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MiRNA cloning and high-throughput sequencing, termed miR-Seq, stands alone as a transcriptome-wide approach to quantify miRNAs with
single nucleotide resolution. This technique captures miRNAs by attaching 3’ and 5’ oligonucleotide adapters to miRNA molecules and allows
de novo miRNA discovery. Coupling with powerful next-generation sequencing platforms, miR-Seq has been instrumental in the study of miRNA
biology. However, significant biases introduced by oligonucleotide ligation steps have prevented miR-Seq from being employed as an accurate
quantitation tool. Previous studies demonstrate that biases in current miR-Seq methods often lead to inaccurate miRNA quantification with
errors up to 1,000-fold for some miRNAs'?. To resolve these biases imparted by RNA ligation, we have developed a small RNA ligation method
that results in ligation efficiencies of over 95% for both 3’ and 5’ ligation steps. Benchmarking this improved library construction method using
equimolar or differentially mixed synthetic miRNAs, consistently yields reads numbers with less than two-fold deviation from the expected value.
Furthermore, this high-efficiency miR-Seq method permits accurate genome-wide miRNA profiling from in vivo total RNA samplesz.

Video Link

The video component of this article can be found at http://www.jove.com/video/52095/

Introduction

High-throughput sequencing based methodologies have been widely applied to many biological samples in recent years greatly expanding our
understanding of the molecular complexity of biological systems3’4. However, preparation of RNA samples for high-throughput sequencing often
imparts specific biases inherent to the employed methodology, limiting the potential utility of these powerful techniques. These method specific
biases have been well documented for ligation-based, small-RNA library preparations1’2'5'6. These biases result in 1,000-fold variation in reads
numbers for equimolar synthetic miRNAs, making inference of miRNA abundance from sequencing data wildly variable and error prone.

Studies focusing on the properties of phage-derived T4 RNA ligases have documented that the enzymes exhibit nucleotide-based preferences7,
which manifest as biased libraries in high-throughput sequencing experiments1’2’8. In order to minimize the biases imparted by RNA ligases,
multiple strategies have been employed; macromolecular crowdingg, randomizing the nucleotide sequence on the adapter which is proximal to
the ligation sites, and employing high concentrations of ligation adapterz. Through a combination of these three approaches we have developed a
work-flow for unbiased preparation of small RNA libraries compatible for high-throughput sequencing (Figure 1). For direct comparisons between
current protocols and our optimized method, please refer to our recent reportz. This optimized method yields ligation efficiencies of greater than
95% at both 3’ and 5’ steps and permits the unbiased ligation of small RNA molecules from synthetic and biological samplesz.

Protocol

NOTE: It is critical to maintain RNase-free conditions during the entire procedure.

1. Adenylation of 3’ Linker

1. Dilute DNA oligonucleotide designed for 3’ ligation reactions to 100 uM in nuclease-free H,0.
NOTE: The oligonucleotide should have a 5’ phosphate group, a randomized dinucleotide at the 5’ end, and a 3’ dideoxycytosine. The 5’
phosphate group is a requirement of the Mth enzyme for efficient 5’ adenylationw. The phosphate can be added by pre-treatment of the
oligonucleotide with a polynucleotide kinase, or ordered with the modification directly. The randomized dinucleotide at the 5’ end is important
for minimizing the sequence preference which RNA ligases exhibit for certain end-end joining reactions over others®. The 3' dideoxycytosine
places a blocking element at the 3’ end of the oligonucleotide to inhibit the formation of linker-linker concatamers during subsequent ligation
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steps and also serves to block the 3’ end of the miRNA-Linker molecule formed at the end of the 3’ ligation reaction'’. The oligonucleotide
linker sequence chosen for the unbiased miR-Seq method is as follows: 5’PO,NNTGGAATTCTCGGGTGCCAAGG-dideoxyC3'.
2. Assemble the following adenylation reaction: 200 pmol 3’ linker oligonucleotide, 4 pl 10x 5 DNA adenylation buffer, 4 yl 1 mM ATP, 4 yl Mth
RNA ligase, nuclease-free H,0 to a final volume of 40 pl.
3. Incubate reaction at 65 °C for 1 hr. Terminate reaction by heating to 85 °C for 5 min.
4. Precipitate adenylated linker by the addition of 2.5 volumes of 100% ethanol and 1/3 volume of 10 M ammonium acetate to remove residual
ATP and to prevent unanticipated ligations in future reactions.
1. Briefly, mix the alcohol, salt, and oligo solution to homogeneity, spinning at full speed in a microcentrifuge (~15,000 x g) at 4 °C for
20 min. Wash the pellet in 70% ethanol, air dry, and resuspend in the appropriate volume of nuclease-free H,O to yield 50-100 pM of
adenylated oligo.

