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Abstract

Quiescence (GO) is defined as an assortment of cell cycle arrested states that exhibit distinct
properties. Leukemias harbor a subpopulation of GO cells that can be enriched by growth factor
deprivation or serum starvation. Target site reporters with shortened poly(A) tails show translation
activation by microRNAs, via a noncanonical mechanism, when introduced into the nucleus of GO
cells. This is because recruitment by the activation causing FXR1a-microRNA-protein complex
(FXR1a-microRNP) is nuclear and requires shortened poly(A) tails to avoid repressive factors and
canonical translation. When introduced into the cytoplasm, target mRNAs and microRNAs are
directed toward repression rather than translation activation. Leukemic cell lines are difficult to
transfect but can be routinely nucleofected—where in vitro transcribed mRNA reporters and
microRNAs are introduced into the nucleus of GO leukemic cells. Nucleofection of a microRNA
target reporter and either cognate, targeting microRNA, or control microRNA, into the nucleus of
GO cells, enables analysis of translation activation by microRNAs in GO. We discuss a modified
protocol that we developed for transfection of mRNAs along with microRNAs to test translation
regulation by microRNAs in GO leukemic cells.
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1 Introduction

Quiescent (GO) cells are reversibly arrested cells, which are found in the body and in cancers
[1-7]. Such cells show distinct properties [8], including resistance to harsh conditions [1, 2,
4, 5, 9-24]. Cells when subjected to specific stress conditions such as growth factor
deprivation enter GO transiently [3, 9]. GO cells alter gene expression [14, 25-28]; in
particular, at the translation level [29-31] where cells decrease canonical translation or
protein synthesis [32, 33] and promote alternative, noncanonical modes of translation of
specific genes that could enable GO cell survival [29, 30]. We identified a noncanonical
translation mechanism in GO leukemic cells, which is mediated by microRNAs [29, 34-36].
MicroRNAs generally degrade mRNAs and repress their translation in proliferating cells, by
base-pairing with specific sequences in mMRNA 3”untranslated regions (UTRs) and by
recruiting repressive factors to such mRNAs [37-42]. However, in GO cells, microRNASs can
activate translation of specific MRNASs by a noncanonical translation mechanism [29]. In GO
cells, microRNAs form a complex (microRNA-protein complex or microRNP) with RNA-
binding proteins, FXR1a and AGO2, in the nucleus [34, 36, 42-45]. This specialized
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microRNP is recruited to the 3" UTRs of specific target mMRNAs that are unadenylated or
possess a short poly (A) tail [29]. Short poly (A) tails avoid binding Poly (A) binding protein
(PABP) that is involved in microRNA-mediated repression [37, 40], and in canonical
translation that is decreased in GO [32, 33]. Deadenylation of such target mRNAs in GO cells
is mediated by a cap-binding deadenylase protein called poly(A) ribonuclease (PARN) [29,
46, 47]. PARN becomes active in GO cells and its binding to the 5" cap is increased under
these conditions [29, 46, 47]. PARN associates with FXR1a-microRNP that also interacts
with p97/DAP5, an elF4G paralog that brings in the 40S ribosomal subunit and mediates
cap-dependent noncanonical translation of specific mMRNAs in GO cells, where canonical
translation is reduced [29, 42, 48-51].

To study microRNA-mediated translation activation in GO leukemic cells, we used luciferase
reporter mMRNAs bearing either a synthetic 3"UTR that possesses binding sites for a
synthetic microRNA, or a specific gene 3" UTR bearing natural, endogenous microRNA-
binding sites [52, 53]. Luciferase reporter mRNAS are synthesized by in vitro transcription,
using T7 ultra MMESSAGE mMACHINE kit (Invitrogen™ Ambion™) with our modified
protocol. The reporter mMRNAS possessing gene-specific or synthetic microRNA target site
3’UTRs were generated with a5” Anti-reverse cap analog (ARCA) 7-methyl guanosine cap
[54]. The reporter mMRNASs were produced without a poly(A) tail to mimic the endogenous
targets of activation that shorten their poly (A) tails to avoid PABP binding that can promote
the repressive microRNP complex. The 3" ends of the reporter mMRNAs were protected by
adding cordycepin (3 -deoxyadenosine analog of adenosine) that prevents transcript
elongation and mRNA degradation [55].

