ ClickSeq ’ ( 42 ) . For Poly ( A ) -ClickSeq ( PAC - seq ) , 35 temperature . S2 cells were incubated with dsRNA for 
small amounts of three 3 ' - azido - nucleotides ( AzGTP , CFIm 25 or negative control dsRNA for LacZ or for three 
AzCTP and AzATP ) are added to oligo - dT primed cDNA days with three hits . Total RNA was extracted using TRIzol 
synthesis reactions yielding cDNA fragments that are sto- Reagent ( Life Technologies ) using the manufacturers pro 
chastically terminated upstream of the 3'UTR / poly ( A ) junc- tocol . For quantitative Real Time - PCR ( QRT - PCR ) the 
tion , but not within the poly ( A ) tail . Subsequently , the 40 mRNA was reverse transcribed using MMLV - RT ( Invitro 
azido - terminated cDNA can be purified , ' click - ligated ' to an gen ) using the manufacturer's protocol to generate cDNA . 
alkyne - functionalized 5 ' Illumina adaptor and an NGS The qRT - PCR reactions were performed using Stratagene 
library enriched with 3'UTR / poly ( A ) junctions is then cre- MxPro3000P ( Agilent Technologies ) and SYBRGREEN 
ated by standard PCR . The skilled artisan will recognize that ( Fermentas ) . The forward primer AGGGCCTCAAGAGAT 
other adaptors may be substituted for the 5 ' Illumina adaptor . 45 TGCTA ( SEQ ID NO : 4 ) is in exon2 boundary of CFIm25 
As a demonstration of its applicability , the inventors use and the reverse primer ATCGTGTCCTCAACAATCCA 
PAC - Seq to analyze total cellular RNA from HeLa cell ( SEQ ID NO : 5 ) is located in exon 3 of CFlm25 . The 
extracts and demonstrate that this approach is robust and can Drosophila housekeeping gene ribosomal protein S17 
thoroughly capture authentic pre - validated polyadenylated ( Rps17 ) served as an internal control . 
sites without the need for any sample purification , enrich- 50 Library Preparation . No additional purification or selec 
ment or fragmentation . Moreover , this can be achieved with tion of total RNA is required as the RT primer selects for 
a minimal number of extraneous sequence reads allowing polyadenylated RNAs . 125 ng to 4 ug of total RNA was used 
for experiments with multiple replicates to be loaded even to generate the Poly ( A ) -ClickSeq libraries as described in 
onto a single flowcell of an Illumina MiSeq . The inventors the main text of Routh et al . 2017 NAR . Reverse transcrip 
also analyzed multiple replicates of HeLa cells that have 55 tion was performed using standard protocols with the addi 
been depleted of CFIm25 to demonstrate the ability of tion of spiked - in azido - nucleotides ( AzVTPs ) . The reverse 
PAC - seq to identify and quantify APA regulation . Finally , is also true , it is possible to spike with propargyl - NTPs 
the inventors characterize the poly ( A ) site profile of Droso- ( alkyne ) during cDNA synthesis and pair it with an azido 
phila S2 cells in culture and found that depletion of fly terminated adapter . Specifically , a 1 : 5 5 mM AzVTP : dNTP 
orthologue of CFIm 25 ( CG3689 ) induces only a small 60 working solution was made by adding 10 uL of 10 mM 
number of APA changes , indicating that the role of CFIm25 dNTPs to 2 uL each of 10 mM AZATP , AZCTP , and AzGTP 
in regulated Drosophila APA may not be as extensive in fly . ( no AzTTP ) and water to a final volume of 20 uL . To begin , 
Overall , the simplicity , cost - effectiveness and fast turn- 4 ug RNA , 1 uL of 5 mM AZVTP : dNTPs working solution , 
around of PAC - Seq will allow investigation into a wide- and 1 uL 50 uM 3'Illumina_4N_21T primer ( GTGACTG 
range of complex samples that were previously either too 65 GAGTTCAGACGTGTGCTCTTCC 
uneconomical or intractable to analyze . PAC - Seq will also GATCTNNNNTTTTTTTTTTTTTTTTTTTTT ( SEQ ID 
have novel applications in the rapid and sensitive detection NO : 6 ) ) were mixed in 13 uL total volume and was heated to 
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95 ° C. for 2 min to denature the RNA then snap cooled on to yield both a poly ( A ) tail as well as sufficient nucleotides 
ice , > 1 min . ( NB : This is a non - anchored poly - T primer . ) to provide an unambiguous mapping . Next , cutadapt was 
Superscript III Reverse Transcriptase ( Invitrogen ) , 5x used a second time to search for reads containing poly ( A ) 
Superscript First Strand Buffer , DTT , and RNase OUT tails at least 15 nts in length , allowing for one mismatch ; 
( Invitrogen ) was added for 20 uL total final volume and the 5 variables : -b AAAAAAAAAAAAAAA - n 2-0 6 - m 40 ( SEQ 
reaction was incubated at 50 ° for 20 min , then 750 for 15 ID NO : 10 ) . Using a custom script ( Datafile 1 of Routh et al . 
min . Room temperature incubation was avoided during 2017 NAR , relevent Datafile incorporated herein by refer 
mixing of components to avoid non - specific amplification . ence ) , the poly ( A ) tail length is extracted by comparing the 
After cDNA synthesis , the template RNA was removed with de - adenylated reads to the pre - trimmed reads and this infor 
the addition of 10 U RNase H ( NEB ) incubated at 37 ° for 20 10 mation is appended to the read name of the data file . The 
mins . Next , the azido - terminated cDNA was purified using trimmed , de - adenylated reads were additionally quality fil 
the Zymo DNA Clean and Concentrator Kit ( Cat # 11-303C ) tered using the fastrxtoolkit ( hannonlab.cshl.edu/fastx_tool 
and eluted with 10 uL of 50 mM HEPES pH 7.2 . kit / ) to ensure that > 98 % of the nucleotides in each read had 

Click - Reaction . The ' Click - Adapter ' ( 5 ' Hexynyl - NNN- a PHRED score greater than 20. This process yields single 
NAGATCGGAAGAGCGTCGTGTAGGGAAAGA- 15 end reads without poly ( A ) s at least 40 nts in length . 
GTGTAGATCTCGGTGGTCGCCGTATCATT ( SEQ ID Datafile 1 of Routh et al . 2017 NAR , relevent Datafile 
NO : 7 ) ) was added onto the azido - terminated cDNA by incorporated herein by reference : 
copper - catalyzed alkyne - azide cycloaddition ( CuAAC ) Compilation of Scripts for processing raw Poly ( A ) -Click 
( 42 ) . The NNNN can be replaced with No - 12 as a click Seq data . All scripts have been successfully executed on 
adapter , or the adapter comprises a unique sequence , which 20 Cygwin workstation and on Linux server using python 
can be used for duplicate reads . The click - reaction was made version 2.7 . Required software packages and the last con 
by diluting all 10 uL of the azido - terminated cDNA in 20 uL firmed working version are : HiSat2 v2.0.4 ( 2 ) , samtools v1.2 
100 % DMSO , 3 L 5 uM Click - Adapter and catalyzing the ( 3 ) , cutadapt v1.9.1 ( 4 ) , fastx_toolkit v0.0.14 http : // hannon 
reaction twice with 0.4 uL 50 mM Vitamin C and 2 uL 10 lab.cshl.edu/fastx_toolkit/ . Different packages / versions may 
mM Cu - TBTA ( Lumiprobe ) for 30 min at room temperature . 25 require adjustments . 
The clicked - linked cDNA was then purified on a Zymo Scripts include : 
DNA column . 1 ) Extract_nts.py : 
PCR Amplification . The final PCR amplification appends Uses samtools ( 3 ) to extract nucleotide either before or 

the remaining Illumina adapters and the desired demulti- after poly ( A ) sites provided in a BED Graph in the 
plexing index . Reactions were set up with the following 30 format generated using the pAz - Seq scripts . 
reaction components : 5 uL Click - ligated cDNA , 2.5 uL 5uM 2 ) Extract_pA_Lens_Ad.py : 
Indexing primer ( CAAGCAGAAGACGGCAT- Required during read processing to measure and extract 
ACGAGATnnnnnnGTGACTGGAGTTCAGACGTGT poly ( A ) length in individual reads and append this 
( SEQ ID NO : 8 ) , where nnnnnn is the sequence of the information on to the read name 
desired index ) , 2.5 uL 5 UM Short Universal Primer ( AAT- 35 3 ) MakeBEDGRAPH_PALenAr.py 
GATACGGCGACCACCGAG ( SEQ ID NO : 9 ) ) , and 25 uL Required to make the BEDGraph from a mapped SAM 
2x One Taq Standard Buffer Master Mix for a final 50 UL file . 
reaction . The skilled artisan will recognize that the NNNNN 4 ) Mask_ints.py 
nucleotide sequence is index sequence and can be Required to remove mapped reads that are likely present 
replaced by other barcodes , indexes , or even random Ns . 40 due to non - specific / internal priming . Requires samtools 
Optimized thermocycler conditions are as follows : 94º 4 
min ; 53 ° 30 sec ; 68 ° 10 min ; [ 94 ° 30 sec , 53 ° 30 sec , 68 ° 2 5 ) Merge_Reps.py 
min ] x20-22 ; 68 ° 5 min . Amplified PCR product was then Allows merging of multiple BEDGraph files 
run on a 2 % precast agarose e - gel ( Invitrogen , E - Gel Elec- 6 ) Remove_5prime_IDtag.py 
trophoresis System ) for 10 minutes and ~ 200-300 bp frag- 45 Required during read processing to remove nucleotides 
ments ( for 1x150 SE Illumina ) or ~ 200-400 bp fragments derived from the 5 ' Click adaptor . Usually only six 
( for 1x250 SE Illumina ) were excised and cleaned using the nucleotides . This can function as limited ID tag . 
Zymo Research Gel DNA Recovery Kit . Final yield of size The following are examples of batch recipes that can be 
selected cDNA library was quantified using a QuBit fluo- run locally on a stand - alone workstation . Adjustments must 
rimeter . 50 be made for ( e.g. ) SLURM queue submission on a server . 

Sequencing . Libraries were pooled and sequenced using Folder containing individual scripts must be in PATH , 
the manufacturer's standard operating procedures on either otherwise recipes must be adjusted to point to each script . 
a HiSeq 1500 using a HiSeq Rapid SBS kit v2 obtaining 1 ) pAz_Prep.txt : processing raw reads 
1x250 bp SE reads , or a MiSeq using a MiSeq Reagent Kit pAz_Map.txt : maps processed reads 
v2 ( 300 cycles ) obtaining 1x250 bp SE reads . Raw data was 55 3 ) pAz_BED.txt : generates BEDGraph files 
de multiplexed using TruSeq indexes using the CASAVA Read Mapping and poly ( A ) site annotation . The pro 
pipeline or MiSeq Reporter Software . All read data can be cessed reads were mapped using the Hisat2 ( 45 ) splice - aware 
accessed through the GEO database ( GSE94950 ) . aligner to the reference human genome ( hg19 ) or Drosophila 

Read Processing and Quality Filtering . All custom python melanogaster ( dm6 ) using the default mapping parameters , 
scripts ( as well as example batch recipes and instructions ) 60 with the exception of disallowing soft - pads at the 3 ' end of 
used in the following read - processing steps are available in the mapped read in order to prevent mis - annotation of the 
Datafile 1 of Routh et al . 2017 NAR , relevent Datafile poly ( A ) site ; variables : --sp 3,7 . The position of the poly ( A ) 
incorporated herein by reference . Raw reads were trimmed tails are given by the final nucleotide of the mapped reads . 
to remove TruSeq adaptors and the first 6 nucleotides This locus , the number of mapped reads and the number of 
derived from the ‘ Click - Adaptor using cutadapt ( 44 ) ; vari- 65 A's present in each mapped read are written to BEDGraph 
ables : -a nnnnagatcggaagagc - m 60. The inventors discarded files of Routh et al . 2017 NAR , relevent scripts incorporated 
reads shorter than 60 nucleotides as these would be too short herein by reference ) . The BEDGraph contains an extra 

an 
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non - canonical entry comprising an data array whose coor- between wild - type and CF25Im knock - down cell lines . If 
dinate ( 1-300 ) corresponds to poly ( A ) length and the value multiple poly ( A ) sites were found within the terminal exon 
at that coordinate returns the number of reads that had that and if the relative usage of these was altered by greater than 
poly ( A ) length . This information allows us to apply a filter 10 % between the wild - type and knock - down cell types then 
requiring each unique poly ( A ) tail to contain non - primer / 5 these poly ( A ) sites were deemed to be alternatively poly 
non - templated A's as well as multiple mapping reads . adenylated . 
A range of values for this filter were tested requiring Motif Enrichment Analysis . The sequences from the ref 

between 1 and 50 reads per event and requiring an average erence genome either upstream or downstream of the poly 
of between 1 and 10 non - templated A's ( 22 to 31 total As ) . ( A ) sites were extracted using samtools ( 46 ) and custom 
The number of reads retained after this filter is illustrated in 10 scripts ( Supplementary Data 1 of Routh et al . 2017 NAR ) . 
the heat map in FIG . 1E . The number of retained events Unique sequences were searched for RNA motif enrichment 
drops quickly as a function of the number reads required using the dreme ( 47 ) component of the MEME suite ; 
plateauing at approximately N = 5 , and modestly as a func- variables : -ma -norc -mink 4 - maxk 8. Following this analy 
tion of poly ( A ) length . Therefore , the inventors filtered these sis , the distribution probability of enriched motifs were 
sites requiring each site to have at least 5 mapped reads and 15 determined using CentriMo ( 48 ) ; variables : --norc . 
the poly ( A ) tails to have at least 5 non - templated As per Poly ( A ) -ClickSeq Library Generation . The inventors 
reads . These values can be further customised using the developed a technique called ' ClickSeq ' that uses azido 
inventors ' scripts . Finally , the base composition of 20 nts nucleotide terminators in randomly - primed RT reactions to 
nucleotides from the reference genome downstream of the produce cDNA fragments from non - fragmented template 
poly ( A ) sites were inspected using samtools ( 46 ) and custom 20 RNA ( 42 ) . Azido - nucleotides are stochastically incorporated 
scripts ( Supplementary Data 1 of Routh et al . 2017 NAR , during cDNA synthesis inducing chain - termination yielding 
relevent data incorporated herein by reference ) . The fre- a distribution of cDNA fragment lengths , which is deter 
quency of nucleotides found in this regions are shown in mined by the ratio of AzNTPs to dNTPs . As a result of chain 
FIGS . 1F and 1G . This revealed an abundance of sites that termination , the cDNA fragments are blocked by an azido 
were predominantly As downstream of the poly ( A ) sites in 25 group at their 3 ' end . Using copper - catalyzed azide - alkyne 
the reference genome , and are therefore likely to be inter- cycloaddition ( CuAAC ) ( 49 ) , the inventors demonstrated 
nally primed sites , rather than bona fide poly ( A ) tails . that the inventors could “ click - ligate ' 5 ' - hexynyl function 
Additionally , T’s were also found to be over - represent in alized DNA oligos corresponding to the Illumina universal 
these regions , consistent with the observation that U - rich sequencing primer onto these 3 ' - azido - terminated frag 
tracts promote pre - mRNA cleavage ( 5 ) . Therefore , only 30 ments , generating unnatural triazole - linked ssDNA mol 
poly ( A ) sites containing 15 or fewer A's in these sequences ecules . Importantly , these ssDNA templates are bio - compat 
were used for further analysis . BEDgraph files containing ible ( 50 ) . Therefore , with a standard PCR reaction the 
the poly ( A ) sites identified in this manuscript are available inventors can amplify these fragments to generate high 
in Datafiles 2-4 of Routh et al . 2017 NAR , relevent Datafile quality Illumina sequencing libraries with even sequence 
incorporated herein by reference . 35 coverage ( 51 ) . Moreover , this approach provides many 

