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Abstract

Mesenchymal-epithelial signaling is essential for the development of many organs and is often disrupted in
disease. In this study, we demonstrate the use of lentiviral-mediated transgene delivery as an effective ap-
proach for ectopic transgene expression and an alternative to generation of transgenic animals. One ben-
efit to this approach is that it can be used independently or in conjunction with established transgenic or
knockout animals for studying modulation of mesenchymal-epithelial interactions. To display the power
of this approach, we explored ectopic expression of a Wnt ligand in the mouse intestinal mesenchyme and
demonstrate its functional influence on the adjacent epithelium. Our findings highlight the efficient use of
lentiviral-mediated transgene expression for modulating mesenchymal-epithelial interactions in vivo.

Key words: lentivirus, mesenchymal-epithelial signaling, intestine, transgene expression,
Wnt signaling, mouse.

1. Introduction

Epithelial-mesenchymal signaling networks are indispensible in
vertebrates and are essential during early organogenesis and con-
tinuing throughout adulthood. Study of these complex pathways,
including the Wnt, Notch, fibroblast growth factor, Bmp, TGF-β,
Shh, and Notch signaling pathways, is complicated by the diverse
interactions that exist between their respective ligands and recep-
tors. However, understanding these signaling pathways is impor-
tant, as many are disrupted in disease states or are required for
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maintaining tissue homeostasis by regulating stem cell mainte-
nance, differentiation, migration, and polarity.

The mammalian intestine critically depends upon signaling
between mesenchymal and epithelial cells. Many of the key de-
velopmental signaling pathways that function in an epithelial-
mesenchymal capacity are implicated in maintaining the adult
intestinal homeostasis. For example, the developmentally im-
portant Wnt signaling pathway is critical for proliferation and
epithelial stem cell maintenance in the adult tissue (1). In both
the developing and adult intestine, a number of Wnt ligands
are expressed in the mesenchyme and signal to receptors
expressed in the intestinal epithelium (2). While the impor-
tance of tightly regulated Wnt signaling in adult tissues is
well-documented linking dysregulation of the pathway to
hyperproliferation and cancer, our basic understanding of
Wnt signaling on the ligand/receptor level is complicated by
the large number of identified Wnt ligands and their receptors.
In addition, ligands can bind to multiple receptor and/or co-
receptor combinations to stimulate different downstream target
gene expression. Therefore, due to this contextual influence, it
has been difficult to dissect such complex interactions in vivo.
Further, although many transgenic mouse lines with modifica-
tions in the Wnt signaling pathway exist, most harbor pertur-
bations in downstream effectors, such as Apc or β-catenin.
Moreover, the limited number of ligand knockout mouse lines
in existence result in developmental defects that preclude anal-
ysis in the adult (3–5), and tissue-specific analyses are impeded
by the lack of available knockout mice with conditional alleles.
Mouse models exhibiting overexpression of Wnt ligands are al-
so not readily available. While these transgenic and knockout
mice could be generated, doing so for individual Wnt ligands
and receptors in different tissues or cellular compartments
would be inefficient and expensive. Although the Wnt signal-
ing pathway exemplifies the intricate nature of mesenchymal-
epithelial signaling, the challenges highlighted here also apply
to studies in other signaling pathways. As such, it is important
to explore alternative approaches for genetic manipulation to
effectively study the role of mesenchymal-epithelial signaling
pathways in homeostasis and disease.

Viral delivery of transgenes to either mediate ectopic gene
expression or to dampen endogenous expression represents an
attractive alternative approach as it can provide a rapid functional
assessment of multiple receptors and ligands, individually or in
tandem. Recent advances in the biosafety of lentiviral vectors
make this approach a viable option, because non-replicative,
self-inactivating viruses now cause little to no adverse effects
on the infected subject (6–8). Most importantly, this approach
results in stable integration of the transgene into the mouse
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genome (7). A track record for successful use of lentiviral-medi-
ated gene delivery is apparent from studies in embryonic stem
cells and somatic cells from a variety of organs, including the
lung, pancreas, and stomach epithelium, as well as the liver (9,
10). Additionally, in utero viral injection of fetal rats results in
a secondary transduction site in the intestinal epithelium (11).
Although this method provides an intriguing approach for epi-
thelial transgene expression, in utero injection is a challenging
technique that requires specialized equipment and skill. Further,
this method is less attractive because generation of transgenic
animals with intestinal specific promoters (12–15) is a standard
approach that routinely accomplishes robust and uniform epi-
thelial transgene expression and produces a transgenic line of
mice. However, few systems exist for mesenchymal transgene
expression, which is required to modulate paracrine signals
originating in the mesenchyme. Our studies employ such an
approach, and we have used the small intestine to demonstrate
its effectiveness.

