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Abstract

Posttranscriptional control of mRNA subcellular localization, stability, and translation is a central aspect of
gene regulation and expression. Much of this control is mediated via recognition of a given mRNA tran-
script’s 3" untranslated region (UTR) by microRNAs and RNA-binding proteins. Here we describe how a
novel, scalable piggyBac-based vector, pBUTR, can be utilized for analysis of 3" UTR-mediated posttran-
scriptional gene regulation (PTGR) both in vitro and in vivo. This vector is specifically designed to express
a selection marker, a control reporter, and an experimental reporter from three independent transcription
units. Expression of spliced reporter transcripts from medium-copy non-viral promoter elements circum-
vents several potential confounding factors associated with saturation and stability, while stable integration
of these reporter and selection elements in the context of a DNA transposon facilitates experimental

reproducibility.
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1 Introduction

Coordinated regulation of gene expression is fundamentally impor-
tant for all aspects of cellular function. Historically, the most widely
utilized practice in assessing coordinated regulation of gene expres-
sion has been via analysis of mRNA steady-state expression using
either microarray [1] or next-generation sequencing approaches
[2, 3]. Both approaches provide powerful information about
genome wide changes in transcript abundance. However, these
approaches fail to provide any information in regard to whether
mRNA that has been transcribed is indeed being actively utilized
by the translation machinery to produce protein. Emerging evi-
dence strongly suggests that regulation of gene expression at the
translational level contributes as much, if not more, to gene expres-
sion than transcription [4-6]. In fact, a reasonable amount of evi-
dence suggests that coordinated changes in posttranscriptional
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regulatory networks occur during cellular differentiation and/or
response to stimulus, and that these networks may profoundly alter
cellular phenotype and behavior [7-10].

A significant amount of the control of mRNA subcellular local-
ization, translation, and stability is mediated via cis-regulatory ele-
ments in the 3’ untranslated region (UTR) of target transcripts.
These elements may be recognized by specific microRNAs and
RNA-binding proteins [8, 11, 12]. Dysregulation of posttranscrip-
tional control by microRNAs and RNA-binding proteins underlies
distinct steps of pathogenesis in a wide spectrum of human diseases
[12]. In some systems, 3" UTR identity is itself sufficient to confer
appropriate temporospatial gene expression in vivo [11]. Both
alternative splicing [13] and alternative cleavage and polyadenyl-
ation [14] can alter 3 UTR identity, and thus the visibility of
related gene products to the posttranscriptional regulatory
machinery. However, as compared to other facets of gene regula-
tion, the contributions of these phenomena to gene regulation
remain largely unexplored. Given that mutations within the 3’
UTRs of certain genes can significantly impact human health [15-
17], it is of great interest to determine if and how genomic varia-
tions within the 3" UTR, uncovered via genome-wide association
studies and next-generation sequencing surveys, impact the pathol-
ogy of the disease or phenotype with which they are associated.
It is for this reason that we were motivated to develop a scalable
and robust reporter system explicitly designed to model 3° UTR-
mediated regulation.

To these ends, we engineered a novel, scalable piggyBac
transposon-based reporter system that we have named pBUTR
(pigyyBac-based 3' UnTranslated Region reporter) [18]. We chose
a DNA transposon-based system in consideration of our specific
purpose. The integration of the pBUTR vector into the DNA of
the target cell is essentially a stable transfection, which is generally
superior to transient transfection in regards to experimental repro-
ducibility and reduction of “noise.” That the vector is DNA based
allows for the inclusion of multiple independent transcription
units. Thus, a control reporter may be expressed completely inde-
pendently of the experimental reporter. Also, the use of a DNA-
based vector allows the inclusion of splice junctions in each of the
transcription units encoded within the vector. It is well established
that transcripts that have not undergone splicing do not express as
well as those that have, due in some part to the fact that the lack of
an exon junction complex (EJC) marks unspliced transcripts as
substrates for the nonsense-mediated decay (NMD) pathway [19].
Retro- and lentiviral vector systems do not have these features, and
thus often times include a stability sequence such as the wood-
chuck hepatitis virus post-translationally regulated element
(WPRE) element [20], which would be expected to confound
native post-transcriptional regulation. In addition to these
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limitations, the long terminal repeat (LTR) elements of retro- and
lentiviral vectors may be recognized as foreign and silenced by the
cell over time, a problem that is particularly observed in the con-
text of transgenesis [21-23].

The pBUTR vector system is comprised of three independent
transcription units—a G418 selection cassette, a control turboGFP
reporter gene driven by PGK promoter, and a Gateway® [24]
recombineering cassette under the control of the ubiquitin C
(UBC) promoter (Fig. 1). These promoters were chosen because
they drive expression at low-to-medium levels, and therefore are
less likely to overwhelm any endogenous regulatory mechanisms.
The pBUTR destination vector is generated via four-part Gateway®
recombineering using an a#tl.1 /L2-flanked coding sequence of
interest, an a#tR2/attl4 flanked 3’ UTR element, and an
attR4 / art] 5-flanked minimal polyadenylation sequence [25] fol-
lowed by a unique 24-nucleotide barcode. Upon recombination of
these three elements into the parent vector, a bi-fluorescent
reporter is produced that can be employed in both in vitro and
in vivo model systems.