Datafile 2 : BEDgraph files of HiSeq analysis of Wt HeLa advantages over many over RNA - seq methodologies due to 
and CFlm25 KD poly ( A ) sites , Human hg19 . Individual its simplicity , the removal of the fragmentation and ligation 
BEDgraphs for each replicate ( 3x ) for both wild - type and steps , and the reduction of artifactual RNA recombination 
CF251m KD cells are provided , as well as the merged ( 42 ) . 
datasets requiring a unique poly ( A ) site to be present in two 40 Here , the inventors target sequencing to only the 3 ' ends 
or more replicates ( as used in Routh et al . 2017 NAR , of polyadenylated RNAs : “ Poly ( A ) -ClickSeq ” ; or PAC - seq . 
relevent Datafile incorporated herein by reference ) . Addi- For PAC - seq , rather than using a random primer , the inven 
tionally , BEDgraphs of the coverage of reads over the tors initiate reverse transcription using oligo ( dT ) primers 
reference genome found in Poly ( A ) -ClickSeq datasets are without anchored Ts , or a non - T anchor . This primer also 
provided . 45 contains an overhang corresponding to a portion of the 

Datafile 3 : BEDgraph files of MiSeq analysis of Wt HeLa Illumina p7 adaptor ( illustrated in FIG . 1A ) . By priming 
and CFIm25 KD poly ( A ) sites , Human hg19 . Individual directly from poly ( A ) tails , the inventors can specifically 
BEDgraphs for each replicate ( 3x ) for both wild - type and reverse transcribe polyadenylated RNAs directly from crude 
CF25Im KD cells are provided , as well as the merged RNA extracts without any prior sample purification , poly ( A ) 
datasets requiring a unique poly ( A ) site to be present in two 50 enrichment or fragmentation . Moreover , by avoiding the use 
or more replicates ( as used in Routh et al . 2017 NAR , of a non - anchored oligo ( dT ) primer , in principle the primer 
relevent Datafile incorporated herein by reference ) . can anneal anywhere with the poly ( A ) tail . Importantly , 

Datafile 4 : BEDgraph files of MiSeq analysis of Wt S2 complementary cDNA transcripts will contain ' T's derived 
and CFIm25 KD poly ( A ) sites , Drosophila dm6 . Individual from the template as well as 21 ‘ T's derived from the 
BEDgraphs for each replicate ( 3x ) for both wild - type and 55 RT - primer . During computational read processing , this 
CF251m KD cells are provided , as well as the merged information is extracted and used to provide a quantitative 
datasets requiring a unique poly ( A ) site to be present in two assessment of mapping reliability and allow us to filter out 
or more replicates ( as used in Routh et al . 2017 NAR ) . mis - primed events that only have T's derived from the 
Additionally , BEDgraphs of the coverage of reads over the primer and none from a poly ( A ) tail ( FIG . 1H ) . Importantly , 
reference genome found in Poly ( A ) -ClickSeq datasets are 60 the present invention provides an important quality control provided . normally absent in other approaches that is used for valida 

For alternative poly - adenylation analysis , multiple poly tion of the final output data . 
( A ) sites occurring within 10 nts of one another were In ‘ ClickSeq ’ , cDNA synthesis can terminate opposite 
clustered into a single site , with the frequency of the any nucleotide . In PAC - seq , however , the critical innovation 
clustered site equaling the sum of the individual sites . Sites 65 required to specifically sequence the junctions of RNA 
found within the terminal exon of genes annotated in the 3'UTRs and their poly ( A ) tails is to omit AzTTP from the 
UCSC genome browser were extracted and compared reaction mixture ( i.e. the inventors provide a mixture of 



5 Control CFIm25 KD 

Rep 2 26317115 

Number Processed Reads 

29912811 
31669496 
45565507 46.72 % 
16871383 46.93 % 
14097898 47.13 % 
14596226 46.09 % 
44049869 96.67 % 

44291920 
17082420 
11819393 
15390107 

46.76 % 
46.87 % 
44.91 % 
48.17 % 
95.72 % 

Rep 3 

16326587 96.77 % 
13597357 96.45 % Rep 2 

Rep 3 15 
1515638 
544796 
500541 
470301 
37434 
29544 
24256 

3.33 % 
3.23 % 
3.55 % 
3.22 % 

16372478 
11293094 
14732694 
1893654 
709942 
526299 
657413 
47811 

95.84 % 
95.55 % 
95.73 % 
4.28 % 
4.16 % 
4.45 % 
4.27 % 

20 21346 Rep 2 
Rep 3 

56937 76176 

33008 

12501 13580 
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AzVTPs and dNTPs ) . Without AzTTP present in the RT TABLE 1 - continued 
PCR reaction mixture , reverse - transcription cannot termi 
nate opposite an ‘ A ’ in the RNA template . Rather , reverse Mapping statistics for Poly ( A ) -ClickSeq of total cellular RNA from either 

wild - type or CFIm25 KD HeLa cells . transcription must continue until non - A residues are found 
( FIG . 1A ) . Therefore , cDNA synthesis is stochastically 
terminated at a distance upstream of the 3'UTR / poly ( A ) 
junction tailored by adjusting the ratio of AzVTPs to dNTPs . Rep 3 31952582 
This design allows for cDNA chain termination to occur 
only in the residues just upstream of poly ( A ) tail , essentially Rep 1 

10 Rep 2 “ homing - in ' on the junction of the 3'UTR and the poly ( A ) 
tail . The inventors have found that a ratio of 1 : 5 AzVTPs : Reads Mapped to Human 42398266 

dNTPs reliably yields cDNA fragments ranging from 50-400 Genome 

nts in length ( 42 ) . Rep 1 

To finalize PAC - Seq libraries , the inventors purify the 14125925 96.78 % 
azido - terminated cDNA , “ click - ligate ’ the 5 ' Illumina adap- Unmapped Reads 
tor , and then PCR amplify an NGS library containing the Rep 1 

Rep 2 desired demultiplexing indices ( FIG . 1B ) . The total size of Rep 3 all the adaptors including the oligo ( dT ) primer is 150 bp . Detected Poly ( A ) Sites 
Therefore , cutting cDNA fragments 200-400 nt in length Rep 1 50650 

will yield inserts 50-250 nts in length ( FIG . 1C ) . Each of the 
cDNA fragments will therefore contain : the full Illumina p5 Unique Poly ( A ) Sites found 
adaptor ; cDNA corresponding to the 3'UTR of the RNA in one or more replicates 
transcript , the length of which is determined by the stochas- Unique Poly ( A ) Sites found 24937 
tic termination of RT - PCR ; the poly ( A ) tail ; and finally the in two or more replicates 
Illumina p7 indexing adaptor ( FIG . 1D ) . For optimal yield of 25 Unique Poly ( A ) Sites found 

in all three replicates 
reads containing poly ( A ) tails , libraries must be carefully 
size selected depending upon the sequencing platform and 
length of reads sequenced . Sequencing is initiated from the From the mapped data , the inventors can definitively 
p5 adaptor . Therefore , if fragments are too large and the determine the exact location of poly ( A ) tail addition . More 
cDNA insert is longer than the length of the sequencing read , over , as non - primer derived ‘ A’s are found in the read data , 
the 3'UTR / poly ( A ) tail junction will not be reached . the inventors can also determine the distribution of poly ( A ) 

Poly ( A ) -ClickSeq reveals the location and relative abun- tails lengths found among the reads mapping at each specific 
dance of poly ( A ) sites . To test the approach for the mapping location . With this information , the inventors can filter the 
of poly ( A ) tails , the inventors performed 3 replicate PAC- 35 mapped reads requiring them to contain a user - defined 
Seq library preparations from total cellular RNA extracted number of ' A's as described in the Methods sections of 
from HeLa cells . HeLa cells have been well - characterized Routh et al . 2017 NAR . The inventors found that by requir 
previously and provide a robust dataset against which to ing five or more reads each with five or more non - primer compare the mapping results . Final libraries were size derived ‘ A’s removed a large number of poorly - populated 
selected for fragment lengths up to 250 nts . This allows the 40 and likely non - specific RT - PCR products ( FIG . 1E ) . The detection of a wide range of poly ( A ) tail lengths . The three broad distribution of poly ( A ) tail lengths found throughout libraries were sequenced on a HiSeq 1500 , yielding 26-36 all the mapped reads matches trends previously reported Million raw reads per sample . These raw reads were pro ( 41 ) ( FIG . 1H ) . cessed as described in Methods of Routh et al . 2017 NAR . 
Greater than 46 % of the raw demultiplexed read data were Application of Poly ( A ) -ClickSeq to analyze Alternative 

45 Polyadenylation . The inventors sought to further validate the successfully processed using the pipeline , passing quality utility of PAC - seq by testing its ability to detect alternative filters and containing poly ( A ) tails greater than 25 nts in polyadenylated sites . The inventors and others have previ length ( Table 1 ) . Therefore , the technique efficiently utilizes 
the data generated to find poly ( A ) tails . Using the splice ously demonstrated that CFIm25 is a critical factor in the 
aware aligner , HiSat2 ( 45 ) , 95-97 % of the processed reads regulation poly ( A ) selection in mRNAs ( 23,28,43 ) . Knock 

50 down of CFlm25 results in the broad shortening of multiple from each sample were successfully mapped to the human mRNAs targets genome - wide . Therefore , the inventors per genome ( hg19 ) ( Table 1 ) . An example of the mapped formed replicate CFIm25 siRNA knock - downs in HeLa cells PAC - Seq reads to the human gene Akt1 is shown alongside ( FIG . 2G , 2H ) , extracted total cellular RNA and prepared previously obtained RNA - seq coverage data of Hela cells PAC - Seq libraries . ( 31 ) ( FIG . 2A ) . This illustrates how the PAC - Seq data is 
concentrated at the 3 ' end of the RNA transcript . In contrast , In total , the analysis yielded 56,937 putative poly ( A ) sites 

in the wild - type HeLa cells , and 76,176 sites in the CFIm25 the RNA - seq data is spread across the length of the mature KD cells ( Table 1 ) . By requiring sites to be found in at least mRNA . two out of three replicates , the inventors found 24,937 and 
33,008 sites respectively ( Table 1 ) . So while specificity is 

TABLE 1 60 greatly increased by leveraging the replicate data , the sen 
Mapping statistics for Poly ( A ) -ClickSeq of total cellular RNA from either sitivity is also decreased - resulting in the loss of over 75,000 

wild - type or CFIm25 KD HeLa cells . putative poly ( A ) sites . Therefore the choice , implementation 
and interpretation of the number of replicates required in 
such transcriptomic analyses must be carefully considered 

65 and balanced ( 53 ) . As one of the possible applications of 
Rep 1 PAC - seq is to characterize and discover any putative or 

novel poly ( A ) sites , the inventors proceeded to analyze 

55 

Control CFIm25 KD 

Total Raw Reads 97532979 
35950672 

94717471 
36447774 



533892 484740 
992 

1.53 % 
3.98 % 

73.09 % 22466619 
26359 

26305071 
26172 

1.72 % 
4.20 % 

72.49 % 
79.86 % 
84.87 % 
79.29 % 

27658533 87.11 % 
10 

15 

20 
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poly ( A ) sites found in two or more replicates in order to TABLE 2 - continued 
maximally utilize the data , while retaining a reasonable 
degree of confidence . Locations of detected poly ( A ) site and comparison to Poly ( A ) DB 

in HiSeq dataset . Reads count are shown and poly ( A ) sites In the case of the highly expressed RPL12 gene that has are shown in italics . 
not been found to undergo APA , the inventors can see that 5 
the exact identity of the 3'UTR / poly ( A ) tail junction can Remaining 

1386 vary by approximately 10 nts in either dataset ( FIGS . 2B and Poly ( A ) DB 23207205 
2C ) . This may reflect a lack of specificity or degeneracy in 14457 57.97 % 

the selection of the 3 ' cleavage site by the CPA . Nonetheless , Poly ( A ) DB +/- 10 nts 
20856 83.63 % the location of the poly ( A ) site found here agrees with the 

annotations from the UCSC database ( 54 ) as well as the 
anticipated poly ( A ) site determined from the mapping cov- Replicate sequencing using a MiSeq recapitulates the 
erage in the RNA - seq data ( 33 ) . Across all detected poly ( A ) HiSeq results . PAC - Seq provides an efficient and inexpen 
sites , the inventors find that the dinucleotide cleavage site in sive methodology for generating NGS libraries to be 
the reference genome is highly enriched for CA , UA and GA sequenced using HiSeq platforms . However , the cost of 
( FIG . 2F ) , as has previously been observed ( 52 ) . VMA21 NGS still remains relatively high and is potentially prohibi 
has previously been identified as subject to CFIm 25 regu- tive in the analysis of a large number of samples . To 
lation and that usage of the proximal poly ( A ) site ( PPAS ) is determine whether the inventors could obtain the same 
enriched in the CF1m25 KD cells ( 31 ) . Indeed , the inventors quality data , but by using a MiSeq platform , the inventors 
observed similar results of reduced read density within the re - sequenced the HeLa cell libraries obtaining 1x250 bp VMA Z'UTR upon CFIm25 KD and a clear switch from reads . The inventors obtained 880K to 1.51M reads per distal poly ( A ) site ( dPAS ) to PPAS usage when analyzed dataset ( Table 3 ) , corresponding to 3.5 % of the data obtained using PAC - seq ( FIGS . 2D and 2E ) . using the HiSeq . The inventors performed an identical The majority of the detected polyadenylation events mapped to known genes in the UCSC database ( -88.5 % ) 25 analysis of poly ( A ) sites ( requiring 5 reads to be mapped per 
and indeed the majority of these to annotated terminal exons poly ( A ) site , with 5 non - primer - derived A's , and in at least 
as would be expected ( Table 2 and FIG . 3A ) . A further two replicates ) and found a total of 10,691 poly ( A ) sites in 

the control - siRNA treated HeLa cells and 11,154 in the 7.53 % of the detected poly ( A ) sites mapped within 500 nts CFIm25 KD cells . The distribution of these sites were very downstream of genes in UCSC database , indicating that a substantial number of poly ( A ) sites in fact can be found 30 similar to that found for the HiSeq data ( FIG . 3A ) , with only 
slightly downstream of the annotated mRNA termination a small increase in the proportion of poly ( A ) sites found in 
sites . From the remaining 992 events ( 3.98 % ) not mapping terminal exons being observed . This indicates that the less 
over any known annotation , 791 of these were found to have abundant poly ( A ) sites found only in the high - coverage 
the AWUAAA motif within 100 nts upstream of the detected HiSeq data are enriched for non - canonical poly ( A ) sites 
poly ( A ) sites indicating that the PAC - seq dataset is locating 35 occurring at sites other that the terminal exon . 
novel and likely bona fide poly ( A ) sites bearing canonical 
regulatory elements . These trends are also quite similar in TABLE 3 

the CFIm25 KD dataset ( Table 2 and FIG . 3A ) . Locations of detected poly ( A ) site and comparison to Poly ( A ) DB 
When compared to the poly ( A ) database ( 55 ) , a total of in MiSeq dataset . Reads shown and poly ( A ) sites shown in italics . 