5. Confirm adenylation by running an 18% polyacrylamide gel.

1. Prepare the gel by mixing the following together: 6.3 g urea, 6.75 ml of 40% acrylamide, and 1.5 ml of 10x TBE. Add H,0O to 15 ml.

2. Mix until urea is completely dissolved and add 150 pl 10% (w/v) ammonium persulfate (APS) and 15 pl tetramethlyethylenediamine
(TEMED).

3. Once gel has set, pre-run for 30 min at 24 VV/cm of gel width with 1x TBE running buffer at room temperature. Once 30 min is up flush
wells with running buffer.

4. Mix 5 pmol of adenylated oligonucleotides with and equal volume of 2x denaturing RNA loading buffer (95% (v/v) Formamide, 0.02%
(w/v) SDS, 0.02% bromophenol blue (w/v),0.01% (w/v) Xylene Cyanol, 1.0 mM EDTA), heat briefly to 75 °C, and snap cooled on ice.
Dispense entire sample into the well of the gel. Also include an identical amount of non-adenylated control, and low molecular weight
size standards.

5. Run the gel at 24 V/cm until the bromophenol blue is % of the way to the bottom of the gel. Disassemble apparatus, post-stain gel with
1x sybr-gold solution in 1x TBE and visualize on UV-transilluminator box (Figure 2).

NOTE: Gel purify the adenylated oligo in a manner similar to that described above if “no input RNA” controls are resulting in a high
amount of PCR product as compared to samples with input RNA.

2. Linker Ligation to 3’ End of miRNA

1. 3’ Ligation

1. Assemble the following components on ice in the order listed: 1.0 pl 50% (w/v) PEG 8000, 0.5 pl 10x RNA ligase buffer (500 mM Tris-
HCI pH 7.5, 100 mM MgCl,, 10 mM DTT), 1.0 pl adenylated 3’ Linker (100 uM), 0.5 pl RNase inhibitor, 0.5-8.0 pg total RNA, 0.5 pl T4
RNA ligase 2, nuclease-free H,O to a final volume of 5 pl.

2. Mix the reaction by pipetting as the solution is too viscous to vortex due to the high concentration of PEG 8000. Once thoroughly
mixed, place the reaction in a thermal cycler with a heated lid. Set the block to 16 °C, and incubate for 4 hr.
NOTE: The reaction may be scaled up to a final volume of 20 pl without any loss in ligation efficiency. React for 4 hr at ambient
temperature or overnight at 4 °C to yield essentially identical ligation efficiencies.

2. Gel Purification
1. Following 3’ ligation, mix the reaction with an equal volume of 2x RNA loading buffer. Heat to 70 °C for 5 min, and snap cool on ice.
2. Run the sample on a 15% polyacrylamide gel for PAGE purification.
1. Prepare a 15% polyacrylamide gel containing 7 M urea, in a fashion similar to that described previously in step 1.5.
2. Pre-run the gel at 24 V/cm of gel width for at least 30 min. Turn off power supply, flush wells, load sample and run gel at same
voltage as pre-run.
3. Load the sample and run the PAGE until the bromophenol blue has just exited the gel. The desired product will migrate close to
the xylene cyanol.

3. Staining, Visualization, and Excision
1. Disassemble gel apparatus and place gel in clean tray with 1x running buffer (TBE), 1x sybr-gold, and rock for 15 min.
2. Remove gel from staining dish and visualize on UV transilluminator box covered with clean plastic wrap. The ligation product should be
around 45 nucleotides in length.
3. Excise the region containing the ligation product with a clean razor blade and place in 0.5 ml micro-centrifuge tube.

