a. SIGNIFICANCE
a.1. Non-coding variants are significant for disease but less well-studied than coding ones
Numerous studies have been conducted on the mutations that lie in coding regions5-8. Not as much has been done on non-coding ones. However, several initial studies suggest that variants in non-coding regions can significantly influence an organism’s phenotype9, and they are often implicated in diseases10,11. Many non-coding variants impact regulatory elements. Such variation in the human genome can modulate gene expression12, and changes in this expression have been implicated in cancer and other diseases13-18.
a.2. Rare variants are important for disease but have received less attention than common ones
There have been a large number of GWAS studies19-23, which have primarily focused on associating common genetic variants with diseases. However, growing evidence suggests that rare genetic variants may have strong effects in many human diseases, including cancers24. Increased disease susceptibility is often attributed to the cumulative effect produced by multiple rare variants25 – e.g., rare germline variants in the CHEK2 and HBOX genes were associated with breast and prostate cancer, respectively26, 27.
a.3. Recent progress in annotating non-coding regions of the genome provides new opportunities for variant interpretation
Annotating non-coding regions is essential for investigating genome evolution28, understanding important biological functions (including gene regulation and RNA processing)29, and for elucidating how SNPs and structural variation may influence disease30. The Encyclopedia of DNA Elements (ENCODE) and the model organism ENCODE (modENCODE) Project provide extensive comparative genomic annotation of human, mouse, fly and worm genomes31-33. Furthermore, regulatory variations in the human genome have been investigated by large-scale mRNA and miRNA sequencing34-37. Recently, large-scale efforts (e.g., the Epigenome Roadmap and GTEx projects) have also been directed toward annotating human epigenomic data38-42, as well as understanding the influence of genomic variation on the gene expression profiles43-47 . These Expression Quantitative Trait Loci (eQTL) can further be utilized to investigate disease mechanisms48. 
a.4. Molecular phenotypes help understand epistasis and identify actionable drug targets
Our STRO-seq assay measures the variant’s impact on enhancer activities at the molecular level. We are interested in the molecular phenotypes of variants, because all genetic lesions leading to organismal disease phenotypes or affecting overall fitness must have an underlying molecular basis1. We fully acknowledge that some variants with significant molecular phenotypes will not lead to any disease or traits. This can happen due to epistasis between TREs/genes with redundant functions. In fact, epistasis is a major roadblock to studying these TREs/genes genetically at the cellular and organismal level2-4. Our approach bypasses this limitation by directly examining the effects of variants on gene regulation at the molecular level. Even though mutations on one of these functionally redundant TREs/genes may not cause a disease phenotype, if these mutations disrupt the function of the corresponding TRE/gene (which can be measured by the methods proposed here), they will significantly increase the predisposing risk for disease5-7. Furthermore, accurate measurement of each variant’s impact on gene regulation are essential for generating concrete hypotheses about disease etiology based on molecular mechanisms8. Such specific predictions are also vital for selecting actionable drug targets9,10 and ultimately for making tailored therapeutic decisions11,12, which are all crucial for the Precision Medicine Initiative13.

b. INNOVATION
b.1. STRO-seq: Self-Transcribing nuclear Run-On and Sequencing assay 
STARR-seq (self-transcribing active regulatory region-sequencing) is a recently established method that can identify enhancer elements genome-wide14. Briefly, short genomic fragments are cloned en masse into the 3’ untranslated region of a simple transcription unit between paired-end sequencing primers. After transfection of this fragment library into cells, enhancer activity is quantified by counting the number of unique fragments from a particular genomic locus that give rise to detectable mRNA. Importantly, STARR-seq does not quantify the enhancer activity of individual candidate fragments, but instead requires creation of a complex library of unique but overlapping fragments for each candidate region to be tested. It also requires that enhancer sequences can exist as stable mRNAs, and is thus confounded by post-transcriptional effects. Furthermore, >98% of sequencing reads are discarded because multiple mRNA molecules are often produced from a single unique DNA fragment (see Supplemental Figure 2E of Arnold et al14). 
To circumvent these difficulties, we will develop a self-transcribing run-on sequencing (STRO-seq) protocol to allow direct quantification of enhancer activity for an individual enhancer sequence (Fig. 2). After preparation of an enhancer library and transfection into cells, nascent RNA will be captured as in our established GRO-seq protocol. Importantly, candidate enhancer activity will be quantified as the number of nascent eRNAs produced per transfected plasmid. This approach offers many advantages: (1) reduced bias from post-transcriptional effects, (2) quantification of transcription driven by a specific enhancer fragment, and (3) more efficient use of sequencing reads. We anticipate that these improvements will significantly simplify high-throughput studies of candidate enhancer sequences, and increase assay sensitivity compared with STARR-seq.[image: ]
Fig. 2. Self-transcribing run-on & sequencing (STRO-seq).