Transfer of exogenous DNA or mRNA reporters allows us to study translation regulation in
proliferating cells and upon their induction to GO. Many commercial methods have been
developed to deliver exogenous DNA or RNA molecules into cultured cells. Nucleofection
from Amaxa (now Lonza), an electroporation-based technology, allows for sufficient
delivery of exogenous DNA or RNA molecules directly into the nucleus of a cell [56, 57].
Nucleofection [58] uses distinct sets of electrical parameters and buffers for each cell type to
obtain high efficiency of transfection with low toxicity [57, 59]. Purified, in vitro transcribed
reporter mRNAS along with their corresponding, targeting microRNAs can be nucleofected
into the nucleus of cells of THP1 acute monocytic leukemic cell line.

In this chapter, we will outline nucleofection of reporter mMRNAs along with their cognate or
control microRNAS, to analyze microRNA-mediated translation activation in GO leukemic
THP1 cells. As an example, we show microRNA-dependent translation activation of in vitro
transcribed CX-Firefly luciferase reporter mRNA in GO THP1 cells (Fig. 1). CX-Firefly
luciferase reporter mRNA is 5" capped and unadenylated with four binding sites for the
synthetic microRNA, miRcxcr4 [34, 53, 60]. CX-Firefly luciferase reporter mRNA, along
with a control microRNA (miR30a), that does not bind the CX reporter 3' UTRor a cognate
microRNA (miRcxcr4) that can bind the 3" UTR of the reporter mRNA, as well as Renilla
luciferase reporter plasmid, were co-transfected by nucleofection. Renilla luciferase serves
as a transfection and normalization control. Cells are allowed to grow in medium
supplemented with serum for 24 h before being shifted to a medium without serum (GO
medium) for 42-48 h [29]. GO cells are harvested for luciferase assay and translation
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efficiency is determined as the ratio of firefly luciferase activity normalized to renilla
luciferase activity, and then further normalized for their RNAlevels [29, 34]. Furthermore, to
monitor the efficiency of transfection, THP1 cells are nucleofected with a GFP-expressing
plasmid using the nucleofection protocol described here (Fig. 2). This protocol can also be
used for nucleofecting siRNAs, LNAinhibitors, plasmid DNA that overexpress a gene of
interest, or an ShRNA to knock down a specific gene, and then monitor the effect on
microRNA-mediated translation activation in GO cells.

2 Materials

All reagents and solutions to be used for nucleofection should be warmed to room
temperature (unless indicated otherwise) prior to use. RNAs stored at —80 °C or the frozen
plasmid DNA to be used for nucleofection should be thawed on ice prior to use. Nuclease-
free water should be used at all times.

2.1 Materials for In Vitro Transcription of Capped mRNA

1. T7 ultramMESSAGE mMACHINE transcription system kit from Invitrogen™
Ambion™ is used to in vitro transcribe RNA molecules from a linearized
template DNA of interest.

2. Components of the kit used in our reaction are nuclease-free water, T7 Enzyme
mix, 10x T7 reaction buffer containing salts, buffer, dithiothreitol, T7 2x NTP/
ARCA comprising of 15 mM ATP, 15 mM CTP, 15 mM UTP, 3 mM GTP and 12
mM ARCA, and Turbo DNase I (2 U/pl).

3. CX-Firefly luciferase plasmid DNA described in [34, 35]—containing a T7 RNA
polymerase promoter site upstream of the luciferase reporter sequence for in
vitro transcription—at a concentration of 0.5 pg/ul in nuclease-free water.

4. Apal restriction enzyme for linearizing the CX-Firefly luciferase reporter
plasmid containing a T7 RNA polymerase promoter and corresponding buffer
(New England Biolabs).

1 mM Cordycepin (from Sigma).

3 M sodium acetate, or 5 M ammonium acetate for precipitation.
5% E-PAP buffer and enzyme (From Kit).

25 mM MnCl, (From Kit).