The pBUTR vector was functionalized with Gateway® technol-
ogy to allow high-dimensionality screening and validation applica-
tions. Given that Gateway® recombineering is scalable—meaning

—ERIZIEI®Y - Reporter entry clone
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3' UTR/siRNA or miRNA sensor
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PAS entry clone

[svao [Ieal] son | vsc I (G
L I 1 1

Selection cassette Expression cassette Control cassette

piggyBac-based 3' UnTranslated Region (pBUTR) Reporter

[~ Promoter P PAS A\ Intron . Gateway Site DBarcode B pBInv. Repeat

Fig. 1 Schematic representation of the pBUTR vector. The pBUTR destination vector is functionalized by four-
part Gateway® recombineering using an aftL1/L2-flanked tRFP (can be substituted with any coding sequence
of interest), an attR2/aftL4 flanked 3’ UTR element, and an attR4/aftL5-flanked minimal polyadenylation
sequence followed by a unique 24-nucleotide barcode. The inclusion of unique barcode elements with the
minimal polyadenylation signal was made to allow analyses within pooled cell populations via flow cytometry
and cell sorting. atXN, Gateway® recombination site; tRFP, turboRFP; UTR, untranslated region; mPA, mini-
mum polyadenylation signal; BC, 24 nt barcode; PAS, polyadenylation signal; SV40 (left), SVA0 early promoter
region. Neo, neomycin resistance gene; Bgh, bovine growth hormone polyadenylation signal; UBC, ubiquitin C
promoter element; CmR, chloramphenicol-resistance gene; PGK, murine phosphoglycerate kinase 1 promoter;
tGFP, turboGFP; SI/40, SV40 late polyadenylation signal. Features not to scale
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multiple individual 3" UTR elements can be cloned into the vector
in bulk—an inclusive, aggregate set of 3" UTRs of interest can be
rapidly generated and tested for contextual regulatory activity in
pooled or arrayed format. Here we discuss how the pBUTR
reporter can be used to study 3 UTR-mediated gene regulation
in vitro (in both arrayed and pooled format) and in vivo.

The E-cadherin transcriptional repressors ZEBI and ZEB2 play
established roles in epithelial to mesenchymal transition, both dur-
ing tumor metastasis and during embryogenesis [26]. The mRNA
transcripts of both of these gene products are characterized by
multiple, validated miR-200 family recognition elements in their
respective 3° UTRs [26]. Cells with an epithelial phenotype express
high relative levels of the miR-200b microRNA, which enforces
posttranscriptional repression of the ZEBI and ZEB2 mRNA
transcripts. However, as cells undergo EMT, for example in
response to transforming grown factor-beta (TGF-p), relative lev-
els of miR-200b are reduced, allowing increased expression of
ZEB1 and ZEB2 proteins and transcriptional repression of the
CDH1 (E-cadherin) gene. Previously described [26] wild-type and
mutant (where each miR-200b-binding site has been ablated via
site-directed mutagenesis) ZEB2 3" UTR elements were recom-
bineered into the pBUTR destination vector so as to confer regula-
tion upon #RFP expression in the assembled reporter. We initially
discuss how to study microRNA (miR-200Db in this case)-mediated
repression in a cell-based model of epithelial to mesenchymal tran-
sition (EMT), and then how to assess this regulation in vivo during
embryogenesis. Entirely similar strategies can be employed to use
the pBUTR reporter to study in vitro and in vivo 3" UTR-mediated
gene regulation in the context of siRNA /microRNA sensor activ-
ity, and posttranscriptional gene regulation (PTGR) by RNA-
binding proteins, in both arrayed and pooled screening approaches.

2 Materials

21 BP
Recombination
Reaction

1. atB-flanked PCR products:

(a) Turbo-RFP (tRFP—Evrogen) amplified with:
attB1-tRFP-forward oligonucleotide primer —
5'"—GGGGACAAGTTTGTACAAAAAAGCAGG
CTCGCCACCATGAGCGAGCTG—3’, and
attB2-tREP-reverse oligonucleotide primer —

5" —GGGGACCACTTTGTACAAGAAAGCTGGG
TAGATCCTACACATTGATCCTAGCAGAAGC—3'.

(b) Amplify 3’ UTRs or siRNA/miRNA sensor elements with:
attB2r-forward primer—5—GGGGACCCAGCTTTCTT
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GTACAAAGTGGTNNNN...NNNN—3' and anB4-
reverse primer—5—GGGGACAACTTTGTATAGAAAA
GTTGGGTGNNNN...NNNN—3’, where “N” is the
specific priming sequence (see Notes 1 and 2). Note that
the length of the specific priming sequence should be
18-21 nucleotides as for any other standard PCR
amplification.