20,856 ( 83.6 % ) and 26,172 ( 79.3 % ) of the detected poly ( A ) Present in three replicates 60.52 % sites for the wild - type and CFIm25 KD datasets respectively 10691 11154 mapped over or within 10 nucleotides of the previously 93.83 % 1279629 93.99 % 
annotated sites ( Table 2 ) . Many of the unannotated poly ( A ) 92.39 % 10370 92.97 % 

sites were found to map to mitochondrial genes , highly Of which : 

duplicated loci ( e.g. GAGA antigen family ) and transposons 1154973 90.29 % 1233759 90.62 % including LINEs ( e.g. Tigger ) and SINEs such as Alu 9637 90.14 % 10110 90.64 % 
elements , a large number of which were found within 3 ' prime exon 1146066 89.60 % 1223145 89.84 % 

intronic sequences . A large number were also found to be 9491 88.78 % 9939 89.11 % 
Within 500 nts down - stream 64806 5.07 % 68211 5.01 % likely uncharacterized PPASs or alternative terminal exons , 50 of UCSC annotation 619 5.79 % 601 5.39 % 

not currently annotated in the poly ( A ) database . Remaining 14124 1.10 % 13677 1.00 % 
195 1.82 % 183 1.64 % 

TABLE 2 Poly ( A ) DB 960018 75.05 % 1015152 74.56 % 
7047 65.92 % 7209 64.63 % 

1119714 Poly ( A ) DB +/- 10 nts 87.54 % 1188249 87.27 % Locations of detected poly ( A ) site and comparison to Poly ( A ) DB 9660 90.36 % 9997 89.63 % in HiSeq dataset . Reads count are shown and poly ( A ) sites 55 
are shown in italics . 

Present in two + replicates 31752990 30993891 Calculating the Pearson Correlation coefficient between 
24937 33008 the HiSeq and MiSeq datasets for the frequencies of mapped 

UCSC Genes 29534658 93.01 % 28804998 92.94 % reads at each unique poly ( A ) site returns R values of 0.89 for 22066 88.49 % 29434 89.17 % 
Of which : 60 wild - type HeLa cell and 0.89 for the CFIm25 KD cells . 

Moreover , as can be seen in the scatter plots in FIG . 3B and 
Exons 28470681 89.66 % 27600003 89.05 % FIG . 3C , the events that were either discovered in the MiSeq 

21002 84.22 % 27605 83.63 % but not the HiSeq dataset ( and vice versa ) were the least 3 ' prime exon 28182639 88.76 % 27314472 88.13 % abundant reads . This demonstrates that the inventors are 20660 82.85 % 26964 81.69 % 
Within 500 nts down - stream 1733592 5.46 % 1655001 5.34 % 65 retaining a large portion of the high - confidence , high - abun 
of UCSC annotation 1879 7.53 % 2188 6.63 % dance poly ( A ) sites , despite only mapping 5 % the number of 

processed reads . Therefore , the MiSeq is still sufficient to 

40 

1279116 63.47 % 1361517 

UCSC Genes 1200186 
9877 

45 
Exons 
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reproducibly capture the majority of poly ( A ) events and will are also in complete agreement with the polyA - database 
therefore be suitable in a broad range of applications , despite ( PolyA_DB ) as to the number and position of the six 
the compromise in high - throughput , in a much more cost- annotated PASs for TIMP2 ( 55 ) . As a final point , the 
effective manner . inventors determined that the reduction in the input RNA 

Determination of PAC - seq sensitivity . In many cases , the 5 actually resulted in a slightly higher number of total ( and 
amount of total RNA extracted from a sample can be novel ) PASs identified ( Table 4 ) . This trend , which was limiting . For example , in the case of patient isolates or apparent at each dilution tested , was not expected and the through the dissection of specific tissue types from animal inventors speculate that reduced input RNA dilutes out models the amount of RNA can be well below 1 ug making 
it essential that sequencing technology possess a high degree 10 competitor RNA molecules ( e.g. rRNA ) that could have a 
of sensitivity . To determine the minimal amount of RNA tendency to titrate RT reagents from bona fide mRNA 3 ' 
required for a successful PAC - seq analysis and to assess the ends . Regardless , these results clearly demonstrate the level 
impact of reduced input RNA on the number of PASS of sensitivity of PAC - seq and that reducing the level of input 
identified , the inventors utilized decreasing amounts of total RNA does not appear to significantly alter the quality of the 
RNA isolated from HeLa cells to generate PAC - seq libraries . data nor its overall coverage of PASs . 

a 

TABLE 4 

Number of poly ( A ) sites found in HeLa total cellular RNA when using different 
amounts of starting RNA for PAC - Seq . Each dataset was trimmed to 2.9M raw 

reads and processed to reveal unique poly ( A ) sites . 

2 ug 1 ug 500 ng 250 ng 125 ng 

3390216 
2900000 

4242083 
2900000 

2922931 
2900000 

3756427 
2900000 

4992222 
2900000 

Total Raw Reads 
Filtered Raw reads 
to 2.9M 
Processed Reads 
Mapped to hg19 
Unique poly ( A ) Sites 
> 5 counts 
Unmapped 
Pearson to 2 ug 
Pearson to 125 ng 

812697 
784504 
13058 

901284 
868724 
14926 

839255 
810782 
13682 

949871 
913978 
15403 

1027260 
990302 
16470 

28193 32560 
0.98 
0.95 

28473 
0.92 
0.87 

35893 
0.97 
0.97 

36958 
0.92 

0.92 

The inventors chose the high end the dilution series to 2 Poly ( A ) site choice is promoted by CFIm25 in a UGUA 
ug given that this is a typical amount retrieved from cell dependent manner . CFIm 25 has previously been implicated 
line - based experimentation and then proceeded to dilute this 35 in the regulation of the poly ( A ) cleavage site selection but 
amount using 2 - fold increments down to ~ 60 ng . All cDNA the mechanism is poorly understood . CFIm 25 has been 
samples generated were amplified using the same cycle of shown to have a preference for UGUA motifs ( 56 ) and 
PCR in order to minimize PCR duplication events and proximal poly ( A ) sites have been found to contain elements provide an even comparison . The inventors observed that that do not adhere to consensus as closely as distal poly ( A ) 
PAC - seq libraries could be easily visualized at all levels of 40 site motifs do ( 57 ) . Given that PAC - seq provides an exact input RNA with the exception of the 60 ng sample ( FIG . polyadenylation site , the inventors decided to explore the 4A ) . Interestingly , the inventors did not observe a com 
pletely linear relationship with respect to the intensity of the relationship of these sequence elements in the datasets . By 
library produced versus the amount of total RNA used . comparing the control - siRNA treated and CFIm25 knock 
Rather , the inventors found that both the 2 ug and 1 ug input 45 down cell - lines , the inventors find a greater number of total 
generated relatively equal amounts of libraries while the 500 poly ( A ) sites upon CFIm25 KD , despite the fact that the 
ng , 250 ng , and 125 ng were less robust but still relatively inventors obtained fractionally fewer reads in these datasets 
similar . ( Table 2 ) . Moreover , while a slightly higher percentage of 
The inventors subjected the five libraries to sequencing poly ( A ) sites are found in annotated genes ( 88.5 % vs. 

using the MiSeq platform . Raw read files were trimmed to 50 89.2 % ) , a slightly smaller percentage of these are found in 
the same depth ( 2.9M reads ) to allow cross - comparison , and the terminal exon ( 82.9 % vs. 81.7 % ) . Similarly , a smaller 
then processed and mapped according to same protocols as proportion of the poly ( A ) sites in the CFIm25 KD cells 
used above ( Table 4 ) . To assess overall concordance , the overlap with previously annotated sites in the poly ( A ) 
inventors conducted four pairwise comparisons of each database . Together , these trends may reflect a general role 
library with respect to the number of identified PASS ( PAS 55 for CFIm25 in specifying the correct PAS ( e.g. most con 
frequencies ) and in each case , the inventors chose the 2 ug sensus ) and that a broader range of non - canonical sites 
library to be the " standard ” . Overall , the inventors observed become permissive upon CFIm 25 knockdown . This hypoth 
strong concordance of each library compared to the standard esis was explored further . 
with Pearson correlation coefficients ranging from 0.92-0.98 The inventors first clustered detected poly ( A ) site in the 
( FIG . 4B ) . As a representative example of the similarity 60 datasets so that two or more sites found within 10 nts of one 
between libraries , the inventors generated a genome- another were considered to be same poly ( A ) site . Next , 
browser track for the PAC - seq reads at the 3 ' end of the using the UCSC known gene annotations ( 54 ) , the inventors 
TIMP2 gene ( FIG . 4C ) , which has been shown by the considered only poly ( A ) sites that were found in the terminal 
inventors and others to have multiple PASs and to utilize exons . For the HeLa cells , from a total of 9841 individual 
predominantly the distal PAS in HeLa cells ( 23,43 ) . All five 65 mRNAs , the inventors found 3388 mRNAs with two or 
libraries generated a highly similar profile of PAC - seq reads more poly ( A ) sites containing a total of 7651 unique poly ( A ) 
that not only confirm the preferred use of the distal PAS but sites ( FIG . 5A ) . 1776 mRNAs were determined to exhibit 
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significant ( greater than 20 % change ) APA upon CFIm25 cessed reads , on average , for mock and CFIm25 KD S2 
KD . Of these mRNAs , 1430 exhibited 3 ' UTR shortening cells . Using the same mapping parameters as above ( requir 
( FIG . 5C ) and 346 exhibited 3 ' UTR lengthening ( FIG . 5E ) . ing 5 reads with poly ( A ) tails 25 nts of longer to be found 
The large number of shortened genes is highly consistent in at least two of the three replicates ) the inventors found 
with previous studies by us and others . 5 6910 poly ( A ) sites in the mock cells and 7473 in CFIm25 

The differential usage of 3 ' poly ( A ) cleavage sites is KD cells ( Table 5 ) . Similar to HeLa cells , these poly ( A ) sites 
poly - factorial , but has been demonstrated to be promoted by are primarily found at the terminal exons of annotated genes 
the presence of at least two PAS motifs : AWUAAA and ( 79.1 % and 79.2 % ) ( Table 5 and FIG . 6A ) . The inventors UGUA ( 4 ) . DREME analysis ( 47 ) of these sites confirmed compared the dataset with the poly ( A ) sites reported in a 
that these motifs were significantly enriched in the regions 10 previous analysis ( 63 ) and determined that 62.0 % and 53.8 % 
upstream of the detected poly ( A ) sites . To determine of the poly ( A ) sites were found within 10 nts of the previous 
whether the choice of poly ( A ) cleavage site was altered by data . This overlap is modest , however , in each dataset a 
CFIm25 in a manner dependent upon these motifs , the proportionally larger amount ( 16.2 % and 15.7 % in Wt and 
inventors quantified the number of poly ( A ) sites containing CFIm25 KD ) were found to map within 500 nts downstream 
AWUAAA and UGUA motifs < 100 nts upstream . For all 15 of the annotated genes in the UCSC database suggesting the 
7651 sites , the inventors found that 71.9 % and 56.0 % 0 / S2 cells express a significant amount of mRNA that are 
contained AWUAAA and motif UGUA motifs respectively . longer than annotated or that the annotations of the 3 ' ends 
Using CentriMo ( 48 ) , the inventors found that the of genes are imprecise . A small proportion of the poly ( A ) 
AWUAAA motifs are strongly enriched between 20 and 40 sites were found in unannotated regions , 146 ( 1.9 % ) and 174 
nts preceding the PAS , but that UGUA motifs show little 20 ( 2.2 % ) . Again , 54 and 67 of these contain AWUAAA motifs 
positional preference ( FIG . 5B ) . This was true for both within 100 nts upstream of the poly ( A ) sites reported here , 
proximal and distal sites , regardless of whether CFIm25 KD indicating that a significant proportion of these corresponded 
induced lengthening or shortening of 3'UTRs . to likely bona fide poly ( A ) sites . To investigate why most mRNAs exhibited 3'UTR short 
ening while a small group of others presented lengthening in 25 TABLE 5 
response to CFIm25 knock down , the inventors analyzed the 
frequency of the AWUAAA and UGUA motifs found Locations of detected poly ( A ) site and comparison to Poly ( A ) DB 
upstream of both the proximal ( PPAS ) and distal ( dPAS ) in MiSeq dataset in Drosophila . Reads shown and poly ( A ) 

sites shown in italics . poly ( A ) sites for both lengthened and shortened mRNAs . 
The inventors find that distal sites are relatively enriched for 30 Present in three replicates 1349733 60.91 % 

AWUAAA motifs ( > 80 % / a ) regardless of whether CFIm25 
KD induced lengthened or shortened 3'UTRs ( FIGS . 5B , 5D 
and 5F ) . Interestingly however , the inventors observe a Of which : 
different trend for UGUA whereby UGUA motifs are 
enriched in the distal sites of mRNAs that are shortened after 35 Exons 
CFIm25 KD , but enriched in the proximal sites of mRNAS 3 ' prime exon 76.43 % are lengthened after CFIm25 KD . This implies that selection 64.97 % 
of these poly ( A ) sites are promoted by CFIm25 in a UGUA- Within 500 nts down - stream 15.67 % 
dependent manner and that this enhancement was lost upon 
CFIm25 KD resulting in an increase in the expression of less 40 Remaining 
optimal alternative poly ( A ) sites . If the UGUA site is more Poly ( A ) DB 
prevalent in the distal position , then knockdown of CFIm25 60.77 % 62.26 % 
reduces the utilization of this site and so the mRNAs are Poly ( A ) DB +/- 10 nts 
shortened . Conversely , if the UGUA site was found in the 
proximal position then that mRNA is lengthened . These 45 
trends were conserved when only considering mRNAs with Next , the inventors characterized any changes in poly ( A ) 
only 2 PASs and at > 20 % / a , > 50 % and > 80 % APA strength site selection upon CFIm25 KD . Unlike the observation of 
( FIGS . 6A to 6D ) . Collectively , these results exemplify how broad APA in human cells in response to CFIm 25 knock 
PAC - seq datasets can be leveraged using motif analysis tools down , the inventors observed fewer changes in poly ( A ) site 
and provide additional insight into how CFIm25 is regulat- 50 position and frequency when the fly orthologue is knocked 
ing poly ( A ) site choice . down ( FIG . 6B , Pearson coefficient = 0.99 ) . Moreover , a 