It is well-documented that the small intestine displays cell
signaling across its defined epithelial and mesenchymal cellular com-
partments (2, 12–14), offering an ideal system to display lentiviral-
mediated transgene expression to modulate mesenchymal-epithelial
crosstalk. In this study, we report effective lentiviral-mediated trans-
gene delivery to mesenchymal cells and subsequent signaling to the
epithelium. Functional levels of lentiviral-mediated WNT1 expres-
sion in the intestinal mesenchyme modulated transgene expression
in the epithelium and resulted in a phenotypic readout.

2. Materials
and Methods

Mice Mice were housed in a specific pathogen-free environment
under strictly controlled light cycle conditions, fed a standard
rodent Lab chow (PMI Nutrition International), and provided
water ad libitum. FVB/N and Wnt-reporter TOPGAL mice (15)
were purchased from The Jackson Laboratory (Stock #001800,
#004623). Prior to lentiviral infection, mice were housed in a spe-
cific pathogen-free barrier room. After lentiviral infection, mice
were moved to a standard barrier room. All procedures were
performed in accordance to the Oregon Health and Science Uni-
versity Animal Care and Use Committee.

Vector Production and in vivo Transduction Lentiviruses were produced
using the third generation HIV-pseudotyped system (6). Transducing
vectors contained DsRed (pSL35=LMSCV-IRES-eGFP-DsRed) or
humanWNT1 (pSL35=LMSCV-IRES-eGFP-WNT1), packaging vector
pSL4, envelope vector pSL3, and rev-regulatory vector pSL5. pSL35
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was modified to contain the murine stem cell virus promoter and the
IRES-eGFP and multiple cloning site from pIRES2-eGFP (Clontech).
High-titer lentiviruses were produced in 293T cells by FuGene 6-mediated
transient co-transfection (Roche Applied Science) of each of the four
vectors. Viruses were subsequently concentrated from conditioned media
harvested 48 and 72 h after transfection by ultracentrifugation at
25,000 rpm in a Beckman SW28 swinging bucket rotor. Viral pellet was
resuspended in sterile phosphate buffered saline (PBS) and titered by serial
dilution and infection into HEK 293T/17 (ATCC #CRL-11268) cells,
then expression titer determined by green fluorescent protein (GFP)
expression by flow-cytometry analysis (FACSCalibur, Becton Dickinson).
Viral pellet was resuspended in sterile PBS and titered by serial dilution and
infection of 293T cells, followed by flow-cytometry analysis (FACSCalibur,
Becton Dickinson) to determine the GFP expression titer. Viral titers were
on average 5×107 to 1×108 infectious units/ml. All viruseswere tested for
replication ability by P24 assay and found to be negative (HIV-1 P24
enzyme-linked-immunosorbent serologic assay, PerkinElmer). For lenti-
virus transduction, postnatal day1 TOPGAL and FVB/N mice were
administered 5 × 106 viral particles in a total of 50 μl, by intraper-
itoneal injection using a 30-gauge needle and analyzed 7, 14, 21, or
28 days later (Appendix).
Analyses of Transgene Expression The stomach, small intestine, colon,
liver, kidney, brain, lung, spleen, heart, and skin were harvested and
processed for mRNA expression analyses by quantitative reverse tran-
scriptase-polymerase chain reaction (qRT-PCR) and for protein ex-
pression by immunoblot and immunohistochemistry as described
below. For a more focused analysis of the intestine, epithelial and
mesenchymal cellular compartments were independently isolated.
For collection of epithelial fractions, the villus and crypt epithelium
was differentially isolated using a modified Weiser preparation (17,
18). The remaining tissue was mechanically dissociated over a 10-
mesh sieve (Bellco Tissue Sieve®, Bellco) to isolate the mesenchymal
cellular compartment from the muscularis. The three individual
cellular compartments (villus epithelium, crypt epithelium, and
mesenchyme) were then snap-frozen in liquid nitrogen for future ex-
pression analyses.