b.2. Our approach to clone and examine ~15,000 noncoding mutations on ~3,000 enhancers is unique
Our MegaPfunkel-seq allows massively-parallel site-directed mutagenesis to generate one and only one specific mutation per DNA molecule for thousands of enhancers. It is distinct from what was used in the most closely related previous studies: the massively parallel functional dissection (MSFD) approach15 and the massively parallel reporter assay (MSRA)16,17.  For MSFD, random mutagenesis was used to generate mutations for three mammalian enhancers15. In random mutagenesis, control of the number of mutations generated on each DNA sequence is impossible. To improve coverage, most random mutagenesis pipelines generate on average two or more mutations on each DNA molecule18 and in the MSFD approach “each synthetic enhancer molecule contained, on average, three mutations per 100 bp, randomly distributed along its length”15. This prevents assessment of the functional impact of each individual mutation. 
For MSRA, microarray-based oligo synthesis was used to generate mutations16,17. Although specific mutations can be generated in this approach, the length limit is <150 bp. However, depending on the definition used, mammalian enhancers can be 1 kb or longer15. We have used our MegaPfunkel-seq to generate hundreds of mutant TRE clones with an average length of ~500 bp. We will have no problem cloning enhancers (up to 4kb) and their mutations in their entirety. 

b.3. MegaPFunkel-seq is distinct from Clone-seq with a much higher throughput
Our MegaPfunkel-seq allows massively-parallel site-directed mutagenesis to generate one and only one specific mutation per DNA molecule for thousands of enhancers. It is distinct from what was used in the most closely related previous studies

c. APPROACH
c.1. Specific Aim 1:  MegaPFunkel-seq: a massively-parallel site-directed mutagenesis pipeline.
In this aim, we will build upon our experience in developing the Clone-seq pipeline to establish the MegaPFunkel-seq pipeline with a much higher throughput (at least one two orders of magnitude higher).

c.1.1. Preliminary Studies
c.1.1.1. Clone-seq: a massively-parallel cloning pipeline. Current protocols for cloning require the selection of individual colonies and subsequent sequencing of each colony using Sanger sequencing to find the correct clone19. The standard approach is both labor intensive and expensive, and does not scale well to high-throughput applications. In Clone-seq20, we implement a “smart-pooling” strategy to put single colonies of each cloning attempt into one pool and combine multiple pools through multiplexing for one Illumina sequencing run such that we can distinguish sequencing reads for each colony of each clone computationally afterwards. We have successfully generated 1,034 clones in an optimized high-throughput fashion20. Using our customized variant calling software, we identified correct clones free of any other unwanted mutations introduced during PCR. We achieved a conservative estimate in cost-savings of at least 10-fold over conventional cloning20, which can be further improved with implementation of newer sequencing platforms (e.g., NextSeq 500). 
Clone-seq is very versatile. It can be used to generate wild type gene/TRE clones or specific mutant clones20. We have successfully generate ~800 wild type TRE (enhancers and promoters) clones. Our results confirm that Clone-seq can successfully generate clones for the ~3,000 wild type enhancers within the proposed time frame.

c.1.1.2 MegaPFunkel-seq, an en masse (“pooled”) site-directed mutagenesis pipeline. Owing to the nature of our STRO-seq assay, there is no need to generate separate clones for each individual mutant TRE. Here we propose to implement an en masse (“pooled”) site-directed mutagenesis pipeline, MegaPFunkel-seq (Fig. 5), for introducing mutations in TREs of interest. We developed our MegaPFunkel-seq pipeline by incorporating mutagenesis megaprimers (electrochemically synthesized in large scale59) into a previously published method named PFunkel60. MegaPFunkel-seq is a high-throughput site-directed mutagenesis pipeline, so only pre-determined mutation(s) are introduced to targeted DNA sequences and each mutagenized DNA molecule will only contain those pre-determined mutation(s). Based on our preliminary studies, we can generate >500 specific mutations to different DNA clones with minimal undesired mutations in one MegaPFunkel-seq reaction, consistent with previous PFunkel publications60,61. Therefore, we are confident that we will be able to generate ~10,000 noncoding mutation clones through pooling and multiplexing.






