Poly ( A ) -ClickSeq analysis of Drosophila S2 cells . The much smaller proportion of genes contained multiple poly 
inventors sought to further determine to what extent CFIm25 ( A ) sites ( 648 out 3086 genes ) than was found for the HeLa 
regulation of alternative polyadenylation is conserved in cells ( FIG . 6C ) . From these , a small percentage of these 
invertebrate species and how effective PAC - seq is in the 55 exhibited significant APA upon CFIm25 KD ( greater than 
analysis of a novel RNA dataset . Using dsRNA targeting the 20 % change in PAS abundance_107 shorted , 67 longer , 5 
Drosophila orthologue of CFIm25 ( CG3689 ) , the inventors 
knocked down CFlm25 in S2 cells to a degree exceeding Nonetheless , for the few genes that did exhibit APA , the 
90 % ( FIG . 2H ) . This level of knockdown in mammalian inventors analyzed enrichment of the AWUAAA and UGUA 
cells is sufficient to trigger genome - wide 3'UTR shortening 60 motifs . Both these motifs were found to be significantly 
in human cells and , in the inventors ' experience , is sufficient enriched upstream of the poly ( A ) sites ( 72.0 % and 76.5 % ) 
to mediate a spectrum of loss of function phenotypes in S2 and their positional distribution was found to be similar to 
cells ( 58-62 ) . Total cellular RNA from both mock - treated that observed for HeLa cells ( FIGS . 7A and 7B ) . However , 
cells and CFIm25 KD cells was harvested in triplicate and while the inventors observe a similar enrichment for 
used to generate PAC - Seq libraries using the same proce- 65 AWUAAA motifs in the distal sites , the inventors now also 
dures as those described above . Libraries were sequenced on observe an enrichment for UGUA ( FIG . 6D ) . Importantly 
a MiSeq obtaining a total of 2.39M and 3.09M total pro- however , this enrichment is the same regardless of whether 

UCSC Genes 

1476633 
7473 

1220520 
5919 

6910 
1107774 

5467 
82.07 % 
79.12 % 

82.66 % 
79.21 % 

77.73 % 
68.16 % 

78.29 % 
71.34 % 
76.93 % 
67.75 % 

a 
of UCSC annotation 

1060974 
5250 

1043196 
5005 

221052 
1297 

20907 
146 

1163220 
4681 

1250631 
5538 

16.19 % 
16.84 % 
1.53 % 
1.90 % 

85.22 % 

1162635 
5646 

1142496 
5362 

232782 
1380 

23331 
174 

1273905 
4927 

1363980 
5850 

17.44 % 
1.57 % 
2.20 % 

85.78 % 

91.62 % 
71.89 % 

91.85 % 
73.92 % 

both ) 
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mRNAs are lengthened or shortened upon CFIm25 KD ( in dard laboratory items . Another advantage is that the inven 
contrast to the HeLa cell data , compare to FIGS . 5D and 5F ) . tors use non - anchored poly ( T ) primers , allowing non 
This implies that APA in S2 cells is less dependent upon primer - derived As to be found in the final RNAseq reads . As 
CFIm25 for poly ( A ) site choice . described in the methods section , this allows for an addi As the applications of next - generation sequencing grow 5 tional quality filtering protocol that substantially improves 
and diversify , a key challenge will be developing cost confidence in reported poly ( A ) tails . Moreover , the distri effective , robust , and sensitive methods for the generation of butions of poly ( A ) lengths can be inferred for each detected targeted cDNA libraries . Here the inventors presented a poly ( A ) sites . Poly ( A ) tail length is an important variable simple , quick and cost - effective method for the generation of affecting RNA stability and half - life . Therefore , PAC - seq next - generation sequencing libraries called Poly ( A ) -Click- 10 may also be used to assess site - specific changes in poly ( A ) Seq ( or PAC - seq ) that specifically enriches for the junction tail lengths . of the 3 ' UTR and poly ( A ) tail junction . The inventors Although the inventors did not explore this possibility in demonstrated that the inventors could recapitulate the find 
ings of previous analyses of the poly ( A ) landscape in both their manuscript , the click - ligated adaptors can also be 
human and Drosophila cell - lines . As well as confirming the is designed to contain single - molecule indexes , ( a.k.a. unique 
presence of previously annotated transcripts termination molecular identifiers ) similar to the PrimerID strategies used 
sites , PAC - seq was also able to identify novel poly ( A ) sites to sequence HIV protease ( 64 ) . This can allow for sequence 
that are likely bona fide given their proximity to AWUAAA . error correction and perhaps more importantly , for assess 

Using the approach of the present invention , the inventors ment of PCR mediated duplication bias . For some samples , 
also demonstrate that poly ( A ) sites that are down - regulated 20 it may be necessary to perform many rounds of PCR 
upon CFIm25 knock - down are relatively enriched for the amplification in order to generate enough substrate to load 
UGUA motif . While the majority of these downregulated onto an Illumina flowcell . By including single - molecule 
sites are at the distal poly ( A ) site resulting in 3'UTR indexes in the click - adaptor , over - sampling errors can be 
shortening , there was a small group of transcripts that corrected . 
underwent 3'UTR lengthening , which correlated with the 25 Overall , PAC - seq is a simple , quick and cheap method for 
enriched UGUA motif is located at the proximal poly ( A ) NGS library generation that captures the 3'UTR / poly ( A ) tail 
site . These two observations generate a simplified model junction with high efficiency resulting in a reduced need for 
where reduced expression of CFIm25 will result in loss of sequence depth . From the initial HiSeq dataset , approxi 
enhancement of poly ( A ) sites that are rich in UGUA causing mately 50 % of the total raw sequences reads were utilized to 
the usage of other poly ( A ) sites within a given transcript . 30 the final analysis . While saving on cost , this also allows for 
This model is simpler in that it does not require that CFIm25 a single experiment with multiple replicates to be performed 
functions as a repressor of poly ( A ) site selection but rather on a single MiSeq flowcell . The current v3 MiSeq kit can 
is always an enhancer of cleavage and polyadenylation , yield ~ 25 million read under optimal conditions . This would 
which is consistent with its originally postulated function as allow over ten replicates of a single experiment at a coverage 
an essential CPA member . 35 of 2 million reads per dataset . This coverage depth is 

The method provides a number of advantages over other sufficient for analyzing even highly complex genomes such 
popular approaches . The first is that no sample preparation as in human cells . 
or purification is required . The inventors demonstrated here Test Kit and Individual Reactions . 
that poly ( A ) sites can be sequenced directly from total 2.1 Reverse Transcription Components : 
cellular RNA extracts without enrichment for polyade- 40 Deoxyribonucleotide set ( dNTPs ) ( 10 mM in water ) 
nylated RNAs or removal of ribosomal RNAs ( for example ) . 3 ' - Azido - 2 ' , 3 ' - dideoxynucleotides ( AzNTPs ) ( 10 mM 
This has three important consequences : ( i ) these enrichment / each in water ) ( Trilink Biotechnologies , N - 4007 , 
depletion steps are time - consuming and their cost can be N - 4008 , N - 4009 , N - 4014 ) . Reagents are stored frozen 
significant ; ( ii ) enrichment / depletion steps can potentially and mixed thoroughly prior to use . 
impart significant bias leading to uneven sequence coverage , 45 During reverse transcription , the ratio of AzNTPs to 
and can inadvertently obscure potentially interesting species dNTPs determines the distribution of cDNA fragment 
( such as rRNA degradation products ) ; and ( iii ) library gen- lengths generated . AzVTP : dNTP mixtures are made by 
eration is markedly simplified , reducing manipulation and making appropriate dilutions of each 10 mM AZNTPs 
loss of precious samples . To extend on this point , the in 10 mM dNTPs . 
inventors show that as little as 125 ng of total cellular RNA 50 Reverse transcriptase : one choice is Superscript II or III 
can be used to create a robust PAC - seq library that is nearly ( Life Technologies ) which is provided with standard 
identical in quality and coverage to a library generated from reaction buffers . 
2 ug . This may be further improved with developments in RNaseOUT Recombinant Ribonuclease Inhibitor ( Life 
the efficiency of the click - ligation reaction and subsequent Technologies ) 
PCR amplification conditions . Overall , this demonstrates a 55 RNaseH ( NEB ) 
compelling degree of sensitivity of this approach , which The skilled artisan will recognize that a ratio of the three 
may allow for the use of PAC - seq in highly challenging 2'- or 3 ' - azido - nucleotides ( AzGTP , AZCTP and 
biological contexts such as the poly ( A ) profiling directly AZATP ) to dNTPs can be , e.g. , 1:20 , 1:19 , 1:18 , 1:17 , 
from tumor biopsies . 1:16 , 1:15 , 1:14 , 1:13 , 1:12 , 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 
A second key advantage is that , similar to ClickSeq , 60 1 : 6 , 1 : 5 , 1 : 4 , 1 : 3 , 1 : 2 , 0.5 : 0.5 , or 1 mM : 1 mM 

PAC - seq does not require RNA sample fragmentation . There 2.2 Click - Chemistry Components : 
are few available methodologies that remove the fragmen- Click - adapter stock is resuspended in 10 mM Tris pH 8.0 
tation steps of NGS library synthesis . Removing this step and 0.5 mM EDTA at 100 UM ; working solutions of 
again simplifies sample preparation , and also avoids the Click - adapter at 5 uM in water 
biases that can arise due to RNA fragmentation protocols 65 Copper ( II ) -Tris ( benzyltriazolylmethyl ) amine complex 
and subsequent adaptor ligation . This advantage also ( Cu - TBTA ) 10 mM in 55 % aq . DMSO ( Lumiprobe ) or 
removes any need for specialized equipment beyond stan home - made . 

a 



5 

US 11,149,053 B2 
27 28 

50 mM L - Ascorbic Acid is prepared by dissolving 0.44 Blue light Transilluminator ( e.g. Safe Imager 2.0 Blue 
grams powdered L - Ascorbic Acid in 50 ml water . Light Transilluminator , Life Tech ) 
Aliquots are dispensed into 200 ul micro - Eppendorf 100 bp DNA ladder 
tubes and stored at -20 ° C. One aliquot is used fresh per Zymo DNA Clean and Concentrator - 5 ( Zymo Research , experiment and discarded after use . D4013 ) 100 % DMSO ( e.g. sigma ) 

50 mM HEPES pH 7.2 Zymo Gel DNA Recovery Kit ( Zymo Research , D4007 ) . 
2.3 PCR Reaction ( This kit is the same as the ' Clean & Concentrator ' with 

the addition of the agarose dissolving buffer ) One Taq DNA Polymerase 2x Master Mix with standard 
buffer ( NEB , M0482 ) Qubit fluorimeter ( Life Tech ) . 

2.4 Other Reagents and Equipment Standard Thermocyclers 
E - Gel Precast Agarose electrophoresis system with 2 % Standard Tabletop centrifuges 
Agarose gels ( Life Tech ) . 2.5 Primers and Oligos : 

10 

Stock 
Solution 

Working 
Solution Primer Name Sequence 

Same as Stock " 3 ! * Biotin 100 uM in 
Illumina 4N 21T " GTGACTGGAGTTCAGACGTGTGCTCTTCCGA Water 
( partial p7 TCTNNNN - 12T9-30 
Adaptor ) 4 ( SEQ ID NO : 6 ) 
( see Note 4.1 ) 

O 
4 

5 uM in water Click - Adapter 
( p5 Adaptor ) 2 , 
4 

5'Hexynyl - NNNN.- 12AGATCGGAAGAGCG 100 um in TE1 
TCGTGTAGGGAAAGAGTGTAGATCTCGGTG 
GTCGCCGTATCATT - * Biotin * 
( SEQ ID NO : 7 ) 

100 uM in TE1 5 uM in water Indexing Click 
Adapter ( p5 
Adapter ) 2 , 3 , 4 

5'Hexynyl - NNNNO - 12 
AGATCGGAAGAGCGTCGTGTAGGGAAAGAG 
TGT [ index - seq ] GTGTAGATCTCGGTGG 
TCGCCGTATCATT- * Biotin * 
( SEQ ID NO : 7 ) 

100 ?M in TE 5 uM in water AATGATACGGCGACCACCGAG 
( SEQ ID NO : 9 ) 

Universal 
Primer Short 
[ UP_S ] 
( p5 Adaptor ) 

5 uM in water 3'Indexing 
Primer # 1 
( remaining p7 
Adaptor ) 3 

CAAGCAGAAGACGGCATACGAGAT [ index- 100 um in TE 
seq ] GTGACTGGAGTTCAGACGTGT 
( SEQ ID NO : 8 ) 

ITE = 10 mM Tris pH 8.0 , 1 mM EDTA 
2The Click - adapter can be purchased from IDT Integrated DNA Technologies . HPLC purification is 
required by the vendor and recommended by us . 
Sunderlined portion of the primers corresponds the sequence that be used for 
indexing / barcoding . 
* optional biotin tag on primer 

to can 

3.1 Reverse Transcription 

1. Input RNA : in principle , any input RNA can be used to generate RNAseq libraries . We 
have successfully sequenced viral genomic RNA , total cellular RNA , poly ( A ) -selected 
RNA and ribo - depleted RNA . RNA should be provided in pure water , following 
standard precautions to avoid RNase activity . For poly ( A ) seq , we usually aim to 
provide 4 ug of RNA ( see note 4.2 ) . No sample fragmentation is required . No sample 
purification / rRNA depletion / selection is required . 

a . Total crude extract can also be used to generate RNAseq libraries . No 
extraction methods are required as little as 104 cells can be used 

2. For a 1 : 5 5 mM AZVTP : dNTP solution : Mix the following 
a . 10 ul 10 mM dNTPs 
b . 2 ul 10 mM AZATP 
c . 2 ul 10 mM AZCTP 
d . 2 ul 10 mM AZGTP 
e . 4 ul H2O ( NOTE : do not add AzTTP !!! ) 

3. The reverse transcription is performed using standard protocols , with the exception that 
the reaction is supplemented with small amounts of azido - nucleotides ( AzVTPs ) . Set 
up RT - PCR reaction as follows for a 13 ul reaction : 

a . 2 ul 5 mM AzVTP : dNTP mixture at 5 mM ( see notes 4.3 and 4.4 ) . Use 1 : 5 Ratio 
for PAC - Seq 

b . 1 ul 3 ' Illumina_4N_21T primer at 100 uM 
c . x ul RNA to a total mass of s4 ug ( Adjust volumes as necessary ) 
d . H2O to a final volume of 13 ul 
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-continued 
4. Incubate mixture at 65 ° C. for 5 mins to melt RNA and immediately cool on ice for > 1 min 

to anneal semi - random primer . This high melting temperature is tolerated as small 
amounts of RNA fragmentation does not diminish efficiency of library generation . 

5. Add the following on ice for a final reaction volume of 20 ul ( see note 4.5 ) : ( Keep cool 
to prevent non - specific amplification ) . 
a . 4 ul 5X Superscript First Strand Buffer 
b . 1 ul 0.1M DTT 
c . 1 ul RNase OUT 
d . 1 ul Superscript III Reverse Transcriptase 

6. Incubate with the following steps : 
a . 50 ° C. for 10 mins , 
b . 75 ° C. for 15 mins , and 
c . Hold at 4 ° C. 

7. To remove template RNA , add 0.5 ul RNase H ( NEB ) and incubate at 37 ° C. for 20 mins , 
80 ° C. for 10 mins , and then hold at 4 ° C. 

20 

3.2 Azido - Terminated cDNA Purification ( 3 Different -continued 
Methods can be Used ) 

7. Pellet beads on magnet and discard supernatant After cDNA synthesis and RNA digestion , the azido - termi 8. Resuspend beads in 200 uL 50 mM HEPES pH 7.2 nated cDNA must be purified away from the AzNTPs 9. Pellet beads on magnet and discard supernatant 
present in the RT - PCR reaction mix . These small molecules 10. Resuspend in 10UL HEPES 50 mM pH 7.2 
will be in molar excess of azido - terminated cDNA by many 
orders of magnitude and will compete for ligation to the 
alkyne - modified click - adaptor ' if not completely removed . 25 stranded azido - terminated cDNA , the click - ligation reaction “ Click - ligation . Following purification of the single 
This can be achieved in a number of ways . * note : see note is performed to join the 5 ' alkyne - modified click - adapter on 11 , we can also do something that we call “ click on column / to the 3 ' end of the azido terminated cDNA . This generates bead ' where we don't elute the cDNA [ 3.2.1.4 or 3.2.2.8 ] 
and do the click reaction on the column or beads . a longer single stranded cDNA with a triazole - ring and a 

long hexynyl linker in place of a phosphate backbone ( see 
3.2.1 Column Clean 30 FIG . 2F ) . 