qRT-PCR and RT-PCR Analyses RNA was isolated (QIAGEN
RNeasy) and cDNA generated using Moloney murine leukemia
virus-reverse transcriptase (Invitrogen) as previously described (19).
RT-PCR was performed using standard methods and primers specific
to the human WNT1 gene (F-CTGCTCAGAAGGTTCCATCG, R-
GCCTCGTTGTTGTGAAGGTT), GFP (F-CGGCATCAAGGT
GAACTTC, R-TCACGAACTCCAGCAGGAC), and mouse β-actin
(F-GAAGTACCCCATTGAACATGGC, R-GACACCGTCCCCA
GAATCC). qRT-PCR analyses were performed using SYBR®-Green
technology on an ABI 7900HT System (Applied Biosystems). All reac-
tions were performed in triplicate in a reaction volume of 15µl, using
100 ng of template DNA, 7.5µl of a 2X SYBR®-Green Master Mix,
0.15U UDP-N-glycosidase (Invitrogen), and 900 nM forward and re-
verse primers. Data analysis using the ΔΔCT (cycle threshold) approach
was performed using the ABI Prism® SDS 2.1 software. Cycle thresh-
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old values were determined for each gene, and each sample was nor-
malized to the internal control gene, glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh). Primers used are listed as follows: Gapdh (F-
AAATATGACAACTCACTCAAGATTGTCA, R-CCCTTCCA
CAATGCCAAAGT), GFP (F-TCCAGGAGCGCACCATCTT,
R-CGATGCCCTTCAGCTCGAT), DsRed (F-GAGATCCA
CAAGGCCCTGAAG, R-GTCCAGCTTGGAGTCCACGTA), LacZ
(F-GATCTTCCTGAGGCCGATACTG, R-GGCGGATTGACCG
TAATGG), c-Myc (F-AGCTTCGAAACTCTGGTGCATAA,
R-GGCTTTGGCATGCATTTTAATT), EphrinB1 (F-AGGTTGGG
CAAGATCCAAATG, R-AGGAGCCTGTGTGGCTGTCT), EphB2
(F-ACCTCAGTTCGCCTCTGTGAA, R-GGACCACGACAGGGT
GATG), and EphB3 (F-TCTGACACTCAGCTCCAACGA, R-
CCAGGCATCCAAAAGTCCA).

Immunoblot Analyses Whole intestinal tissue was harvested, flushed
with cold PBS, snap-frozen in liquid nitrogen, lyophilized overnight,
and subsequently ground into a powder with a mortar and pestle.
Samples were resuspended in 1× sample buffer as described (20), then
subjected to electrophoresis on a 4% stack/15% resolving acrylamide
gel and transferred overnight at 20 V, 4 C to polyvinylidene fluoride
membrane. For protein detection, the membrane was incubated with
Odyssey® Blocking Buffer (LI-COR Biosciences) for 1 h at 25 C, then
probed with antibodies to GFP (1:1,000; Molecular Probes), DsRed
(1:1,000; Clontech), Wnt1 (1:1,000, R&D Systems), or β-Actin
(1:1,000, Santa Cruz). The Wnt1 antibody was raised against mouse,
cross-reacts with the human protein, and has less than 5% cross-reactiv-
ity with Wnt3a and Wnt5a. Direct near- infrared detection was per-
formed using appropriate species-specific secondary antibodies (rabbit
IRDye 800, Rockland; mouse AlexaFluor 680, Molecular Probes),
prior to being visualized on the Odyssey Infrared Imaging System
(LI-COR Biosciences).

Immunohistochemical Analyses Liver, spleen, lung, and the intestine
were processed for frozen sectioning and antibody staining as previ-
ously described (21). GFP-expressing cells were identified in 5-μm-
thick sections with antibodies to GFP (1:250; Molecular Probes)
and fluorescent secondary antibodies (1:500, Cy5; Jackson Immu-
noResearch); or were double-labeled with antibodies to DsRed
(1:200; Clontech), Ki67 (1:200, AbCam), or β-galactosidase (β-gal;
1:500; Immunology Consultants Laboratory, Inc.); and visualized
with Cy5- and FITC-conjugated secondary antibodies (Jackson
ImmunoResearch). Slides were incubated with Hoechst 33258
(0.1 μg/ml; Sigma) nuclear stain. Images were captured on a Leica
DMR microscope with a DC500 digital camera and IM50 Image
Manager Software (Leica Microsystems). Images were overlaid using
Adobe Photoshop CS2 or ACD Systems Canvas.

The number of crypt-villus units containing Wnt-receiving cells was
determined in WNT1-injected and DsRed-injected mice by counting
positive crypt-villus units on 6 × 5µm tissue sections 125µm apart (n=
3 each group) and represented as a ratio relative to total crypt-villus
units. Statistical significance between experimental populations was
determined using a Student’s two-tailed, paired t-test. A p value
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G0.05 was considered statistically significant. Statistical analysis was
performed using GraphPad Prism for Windows (GraphPad Software).