4. Product Isolation and Precipitation

1. Pierce bottom of 0.5 ml microcentrifuge tube with a 30 G needle and place the pierced tube in a second clean, low-retention, 1.5 ml
microcentrifuge tube. Centrifuge for 5 min at ~15,000 x g.

2. Visually confirm that the entire gel slice has moved through the hole in the inner tube. If necessary, use a clean pipette tip to push some
gel fragments closer to the hole.

3. Discard the empty 0.5 ml tube and add 400 pl of high-salt column buffer (HSCB 400 mM NaCl, 25 mM Tris-HCI pH 7.5, 0.1% SDS) to
the acrylamide slurry. Rock tube(s) at 4 °C overnight.

4. Transfer slurry to a 0.22 micron cellulose acetate spin column using a wide-bore pipette tip. Centrifuge for 3 min at room temperature at
~15,000 x g to collect all liquid away from acrylamide gel matrix.

5. Transfer the liquid to a clean, low-retention, 1.5 ml tube containing 1 pl of 20 mg/ml glycogen. Add an equal volume of isopropanol and
1/10™ volume sodium acetate. Mix solution by inverting tube several times and precipitate in -80 °C freezer for 20 min.

6. Centrifuge at full speed at 4 °C for 20 min to pellet the nucleic acid. Remove supernatant and wash in 70% ethanol. Air dry pellet for 10
min at room temperature and proceed directly to 5’ ligation step.
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3. Linker Ligation to 5’ End of miRNA-3’ Linker Hybrid

1. To pelleted nucleic acid, add the following components: 2 ul PEG 8000 (50% wi/v), 0.5 pl 10x RNA Ligase Buffer, 0.5 pyl ATP (10 mM), 0.5 pl
NN-RNA oligo (100 pM), and H,0 to a final volume of 4 pl.
NOTE: The composition of the ‘NN-RNA oligo’ is as follows 5'-inverted dideoxy-TCUACAGUCCGACGAUCNNZJ’ and was purified via HPLC
by the manufacturer.

2. Mix this sample by pipetting up and down repeatedly. Do this for some time (up to 5 min) to ensure that the pellet has been completely re-
solubilized. If re-solubilization is problematic, heat the sample briefly (3-5 min) to 37 °C and resume pipetting to mix.

3. Once the pellet is back in solution, transfer the contents to a clean PCR tube containing 1 pl of a 1:1 mixture of RNase inhibitor and T4 RNA
Ligase 1 (5 units). Again mix by pipetting up and down.

4. Incubate the reaction in a thermal cycler at 37 °C for 4 hr. Proceed immediately to cDNA synthesis.

4. Reverse Transcription/cDNA Synthesis

1. Add the following components to the 5’ Ligation reaction: 2 pl 5x RT buffer, 0.75 yl 100 mM DTT, 1 pl lllumina RT Primer 5'-
GCCTTGGCACCCGAGAATTCCA-3’ (1 uM), and 0.5 pl dNTPs (10 mM).

2. Mix by pipetting and heat to 65 °C for 5 min. Then slowly cool on the bench top.

3. Once reaction has cooled to room temperature, place tube on ice and add 0.5 ul each of reverse transcriptase enzyme and RNase inhibitor.
Mix by pipetting and place in thermal cycler for the extension step indicated in the manufacturer’s instructions.