© © N o O

Phenol:Chloroform (Prepared in the lab by mixing equal volume of saturated
phenol with chloroform).

10.  Ethanol, 100% (cold, —20 °C) and 70% (room temperature).
11.  Glycogen.

12.  Agarose gel.

13.  10x TAE electrophoresis buffer.

14.  Ethidium bromide staining solution.
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Nuclease-free water.

2.2 Materials for Nucleofection

1.
2.

Nucleofector Il device from Lonza (Amaxa).

Nucleofector solution Kit V (tested and validated for usage for THP1 cells by
Lonza).

Certified cuvettes supplied with the kit.
Plastic bulb pipettes supplied with the kit.

pmaxGFP plasmid supplied with the Kit, in vitro transcribed firefly-luciferase
reporter mRNA, renilla plasmid, and control or cognate microRNA duplex.

A 10 cm cell culture plate or a 6-well cell culture plate.

Pre-warmed RPMI1640 culture medium containing 2 mM glutamine, 100 pg/ml
streptomycin, 100 U/ml penicillin, and 10% fetal bovine serum (Gibco/
Invitrogen).

Appropriate number of THP1 cells (1 x 108 cells per nucleofection reaction).

2.3 Materials for Transfection and Translation Analysis

1.
2.

© © N o g ~ w

3 Methods

pmaxGFP plasmid (supplied with nucleofection kit).

Dual-Luciferase® Reporter 1000 Assay System (Promega). Components of this
kit are: Luciferase Assay Substrate (lyophilized), luciferase Assay Buffer I1, Stop
& Glo® Substrate (50x), Stop & Glo® Buffer, and Passive Lysis Buffer (5x).

Fluorescence microscope (Leica DMI-4000B).
Spectrophotometer—Nanodrop (ND1000 spectrophotometer).

TD 20/20 Luminometer (Turner Biosystems).

TRIzol® Reagent(Ambion by Life Technologies).

SuperScript™ I11 Reverse Transcriptase kit for cDNA synthesis (Invitrogen).
iTag ™ Universal SYBR Green Supermix (BIO-RAD).

Real-time gPCR machine (Roche 480).

3.1 Plasmid DNA Template Linearization for In Vitro Transcription

1.

Digest 5-10 pg of CX-Firefly luciferase reporter plasmid DNA described in [34]
with Apal restriction enzyme overnight at 25 °C in a 50-100 pl reaction volume.
Apal cuts downstream of the T7 promoter and the luciferase reporter sequence to
be transcribed.
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Extract the linearized plasmid with phenol:chloroform and precipitate the DNA
with 3 M sodium acetate (1/10th of the reaction volume) and 100% (cold
-20 °C) ethanol (2.5 times the reaction volume).

Mix well and incubate at =80 °C for minimum 1 hour and then centrifuge the
tubes at maximum speed (12,000 x g) for 30 min at 4 °C. Remove the
supernatant, wash the pellet with 70% ethanol at room temperature, and briefly
spin the tubes again to collect and remove the residual fluid with a 0.2-10 pl
pipette.

Air-dry the pellet on ice for 5 min and then resuspend the DNA to 1 pg/ul in
nuclease-free water.

Run an aliquot (~0.5 pg) of the resuspended DNA on a 1% agarose gel to check
the linearization of the plasmid.

3.2 Synthesis of In Vitro Transcribed Capped mRNA, Protected at the 3" End by

Cordycepin

Take out the frozen components of MMESSAGE mMA-CHINE T7 kit and thaw
at room temperature. The RNA polymerase enzyme mix (that is stored in
glycerol and not frozen) should be placed directly on ice.

After thawing the components, vortex the 10x T7 reaction buffer and the T7 2x
NTP/ARCA to ensure thorough mixing.

Briefly centrifuge the tubes to collect the reagents at the bottom of the tube
before opening to prevent loss or contamination of the reagents that may be
present around the cap or rim of the tube.