(¢) Amplify the minimum polyadenylation/barcode element
with az#tBr4-forward primer—5’-GGGGACAACTTTTCT
ATACAAAGTTGAACTAGTAATAAAGG—3’ and
attB5-reverse  primer—5—GGGGACAACTTTGTATA
CAAAAGTTGCG- 3’ from a synthetic a#Br4_mPA_
barcode_aztL5 oligo: (ACAACTTTTCTATACAAAGTT
GAACTAGTAATAAAGGATCCTTTATTTTCA
TTGGATCCGTGTGTTGGTTTTTT
GTGTNNNNNNNNNNNNNNNN
NNNNNNNNCGCAACTTTTGTATACAAA
GTTGT), where the N sequence represents the 24-nucle-
otide barcode (see Note 3).

. A pDONR223 attP1-attP2 plasmid to generate the tRFP entry

clone, a pDONR223 attP2r-attP4 plasmid to generate the 3’
UTR or siRNA/miRNA sensor entry clone, and a pDONR223
attP4r-artP5 plasmid to generate the minimum polyadenyl-
ation/barcode entry clone.

. BP Clonase II enzyme mix (see Note 4).

4. 2 pg/pl Proteinase K in 50 mM Tris, pH 8.0, 3 mM CaCl,,

NelENe RN BN

11.

12.
13.

14.

50 % Glycerol.

. 1x TE buffer: 10 mM TrissHCI, pH 8.0, 1 mM EDTA,

pH 8.0.

. 37 °C water bath.
. Vortex.
. TOP10 competent E. cols cells.

. LB agar plates containing spectinomycin (50 pg/ml).
10.

Primers for colony PCR screening and sequencing: M13 for-
ward (-20)—5’-GTAAAACGACGGCCAG-3/, M13
reverse—5'-CAGGAAACAGCTATGAC-3'.

One12g DNA Polymerase or any other DNA polymerase with
proof reading activity.
Agarose.

10 pg/ml ethidium bromide in double-distilled water. Use at
a final concentration of 0.5 pg/ml.

1x Tris-acetate EDTA buffer: 40 mM Tris-acetate, 1 mM
EDTA.
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22 LR
Recombination
Reaction

2.3 Cell Gulture,
Transfection,

and Stable Clone
Generation for In Vitro
Experiments

2.4 Flow Cytometry

1.

Sequence verified astll-arl.2, attR2-attl4 and attR4-15
donor plasmids.

. pBUTR destination vector containing 5" a#R1 and 3’ a#R5

sites.

. LR Clonase II Plus enzyme mix (see Note 4).

4. 2 pg/ul Proteinase K in 50 mM Tris, pH 8.0, 3 mM CaCl,,

O 0 NN O

10.

11.

12.
13.

14.

50 % glycerol.

. 1x TE buffer: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA,

pH 8.0.

. 37 °C water bath.

. Vortex.

. One Shot Machl T1 chemically competent E. coli cells.

. LB agar plates containing ampicillin (100 pg/ml) and kanamy-

cin (100 pg/ml).
Primers for PCR screening: UBC forward—5'-ATTGTCC

GCTAAATTCTGGC-3’, PGK reverse—5'- TAAAGCGCAT
GCTCCAGAC -3'".

OneTag DNA Polymerase or any other DNA polymerase with
proof reading activity.
Agarose.

10 pg/ml ethidium bromide in double-distilled water. Use at
a final concentration of 0.5 pg/ml.

1x Tris-acetate EDTA buffer: 40 mM Tris-acetate, 1 mM
EDTA.

. MCF10A cell line: Any appropriate adherent or suspension cell

line can be similarly used.

. Growth media for MCF10A cells: DMEM /F12 medium, 5 %

horse serum, 0.01 mg/ml bovine insulin, 0.5 pg/ml hydro-
cortisone, 100 ng/ml cholera toxin, 20 ng/ml human EGF,
and 100 U/ml penicillin and 0.1 mg/ml streptomycin.

. Mature pBUTR vector.
. Plasmid containing transposase (pCMV-HA-m7pB) [27].

. Lipofectamine-LTX or any other transfection reagent specific

to the cell line being used.

. G418.

. FACSCalibur system (BD Biosciences) or any other appropri-

ate flow cytometry equipment.

. For cell sorting, BD FACS Aria II cell sorter (BD Biosciences)

or any other appropriate cell sorter equipment.



2.5 Genomic DNA
Isolation, Library
Preparation,

and Limited Next-
Generation
Sequencing

2.6 Generation,
Injection of Embryonic
Stem Cells, Embryo
Harvest, and Imaging
for In Vivo
Experiments
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. Lysis buffer: 100 mM NaCl, 20-mM Tris, pH 7.6, 10-mM

EDTA, pH 8.0, 0.5 % sodium dodecyl sulphate and 0.5 mg/
ml proteinase K.

2. 60 % volume-saturated NaCl.

Ao

O 0 N O U

. Ethanol.

. Personal genome machine (PGM) manually barcoded forward

primer: P- NNNNAGTTGAACTAGTAATAAAGGATCC and
PGM barcoded reverse primer: P-NNNNTGACATGTT
GTATGACGGTGTG (see Note 5).