35 

1. Take 20.5 ul RT - PCR reaction , and add 140 ul Zymo DNA 
binding buffer ( 7 : 1 binding buffer : DNA ) . 

2. Apply to silica column , and centrifuge for 30-60 s at 14'000 
RPM , as per the manufacturer's protocol . 

3. Wash with 200 ul ethanol - containing wash buffer and centrifuge 
for 30-60 s at 14'000 RPM as per the manufacturer's 
protocol . Repeat for two washes . 

4. Elute by centrifugation for 60 s at 14'000 RPM into 
fresh non - stick Eppendorf tubes using 
10 ul 50 mM HEPES pH 7.2 or water ( see note 4.6 ) . 40 

1. First , dilute the azido - terminated cDNA in DMSO and add a large 
molar excess of the click - adapter using the following volumes : 

a . 10 ul azido - terminated cDNA ( in HEPES ) 
b . 20 ul 100 % DMSO ( see note 4.7 ) [ solvent ] 

( See Table 6 below ) 
c . 3 ul Click - Adapter at 5 uM in water ( note : EDTA will 

chelate copper required in click - reaction and so must be 
minimized ) 

2. Next , generate the catalyst and accelerant mixture ( for multiple 
samples , prepare a stock mixture ) : 

a . 0.4 ul Vitamin C at 50 mM [ accelerant ] ( See Table 6 below ) 
b . 2 ul Cu - TBTA in 55 % DMSO . [ ligand ] ( See Table 6 below ) 

3. Upon addition of Vitamin C , the Cu - TBTA reagent will turn from 
a light blue to colorless liquid , indicating the reduction of the 
Cu ( II ) ions to Cu ( I ) . Wait 30-60 s to ensure full reduction of the 
copper ions ( see note 4.8 ) . 

4. Add 2.4 ul of the Vitamin C and Cu - TBTA mixture to the each 
cDNA sample to initiate the click - ligation . 

5. Allow reaction to proceed at room temperature for at least 30 
mins ( see notes 4.9 , 4.10 , and 4.11 ) . ( See Table 6 below ) 

3.2.2 SPRI Bead Clean 

45 1. Take 20.5 ul RT - PCR reaction , and add 1.8X ( 36L ) SPRI magnetic 
beads [ AMPure XP ] , pipette mix 

2. Incubate 5 min at RT 
3. Pellet beads on magnetic rack 
4. Remove and discard supernatant 
5. Wash beads with 200 uL 70 % EtOH , do not disturb pellet ( repeat 

wash for 2 total times ) 
6. Remove beads off magnetic rack 
7. Resuspend beads in 10 UL 50 mM HEPES pH 7.2 
8. Transfer supernatant to a new tube 

50 
3.4 Click - Ligated cDNA Purification : 
To remove the components of the click - ligation we use 

any of the following methods : 
3.2.1 Column Clean 

3.2.3 Streptavidin Magnetic Bead Wash 55 

60 

This method can only be used if a biotinylated primer was used 
( step : 3.1.3.b ) 

1. Take 20.5 ul RT - PCR reaction , and add 3 uL of clean streptavidin 
beads 

2. Incubate 30 min at RT 
3. Pellet beads on magnet and discard supernatant 
4. Resuspend beads in 200 uL TBST ( 150 mM NaCl , 50 mM Tris 

pH 7.5 , 0.5 % Tween ) 
5. Pellet beads on magnet and discard supernatant 
6. Resuspend beads in 200 uL TBS ( 150 mM NaCl , 50 mM Tris 
pH 7.5 ) 

1. The click - ligation reaction is first diluted with 60 ul water to a total 
volume of 100 ul prior to addition of the DNA binding buffer in 
order to dilute the DMSO . 

2. Take 100 ul click - ligation reaction , and add 700 ul Zymo DNA 
binding buffer ( 7 : 1 binding buffer : DNA ) . 

3. Apply to silica column , and centrifuge for 30-60 s at 14'000 RPM , 
as per the manufacturer's protocol . 

4. Wash with 200 ul ethanol - containing wash buffer and centrifuge for 
30-60 s at 14'000 RPM as per the manufacturer's protocol . Repeat 
for two washes . 

5. Elute by centrifugation for 60 s at 14'000 RPM into fresh non - stick 
Eppendorf tubes using 10 ul 10 mM Tris pH 7.4 or water . 65 
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3.4.2 SPRI Bead Clean -continued 

5 

1. Take 37.8 ul of cDNA , and add 1.8X ( 68 uL ) SPRI magnetic beads 
[ AMPure XP ] , pipette mix 

2. Incubate 5 min at RT 
3. Pellet beads on magnetic rack 
4. Remove and discard supernatant 
5. Wash beads with 200 uL 70 % EtOH , do not disturb pellet ( repeat 

wash for 2 total times ) 
6. Remove beads off magnetic rack 
7. Resuspend beads in 10 uL 10 mM Tris pH 7.4 
8. Transfer supernatant to a new tube 

1. Take 37.8 ul of cDNA , and add 3 uL of clean streptavidin 
beads 

2. Incubate 30 min at RT 
3. Pellet beads on magnet and discard supernatant 
4. Resuspend beads in 200 uL TBST ( 150 mM NaCl , 

50 mM Tris pH 7.5 , 0.5 % Tween ) 
5. Pellet beads on magnet and discard supernatant 
6. Resuspend beads in 200 uL TBS ( 150 mM NaCl , 

50 mM Tris pH 7.5 ) 
7. Pellet beads on magnet and discard supernatant 
8. Resuspend beads in 200 uL 50 mM HEPES pH 7.0 
9. Pellet beads on magnet and discard supernatant 

10. Resuspend in 100L Tris 10 mM pH 7.4 

10 

3.4.3 Streptavidin Magnetic Bead Wash 
15 

This method can only be used if a biotinylated primer was used 
( step : 3.1.3.b or 3.3.1.c ) 
* If streptavidin beads were used at step 3.2 then skip to step 
3.4.3.2 below * 

3.5 Final PCR Amplification : 
The inventors have screened a number of cycling condi 

tions and have found the following to give the best results , 
but the skilled artisan will know how to vary the conditions 
based on the ATCG ratios , temperatures , salt conditions , 
etc .: 

1. Mix at room temperature for a 50 ul reaction : 
1. 5 ul Clean Click - ligated DNA ( in 10 mM Tris pH 7.4 ) ( see note 4.13 ) . 
2. 2.5 ul 3 ' Indexing Primer ( 1 barcode / sample ) at 5 uM 
3. 2.5 ul Universal Primer Short [ UP - S ] at 5 UM 
4. 15 ul H2O 
5. 25 ul 2X One Taq Standard Buffer Master Mix 

2. Cycle on a standard thermocycler using the following steps ( see note 4.14 ) : 
1. 94 ° 1 min ; 
2. 53 ° 30 sec , 
3. 68 ° 10 min 
4. 94 ° 30 sec , 
5. 53 ° 30 sec , 
6. 68 ° 2 min ] x 10-25 cycles ( May require more cycles if less than 4 ug in original 

sample ) . 
7. 68 ° 5 min ; 
8. 4 ° C , Standard PCR reaction , any PCR enzyme should work and the conditions 

that correlate with that per enzyme should be used with it 
3. Purify the PCR product with either 2 methods : 

1. Zymo DNA clean protocol ( see note 4.15 ) : 
i . Take the 50 ul PCR reaction and add 250 ul Zymo DNA binding buffer 

( 5 : 1 binding buffer : DNA ) . 
ii . Apply to silica column , and centrifuge for 30-60 s at 14'000 RPM , as per 

the manufacturer's protocol . 
iii . Wash with 200 ul ethanol - containing wash buffer and centrifuge for 30-60 s 

at 14'000 RPM as per the manufacturer's protocol . Repeat for two 
washes . 

iv . Elute by centrifugation for 60 s at 14'000 RPM into fresh non - stick 
Eppendorf tubes using 20 ul 10 mM Tris pH 7.4 or water . 

2. SPRI beads : 
i . Take 50 ul of cDNA , and add 1X ( 50 uL ) SPRI magnetic beads [ AMPure 
XP ] , pipette mix 

ii . Incubate 5 min at RT 
iii . Pellet beads on magnetic rack 
iv . Remove and discard supernatant 
v . Wash beads with 2000L 70 % EtOH , do not disturb pellet ( repeat wash 

for 2 total times ) 
vi . Remove beads off magnetic rack 
vii . Resuspend beads in 10 uL 10 mM Tris pH 7.4 
viii . Transfer supernatant to a new tube 

55 

3.6 Gel Extraction and Size Selection [ Size Selection can 
Also be Done Using SPRI Beads ] . 

1. Add 20 ul eluted cDNA library onto a 2 % agarose precast pre - stained e - gel . For 
multiple samples , run empty wells in between each sample to prevent cross 
contamination of final libraries . Also run a 100 bp MW ladder ( e.g. NEB ) . 

2. Run using 1-2 % agarose protocol for 10 mins ( E - Gel iBASE Version 1.4.0 ; # 7 ) 
3. After run has completed , image gel on blue transilluminator and keep image for records 

( e.g. FIG . 4A ) . 
4. Crack open precast gel cassette , and with a fresh / clean scalpel or razor blade , excise the 

desired cDNA library sizes . In ClickSeq , the total length of adapters are 126 bp . 
Therefore , minimum cDNA library size should be 176 bp for 1 x 50 bp SE Illumina . 
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-continued 

Example in FIG . 4B shows a library excised from 200-400 bp for a 1 ~ 300 bp SE 
Illumina run on a HiSeq for PAC - Seq . Cut 200-300 ( or less , data pending ... ) for 
1 x 150 PAC - Seq MiSeq run . 

5. Weigh excised gel and mix 3 : 1 volume for weight Zymo Agarose dissolving buffer 
( ADB ) ( e.g . 180 ul ADB for 60 mg agarose ) 

6. Incubate at 50 ° C. for approximately 10 mins . Make sure that agarose has entirely 
dissolved before proceeding . Take care not to incubate at temperatures greater than 
50 ° C. , as thismay partially melt some dsDNA fragments and result in improper 
quantification . 

7. Purify the PCR product with the Zymo DNA clean protocol : 
a . Apply melted agarose in ADB to silica column , and centrifuge for 30-60 s at 

14'000 RPM , as per the manufacturer's protocol . 
b . Wash with 200 ul ethanol - containing wash buffer and centrifuge for 30-60 s at 

14'000 RPM as per the manufacturer's protocol . Repeat for two washes . 
c . Elute by centrifugation for 60 s at 14'000 RPM into fresh non - stick Eppendorf 

tubes 
d . using 6-10 ul 10 mM Tris pH 7.4 or water . 

8. Quantify yield of final size selected cDNA library using a QuBit fluorimeter . 

3.7 Sequencing and ClickSeq - specific data preprocessing . 20 Example 2. Poly ( A ) -ClickSeq as a Tool Enabling 
ClickSeq Libraries can be submitted for single - end sequenc Simultaneous Genome - Wide Poly ( A ) -Site 
ing on Illumina platforms using the adaptor sequences Identification and Differential Expression Analysis 
described here . The first read is obtained from the Illumina 
universal primer end ( p5 ) end of the cDNA fragment which The use of RNA - seq as a generalized tool to measure the 
is the location of the triazole ring in the original cDNA . The 25 differential expression of genes has essentially replaced the 
second read starts from the indexing ( p7 ) adaptor , which use of the microarray . Despite the acknowledged technical 
contains the polyA tail . advantages to this approach , RNA - seq library preparation 

remains mostly conducted by core facilities rather than in Additional Notes . Click Chemistry is broadly defined as the laboratory due to the infrastructure , expertise and time " biocompatible small molecule reactions commonly used in 30 required per sample . Described hereinabove is the basic two bioconjugation , allowing the joining substrates of choice ‘ click - chemistry ’ based library construction methods termed with specific biomolecules ” . A range of different chemistries ClickSeq and poly ( A ) -click - seq ( PAC - seq ) as alternatives to for bioconjugation are feasible , as well as the catalyst / conventional RNA - seq that are both cost effective and rely 
accelerant and solvent conditions- -see Presolski et al . JACS on straightforward reagents readily available to the skilled 
2010 : ( www.ncbi.nlm.nih.gov/pubmed/20863116 ) . In 35 artisan . ClickSeq is random - primed and can sequence any 
ClickSeq , the inventors have demonstrated the feasibility of ( unfragmented ) RNA template , while PAC - seq is targeted to 
a wide range of ligand / solvent combinations , while prec- poly ( A ) tails of mRNAs . This example uses the PAC - seq as 
edent in the literature exist for many other broad conditions . a platform that allows for simultaneous mapping of poly ( A ) 
These are summarized below . sites and the measurement of differential expression of 

40 genes . PAC - seq offers a unique advantage over other 3 ' end 
TABLE 6 mapping protocols in that it does not require additional 

purification , selection , or fragmentation steps allowing 
Solvents : sample preparation directly from crude total cellular RNA . 
H2O This example shows that PAC - seq is able to accurately and 10-70 % DMSO 45 sensitively count transcripts for differential gene expression 

analysis , as well as identify alternative poly ( A ) sites and Zymo “ DNA binding buffer " 
Metal Catalyst determine the precise nucleotides of the poly ( A ) tail bound 

Copper ( Cu2 + ions ) or elemental copper ( e.g. copper wire ) aries . 
Ruthenium Example 1 shows that Poly ( A ) -ClickSeq ( PAC - seq ) spe 

Chelating Ligand 50 cifically targets sequences the 3 ' ends of poly ( A ) -tailed 
mRNAs allowing quantification of the positions and abun 

Tris [ ( 1 - benzyl - 1H - 1,2,3 - triazol - 4 - yl ) methyl ] amine dance of poly ( A ) sites ( PASS ) at the ends of eukaryotic 
mRNAs . For PAC - seq , the inventors initiate reverse tran Tris ( 3 - hydroxypropyltriazolylmethyl ) amine scription using poly ( T ) primers , without a non - T anchor . 

( BimC4A ) 3 : 55 Importantly , to specifically generate sequence reads span Tripotassium 5,5 ' , 5 " - [ 2,2,2 " -nitrilotris ( methylene ) tris ( 1H ning the junctions of mRNA 3'UTRs and poly ( A ) tails , benzimidazole - 2,1 - diyl ) ] tripentanoate hydrate AzTTP is omitted from the RT - PCR reaction ( AzVTPs ) . As 
a result , reverse - transcription must continue through to Ascorbic acid ( a.k.a. Vitamin C ) beginning of the poly ( A ) -tail and into the 3'UTR before 

tris ( 2 - carboxyethyl ) phosphine 60 chain termination can occur , thus ‘ homing - in ' on the 3'UTR / 
Buffers poly ( A ) junction . Thereafter , the inventors can purify the 
HEPES azido - terminated cDNA , click - ligate the 5 ' Illumina adaptor 

and generate an NGS library enriched with 3'UTR / poly ( A ) 
Na / K Phosphate junctions . A schematic is illustrated in FIG . 8. By virtue of 
H20 65 priming from the poly ( A ) tails of mRNAs and terminating 

shortly upstream , no fragmentation , enrichment of poly ( A ) 
tailed RNAs , nor depletion of ribosomal RNA is required . 