Fig. 6. Generation of adaptor-free Megaprimers.














Fig. 5. Schematic illustration of MegaPFunkel-seq.


c.1.2. Research Design
c.1.2.1. High-throughput cloning of ~3,000 WT TREs using Clone-seq. Sequence-specific forward and reverse primers containing attB1 and attB2 sequences, respectively, will be synthesized in bulk as “Trumer Oligo” plates by Eurofins Genomics36. Using human genomic DNA as template, the selected TREs (Table 1) will be PCR amplified in 96-well format with high-fidelity Phusion DNA polymerase to minimize introduction of unintended mutations. We will perform large-scale Gateway BP reactions to clone each PCR product into pDONR223 vector. Entry clones containing the intended TREs will be identified through our Clone-seq protocol36. The verified entry clones will be used for the site-directed mutagenesis by MegaPFunkel-seq. These WT entry clones will also be subjected to Gateway LR reaction to transfer TREs in the entry vector to our modified pDEST-hSTRO destination vectors via recombination. The resulting expression clones will be pooled, maxipreped, and subjected to STRO-seq analysis in GM12878 cell line to serve as the baseline control. 
c.1.2.2. Generation of ~10,000 noncoding mutation clones through MegaPFunkel-seq. Megaprimer design and synthesis. The mutagenesis primers (“megaprimers”) are ssDNA oligos electrochemically synthesized on a programmable DNA microarray and released into solution (CustomArrray). The total length of each megaprimer will be 160nt, which includes 120nt of template (TRE)-priming region flanked by two 20nt adaptors and is 5’-phosphorylated. The template-priming region contains the designed mutations. The 5’-adaptor contains different barcodes and always ends with a T. The 3’-adaptor always begins with an A. PCR with amplification primers complementary to the adaptors will be used to amplify the megaprimers. The forward and reverse amplification primers both contain a U at the 3’-end (complementary to the last base in both adaptors). The special design/modification of megaprimers and amplification primers allows for the selective amplification of subgroups of primers of interest for “smart pooling” (see c.2.2.4), as well as easy removal of both adaptors before the mutagenesis reaction (Fig. 6). In addition, a primer complementary to the entry clone backbone sequence (PBB) will be synthesized with a 5’-phosphate.
The en masse site-directed mutagenesis pipeline. To prepare uracil-containing WT TRE template, entry clones carrying TREs of interest will be propagated in CJ236 E. coli. Uracil-containing entry clone plasmids and their corresponding mutagenesis megaprimers (adaptors removed) will be combined in a single MegaPfunkel reaction. In addition to plasmid templates and megaprimers, the MegaPFunkel reaction mix also contains PfuTurbo Cx hotstart DNA polymerase, dNTPs, Tag ligase, DTT, NAD+, and reaction buffer. A two-step PCR followed by a ligation step will be performed before Uracil-DNA glycosylase (UDG) and Exonuclease III are added to remove the WT uracil-containing TRE templates while leaving the circular, mutation-carrying, and uracil-free ssDNA intact. After heat inactivation of the nuclease, the primer complementary to the entry clone backbone sequence (PBB) will be added to the reaction mixture and the complementary strand will be synthesized by one cycle of PCR. A ligation step will be performed afterwards to generate circular, uracil-free dsDNA with the desired mutation, which will be transformed into TOP10 E. coli through electroporation. 
Confirmation of mutant TRE entry clone library by Illumina sequencing. The mutant TREs will be amplified by PCR with primers annealing to backbone regions flanking the TREs in the entry clone plasmids. The mutant TREs will be ligated to a sequencing adaptor with the NEBNext DNA library prep master mix set for Illumina and sequenced with a 2×250 bp MiSeq run.

c.1.2.3. Measuring effects of ~15,000 TRE mutations on enhancer activity by STRO-seq. The mutant TRE entry clones will be subcloned into pDEST-STRO-dCP and pDEST-STRO-hkCP vectors by high-throughput Gateway LR reactions. The enhancer activities of the WT and mutant TREs will be carefully examined by our STRO-seq experiments as described in c.1.2.2. A subset of mutations that show significant effects on enhancer activity (either up or down) will be further validated by high-throughput Luciferase assays as described in c.1.2.3. 