. Ton Plus Fragment Library Kit (Life Technologies).

. Ton PGM Template OT2 200 Kit (Life Technologies).
. Ton PGM 200 Sequencing Kit (Life Technologies).

. Ton 314 chip (Life Technologies).

. PGM sequencing platform (Life Technologies).

. V6.5 embryonic stem cells (ESCs) derived from F1 hybrid

strain (C57BL/6x129/Sv) [28].

. ESC medium: DMEM, 15 % fetal bovine serum, 1000 U/ml

LIF, 1 % p-mercaptoethanol, 1 % non-essential amino acids,
1 %1-glutamine, 0.5 % penicillin /streptomycin.

. 1x phosphate-butfered saline (PBS): 137 mM NaCl, 2.7 mM

KCl, 10 mM Na,HPO,, 2 mM KH,PO,.

4. 100 mm culture dishes with feeder cells.

AN G

. 2 N (3.5 days postcoitus) C57BL /6 blastocysts.
. Pseudopregnant ICR recipient

female mice—2.5 days
postcoitus.

. 4 % Paraformaldehyde.

. 15 % and 30 % sucrose in 1x PBS.
. OCT compound.

10.
11.
12.

SuperFrost Plus slides.
Vectashield.

Confocal laser scanning microscope.

3 Methods

3.1 Construction
of Donor Vectors

. Generate the a#B-flanked PCR products using One 7Tag DNA

polymerase or any other DNA polymerase with proofreading
activity.

. For each BP recombination reaction between a given a#tB

PCR product and donor vector, add the following components
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3.2 Construction
of Expression
Reporters

to 1.5 ml microcentrifuge tubes at room temperature and mix
gently with a pipette:

attB PCR product (150 ng)—1-7 pl (see Notes 6-8).
pDONR vector (150 ng/pl)—1 pl.

1x TE Butffer, pH 8.0—to 8 pl.

. Quickly vortex the BP Clonase I enzyme mix, twice (2 s each

time), and add 2 pl of BP Clonase II enzyme mix to each sam-
ple above. Mix well by vortexing briefly twice (2 s each time)

4. Incubate reactions at 25 °C for 1 h (see Note 9).

10.

11.

. Add 1 pl of the Proteinase K solution to each reaction. Incubate

for 10 min at 37 °C.

. Transform 2 pl of the transformation reaction to TOP10 com-

petent E. coli cells (the remaining can be stored at -20 °C) and
plate one-fifth of the transformants on LB agar spectinomycin
plates.

. Incubate overnight at 37 °C.

. The following day, screen colonies using M13 forward and

reverse primers. For colony PCR (see Note 10), determine the
number of colonies intended to be screened. Set up a 96-well
plate with 100 pl/well of LB media containing spectinomycin
(100 pg/ml) and a similar number of PCR reactions with M13
forward (-20) and reverse primers and Tag polymerase. Using
a pipette tip pick one colony, dip it in the PCR reaction cock-
tail containing OneTagq DNA polymerase, and then into the
correspondingly labeled LB-containing well. Incubate the
inoculated LB-containing plate at 37 °C.

. Set up a thermal cycler with the following conditions:

Initial denaturation at 94 °C for 30 s

25 cycles (see Note 11) at 94 °C for 30 s,47 °C for 30 s, 68 °C
for “n” seconds, where =60 s/kb

Final extension at 68 °C for 5 min

Resolve PCR products on a 1 % agarose gel. Colonies without
any insert are characterized by a background band of ~350
base pairs (bp). If an insert of “n” bp is expected then a band
at “350+n” bp will show up (Fig. 2).

Once a candidate insert has been identified, the corresponding
inoculum can be used to seed miniprep culture, which can sub-
sequently be sequence confirmed using the aforementioned
M13 primers.

Complete expression reporters are generated via four part recom-
bineering using the destination vector and the three donor plas-
mids—the ¢RFP entry clone, the donor plasmid containing the 3’
UTR/siRNA or miRNA sensor of interest, and the pool of donor
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Pool 1 Pool 2

10kb

3kb

2kb
1.5kb

1.2kb
1kb

500 bp

Noinsert 100 bp

L C1 C2 €3 ¢4 C5 €6 C7 €8 €9 C10 C11 €12 L C1

C2 €3 C4 C5 C6 C7 C8 C9 C10 C11 C12

900bp 1.2kb 350 bp 100bp  Noinsert

Fig. 2 Representative agarose gel (1 %) electrophoresis image of colony PCR products to identify positive
clones in pooled BP recombination reaction. Colony PCR was performed with M13 primers (see tex?) to screen
for positive clones from BP recombination reaction done in two separate pools. Clones without any insert result
in a ~350 bp product. Subtracting ~350 bp from the other inserts gives the approximate length of the ampli-
fied 3’ UTR inserts and an indication of their identity. Performing colony PCR helps to pick the right size inserts
for sequence confirmation in comparison to sequencing in bulk to get the right inserts. A similar strategy can
be adapted for screening post LR recombination reaction, but using UBC forward and PGK reverse primers
instead (see tex?). L, ladder; C, BP clone

plasmids containing the minimal polyadenylation signal and
barcode.