3. Results
and Discussion

Lentiviral-Mediated Transgene Expression in the Mouse To demonstrate
that lentiviral-mediated delivery of transgenes represents an effective
approach for modulating signaling pathways dependent upon mesen-
chymal-epithelial interactions, we characterized in vivo infection and
mouse tissue expression patterns of a lentivirus harboring a bicistronic
message encoding DsRed sequences upstream of an internal ribosomal
entry site and enhanced GFP (DsRed-IRES-GFP). The virus was gen-
erated by co-transfecting three lentiviral packaging plasmids (6) with
the DsRed-IRES-GFP transducing vector (Fig. 1a). Lentiviral particles
(5×107) were delivered by intraperitoneal injection into wild-type mice
at postnatal day1 that were subsequently sacrificed and analyzed at
postnatal day21 (Fig. 1a). Multiple tissues were isolated and analyzed
by qRT-PCR for GFP expression (Fig. 1b). Expression was highest in
the liver and spleen, presumably due to the high percentage of blood-
derived cells in these organs, but also detectable in the kidney, lung,
skin, and the small intestine, as it has been demonstrated that intraper-
itoneal injection of substances effectively traffics to the blood compart-
ment (22, 23). Mock-injected controls displayed no GFP expression
since GFP is not endogenously expressed in wild-type mice. As we
previously noted, the small intestine has well-defined epithelial and
mesenchymal cellular compartments and known pathways exhibiting
signaling crosstalk between the two distinct regions, offering an ideal
system in which to continue our studies.

Intestinal Transgene Expression is Restricted to the Mesenchyme To iden-
tify the transgene-expressing cell population, we stained frozen intesti-
nal sections from lentiviral-infected mice with antibodies to GFP and
DsRed (Fig. 1e–g). Co-localized expression of GFP and DsRed was re-
stricted to the mesenchymal cells in both the crypt and villus. To con-
firm the mesenchyme-restricted expression pattern, cells from the
mesenchyme and epithelial compartments were independently isolated
by both dissociation of epithelial cells in ethylenediaminetetraacetic acid
and mechanical dispersion of mesenchymal cells (17, 18). Restriction of
lentiviral gene expression to the mesenchymal population was confirmed
by qRT-PCR using primers specific to GFP and normalized to the house-
keeping gene, Gapdh (Fig. 1c). This compartment-specific expression
allows for manipulation of paracrine signaling from the mesenchyme to
the intestinal epithelium.

Expression of WNT1 Ligand in the Mouse Intestinal Mesenchyme To
show functional expression of a signaling molecule expressed by lenti-
viral infection, we chose to ectopically express the human WNT1 ligand
in the intestinal mesenchyme. Although canonical Wnt ligands are pres-
ent in the mouse intestine, Wnt1 is not endogenously expressed (data
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not shown; (2)). Stimulation of the Wnt/β-catenin signaling pathway
has a well-characterized effect on the epithelium, resulting in hyperpro-
liferation (24, 25). A WNT1-IRES-GFP lentivirus was generated and
injected into mice as we described above. Similar to the DsRed lentivi-
rus, WNT1 and GFP were expressed down the length of the intestine

Fig. 1. Lentiviral-mediated gene delivery to the mouse small intestine. a Schematic of virus produc-
tion in 293T cells and mouse injection. Mice were injected at postnatal day 1 and sacrificed for anal-
ysis at later time points. b Green fluorescent protein (GFP) gene expression by quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR) in the gastrointestinal tract and other organs.
GFP expression is normalized to glyceraldehyde phosphate dehydrogenase expression and pre-
sented relative to levels in the stomach. Graph displays triplicate samples from representative ani-
mals. Data displayed as mean±std. c GFP expression in isolated intestinal crypt and villus epithelium
and mesenchymal cells by qRT-PCR. Graph displays triplicate samples from representative animal.
Data displayed as mean±std. d Hematoxylin and eosin stained normal intestinal crypt-villus unit.
Solid line indicates apical epithelial border; dashed line indicates epithelial-mesenchymal border. e–g
Co-labeling of DsRed-injected intestine with antibodies to GFP (green) and DsRed (red). Yellow box
in e and f is enlarged in g. Arrowheads indicate dual expressing mesenchymal cells. Dashed line indi-
cates epithelial-mesenchymal border. Solid white line in g marks the apical border. Bar=25µm.
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and were primarily restricted to the mesenchyme (Fig. 2a, b). Immu-
noblot analysis for WNT1 revealed an expected 41 kD band in the
proximal (PSI), mid (MSI), and distal small intestine (DSI) of infected
mice (Fig. 2c). Although the antibody was raised against a mouse
peptide, it also recognizes the human protein. This is apparent with
the lack of endogenous Wnt1 detection in the DsRed-infected
compared to detectible levels in the WNT1-infected intestines, as this
ligand is not expressed in the mouse intestine (2). Further, GFP expres-
sion was detected by immunofluorescence in the mesenchyme, both
near the crypts and on the villi (Fig. 2d, e). Thus, the expression pat-
tern was ideal to carry out studies using overexpression of ligands of
mesenchymal origin.