70 % Ethanol 

TBTA : 

THPTA : 

Accelerant 

TCEP : 

TRIS 
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The inventors have previously demonstrated that they can The RT reaction was incubated at 50 ° C. for 40 mins , 750 
robustly generate PAC - seq libraries from as little as 125 ng C. for 15 mins , and then held at 4 ° C. To remove template 
of crude total cellular RNA . RNA , 2 U of RNase H ( NEB ) was added and incubated at 

The primary goal of PAC - seq was to identify and char- 37 ° C. for 20 mins , 80º C. for 10 mins , and held at 4 ° C. 
acterize the frequency and positions of poly ( A ) sites ( PASS ) 5 Azido - terminated cDNA purification . After single strand 
within the transcriptome . In this example , the inventors synthesis and RNA digestion , the azido - terminated cDNA 
describe how the inventors can also use PAC - seq to perform fragments must be purified , removing any excess AzVTPs 
differential gene expression ( DE ) analysis . To illustrate the which may compete with the subsequent click reactions . utility of PAC - seq , the inventors depleted a component of 
the Drosophila Integrator complex in DL1 cells using RNAi 10 column based extraction ( i.e. Žymo Research DNA Clean This can be achieved in many ways including any silica 
and compared the gene expression changes relative to con 
trol dsRNA - treated cells . RNA isolated from these cells was and Concentrator - 5 , D4013 ) , phenol / chloroform , or SPRI 
then subject to standard RNA - seq or PAC - seq and DE ( Solid Phase Reversible Immobilization ) Magnetic Beads 
analyses were performed using each library generation such as AMPure beads ( Beckman Coulter ) or homemade 
method . In addition to providing information on poly ( A ) tail [ 13 ] . The inventors prefer to use SPRI beads due to their 
position , the inventors demonstrate that PAC - seq also simplicity of use and high throughput ability . Here , follow 
reveals global changes in the mRNA transcript abundance ing the standard procedure , the inventors mixed 1.8x ( 38 uL ) and that these results closely match the changes observed by SPRI beads into the RT - PCR reaction and incubated for 5 canonical RNA - seq methods . PAC - seq therefore provides a min at room temperature . Beads were pelleted using a robust and cost - effective method for DE analysis that can simultaneously reveal the positions and frequencies of poly 20 magnetic rack , discarding the supernatant . The inventors washed beads twice with 200 uL 80 % ethanol taking care ( A ) sites . 

Cell culture and RNA samples . For the RNAi knockdown not to disturb the bead pellet and air - drying until no excess 
of target genes , dsRNA of 500 bp in length was prepared ethanol was visible . Bead were finally re - suspended in 10 ºL 
using the New England Biological T7 HiScribe kit ( NEB ) 50 mM HEPES pH 7.2 , re - pelleted on a magnetic rack and 
and purified using RNAzol ( Sigma ) . Four wells in a 6 - wel? 25 the supernatant containing the eluted cDNA fragments were 
plate were spotted with 15 ug of dsRNA for each dsRNA transferred to a new tube . 
target and 1x10 “ DL1 cells [ 12 ] from Drosophila melano- Click - ligation to attach sequencing adapter . After purifi 
gaster were added in 1 mL of serum free media ( Gibco ) and cation , a click - ligation reaction is used to chemically attach 
incubated for 1 hour at 27 ° C. before the addition of 2 mL a 5 ' alkyne - modified click - adapter onto the 3 ' end of the 
media containing 10 % FBS . These cells were then incubated 30 azido terminated cDNA fragments . To proceed with the 
for 60 hours at 27 ° C. before harvesting . Total RNA was reaction , the inventors diluted the 10 L of cDNA ( from the 
extracted from cells in three replicates of each series using purification step 2.2.2 ) with 20 uL 100 % DMSO and added 
the standard TRIzol extraction protocol ( Invitrogen ) and 3 uL of 5 um Click - Adapter . ( 5'Hexynyl - AGATCG 
resuspended in water to a concentration of 500 ug / uL . The GAAGAGCGTCGTGTAGGGAAAGAGTGTA 
final well in each replicate was harvested using RIPA buffer GATCTCGGTGGTCGCCGTATCATT ) ( SEQ ID NO : 12 ) , 
for protein Western analysis of target protein knockdown 5M in water ( IDT , with HPLC purification ) . verification . Next , the inventors separately prepared the catalyst / ac Reverse Transcription . For PAC - seq , the inventors fol 
lowed a modified version of the SuperScript - III ( Invitrogen ) celerant mixture by combining 0.4 uL Vitamin C ( Sigma ) at 
first - strand reverse transcription protocol by supplementing 50 mM with 2 uL Cu ( II ) -TBTA ( 10 mM in 55 % aq . DMSO , 
3 ' - Azido - 2 ' , 3 ' - dideoxynucleotides ( AzVTPs ) ( Trilink Bio 40 Lumiprobe ) . This initiates the reduction of the Cu ( II ) to 
technologies ) . First , a 1 : 5 mix of 5 mM AzVTP : dNTPs was Cu ( I ) . The inventors immediately added 2.4 uL of the copper 
prepared by mixing 2 ?L 10 mM AZATP , 2 uL 10 mm mixture to the 23 uL of cDNA , initiating the click - reaction 
AZCTP , 2 ?L 10 mM AZGTP , 10 uL 10 mM dNTPs each in and incubated for 30 min at room temperature . The inventors 
water , and 4 uL H2O . The reverse transcription reaction was repeated the addition of the copper catalyst mixture for a 
setup by combining : total of two times . This reaction yields a cDNA fragment that 

2 ul 5 mM 1 : 5 AzVTP : dNTPs is linked to the p5 sequencing adapter through a triazole - ring 
1 uL Illumina_4N_21T primer ( 100 uM in water ) in place of the phosphate backbone . The cDNA fragments 

were purified away from the excess components of the 
click - ligation reaction following the SPRI magnetic bead 

( SEQ ID NO : 11 ) 50 protocol : 1.8x ( 68 uL ) SPRI beads were added to 37.8 uL of 
( GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNTTTTTTTTTTT the click - reaction as washed as in step 2.2.2 , eluting in 20 uL 
TTTTTTTTTT ) , 10 mM Tris pH 7.4 or water . 

Final PCR Amplification . The cDNA fragments were then 
0.5-2 ug of RNA total cell PCR amplified to add on the remainder of the p7 Illumina 
H2O to a final volume of 13 uL sequencing adapter and to generate sufficient enough mate 
Input RNA can be extracted using any standard RNA rial for sequencing . The PCR reaction was set up by com 

extraction procedure ( e.g. TRIzol ) but no further purifica- bining the following reagents for a 50 uL reaction : 
tion , rRNA depletion , poly ( A ) selection , or fragmentation 10 uL Clean Click - ligated DNA steps are required . This mixture was incubated at 65 ° C. for 2 uL 5 uM Universal Primer : ( AATGATACGGCGAC 5 mins to melt RNA and immediately cooled on ice for > 1 
min to anneal the poly ( T ) primer . Subsequently , following CACCGAG ) ( SEQ ID NO : 13 ) , 
the standard RT - PCR protocol , the inventors combined the 2 ul 5 uM Indexing Primer ( 1 barcode / sample ) : 
following for a final reaction volume of 20 uL : 

4 uL 5x Superscript First Strand Buffer ( SEQ ID NO : 14 ) 1 UL 0.1M DTT ( CAAGCAGAAGACGGCATACGAGATXXXXXXGTGACTGGAGTTCAGACGT 
1 uL RNase OUT Recombinant Ribonuclease Inhibitor 65 

( 40 U / L ) ( Invitrogen ) GT ) 
1 uL Superscript III Reverse Transcriptase ( 200 U / uL ) 
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underlined sequenced by the Illumina platform so that this information 
portion corresponds to the index sequence , any index can later be used as a quality filtering metric when assigning 

sequence may be used here the position of poly ( A ) sites . This step is important as the 
25 uL 2x One Taq Standard Buffer Master Mix ( NEB ) reverse - transcription oligo - dt primer may often mis - prime 
11 UL H2O 5 from non - cognate templates which would generate artifac 
PCR cycling was as follows : tual poly ( A ) sites . To control for this , PASs are filtered by 
1 m at 94 ° C .; 30 s at 54 ° C .; 10 m at 68 ° C .; only accepting those with reads mapping that contain a 
[ 30 s at 94 ° C .; 30 s at 54 ° C .; 2 m at 68 ° C. ] x15-20 greater number of ‘ A’s than the number of “ T's in the 

cycles ; oligo - dT primer ( > 21 ) as these must be derived from the 
5 m at 68 ° C .; hold at 4 ° C. 10 native and authentic poly ( A ) tail , rather than the RT - primer . 
Finally , the PCR products were cleaned and isolated , These filtering steps , while providing an accurate report 

again following the SPRI magnetic bead protocol : 1x ( 50 of the position and frequency of PASs in mRNAs , results in 
UL ) SPRI beads were added to 50 uL of the PCR reaction , the removal of a large number of mapped reads . In the 
following the same washing procedure as in step 2.2.2 , example above , the inventors reported that approximately 
eluting in 20 uL 10 mM Tris pH 7.4 or water . 15 half of the raw reads were finally used to assign PASs after 

Gel extraction and size selection . The final sequencing all filtering steps . For differential gene expression analysis , 
library needs to be size selected . The inventors have found the goal is simply to determine how many reads map to 
that the most accurate way is by running the amplified mRNAs rather than find PASs . Therefore , these stringent 
cDNA library on an electrophoresis gel and cutting the filtering steps may remove a swath of data , and may also bias 
appropriate band size based off a molecular weight ladder . 20 the output data to templates with longer poly ( A ) tails or to 
Size selection is critical for PAC - seq since fragments that are templates with a low ‘ A ’ content in the 3'UTR , as these 
too short will not yield map - able cDNA fragments and long would be more likely to terminate adjacent to the poly ( A ) 
fragments will not cluster properly on the sequencing plat- tail . This has the further advantage in that shorter read 
form or produce sequence reads that are distal from the lengths are suitable when selecting sequencing reagent kits . 
poly ( A ) tail . Therefore , gel size excision should be 200-300 25 For PASs characterization , the inventors recommend at least 
bp for a 1x150 bp Illumina run or 200-400 for a 1x300 bp 150 nt reads to obtain reads that are of sufficient length to 
Illumina run . Libraries can be extracted from the agarose capture a the 3'UTR as well as a sufficiently long portion of 
following any standard protocol ( i.e. Zymoclean Gel DNA the poly ( A ) tail to allow quality filtering as described above . 
Recovery Kit , D4001 ) . Final sequencing libraries are quan However , for DE - Seq , only short reads are required for an 
tified and pooled accordingly . 30 unambiguous mapping and so it is suitable to perform only 

Data processing . RNA - seq . The first step in the ClickSeq 1x75 or shorter single - end sequencing . This therefore saves 
processing pipeline is canonical , with an Illumina adaptor considerably on sequencing cost and time . 
trimming step and quality filtering . In ClickSeq , the first four Therefore , the inventors developed a much simpler read 
nucleotides read by the Illumina platform are the four preprocessing steps for DE analysis . First , the inventors 
random nucleotides included in the click - adaptor , which are 35 perform the same processing steps as before ( fastp filtering 
designed to aid cluster generation and ensure diversity in followed by poly ( A ) tail trimming using the FASTX toolkit ) 
these first nucleotides . The inventors have noticed that the and then trim all the reads to a fixed length of 50-60 
fifth and sixth nucleotides tend to be read as either an “ A ” nucleotides without requiring reads to contain a poly ( A ) tail 
or “ G ” . The inventors believe that this may be due to the Taq using the following command - line entries : 
polymerase inserting a thymine opposite the triazole linkage 40 1 ) fastp - i < input fastq > -a AGATCGGAAGAGC - f 6-8 -1 
that is present at this site in the click - linked cDNA as it may 40 - Q -o < output fastq > 
resemble an a basic site . Therefore , the inventors addition 2 ) fastp - i < input fastq > -disable_quality_filtering --trim_ 
ally trim the first 6 nucleotides from the beginning of each poly_x - a AAAAAAAAAAAAAAA - 1 50 ( SEQ ID 
read . The inventors perform all of these raw - read processing NO : 16 ) 
steps with fastp [ 14 ] that can perform all these required 45 3 ) fastx_trimmer - Q33-160 - i < input fastq > - < output 
actions and trim oligo - G tracts , as are commonly seen when fastq > 
using two - color sequencing systems such as the Illumina Read alignment . For both random - primed ClickSeq and 
NextSeq using the following command - line entry : PAC - seq , short reads can be mapped to reference genomes 

using a number of available alignment software packages . 
50 When targeting eukaryotic mRNAs , the inventors recom 

( SEQ ID NO : 15 ) mend using splice - aware short - reads aligners such as STAR 
fastp -i < input fastq > -a AGATCGGAAGAGC -f 6 -9 -1 [ 15 ] or HiSat2 [ 16 ] . The STAR aligner will account for 

annotated splice - sites that may be present in terminal exons 40 -0 -0 < output fastq > and may be preferred when mapping very short reads ( < 75 
PAC - seq . PAC - seq reads require careful preprocessing 55 nts in length ) . Similarly , HiSat2 will find de novo splice sites 

due to the frequent presence of long homo - A tracts derived and so may be preferred when mapping longer reads ( > 75 
from the poly ( A ) tails of the targeted mRNAs . In the nts ) that can reliably map over splice events . Furthermore , 
example above , the pipeline for preprocessing was similar to these aligners will tolerate short soft - pads in the 3 ' ends of 
that for randomly - primed ClickSeq reads , except in addition the mapped reads in case they over - run the end of reference 
to Illumina adaptor trimming the inventors performed an 60 transcript sequence and contain non - reference fragments of 
additional adaptor trimming step to remove the poly - A the poly ( A ) tail or the Illumina sequencing adaptors . 
tracts . In that pipeline , the inventors used a custom script Transcript count assignment . Random - primed ClickSeq 
( available at sourceforge.net/projects/dPAC-seq/ ) that com- generates even coverage over entire mRNA transcripts . 
pared the final trimmed reads to the raw data in order to Therefore , to extract transcript abundance , read distribution 
measure how many ‘ A’s had been removed from the read 65 must be normalized over the length of transcript , including 
and added this information into the read name . In effect , this factors such as GC content and bias in order to obtain a final 
measures the length of the poly ( A ) tail that was successfully count - per - transcript . For PAC - seq , transcript 
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seq , transcript abundance / count was equivalent to read cov- along the x = y axis with a Pearson correlation co - efficient of 
erage . Next , read counts were compared between samples R2 = 0.8961 ( p < 0.0001 ) indicating that PAC - seq and RNA 
within each preparation to ensure reproducibility of the seq perform similarly in estimation of overall changes in 
techniques . Both PAC - seq and RNA - seq exhibited a high gene expression between two conditions and there is general 
level of correlation between raw read counts within each 5 agreement between the two sequencing techniques . Inter 
preparation method with a Pearson's correlation coefficient estingly , these fold changes correspond well irrespective of 
of R2 greater than 0.9 for all comparisons of samples within variance in the number of read counts detected by each 
methods ( FIG . 11A ) . However , although there is good method . There was a minor difference in the fold change of 
overall concordance , when examining the read counts INTS11 expression due to a number of reads detected in 
between preparation methods there is some variance ( FIG . 10 RNA - seq data for the region targeted by the INTS11 dsRNA 
11B ) . This is likely due to the differences in preparation for knockdown even though the total RNA was purified 
techniques . While PAC - seq specifically produces only one using Oligo ( dT ) beads . This indicated contaminating pres 
read per mRNA , traditional RNA - seq produces multiple ence of these RNA molecules that were able to carry over 
fragments for each transcript that can be biased due to a with the beads and a possible shortcoming of the RNA - seq 
number of factors including transcript length , GC content , method . 