1.

Use the following formula to convert femtomoles (fmol) to
nanograms (ng) of DNA:

ng=|(X fmol) x (size of DNA in bp)x660],/10°

. For each LR recombination reaction between an appropriate

attB PCR product and donor vector (see Note 12), add the
following components to 1.5 ml microcentrifuge tubes at
room temperature and mix gently with a pipette:

Entry clone (10 fmol each)—1-7 pl
Destination pBUTR vector (20 fmol)—1 pl
1x TE buffer, pH 8.0—to 8 pl

. Quickly vortex the LR Clonase IT Plus enzyme mix, twice (2 s

each time), and add 2 pl of LR Clonase II enzyme mix to each
sample above. Mix well by vortexing briefly twice (2 s each
time).

4. Incubate reactions at 25 °C for 16 h (see Note 13).

. Add 1 pl of the Proteinase K solution to each reaction. Incubate

for 10 min at 37 °C.
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3.3 Transfection
of Cells

and Generation
of Stable Clones

3.4 Flow Cytometric
Analysis of Reporter
Expression

in Arrayed Format

6.

10.

Transform 2 pl of the transformation reaction to One Shot
Machl TI1R Competent E. coli cells (the remaining can be
stored at -20 °C) and plate the entire transformants on LB
agar ampicillin plus kanamycin plates.

. Incubate overnight at 37 °C.

. The following day, screen colonies using UBC forward and

PGK reverse primers. For colony PCR, determine the number
of colonies intended to be screened. Set up a 96-well plate with
100 pl/well of LB media containing ampicillin plus kanamycin
(100 pg/ml each) and a similar number of PCR reactions with
UBC forward and PGK reverse primers and One7lzg DNA
polymerase. Using a pipette tip pick one colony, dip it in the
PCR reaction cocktail, and then into the correspondingly
labeled LB-containing well. Once done, run PCR (use the
same conditions as Subheading 3.1, step 10, except for anneal-
ing temperature of 49 °C). Incubate the inoculated LB-
containing plate at 37 °C.

. Resolve PCR products on an 1 % agarose gel. The right colo-

nies can be identified based on the expected insert sizes of the
3’ UTR or siRNA/miRNA sensor elements.

Once an insert has been identified, the corresponding inocu-
lum can be used to seed bacterial growth cultures, which would
subsequently be sequence confirmed using the UBC forward
and PGK reverse primers described above (see Note 14).

. Transfect cells with plasmids containing transposase (pCMV-

HA-m7pB) and transposon (respective pBUTR vector) at a
ratio of 1:2 using appropriate transfection reagent (see Note
15). The pBUTR can be used for a wide spectrum of cell types
(see Note 16). For MCF10A cells, sced 4 x 10* cells into each
of the desired number of wells in a 24-well plate. Twenty-four
hours after cell seeding, transfect the cells in each well with
333.3 ng of pBUTR-wild-type-ZEB2 or pBUTR-mutant-ZEB2
along with 166.7 ng of pCMV-HA-m7pB.

. Forty-eight hours after transfection, split cells 1:10 and select

with G418 (1000 pg/ml for MCF10A) for approximately 2
weeks (see Note 17).

. Following G418 selection, split each stably transduced cell line

in replica plates, and then treat one or more replicates with the
experimental stimulus while leaving another replicate plate
untreated as a control. For MCF10A cells, treat with TGFE-p or
vehicle for 72 h (see Note 18, and Fig. 3a).

. Perform multicolor flow cytometry to assess the expression of

the turboGFP (tGFP) (excitation /emission max =482 /502 nm)
and tRFP (excitation/emission max = 553 /574 nm) under the
different experimental conditions.



a Transfect pBUTR (X) into cells

G418 Selection
(2-4 weeks)

Expand selected GFP* cells
Split

Control condition Test Condition

N\ /

FACS-based determination of relative
change in [tRFP / tGFP] ratio

b Transfect pBUTRs (X1, X2, X3,....Xn)
individually into cells

G418 Selection (2-4 weeks)

Expand selected GFP* cells

Pool selected GFP* cells containing

the different pBUTRs
Pooled cells
Split
Control condition Test Condition
FACS-based
sorting
Total tRFP" cells tRFP" cells Total
population  tRFP™ cells tRFP™ cells  population
tRFP* cells tRFP" cells

N

Isolate Genomic DNA representative of
total and enriched in 3'UTR
intrinsic unique barcode elements

lon Torrent adapter-ligated library /
Sequence on lon 314 chip using lon PGM platform

Percent representations of the different 3’ UTRs
in the various pooled population

Fig. 3 Schematic of work-flow for pBUTR vector-mediated high-dimensionality screening and validation appli-
cations in arrayed (a) or pooled format (b). One caveat associated with DNA transposon-based screening
approaches relative to a retro- or lentiviral approach is that stable transfection of cells in bulk with a pool of
vectors is not straightforward. For this reason, initial transfection and selection should be performed in an
arrayed format. The inclusion of unique barcode elements with the minimal polyadenylation signal will allow
analysis of enrichment or depletion within pooled cell populations via flow cytometry and cell sorting and
limited next-generation sequencing
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3.5 Flow Cytometric
Analysis of Reporter
Expression in Pooled
Format

3.