c.1.2.4 Potential pitfalls and alternative approaches. We will perform MegaPFunkel-seq and STRO-seq in three batches: we will first generate and test ~2,000 mutations to further ensure that every step in our pipeline works well in high-throughput fashion; we will then generate the remaining mutant TRE constructs in batches of ~3,000 and ~5,000 mutations.
A relatively high WT allele background was observed in the original Kunkel method77 and its derivative, e.g. PFunkel60,61, and is considered to result from fragmented WT templates priming to circular WT templates during the first round of PCR reaction. To minimize the WT allele background, we use megaprimers of 160nt in length instead of regular mutagenesis primers of ~35nt in length. Such modification allows us to use a much higher annealing temperature and thus more efficient annealing of megaprimers. Although undesired mutations were shown to be rare when using the PFunkel method by previous publications60,61 and our preliminary results, we are still prepared to tackle the problem by controlling the three major sources of undesired mutations: (1) errors introduced by DNA polymerase during PCR, (2) simultaneous annealing of multiple different mutagenesis primers to the same WT template, and (3) non-specific priming. Using PfuTurbo Cx Hotstart DNA polymerase for mutagenesis PCR reaction will help minimize the DNA replication error, as it is the only high-fidelity DNA polymerase that efficiently reads through a uracil base. Using long megaprimers and high annealing temperature will help reduce undesired mutations from both source (2) and (3). If simultaneous annealing of multiple megaprimers to the same template becomes a problem for long target TREs, we will use a “smart pooling” strategy: each megaprimer pool (associated with one barcode) will be amplified selectively with corresponding amplification primers and added to individual mutagenesis reactions to keep the one-to-one megaprimer-to-TRE relationship in each reaction, eliminating undesired simultaneous priming. 
Last but not least, if we have difficulty generating certain mutant alleles with MegaPFunkel-seq, we will use our robust Clone-seq pipeline to generate these mutant clones. Our Clone-seq pipeline has been optimized and used to generate >3,000 mutant clones in our lab and is more than capable of generating >5,000 TRE mutants within the proposed timeframe and budget.

c.2. Specific Aim 2: STRO-seq: a massively-parallel quantitative assay for measuring enhancer activity
With the WT and mutant enhancer clones generated in Aim 1, we will develop the STRO-seq assay to quantitatively measure the enhancer activity of each clone and detect mutations that significantly change the enhance activities over the corresponding WT clones.
c.1.1. Preliminary Studies
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Fig. 3. Our results agree well with published data.







  

c.1.1.1. Modified Gateway-compatible STRO-seq vectors. To make the STARR-seq compatible with our high-throughput cloning/mutagenesis pipeline, we modified the original STARR-seq vector by substituting the flanking homology arms with a Gateway cassette (attR1-R2) and retaining the Developmental Core Promoter (dCP). Our modified vector (called pDEST-hSTRO-dCP) behaves like the original vector in transfection assays.  We generated entry clones carrying four genomic DNA fragments (HS001, 002, 005, 006) that showed enhancer activity and one (HS018) that did not as measured by STARR-seq previously20. We cloned the five fragments in pDEST-hSTRO-dCP by Gateway LR reaction, transfected them into HeLa cells, and quantified transcripts from each by qRT-PCR. Additionally, all five fragments were also cloned into pGL4.23-DEST-dCP vector and their enhancer activity was also confirmed by the dual luciferase assay as described in c.1.2.3. Both experiments (Fig. 3) successfully recapitulated the data published in the original STARR-seq paper20. Thus, the Gateway-compatible STRO-seq vector is compatible with our high-throughput cloning/mutagenesis pipeline, and provides reliable quantification of the enhancer activity of target DNA fragments. To ensure coverage of the main classes of enhancers, we will use STRO-seq vectors representing the two major classes of core promoters44: one that is responsive to developmental enhancers (pDEST-hSTRO-dCP) and one responsive to housekeeping enhancers (pDEST-hSTRO-hkCP).