TABLE 8 

DESeq2 output for RNA - seq and PAC - seq replicates ( bold names shown in FIG . 10 ) 

PAC - seq 
RNA - seq 
Z mean 

RNA - seq 
RNA - seq log2 Fold 
INT11 Change 

RNA - seq 
p - adjusted 

PAC - seq 
Z mean 

PAC - seq 
INT11 mean 

log2 Fold PAC - seq 
p - adjusted Gene Change 

regucalcin 
mg 
Col4a1 
Arc1 
CG33926 
Adgf - A 
Cys 
spir 
Su ( Tpl ) 
CtBP 
Ncoa6 
Rps4 
Hmgz 
Tetp 
Ints11 

55.68 
78.04 
160.37 

4593.57 
340.56 
935.20 
44.00 

2171.39 
10280.56 
8458.02 
6241.29 
5643.40 
4964.61 
7560.20 
436.22 

1354.87 
2233.50 
1216.72 

1 16986.00 
1103.87 
3347.50 
171.21 

6202.61 
9682.88 
7533.67 
5984.12 
4383.64 
2177.84 
1933.95 

59.52 

4.60 
4.84 
2.92 
1.89 
1.70 
1.84 
1.97 
1.51 

-0.09 
-0.17 
-0.06 
-0.36 
-1.19 
-1.97 
-2.87 

1.08E - 41 
3.28E - 170 
3.98E - 40 
1.90E - 35 
2.21E - 16 
6.14E - 48 
9.13E - 21 
2.41E - 18 
7.42E - 01 
2.77E - 01 
9.14E - 01 
1.46E - 03 
1.62E - 13 
8.22E - 21 
3.76E - 20 

124.67 
185.38 
172.92 

22642.76 
4701.16 
675.81 

2679.45 
2286.26 
12916.78 
23563.77 
4829.10 

27673.26 
21941.21 
30985.18 
1014.07 

4140.88 
1402.62 

100741.45 
15483.25 
2148.53 
8433.48 
6525.54 
12933.92 
23577.10 
4829.54 

24171.62 
10271.61 
9291.25 

42.20 

4.66 
4.48 
3.02 
2.15 
1.72 
1.67 
1.65 
1.51 
0.00 
0.00 
0.00 

-0.20 
-1.10 
-1.74 
-4.58 

3.51E - 43 
2.10E - 150 
1.05E - 40 
2.40E - 46 
1.50E - 17 
4.54E - 37 
1.45E - 21 
3.27E - 18 
9.95E - 01 
9.97E - 01 
1.00E + 00 
1.46E - 01 
1.29E - 11 
1.79E - 16 
3.50E - 45 

and primer annealing conditions . Nonetheless , the high Differential gene expression analysis is routine and wide 
concordance between the individual replicates of each spread in the biomedical sphere . In typical RNA - seq 
method indicates that these variances are reproducible and 40 approaches for DE analyses , to achieve sufficient depth and 
systematic . sensitivity while obtaining a sufficient number of biological 

Transcript counts were used as input for the DESeq2 and technical replicates , a large volume of next - generation 
pipeline to measure differential expression . Principle Com- sequencing data must be quired often at a considerable 
ponent Analysis of the four datasets ( PAC vs Click and LacZ cost . Therefore , 3'end targeted methods of estimating gene 
vs INT11 ) ( FIG . 12A ) show clear clustering of replicate 45 abundance are becoming viewed as cost - effective alterna 
experiments . As was expected , the CS libraries are strongly tives to standard RNA - seq . These approaches generate a 
separated relative to the PAC - seq libraries along the first simplified snapshot of the transcriptome and so miss many component ( 79 % of variance ) , while the KD libraries are important factors in understanding transcriptome diversity , both separated along the second component ( 17 % of vari 
ance ) . The tight clustering of sample types indicates a high such as the presence of transcript isoforms and splice 

50 variants . level of confidence in reproducibility by both methods and 
the similar distance of knockdown effect gives high confi Nonetheless , there have recently been a number of 
dence in the changes detected . D? analysis revealed a global approaches developed for the identification of 3'ends of 
upregulation of mRNAs upon INTS11 KD with both tech- poly - adenylated transcripts ( reviewed in [ 23 ] ) . However , 
niques ( FIGS . 12B and 12C ) . When requiring Bonferroni- among the simplest strategies employing the fewest manipu 
adjusted p - values > 0.05 and fold change in read count > 2 , lations are the QuantSeq [ 5 ] and the Poly ( A ) -ClickSeq 
510 and 540 genes were upregulated and 110 and 141 were ( PAC - seq ) pipeline . The inventors have previously demon down - regulated for CS and PAC - seq respectively . At these 
statistic thresholds , it therefore appears that PAC - seq is strated how PAC - seq can be used to locate and quantify the 
capable of detecting a greater number of DE events , sug poly ( A ) sites of mRNAs and measure changes in poly ( A ) 
gesting a greater sensitivity . tail positions upon manipulation of the cleavage and poly 
An example of the output data is shown in Table 8 for adenylation machinery and described how this reveals the 

genes that were upregulated , unchanged , and down - regu regulation of poly ( A ) site selection by CF125 m [ 2 ] . Alter 
lated upon INTS11 knockdown . This table demonstrates the native poly - adenylation ( APA ) is emerging as a critical 
high level of correlation between PAC - seq and RNA - seq factor in the regulation of mRNA translation efficiency and 
with respect to the fold changes in each gene . The fold 65 transcript stability [ 24 ] . Furthermore , 3'UTR shortening has 
change for mRNAs with adjusted p - values < 0.05 are shown been clearly associated with a number of disease states such 
in the scatter plot in FIG . 12D . The Fold Change trends as glioblastoma [ 25 ] . 
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In this example , the inventors have demonstrated that and streamlined , as demonstrated in this manuscript . How 
PAC - seq simultaneously provides a simple and cost - effec- ever , there remain two key disadvantages . Firstly ; there is a 
tive strategy for measuring absolute levels and relative small probability that the 3'end of some transcripts are 
changes in gene expression , thus providing a dual - use tool . identical to one another ( e.g. between paralogs , duplicated 
When compared side - by - side to random - primed RNA - seq 5 genes and pseudo - genes ) . This would result in ambiguous 
of poly ( A ) -enriched mRNA , the inventors demonstrated that mapping of the PAC - seq reads where standard RNA - seq PAC - seq can capture changes in gene expression in good would take advantage of SNPs found throughout the tran agreement with the RNA - seq data , despite only sequencing script in order to assign isoform / paralog abundance [ 28 ] . a fraction of the mRNA terminal exon . Additionally , PAC Secondly , due to the PCR cycles required for RNA - seq seq detects a greater number of genes that display significant 10 library construction , PCR duplication is a common artifact ( adjusted p < 0.05 ) changes in expression level . This is 
achieved without the need for any sample preparation or in RNA - seq libraries that may return erroneous and aberrant 
target enrichment . Rather , crude cellular RNA is used as an estimates of gene abundance . This artifact can be overcome 
input for the library preparation . This simplifies the computationally by using de - duplication methods that col process , 
and also removes the biases and cost that may be imparted 15 lapse multiple reads into a single read if they share the same 
by these sample treatments . start and stop sites in the reference genome . This may lose 

In general , there are numerous advantages to employing some reads that coincidentally had the same mapping posi 
a 3'end targeted sequencing methods such as PAC - seq for tions , but these cases are infrequent when read coverage is 
characterizing quantitative changes in the transcriptome by not excessive . However , in PAC - seq , all reads are enriched 
NGS : ( 1 ) By only sequencing the 3'end of an mRNA 20 in a small portion of the mRNA transcript ( usually the 
transcript , sequencing depth is limited to one read per terminal exon ) and so the probability of two reads having the 
transcript . This saves on the amount of sequencing that must same mapping coordinates becomes very high . Therefore , 
be performed when compared to standard RNA - seq where standard computational de - duplication cannot be employed . 
reads may be found across the length of the RNA transcript . However , unique molecular identifiers [ 29 ] can easily be 
It is possible , but not a limitation of the present invention , 25 appended to the beginning of the click - adaptor providing a 
that with this method that a poly ( A ) tail is in fact primed more robust method for collapsing identical reads . 
twice , and that a lagging reverse transcriptase strand - dis- In addition to priming from the poly ( A ) tail during 
places the upstream cDNA [ 26 ] . This would generate two RT - PCR , priming from A - rich sequences within mRNAs is 
cDNAs ( or more ) from a single mRNA . However , this also possible when using an oligo - dT primer . This may 
would only be likely for very long poly ( A ) tails , which are 30 result in absolute read counts being elevated for particular 
scarce . ( 2 ) As all transcripts only have one poly ( A ) tail , this transcripts . However , the inventors would expect the fre 
negates the need for computational normalization of read quency of internal priming from A - rich tracts to correlate 
counts assigned a mRNA as a function of their length . with gene abundance and be conserved among multiple 
This process is normally complicated by the presence of replicates . Therefore , this factor would not perturb differ 
alternative splice variants as well as incomplete annotation 35 ential gene expression analysis . In PAC - Seq , as priming is 
in some reference genomes . ( 3 ) Very small transcripts that not anchored to the 3'UTR / poly ( A ) tail junction , small 
would otherwise receive very low sequence coverage in portions of the poly ( A ) -tail are copied yielding non - primer 
standard RNA - seq approaches and may be missed can be derived A's in the final read data . These extra A's allow us 
accurately quantified in an equivalent manner to longer to control for internal and / or mis - priming by requiring a 
transcripts when using PAC - seq . ( 4 ) Long poly ( A ) tails are 40 greater number of A’s in a mapped read than were T's used 
generally found only on mature mRNA transcripts rather in the oligo - dT primer thus allowing confident annotation of 
than transcripts undergoing nascent transcription , which poly ( A ) -sites . Moreover , in the absence of this control ( e.g. 
may contain introns or arise as a result of abortive transcrip- when using short reads ) , internal priming can also be ame 
tion , which would not represent translating mRNAs . ( 5 ) If liorated by only counting reads that map to the expected 3 ' 
ribo - depletion were employed rather than poly ( A ) tail selec- 45 terminal exons of mRNA transcripts when determining 
tion , RNA - seq would sequence a large amount of non- transcript abundance . 
mRNA material including transposable elements and ncR- The inventors demonstrate the unique features of tech 
NAs . Unless these transcripts were poly - adenylated , they niques such as PAC - seq that lend themselves to be critical 
would not be detected by PAC - seq . tools in high - volume investigations ( large sample numbers 
PAC - seq strength lies in its property of focusing solely on 50 with multiple repeats ) requiring analysis of gene abundance 

the 3 ' end of mRNA transcripts in order to estimate RNA or changes in expression . Additionally , PAC - seq may be 
abundance . However , for some transcripts , this may expose broadly applicable for the detection and titering of other 
a vulnerability in scenarios where the 3'UTR of a specific poly ( A ) tailed species such as positive sense RNA viruses . 
mRNA is highly structured , has unusual nucleotide compo- PAC - seq provides a robust and highly scalable method for 
sition , or contains some other intrinsic property that reduces 55 both PAS annotation and gene expression analysis . 
or inhibits reverse transcription . In these cases , the abun- It is contemplated that any embodiment discussed in this 
dance of these transcripts may be under - estimated relative to specification can be implemented with respect to any 
other transcripts . However , this limitation can be overcome method , kit , reagent , or composition of the invention , and 
by varying RT conditions and / or using highly processive RT vice versa . Furthermore , compositions of the invention can 
enzymes such as Superscript IV or TGIRT . However , for the 60 be used to achieve methods of the invention . 
purposes of DE analysis , small biases in 3 ' end sequencing It will be understood that particular embodiments 
would likely be similar between multiple replicates of the described herein are shown by way of illustration and not as 
same terminal exon and therefore would be accounted for limitations of the invention . The principal features of this 
when measuring DE . invention can be employed in various embodiments without 
By sequencing only the 3'ends of transcripts , computa- 65 departing from the scope of the invention . Those skilled in 

tional pipelines for estimating gene abundance and deter- the art will recognize , or be able to ascertain using no more 
mining changes in gene expression are greatly simplified than routine experimentation , numerous equivalents to the 
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specific procedures described herein . Such equivalents are a numerical value herein that is modified by a word of 
considered to be within the scope of this invention and are approximation such as “ about " may vary from the stated 
covered by the claims . value by at least +1 , 2 , 3 , 4 , 5 , 6 , 7 , 10 , 12 or 15 % . 

All publications and patent applications mentioned in the All of the compositions and / or methods disclosed and 
specification are indicative of the level of skill of those 5 claimed herein can be made and executed without undue 
skilled in the art to which this invention pertains . All experimentation in light of the present disclosure . While the 
publications and patent applications are herein incorporated compositions and methods of this invention have been 
by reference to the same extent as if each individual publi- described in terms of preferred embodiments , it will be 
cation or patent application was specifically and individually apparent to those of skill in the art that variations may be 
indicated to be incorporated by reference . 10 applied to the compositions and / or methods and in the steps 

The use of the word “ a ” or “ an ” when used in conjunction or in the sequence of steps of the method described herein 
with the term " comprising ” in the claims and / or the speci- without departing from the concept , spirit and scope of the 
fication may mean “ one , but it is also consistent with the invention . All such similar substitutes and modifications 
meaning of one or more , " " at least one , ” and “ one or more apparent to those skilled in the art are deemed to be within 
than one . ” The use of the term “ or ” in the claims is used to 15 the spirit , scope and concept of the invention as defined by 
mean “ and / or ” unless explicitly indicated to refer to alter- the appended claims . 
natives only or the alternatives are mutually exclusive , To aid the Patent Office , and any readers of any patent 
although the disclosure supports a definition that refers to issued on this application in interpreting the claims 
only alternatives and " and / or . ” Throughout this application , appended hereto , applicants wish to note that they do not 
the term “ about ” is used to indicate that a value includes the 20 intend any of the appended claims to invoke paragraph 6 of 
inherent variation of error for the device , the method being 35 U.S.C. $ 112 , U.S.C. § 112 paragraph ( f ) , or equivalent , 
employed to determine the value , or the variation that exists as it exists on the date of filing hereof unless the words among the study subjects . “ means for ” or “ step for ” are explicitly used in the particular 
As used in this specification and claim ( s ) , the words claim . 