Determine the ratio of tRFP and tGFP expression as assessed
via median fluorescence intensity (MFI) and calculate fold
changes as follows:

Fold change=log, (tRFP/tGFP)c;/(tRFP/tGFP)c, where
C1 and C2 are two different experimental conditions.

. A positive fold change will indicate 3" UTR-mediated post-

transcriptional induction or up-regulation of gene expression.
Conversely, a negative fold change will indicate posttranscrip-
tional repression or downregulation of gene expression (see
Notes 19 and 20).

Treatment of MCF10A cells with TGF- will result in decreased

miR-200b and E-cadherin protein expression. In cells stably trans-
fected with the wild-type ZEB2 reporters, these decreased levels
will coincide with marked increases in tRFP fluorescence. The lev-
els of tRFP fluorescence, as assessed via median fluorescent inten-
sity (MFI) in the TGF-p treated MCF10A cells will be similar to
those observed in untreated MCF10A cells transfected with mutant
ZEB2 reporters (see Note 21).

1.

The pBUTR vectors containing the 3’-UTR elements of
interest are individually transfected in arrayed format and
selected with G418 exactly as described in Subheading 3.3
(see Note 22).

. Following selection for approximately 2—4 weeks, the individ-

ual transfectants expressing the different pBUTRs are pooled
(see Note 23, and Fig. 3b).

. The pooled stable transfectant lines are split to replica plates

and treated according to experimental design.

. Cells from the different experimental conditions are sorted

using multicolor flow cytometry based on tRFP expression (see
Notes 24 and 25, and Fig. 4).

. Isolate genomic DNA from the different pools of sorted tRFP+

positive cells using overnight proteinase K digestion at 55 °C
before salting out with 60 % volume saturated NaCl and pre-
cipitating with ethanol.

. Use distinctly barcoded PGM PCR primer pairs to amplify 3’

UTR-correlated barcode elements from each of the sorted
populations.

. Use these barcoded elements to template an Ion Torrent

adapter-ligated library using Life Technology’s Ion Plus
Fragment Library Kit protocol (#4471252, Revision 3.0).
Perform sample emulsion PCR using the Ion PGM Template
OT2 200 Kit (#4480974, Revision 5.0) following Life
Technology's instructions. Prepare the samples for sequenc-
ing using the Ion PGM 200 Sequencing Kit (#4474004,



3.6 Using pBUTR
for In Vivo
Monitoring of 3
UTR-Mediated PTGR
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Fig. 4 Recommended subdivision of population prior to screening for more sen-
sitivity in pooled approaches. Shown is a schematized example of the range of
basal tRFP expression of a pool of pBUTRs in a given physiological context. The
original pool may be sorted into two or more subpools (vertical dotted lines) on
the basis of baseline tRFP expression (e.g., tRFP®, tRFP™¢, tRFP") prior to the
experiment. Each subpool may then be individually treated and sorted. Please
also refer to Note 25. {RFP, turbo-red fluorescent protein; /o, low; me, medium;
hi, high

Revision C). Load the completed samples on an Ton 314 chip
and sequence on the PGM platform.

8. Process the data from the PGM runs initially using the bam-
2fastq [29] to generate the fastq files and custom Perl scripts to
bin based on barcodes and trim adapter sequences. Determine
the percent representation of the different barcodes in the
indicated populations.

9. Enriched and depleted barcodes will reveal identity of gene
products that are being regulated at the post-transcriptional
level by their 3" UTR elements under different experimental
conditions.

1. On the day of electroporation, trypsinize, count and aliquot
5x10° V6.5 ESCs.

2. Spin the tube containing the aliquoted cells at 190x g4 for
3 min. Aspirate as much media off as possible, wash cell pellet
with 10 ml 1x PBS, and spin again for 3 min at 190 x g. Aspirate
once again.

3. Add 1 pg each of pBUTR vector and pCMV-HA-m7pB trans-
posase to the cell pellet.

4. Add 700 pl 1x PBS to the pellet. Suspend cells and DNA by
pipetting multiple times and transfer to 0.4 cm gap electro-
poration cuvette. Replace cap on cuvette (see Note 26).
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5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

Place cuvette in GenePulser shockpod and electroporate the
cells at 240v and 500uF (see Note 27).

Post-electroporation, let the cuvette sit inside a laminar air
flow hood for 10 min at room temperature.

. Add 1 ml of ESC media to the cuvette and mix. Transfer cells

to a 15 ml conical tube in sterile condition (see Note 28).

. Rinse cuvette with 1 ml of ESC media and add to the cells in

the conical media. Resuspend cells ensuring there are no
clumps.

. Plate 10 % of electroporated cells onto 100 mm culture dishes

with a feeder layer by gently dripping the cells over the feeder
layer.