4. Once complete add 5 pl of nuclease-free H,O to bring the final volume of the cDNA library up to 15 pl.

5. Library Preparation

1. For the indexing PCR, assemble the following reaction on ice: 6 pl 5x Phusion Buffer, 1 yl dNTPs (10 mM), 0.9 yl DMSO, 0.75 ul &
Primer (25 pM), 0.75 pl 3’ Primer (25 pM), 3 pl cDNA library (variable concentration depending on the amount of the input), 0.5 pl Phusion
Polymerase (1 unit), nuclease-free H,O to a final volume of 30 pl. Choose the primer sequences to assure compatibility with the template and
the sequencing platform of choice.
1. Run the PCR reaction with the following settings: initial denaturation at 98 °C for 3 min, for the first 4 cycles, denature 98 °C for 15 sec,
anneal at 50 °C for 15 sec, extend at 72 °C for 15 sec.
NOTE: Depending on the amount of the input material, vary the total PCR cycle numbers. Typically, for an input of 1-2 ug of total RNA,
13 total PCR cycles are sufficient to generate the miR-Seq library.
2. Carry out subsequent cycles, e.g., cycles 5-12, in a two-step manner where the annealing and extension cycles are combined and
carried out at 70 °C for 30 sec and the denaturation is again 98 °C for 15 sec.
NOTE: The reaction volume is 30 pl to permit pausing the PCR program and remove a 10 pl aliquot at pre-determined cycle numbers
to monitor for appearance of desired product. Typically, cycles 10, 13, and 16 are chosen for testing from a total RNA sample.

2. Prepare an 8% non-denaturing acrylamide gel by mixing 2 ml of 40% acrylamide, 1 ml of 10x TBE, and H,O to 10 ml. Then add 100 pl of
10% APS and 10 pl of TEMED. Pour gel and let set.

1. Pre-run the gel at 12 V/cm of gel width for 30 min. Flush wells. Add 1 pl of 10x loading buffer (15% Ficoll-400, 66 mM EDTA, 20 mM
Tris-HCI pH 8.0, 0.1% (w/v) SDS, 0.01% (w/v) bromophenol blue), add 10 ul of sample to each well of dimensions 5 mm x 1 mm x
15 mm. Typically, each well can load up to 30 pl of samples. Run the sample gel at 10 V/cm of gel width in 1x TBE buffer until the
bromophenol blue dye just runs out of the bottom of the gel.

2. Stain and visualize gel as described in step 2.3.

3. Excise the 146 base pair band and elute overnight in 0.25 ml of HSCB in a fashion similar to what is described in section 2.4.
Precipitate DNA in an equal volume of isopropanol and 1/10" volume sodium acetate. Wash pellet in 70% ethanol and resuspend in TE
buffer.

4. Quantify the library using picogreen according to manufacturer’s recommendations.

Representative Results

The anticipated results for the preceding method should initially be observation of a single nucleotide shift (increase) in the size of the DNA
oligonucleotide that was subject to adenylation by Mth RNA ligase (Figure 2). Following 3’ ligation, visualization of the acrylamide gel indicates
(see Figure 3) sharp high molecular weight bands evident in the 100-300 nucleotide region of the gel. This indicates that the total RNA sample
being used is of high quality (not degraded). Secondly one should observe a very bright signal at the 25 nucleotide region of the gel, which is
excess, unligated 3’ linker. It also may be helpful to include a no input RNA control in the 3’ ligation. This will indicate the purity of the 3’ linker,
and also can be carried through to the PCR step for indication of the cycle number when non-specific signal becomes problematic. There is

no diagnostic for the 5’ ligation, however shown in Figure 4 is a reaction identical to the one described carried out with radio-labeled RNA
which indicates the importance of the high concentration of PEG8000 employed. Finally, after the PCR and native PAGE, a DNA product of 146
base pairs consistent with the size of the adapter sequences, a miRNA insert, and additional sequence from the extended PCR primers can be
observed. It is important to note that if the proper number of PCR cycles (which is determined empirically) is exceeded, the no miRNA insert
product may obscure the desired amplicon size. Shown in Figure 5 is a result from 5 pmoles of synthetic miRNA, typically for 2 ug of total RNA
13-18 cycles of PCR are necessary.
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Figure 1. Schematic of the workflow for 2-step ligation small-RNA library preparation. Shown are general steps for preparation of an
unbiased miR-Seq library. Shown in black is 3° DNA ligation adapter, which is activated via adenylation in step 1, miRNA is shown in green and is
ligated to the 3’ adapter in step 2, and 5 RNA ligation adapter is in blue which is ligated to the chimeric molecule in step 3. Numbered steps are