Assemble the transcription reaction at room temperature and mix the reagents in
the following order and amounts, for a 20 ul reaction volume:

4 pl of nuclease-free water.

10 pl of T7 2} NTP/ARCA.

2 ul of 10} T7 Reaction Buffer.

1 pg of 0.5 pg/ul linear template DNA.

2 ul T7 enzyme mix.
Mix the reaction mixture thoroughly and then briefly centrifuge the tubes.
Incubate the reaction mixture at 37 °C for 2—4 h to achieve maximum yield.

To the reaction mixture, add 1 ul of TURBO DNase, mix by pipetting up and
down gently, and then incubate at 37 °C for 15 min (see Note 1).

To 20 pl of MMESSAGE mMACHINE T7 ultra reaction, add 1.5 pl of
cordycepin (1 mM final concentration), 20 ul of 5% E-PAP buffer, 10 ul of 25
mM MnCly, 43.5 pl of nuclease-free water, and 4 pl of E-PAP enzyme. Mix
gently and incubate for 2 h at 37 °C.
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After cordycepin addition, purify the in vitro transcribed RNA using
phenol:chloroform. Add equal volume of saturated phenol:chloroform and vortex
briefly (see Note 2).

Centrifuge the tubes at 12,000 x g for 15 min at4 °C for phase separation.
Transfer the upper aqueous layer to a new tube (see Note 3).

Add 80 ul of 5 M ammonium acetate, 1 ul of glycogen as well 2.5 times the
volume of the supernatant of 100% cold ethanol (=20 °C). Mix properly and
incubate at —80 °C for 1 hour.

Centrifuge the tubes at maximum speed for 40 min.

Remove the supernatant and wash pellet with 1 ml of 70% ethanol (room
temperature).

Briefly centrifuge the tubes to collect the residual ethanol and remove using a 10
ul pipette (see Note 3).

Air-dry the pellet on ice for 5 min and then resuspend the pellet in appropriate
volume of nuclease-free water.

Run RNA on an agarose gel to check integrity and size of the RNA (see Note 4).

Measure the concentration of the RNA solution on a nanodrop (ND1000
spectrophotometer) at absorbance 260 nm.

Freeze and store the in vitro transcribed mRNA at —80 °C for further use.

3.2.1 Synthesis of MicroRNAs—Synthetic microRNA (miRcxcr4) and control
microRNA (miR30a) or a scrambled microRNA can be ordered as anti-sense (targeting
microRNA) and sense RNA oligos that are modified with a 5" phosphate. These RNA oligos
are designed to base-pair with each other, with a bulge in the middle of the RNA oligos (at
nucleotides (nt) 9-11 of the 19 nt oligos) [34, 61]. The anti-sense strand binds the target
mRNA with imperfect base pairing.

1.

Each of the individually synthesized sense and anti-sense microRNA strands is
resuspended at 200 pmol/ul concentration in annealing buffer (10 mM potassium
acetate and 1 mM EDTA), as described in [34, 61].

Measure resuspended anti-sense and sense microRNA strands and then mix in
equimolar proportions.

Anneal mixed RNA oligos by heating the mixture to 95 °C for 5 min and allow
to cool down slowly to room temperature for annealing of the sense and anti-
sense strands.

Annealed microRNAs are nucleofected as duplexes as described in [3, 34, 53,
60].
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3.3 Nucleofection of Plasmid DNA or In Vitro Transcribed mRNA along with MicroRNAs

into THP1 Cells

3.3.1 Culturing THP1 Celis [29]

1.

THP1 cells from ATCC are thawed in RPMI-1640 culture medium, with 2 mM
Glutamine, 100 pg/ml streptomycin, 100 U/ml penicillin, and 10% fetal bovine
serum (FBS) added.

Cells should be allowed to recover after thawing for 2-3 days by incubating in a
37 °C humidified incubator supplied with 5% CO,.

Passage cells at least two times prior to starting the experiment. Allow cells to
reach an optimal density of 1 x 10° cells/ml in a T75 flask (30 ml per flask).

Replace the medium two to three times a week and maintain the cell density of
3-4 x 10° cells/ml every time the medium is changed.