Tip dishes in “X” pattern (do not swirl cells to the periphery of
the plate).

At least 20 h post-electroporation, start selection with G418
(300 pg/ml) for 8 days, verify resulting ESC colonies for tGFP
and tRFP expression using a microscope, pick the colonies,
expand, and make freezer stocks.

Inject ES cell clones into 2 N (3.5 days postcoitus) C57BL/6
blastocysts and subsequently transfer to the uterine horns of
2.5 days postcoitus pseudopregnant ICR recipient female mice.

Sacrifice pregnant females by carbon dioxide asphyxiation on
appropriate postcoitus day based on what developmental phase
is being studied (see Note 29).

Dissect out embryos and fix in 4 % paraformaldehyde (PFA)
for 1 h, before incubation in 15 % and 30 % sucrose (each for
16 h), and finally embed in OCT compound.

Cut 5 pm sections including desired physiological structure
and mount on SuperFrost Plus slides using Vectashield.

Obtain images documenting domains of tRFP and tGFP
expression using a confocal laser scanning microscope.

TurboGFP expression would be constitutively observed in all
areas where the pBUTR has been internalized. On the other
hand, the tRFP expression will be reliant on a particular 3’
UTR’s ability to confer correct temperospatial expression of
the gene product during murine development.

4 Notes

. For generating the siRNA or miRNA sensors, the a#B2r and

attB4 flanked siRNA/sensors sequence may be commercially
synthesized. For example, for a “2x” CXCR4 siRNA sensor
[30] the azB2r-CXCR4-a1tB4 sequence is—5 -GGGG
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ACCCAGCTTTCTTGTACAAAGTGGT
AAGTTTTCACTCCAGCTAACACCGGAT
CCGGCATAAGTTTTCACTCCAGCTAA
CACCGGCACCCAACTTTTCTATACAAA
GTTGTCCCC—3’ (the underlined portion is the CXCR4
sensor sequence). This commercially synthesized oligonucle-
otide may then be amplified with oligonucleotides correspond-
ing only to the a#zB2r and attB4 sites, rather than chimeric
oligonucleotides as described.

. For generating an a#B-flanked entire 3" UTR, design the for-
ward primer with the 5" end corresponding to the base imme-
diately after the stop codon of the coding sequence and the 5’
end of the reverse primer corresponding to the nucleotide
immediately preceding the poly (A) signal. The use of a syn-
thetic polyadenylation signal for all clones to be analyzed
removes any influence of the native polyadenylation signal
(e.g., efficiency) on gene expression, which may confound
analysis of 3" UTR-mediated effects.

. The composition of our own barcodes, generated via mixed
nucleotide synthesis, was informed by the average nucleotide
composition of the 24 base pairs following the G/U-rich
region of native polyadenylation sequences in the human
genome. The inclusion of unique barcode elements with the
minimal polyadenylation signal was made to allow analyses
within pooled cell populations via flow cytometry, cell sorting,
and limited next-generation sequencing analysis.

. The BP Clonase II and LR Clonase II Plus enzyme mixes
should be kept at —20 °C until immediately before use; how-
ever, the Proteinase K solution can be thawed and kept on ice
until use.

. The number of different ‘NNNN’ combinations to be used
will depend on the experimental conditions. For example, if
only a control and experimental conditions are being com-
pared then two variants of NNNN like ACTG and AGTC will
be used. On the other hand, if a time course experiment is
being done for 0, 24, and 48 h, then three variants of NNNN
like ACTG, TGAC, and AGTC may be used. These primer
pairs should be phosphorylated at the 5" end.

. Anywhere between 15 and 150 ng of the a#B PCR product
can be used for the BP reaction.

. Set up a BP reaction with no a#B PCR product as a negative
control.

. A major advantage of the Gateway® system is the potential for
scalability. Multiple donor vectors containing 3’ UTR elements
to be assessed can be generated simultaneously if the azB2r
and a#B4 flanked PCR products corresponding to these 3’
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10.

11.

12.

13.

14.

15.

16.

UTRs are pooled for the BP reaction. For pooling of large
groups of UTRs it is recommended to generate “subpools”
such that individual inserts may be easily discerned following
colony PCR screening and gel electrophoresis. For example if
there are 3' UTRs of length 150, 175, 200, 250, 500, 750,
1200, 1400 bp—then we would recommend two subpools,
with one containing 3’ UTRs of length 150, 200, 500, and
1200 bp and the other containing the 175, 250, 750, and
1400 bp length 3" UTRs. This facilitates identification of indi-
vidual inserts during visualization after gel electrophoresis.

. Normally a 1-h incubation yields a sufficient number of donor

vectors. However, the length of the recombination reaction
can be extended up to a maximum of 18 h. For PCR products
>5 kb, longer incubations will increase the yield of colonies
and are recommended. Normally, an overnight incubation
typically yields five to ten times more colonies than 1-h
incubation.

If just one donor vector is being constructed then the colonies
can just be grown up for miniprep and subsequently sequenced.
The colony PCR is especially beneficial when pooled BP reac-
tions are being done since this precludes the need to sequence
a large number of colonies to get the desired donor vectors.