described in detail in the Protocol section, italics indicate enzymatic steps.
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Figure 2. Adenylation of 3’ Linker with Mth RNA-Ligase. 18% PAGE-Urea gel from adenylation of DNA oligonucleotide to be used for
subsequent 3’ ligation reaction, (+) indicates sample that was incubated with Mth RNA ligase, (-) indicates sample incubated without enzyme,
and (m) indicates the size standards (numbers shown at right in base pairs). At left is a schematic of the oligonucleotide species present.
Asterisk indicates larger DNA products generated by aberrant oligonucleotide synthesis.
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Figure 3. 3’ Ligation of Synthetic and Total RNA Samples. A) 15% PAGE-Urea gel of 3’ ligation reactions, (m) indicates size standards
(numbers at left indicate base pairs), (No RNA) indicates a reaction with no input RNA and 3’ linker that was not gel-purified, (+) indicates ligation
performed with 5 pmol of synthetic miRNA and a 3’ linker which was gel-purified, (2 and 1 pg) indicate the amount of mouse total RNA subjected
to 3’ ligation with the same, gel-purified linker, asterisk indicates excess 3’ linker. B) Autoradiogram of similar 3’ ligation reaction performed with
P%5' end labeled synthetic miRNA. Number at top indicates time (hr) the reaction was allowed to proceed, and at bottom indicates the amount
ligated as a percentage of the sum of unligated and ligated.
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Figure 4. 5’ Ligation of Radio-labeled miRNA-3’Linker Hybrid. Autoradiogram of 5’ ligation reaction performed with P¥ 5’ end labeled
synthetic miRNA-3’ linker hybrid. Number at top indicates amount of PEG used in the reaction, and number at bottom indicates the amount
ligated as a percentage of the sum of unligated and ligated. Lines at left are a schematic of the ligated molecules where miRNA is in green, 5’
and 3’ adapters are blue and black, respectively.
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Figure 5. PCR-derived small-RNA DNA Library. 8% Native PAGE of PCR products generated from miR-Seq ligation procedure. Numbers at
top indicate cycles of PCR, numbers at side indicate molecular size standards. Each DNA species from the PCR is identified at right. Grid pattern
is due to auto-fluorescence of specimen dish.

The methodology described herein makes use of several ke%/ variables to maximize ligation efficiencies, namely high concentrations of PEG,
use of randomized linkers, and high concentration of linkers 89 This approach permits reliably quantitative sequencing libraries from total RNA
samplesz. We have conducted multiple titrations of input RNA and have concluded that the preceding methodology is best suited for total RNA
amounts in the 1-8 pg range (data not shown). When amounts in the 10-500 ng range are used, a majority of the read space is consumed

by adapter concatamers and bacterial sequences from which the RNA ligases are purified. However, it is worth noting in these low input
experiments that the miR species present, though low in reads number, are still reflective of actual amounts when compared to identical higher
input samples. In order to ensure that the miR profiles observed from total RNA samples are reflective of actual amounts, and to allow cross-
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examination of different samples, we routinely include 10-fold dilutions of three synthetic calibrator RNAs'2. We have found that the inclusion of
0.1:0.01:0.001 pmol of distinct calibrator RNAs yield useful reads numbers for confirming the quantitative nature of the assay.

As noted in Figure 1 (see asterisk) synthetic oligonucleotides frequently contain aberrant molecules which are distinct in size from the sequence
ordered. If these products are able to co-purify with the miRNA-3’ linker hybrid, then it may be necessary to PAGE purify the 3’ linker following
Mth adenylation. We have found this to be helpful for reducing the amount of non-specific PCR product observed in negative control samples.

Although the methodology described above was benchmarked for quantitative preparation of miRNA Iibrariesz, we fully anticipate that it is readily
applicable to more general procedures as well; namely RNA-seq and CLIP-Seq (Cross Link Immuno-Precipitation) library preparation. In fact, we
have employed some of the same principles of the preceding methodology to CLIP-Seq experiments resulting in robust library PCR relative to
previously published reports13 (data not shown). Finally, as serum miRNAs gain traction as a medical diagnostic tool, we anticipate the preceding
methodology will aid greatly in identification of the most robust and reliable miRNA biomarkers.
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