Seed out 2 x 10° cells/ml and subculture for 2-3 days before nucleofection.

3.3.2 Nucleofecting THP1 Cells

1.

Prepare the nucleofector mixed solution by mixing Nucleofector™ solution V/
and Supplement 1 solution, as instructed by Lonza. We prepare nucleofector
mixed solution in a sterile 1.5 ml eppendorf tube by mixing 82 ul of
Nucleofector™ solution V with 18 pl of Supplement 1 solution in a 4.5:1 ratio to
make a total of 100 pl solution for a single nucleofection reaction (see Note 5).

Prepare a 10 cm plate with 10 ml of pre-warmed culture medium for every single
reaction.

Count an aliquot of cells to determine the cell density.

For a single nucleofection, centrifuge 1 x 108 THP1 cells at 1000 rpm (230 x g)
in a microcentrifuge for 3-5 min. Remove the supernatant completely without
disturbing the cell pellet (see Note 6).

Resuspend the cell pellet gently in the 100 pl prepared nucleofection solution at
room temperature, following the instructions from Lonza (see Note 7).

Mix the resuspended cell suspension with 100-200 ng of in vitro transcribed
CX-Firefly luciferase reporter mRNA, 500 pmoles of control microRNA or
miRcxcr4, and 20 ng of renilla plasmid (see Note 8).

Transfer cell/nucleic acid suspension into the bottom of a certified cuvette
(Lonza) using a plastic bulb pipette (Lonza). Close the cuvette with the cap (see
Note 9).

Select the appropriate nucleofector program in the Nucleofector device I1—for
nucleofection of THP1 cells V-001 for high efficiency or U-001 for high
viability, as recommended by Lonza (see Note 10).
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Place the cuvette containing cells and nucleic acid suspension into the
Nucleofector cuvette holder and apply the selected program, following the
instructions from Lonza.

Take the cuvette out of the holder once the display shows OK, following the
instructions from Lonza.

Add 200-300 plI of pre-warmed culture medium to the cuvette and carefully
transfer the cell suspension into the prepared 10 cm culture plate using the plastic
bulb pipette, as recommended by Lonza.

Incubate the nucleofected cells at 37 °C in a humidified incubator supplied with
5% CO, for 24-30 h, post nucleofection (see Note 11).

Change the medium to serum-free medium (GO medium) and incubate the cells
at 37 °C in a humidified incubator supplied with 5% CO, for 42-48 h until
analysis.

For luciferase reporter assay, GO cells should be harvested by centrifuging at
1500 rpm (530 x g) for 10 min at 4 °C. Remove the supernatant completely and
resuspend cells in 50 pl of 1x passive lysis buffer (1 x PLB buffer) (see Note 12).

Freeze the cells resuspended in 1x PLB buffer at —80 °C overnight and ensure
complete lysis of the cells.

Thaw the frozen samples and take out 10 pl of the sample for luciferase assay.

Measure firefly and renilla luciferase activity sequentially, as per the
manufacturer's guidelines on a TD 20/20 luminometer, using an appropriate dual
luciferase measurement program. First, add 100 pl of luciferase assay substrate
to 10 ul of the sample, mix by pipetting and measure firefly luciferase activity
using the dual luciferase program on the TD 20/20 luminometer. Firefly
Luciferase activity is then quenched by adding 100 pl of Stop & Glo solution and
renilla luciferase activity is measured.

Translation efficiency is calculated by normalizing the ratio of firefly luciferase
activity to renilla luciferase and then further normalized to their RNA levels that
were measured by gPCR as described in [29] (see Note 13).

Make sure to treat the transcription mixture with DNase at this step, as any DNA
contamination will interfere with downstream steps.

Cordycepin is an adenosine analog and should be completely removed, as it
inhibits polyadenylation and translation [55]. Remove all free nucleotides and
ARCA completely, as unincorporated ARCA is also an inhibitor of translation.

The upper aqueous layer should be carefully transferred to new eppendorfs
without any phenol contamination upon phenol: chloroform extraction. Remove
all residual ethanol and dry the RNA pellet on ice. Residual ethanol or phenol
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contamination will impact the nanodrop readouts while measuring the RNA
concentration and will affect the nucleofection efficiency as well.