Normally 25 cycles of PCR is enough to view products on an
agarose gel. The precise conditions for PCR will be informed
by the choice of polymerase mix and the thermal cycler used.

The expression constructs can be generated through pooled
LR recombination reaction in a manner analogous to that
described in see Note 8. Again, we recommend a subpooling
strategy based on the size of the 3’ UTR elements of interest
(see Note 8) such that the positive clones can be easily identi-
fied through colony PCR.

The reactions can be incubated up to 24 h at room
temperature.

The pBUTR reporters should be prepped with Endotoxin-free
miniprep or maxiprep kits, depending on the number of pro-
jected downstream transfections.

The total amount of DNA transfected depends on the cell
numbers and the specific transfection reagent being used.

Originally isolated from the genome of the cabbage looper
moth Trichoplusia ni [31], the piggyBac transposon has dis-
tinct advantages. It has a large cargo size [31], and is highly
active in many cell types [32, 33]. In addition, it has been
shown to effect long-term expression in mammalian cells
in vivo [34].
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Perform a kill curve with G418 for the particular cell line being
used, then use the lowest concentration of G418 that effec-
tively kills untransfected cells. Normally you get stable colonies
of cells within 2 weeks and very distinct isolated colonies after
4 weeks of selection with G418. Successful selection can be
confirmed by observing the cells under a fluorescence micro-
scope and determining the approximate percentage of tGFP*
cells.

Posttreatment with TGF- for 72 h, MCF10A cells switch
from polarized, tightly packed discoid epithelial cells to highly
motile fibroblastic or mesenchymal phenotype, characteristics
of distinct morphological changes associated with EMT [26],
areduction in E-cadherin protein expression concomitant with
an induction of the mesenchymal cell marker N-cadherin [18].
These parameters can be used to verify that the answer obtained
in the pBUTR experiment corroborates with the expected
landmarks of a phenomenon.

The observed changes in tRFP expression can be further vali-
dated by appropriately using miRNA mimics or antagomirs in
the case of siRNA/miRNA sensors or miRNA-mediated regu-
lation or siRNA /ectopic overexpression in case of RNA bind-
ing proteins.

The relative reporter expression within this system does not
differentiate between mechanisms impacting mRNA stability
or translational repression, which will require additional down-
stream experimentation.

Of note, even though endogenous promoters are used in the
pBUTR vector, it is necessary to include appropriate control
reporters with minimal or otherwise defined 3" UTR elements
to offset effect of promoter activity, if any.

A drawback of DNA transposon-based approaches is that there
is some risk in transfecting pooled reporters into a population
of cells. In contrast to viral vector systems, where low multi-
plicities of infection can be used to ensure a single integrant
per cell, DNA transposons necessitate the use of electropora-
tion or cationic lipid-based delivery methods. Since both of the
latter methods will deliver multiple vectors from a pool into a
given cell, there is a very high risk of confounding results in
any reporter-based screen. We thus strongly suggest that indi-
vidual cell lines be generated in arrayed format and then pooled
for screening approaches.

Ideally, equal numbers of cells from each stably transduced line
are mixed together. However, since a comparison of relative
representation within control and experimental populations
will be assessed, this is not essential in high-dimensionality
screens.
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24.

25.

26.

27.

28.
29.

An advantage of flow cytometry based screening is that addi-
tional fluorophores may be simultaneously used as experimen-
tal controls, e.g., decreased surface expression of E-cadherin
and increased surface expression of N-cadherin in the context
of EMT.

As a general rule, one would collect the 10 % of cells expressing
the highest level of tREP in each condition and compare these
populations. However, this strategy may miss several posttran-
scriptional regulatory events. Each 3” UTR has its own base-
line level of expression, which from our experience may vary
over an order of magnitude from other 3" UTRs in the popula-
tion. For example, consider that the basal tRFP fluorescence
intensity of a pooled population ranges from 10 to 100 (arbi-
trary units). An individual reporter may have a fluorescence
intensity of 10 in the control state and 80 in the experimental
state—an impressive eightfold induction. However, since one
is merely collecting the top 10 % of events in each population
(fluorescence intensities of 90-100) this induction would be
missed. To increase the sensitivity in a screening experiment,
the original pool may be sorted into two or more subpools on
the basis of baseline reporter expression (e.g., tREP, tREP™ed,
tRFP") prior to the experiment. Each subpool may then be
individually treated and sorted.

While loading the cuvette, be careful not to touch the sides,
especially the metallic surface.

Confirm that the Time Constant from the GenePulser was
between 7.0 and 8.0 during electroporation.

The mixing is done best with Pasteur pipettes.

Although we describe a transient transgenesis approach,
depending on the depth and breadth of the planned analysis, a
better strategy may be to let the fetuses come to term and
screen pups for tGFP expression upon birth [35]. TGFP* pups
may then be used as founders for a line of reporter mice that
may be used to extensively characterize 3" UTR-mediated gene
regulation throughout embryogenesis and adulthood.
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