c.2.2. Research Design
[bookmark: _GoBack]c.2.2.2.  Developing the STRO-seq assay. STRO-seq library transfection. The ~2,000 entry clones generated in c.1.2.1 will be cloned into both pDEST-hSTRO-dCP and pDEST-hSTRO-hkCP vectors by Gateway LR reaction. Each resulting STRO-seq library carrying ~2,000 TREs will be transfected into GM12878 cells by electroporation.
Self-transcribing run-on reaction. Nuclei will be isolated at 24h post-transfection. Run-on reactions using biotinylated uridine triphosphate (biotin-UTP) will be performed, as we have previously described35. Plasmids will be purified on an EZNA Plasmid DNA column from the nuclear lysate after capturing nascent RNA on streptavidin beads. Nuclear run-ons have been successfully performed on plasmids transfected into human cells45, further supporting the feasibility of this approach.
Illumina sequencing library preparation and HiSeq sequencing. Biotinylated RNAs captured from the run-on reaction will be reverse transcribed from priming sites specific to pDEST-hSTRO vectors. PCR-amplification will be performed as previously described20. Briefly, 1st-strand cDNA will be synthesized with a vector backbone-specific primer downstream of the cloning site (Fig. 2). This primer will contain the Illumina adaptor sequence, and a random barcode to enable removal of PCR duplicates. We will use multiplex-barcoded PCR primers to enable pooling of multiple samples in a single high-throughput sequencing lane. The barcoded TREs will then be sequenced with 1×100bp HiSeq run. Library plasmid DNA harvested from transfected cells will also be amplified and multiplexed using similar PCR conditions as that for cDNA amplification, and sequenced within the same HiSeq run as an input control. In addition, library plasmid DNA (pre-transfection) will also be processed and sequenced in the same run as a control for overall library quality.

c.1.2.3. High-throughput dual luciferase assay confirmation of STRO-seq results. The luciferase reporter vector pGL4.23 (Promega) was modified into two Gateway compatible vectors, pGL4.23-DEST-dCP and pGL4.23-DEST-hkCP. These vectors contain a Gateway cassette upstream of the corresponding core promoter (dCP and hkCP) followed by a luc2 (synthetic firefly luciferase) reporter gene. Based on our STRO-seq results with two different core promoters, TREs of interest will be LR-cloned into these reporter vectors accordingly. pGL4.75 vector (Promega), which contains a CMV enhancer/promoter and a downstream hRluc (synthetic Renilla luciferase) gene, is used as transfection control. TRE-containing reporter vector and control vector will be co-transfected into GM12878 cells by electroporation. The enhancer activity of TREs as indicated by the intensity of bioluminescence will be measured by with Dual-Glo luciferase assay system.

c.1.2.4. Interpretation, potential pitfalls, and alternative approaches. Being a non-tumor Tier 1 cell line in the ENCODE project, GM12878, a lymphoblastoid cell line, is one of the best options for our proposed study. On the other hand, we are aware that chemical-based transfection efficiency is low in GM12878 cells, so we will use electroporation as our transfection method, which has been shown to have good efficiency46. If the electroporation efficiency of GM12878 falls below our expectation, we will use K562 cell line as an alternative. K562, though derived from a leukemia patient, is also a lymphoblastoid Tier 1 cell line in the ENCODE project and it also has all necessary data available in the pattern of divergent transcription by GRO-cap1, histone modifications13, and DHS14. Moreover, >70% transfection efficiency can be achieved by electroporation in K562 cells, which makes it a suitable alternative for GM12878 in our study. We have extensive experience with GRO-seq1,34,41,47-55; therefore, we are highly confident that our STRO-seq experiments, an integration of STARR-seq and GRO-seq, will be successful. If we run into an unforeseen problem, we can always fall back on the standard STARR-seq protocol.
A confounding factor in STARR-seq and related applications, including STRO-seq, is the interplay of the candidate enhancer, which is embedded in the transcription unit, and the core promoter used to drive the transcription of the transgene. Active enhancers are themselves transcribed, and the relative strength of transcription emanating from the enhancer (divergent transcription going away from the enhancer in both directions) and the promoter (towards the downstream enhancer fragment) may interfere with the enhancer activity. This interference may arise through modifications of histones that put elongation marks on site of transcription initiation56. In STARR-seq and STRO-seq the enhancers are intragenic and therefore subject to promoter crosstalk, while native intergenic enhancers are immune from this crosstalk. High-throughput luciferase assays with an intergenic cloning site will be used to screen for such confounding effects, as will analysis at native sites of the most interesting mutation phenotypes in Aim 3.
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