" comprising ” ( and any form of comprising , such as “ com- 25 For each of the claims , each dependent claim can depend 
prise ” and “ comprises ” ) , “ having ” ( and any form of having , both from the independent claim and from each of the prior 
such as “ have ” and “ has ” ) , “ including ” ( and any form of dependent claims for each and every claim so long as the 
including , such as “ includes ” and “ include ” ) or “ containing ” prior claim provides a proper antecedent basis for a claim 
( and any form of containing , such as " contains ” and “ con- term or element . 
tain ” ) are inclusive or open - ended and do not exclude 30 
additional , unrecited elements or method steps . In embodi REFERENCES EXAMPLE 1 
ments of any of the compositions and methods provided 
nerein , “ comprising " may be replaced with “ consisting 1. Proudfoot , N. J. ( 2011 ) Ending the message : poly ( A ) 
essentially of ” or “ consisting of ” . As used herein , the phrase signals then and now . Genes Dev , 25 , 1770-1782 . 
" consisting essentially of ” requires the specified integer ( s ) 35 2. Kempf , B. J. and Barton , D. J. ( 2015 ) Picornavirus RNA 
or steps as well as those that do not materially affect the polyadenylation by 3D ( pol ) , the viral RNA - dependent 
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SEQUENCE LISTING 

< 160 > NUMBER OF SEQ ID NOS : 15 

< 210 > SEQ ID NO 1 
< 211 > LENGTH : 24 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 1 

gaattaatac gactcactat aggg 24 

< 210 > SEQ ID NO 2 
< 211 > LENGTH : 20 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
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- continued 

< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 2 

agcgctggac agaaaagtgt 20 

< 210 > SEQ ID NO 3 
< 211 > LENGTH : 20 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
( 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 3 

cgcctggttg gtgtacttct 20 

< 210 > SEQ ID NO 4 
< 211 > LENGTH : 20 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 4 

agggcctcaa gagattgcta 20 

< 210 > SEQ ID NO 5 
< 211 > LENGTH : 20 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 5 

atcgtgtcct caacaatcca 20 

< 210 > SEQ ID NO 6 
< 211 > LENGTH : 59 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc_feature 
< 222 > LOCATION : ( 35 ) .. ( 38 ) 
< 223 > OTHER INFORMATION : n is a , C , g , or t 

< 400 > SEQUENCE : 6 

gtgactggag ttcagacgtg tgctcttccg atctnnnntt tttttttttt ttttttttt 59 

< 210 > SEQ ID NO 7 
< 211 > LENGTH : 60 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc_feature 
< 222 > LOCATION : ( 1 ) .. ( 4 ) 
< 223 > OTHER INFORMATION : n is a , C , 9 , or t 

< 400 > SEQUENCE : 7 

nnnnagatcg gaagagcgtc gtgtagggaa agagtgtaga tctcggtggt cgccgtatca 60 
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- continued 

< 210 > SEQ ID NO 8 
< 211 > LENGTH : 51 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc_feature 
< 222 > LOCATION : ( 25 ) .. ( 30 ) 
< 223 > OTHER INFORMATION : n is a , C , 9 , or t 

< 400 > SEQUENCE : 8 

caagcagaag acggcatacg agatnnnnnn gtgactggag ttcagacgtgt 51 

< 210 > SEQ ID NO 9 
< 211 > LENGTH : 21 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 9 

aatgatacgg cgaccaccga g 21 

< 210 > SEQ ID NO 10 
< 211 > LENGTH : 15 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 10 

?????????? aaaaa 15 

< 210 > SEQ ID NO 11 
< 211 > LENGTH : 59 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc_feature 
< 222 > LOCATION : ( 35 ) .. ( 38 ) 
< 223 > OTHER INFORMATION : n is a , c , g , or t 

< 400 > SEQUENCE : 11 

gtgactggag ttcagacgtg tgctcttccg atctnnnntt tttttttttt ttttttttt 59 

< 210 > SEQ ID NO 12 
< 211 > LENGTH : 58 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 12 

agatcggaag agcgtcgtgt agggaaagag tgtagatctc ggtggtcgcc gtatcatt 58 

< 210 > SEQ ID NO 13 
< 211 > LENGTH : 21 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 13 

aatgatacgg cgaccaccga g 21 
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< 210 > SEQ ID NO 14 
< 211 > LENGTH : 51 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc_feature 
< 222 > LOCATION : ( 25 ) .. ( 30 ) 
< 223 > OTHER INFORMATION : n is a , C , 9 , or t 

< 400 > SEQUENCE : 14 

caagcagaag acggcatacg agatnnnnnn gtgactggag ttcagacgtgt 51 

< 210 > SEQ ID NO 15 
< 211 > LENGTH : 13 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 15 

agatcggaag ago 13 

25 

30 

35 

What is claimed is : 7. The method of claim 1 , further comprising separating 
1. A method for cDNA synthesis of an RNA 3 ' end and the amplification products according to their length , by gel 

poly ( A ) tail junction of RNA comprising : electrophoresis , polyacrylamide gel electrophoresis , capil 
obtaining RNA comprising an RNA 3 ' end , a poly ( A ) lary electrophoresis , pulsed - field electrophoresis , agarose 

junction , and a poly ( A ) tail ; gel electrophoresis , PAGE , Solid Phase Reversible Immo 
combining the RNA with three terminating nucleotides of bilization ( SPRI ) size fractionation , or pulsed - field capillary 

modified - deoxyGTP , modified - deoxyCTP and modi- electrophoresis . 
fied - deoxy ATP , dNTPs , and an adaptor sequence - oligo- 8. The method of claim 1 , wherein the step of chemically 
dT ; ligating is defined further as click - ligating an alkyne - func 

performing reverse transcription of the RNA with a tionalized 5 ' adaptor or an azide - functionalized 5 ' adapted to 
reverse transcriptase primed with the adaptor sequence- the propargyl - terminated cDNA to the azido - terminated 
oligo - dT to form terminated cDNA fragments that are cDNA is defined further as taking place in a buffered 
stochastically terminated upstream of the RNA 3 ' end solution comprising : a solvent ; with or without one or more 
and poly ( A ) junction , but not within the poly ( A ) tail ; 40 metal catalysts selected from copper and ruthenium ; a 

isolating the terminated cDNA fragments ; chelating ligand ; and an accelerant . 
chemically ligating a functionalized 5 ' adaptor to the 9. The method of claim 1 , further comprising purifying 

terminated cDNA ; and the chemically ligated - cDNA - adaptor away from unligated 
amplifying the chemically - ligated cDNA into an ampli- adaptors before the amplification step . 

fication product , wherein the cDNA is enriched for 45 10. The method of claim 9 , wherein the purification step 
sequences at the RNA 3 ' end and poly ( A ) tail junction is by column separation , magnetic bead separation , or 
without fragmentation or enzymatic ligation . streptavidin magnetic bead wash . 

2. The method of claim 1 , wherein the modified - deox 11. The method of claim 1 , wherein the reverse transcrip 
YGTP , modified - deoxyCTP and modified - deoxyATP are 2' tion is performed by a reverse transcriptase ( RT ) derived 
or 3 ' - azido - nucleotides selected from azido - GTP ( AZGTP ) , 50 from Avian Myeloblastosis Virus Reverse Transcriptase , 
2'- or 3 ' - azido - CTP ( AZCTP ) , and 2'- or 3 ' - azido - ATP Respiratory Syncytial Virus Reverse Transcriptase , Moloney 
( AZATP ) , or propargyl - GTP , CTP , or ATP . Murine Leukemia Virus Reverse Transcriptase , Human 

Immunodeficiency Virus Reverse Transcriptase , Equine 3. The method of claim 2 , wherein a ratio of the three 2' Infectious Anemia Virus Reverse Transcriptase , Rous - Asso or 3 ' - azido - nucleotides ( AzGTP , AZCTP and AzATP ) to 55 ciated Virus 2 Reverse Transcriptase , Avian Sarcoma Leu dNTPs is 1:20 , 1:19 , 1:18 , 1:17 , 1:16 , 1:15 , 1:14 , 1:13 , 1:12 , kosis Virus Reverse Transcriptase , RNaseH ( - ) Reverse 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 1 : 6 , 1 : 5 , 1 : 4 , 1 : 3 , 1 : 2 , 0.5 : 0.5 , or 1 Transcriptase , SuperScript II Reverse Transcriptase , Super 
mM : 1 mM . Script III Reverse Transcriptase , SuperScript IV Reverse 

4. The method of claim 2 , wherein a ratio of AzGTP : Transcriptase , thermostable group II intron reverse tran 
AzCTP : AZATP is x : y : Z , wherein x is 0.1-10.0 , y is 0.1-10.0 , 60 scriptases ( TGIRT ) , Therminator DNA Polymerase , or Ther 
and z is 0.1-10.0 . moScript Reverse Transcriptase , wherein an RNase H activ 

5. The method of claim 1 , further comprising purifying ity of these RTs is present , reduced or not present . 
the cDNA away from the 3 ' - azido - nucleotides after the 12. The method of claim 1 , further comprising determin 
reverse transcription and before the amplification step . ing an identity or sequence of the amplification products by 

6. The method of claim 5 , wherein the purification step is 65 an automated process on a chip , Sanger sequencing , 
by column separation , magnetic bead separation , or strepta- Maxam - Gilbert sequencing , dye terminator sequencing , 
vidin magnetic bead wash . sequencing by synthesis , pyrosequencing , microarray 

a 

. 
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hybridization , next - generation sequencing methods , next- 22. A method for cDNA synthesis of an RNA 3 ' end and 
next - generation sequencing , ion semiconductor sequencing , poly ( A ) tail junction of cellular RNA comprising : 
polony sequencing , sequencing by ligation , DNA nanoball obtaining RNA comprising an RNA 3 ' end , a poly ( A ) 
sequencing , or single molecule sequencing . junction , and a poly ( A ) tail ; 

13. The method of claim 1 , wherein a sample contains 5 combining the RNA with three 2- or 3 ' - amino - nucleotides 
total RNA or mRNA , preferably purified RNA or mRNA , ( AmGTP , AmCTP , AMATP ) , dNTPs , and an adaptor from a biological fluid , biopsy , cells , or tissue that comprise sequence - oligo - dT ; 
the RNA with the RNA 3 ' end and poly ( A ) tail junction . performing reverse transcription of the RNA with a 14. The method of claim 1 , wherein high stringency salt reverse transcriptase primed with the adaptor sequence conditions are used for the step of reverse transcription , the 10 oligo - dT to form amino - terminated cDNA fragments amplification step , or both . 

15. The method of claim 1 , wherein a selectivity of the that are stochastically terminated upstream of the RNA 
3 ' end and poly ( A ) tail junction , but not within the reverse transcription , the amplification , or both , is increased 

by using trehalose , betaine , tetramethylammonium chloride , poly ( A ) tail : 
tetramethylammonium oxalate , formamide and oligo - block- 15 isolating the amino - terminated cDNA fragments ; 
ers , or dimethylsulfoxide during the polymerase chain reac chemically ligating a phosphorylimidazolide - functional 
tion , to reduce an occurrence of mispriming . ized 5 ' adaptor to the amino - terminated cDNA frag 

16. The method of claim 1 , wherein a DNA polymerase ments ; and 
used for the amplification reaction is Taq DNA polymerase , amplifying the phosphoramidite - linked cDNA into an 
Tfi DNA polymerase , a Taq DNA polymerase , a Klenow 20 amplification product , wherein the cDNA is enriched 
fragment , Sequenase or Klentaq an enzyme with proof for sequences at the RNA 3 ' end and poly ( A ) tail 
reading activity , preferably selected from the PFU , Ultma , junction without fragmentation or enzymatic ligation . 
Vent , Deep Vent , PWO , or Tli polymerase . 23. The method of claim 22 , wherein the reactive phos 

17. The method of claim 1 , further comprising purifying phorylimidazolide - functionalized 5 ' adaptors are generated 
a PCR product from the step of amplifying the clicked- 25 by incubating 5 ' phosphate - labeled nucleic acid oligos with 
cDNA step with a column or beads . a carbodiimide crosslinker , preferably ( EDC ) ( 1 - ethyl - 3- ( 3 

18. The method of claim 1 , further comprising determin- dimethylaminopropyl ) carbodiimide hydrochloride ) and 
ing a sequence of the amplified product . preferably imidazole . 

19. The method of claim 1 , wherein the alkyne - function 24. A method for cDNA synthesis of an RNA 3 ' end a alized , or azide - functionalized , 5 ' adaptor comprises all 30 poly ( A ) tail junction of cellular RNA comprising : nucleotides NNNNNN , No - 12 as a click adapter , semi - ran obtaining RNA comprising a RNA 3 ' end , a poly ( A ) dom primers , or a specific template primer sequence , or the junction , and a poly ( A ) tail ; adapter comprises a unique sequence . 
20. The method of claim 1 , wherein the terminating combining the RNA with three 2- or 3 ' - azido - nucleotides 

deoxynucleotides contain a chemically reactive functional 35 ( AzGTP , AZCTP and AzATP ) , dNTPs , and an adaptor 
group at either the 3 ' or 2 ' site of the ribose ring including sequence - oligo - dT ; 
but not limited to azido - nucleotides ( AzGTP , AZCTP and performing reverse transcription of the RNA with a 
AzATP ) , propargyl - nucleotides ( propargyl - GTP , propargyl reverse transcriptase primed with the adaptor sequence 
CTP and propargyl - ATP ) , amino - nucleotides ( AmGTP , oligo - dT to form azido - terminated cDNA fragments 
AmCTP , and AmATP ) , or halogenated nucleotides ( Hal- 40 that are stochastically terminated upstream of the 
GTP , Hal - CTP and Hal - ATP ) . 3'UTR / poly ( A ) junction , but not within the poly ( A ) 

21. A method for cDNA synthesis of an RNA 3 ' end and tail ; 
poly ( A ) tail junction of RNA comprising : isolating the azido - terminated cDNA fragments ; 

performing reverse transcription of an RNA comprising click - ligating an alkyne - functionalized 5 ' adaptor to the 
an RNA 3 ' end , a poly ( A ) junction , and a poly ( A ) tail 45 azido - terminated cDNA fragments ; and 
in the presence of three 2 ' or 3 ' - azido - nucleotides amplifying the click - ligated cDNA into an amplification 
( AZGTP , AZCTP and AzATP ) , dNTPs , and adaptor product , wherein the cDNA is enriched for sequences at 
sequence - oligo - dT with a reverse transcriptase primed the 3'UTR / poly ( A ) tail junction without fragmentation 
with the an adaptor sequence - oligo - dT to form cDNA or enzymatic ligation . 
fragments that are stochastically terminated upstream 50 25. The method of claim 24 , wherein the modified 
of the 3'UTR / poly ( A ) junction , but not within the deoxyGTP , modified - deoxyCTP and modified - deoxy ATP 
poly ( A ) tail to form azido - terminated cDNA ; are 2'- or 3 ' - azido - nucleotides selected from azido - GTP 

isolating the azido - terminated cDNA ; ( AzGTP ) , 2- or 3 ' - azido - CTP ( AZCTP ) , and 2 or 3 ' - azido 
click - ligating an alkyne - functionalized 5 ' adaptor to the ATP ( AzATP ) , or propargyl - GTP , CTP , or ATP . 

azido - terminated cDNA to form a click - ligated cDNA ; 55 26. The method of claim 25 , wherein a ratio of the three 
and 2'- or 3 ' - azido - nucleotides ( AZGTP , AzCTP and AzATP ) to 

amplifying the click - ligated cDNA into an amplification dNTPs is 1:20 , 1:19 , 1:18 , 1:17 , 1:16 , 1:15 , 1:14 , 1:13 , 1:12 , 
product , wherein the click - ligated cDNA is enriched for 1:11 , 1:10 , 1 : 9 , 1 : 8 , 1 : 7 , 1 : 6 , 1 : 5 , 1 : 4 , 1 : 3 , 1 : 2 , 0.5 : 0.5 , or 1 

mM : 1 mM . sequences at the RNA 3 ' end and poly ( A ) tail junction 
without fragmentation or enzymatic ligation . 
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