Run the in vitro transcribed mRNA on a 1% TAE agarose gel to check RNA
integrity and size. CX-Firefly luciferase mRNA will run around 2 kb (1.8 kb
luciferase with an additional 150 nucleotides for miRcxcr4-binding sites).

The mixture of Nucleofector™ Solution V and Supplement 1 solution from the
nucleofection kit (nucleofector mixed solution), is stable only for 3 months at
4 °C, according to the instructions from Lonza.

Cell numbers lower than the minimal recommended number could lead to an
increase in cell death; cell numbers more than the recommended number could
influence nucleofection efficiency, as recommended by Lonza [57].

Cells should not be left in the nucleofector solution for more than 15 min, as this
may affect the nucleofection efficiency and decrease cell viability, as
recommended by Lonza [57].

For a 100 pl reaction containing 1 x 108 cells, increasing nucleic acid
concentrations for nucleofection more than recommended may lead to increased
cell death, according to the instructions from Lonza [57].

Carefully transfer the cell suspension with nucleic acid to the bottom of the
cuvette and avoid air bubbles that may decrease gene transfer efficiency, as
instructed by Lonza. Cap of the cuvette should be closed every time to prevent
spills or contamination, as instructed by Lonza [57].

Appropriate program should be selected based on the downstream requirement of
the experiment. For high efficiency of gene transfer program V-001 should be
selected and if more viable cells are required the program U-001 should be used,
as recommended by Lonza.

After nucleofection, cells should be allowed to grow in medium supplemented
with serum for more than 24 h to alleviate the stress induced by nucleofection
[29].

1x Passive lysis buffer (PLB) should be made fresh and if the cell lysate is to be
used for Western blot analysis, appropriate amount of protease inhibitors should
be added [29].

To measure firefly and renilla luciferase RNA levels, isolate RNA from the
nucleofected samples dissolved in 1x PLB using TRIzol reagent. Prepare cDNA
using random hexamer primers with superscript 111 kit following the
manufacturer's instructions. Firefly luciferase mMRNA levels can be measured by
gPCR using Roche 480 real-time gPCR machine, following the manufacturer's
instructions using primers; FF-F3: 5'-TTCCATCTTCCAGGGATACG-3" and
FF-R3: 5'-ATCCA-GATCCACAACCTTCG-3" and normalized to tRNA-Lys
using primers; tRNA-Lys Forward: 5~
GCCCGGATAGCTCAGTCGGTAGAG-3" and tRNA-Lys Reverse: 5'-
CGCCCGAACAGGGACTTGAACCC-3’. Renilla mRNA levels are measured
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Fig. 1.

CX+ Control CX+miRcxcr4
miR30a

100 ng of in vitro transcribed capped CX-Firefly luciferase mMRNA—without a poly(A) tail
(CXAO0) and with cordycepin added at the 3° end—was nucleofected along with 20 ng of
renilla plasmid, and 500 pmol of miRcxcr4 or control miR30a, into 1 x 10% THP1 cells.
After nucleofection, cells were grown in RPMI medium supplemented with 10% fetal
bovine serum (FBS) for 24 h, and then shifted to GO medium (RPMI medium without FBS)
for 42 h before analysis of luciferase activity. More than threefold increase in the translation
of CX-firefly luciferase is observed in the presence of cognate microRNA miRcxcr4
compared to control microRNA miR30a
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Fig. 2.
1 x 108 THP1 cells were nucleofected with 2.0 pg of pmax-GFP, using Kit V and

nucleofector device Il from Lonza. Left and right panels show 20x phase-contrast image and
green fluorescent protein (GFP) positive THP1 cells respectively (images captured using a
Leica DMI-4000B fluorescence inverted microscope). (A) Nucleofection program U-001 for
high cell viability was used and transfection efficiency of about 24% was observed. (B)
Program V-001 for high nucleofection efficiency was used and transfection efficiency of
about 40% was achieved
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