Functional Expression of WNT1 in the Mouse Intestine Wnt-reporter
mice (TOPGAL), a transgenic mouse line that expresses β-gal in re-
sponse to a canonical Wnt signal (15), were injected with WNT1-
IRES-GFP lentivirus to determine if lentiviral-mediated gene delivery
could result in an increase inWnt activation within the intestinal epithelial
compartment. β-gal-expressing epithelial cells were detected in juxtaposi-
tion to GFP-expressing mesenchymal cells (Fig. 3a). Additionally, an
appreciable increase in the percentage of β-gal-positive crypt-villus units
was detected in theMSI and DSI relative to control injected mouse intes-
tines (17; Fig. 3b). Analysis by qRT-PCR confirmed the increase in β-gal
reporter expression in WNT1 infected intestines, demonstrating a greater
than fourfold increase in the epithelial compartment of both the crypt and
villus (Fig. 3c). Thus, lentiviral-derived ectopic expression of ligands can
modulate transgene expression in the epithelium.

Epithelial Response to Expression of WNT1 We further validated the
canonical Wnt stimulation by examining known downstream target
genes. As expected, the increase in Wnt-reporter expression was accom-
panied by an increase in Wnt target genes c-Myc, EphB2, and EphB3,
and decreased EphrinB1 (Fig. 3d; 12, 13). These results indicate not
only that lentiviral-delivery of the WNT1 ligand stimulated the pathway
as confirmed by a reporter assay but it also resulted in an increase in
endogenous Wnt targets.

Overexpression of the WNT1 ligand in other systems results in
hyperproliferation and tumor formation (26). Consistent with these
reports, we observed an expansion of the intestinal crypt proliferative
zone (Fig. 3e). Ki67 antibodies recognize proliferating cells in the in-
testine which are confined to the crypt during normal adult intestine
homeostasis (17). In lentiviral-mediated WNT1-expressing intestines,
the proliferative zone was expanded beyond the crypt-villus junction
(solid white line, Fig. 3e). This indicated that moderate and local influ-
ence of exogenously expressed WNT1 ligand in the mesenchyme
resulted in hyperproliferation. Further, 67% of the WNT1 infected mice
developed at least one polyp (Fig. 3f, g).

In summary, our findings show that lentiviral vectors can be used for
modulation of signaling pathways that require a paracrine-expressed
ligand. A single intraperitoneal injection resulted in mesenchymal
expression in the intestine, as well as other gastrointestinal and blood-
derived organs. Our system offers a superior approach for delivering
ligand expression to the mesenchyme negating the need for technically
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challenging in utero surgeries, bone marrow transplants, or complicat-
ed mating schemes for genetic models. In addition, our approach offers
the advantage of easily identifying infected cells with GFP expression
driven off the bicistronic message, allowing for phenotypic changes in

Fig. 2. Ectopic expression of WNT1 in the mouse intestine. a Reverse transcriptase-polymerase
chain reaction (RT-PCR) for intestinal expression of human WNT1, green fluorescent protein
(GFP), and Actin in uninjected, DsRed-injected, and WNT1-injected mice. b Gene expression levels
of GFP (green) and WNT1 (red) in isolated crypt and villus epithelium and mesenchymal cells by
qRT-PCR. Levels normalized to internal reference gene and relative to crypt values. Samples from
representative animal assayed in triplicate, data reported as mean±std. c Immunoblot probed with
antibodies to WNT1 and Actin from proximal, mid, and distal small intestine (PSI, MSI, and DSI) of
WNT1- and DsRed-infected animals. d Tissue section from WNT1-injected mice stained with anti-
bodies to GFP (green) and counterstained with Hoechst dye. Arrowheads indicate GFP-expressing
mesenchymal cells. White box is enlarged in e. Dashed line represents epithelial-mesenchymal bound-
ary; solid line represents apical epithelial border. Bar=25µm.
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the epithelium to be monitored at a cellular level. The ability to track
infected cells allows for comparisons of an elicited phenotype with nor-
mal adjacent regions within the local intestinal microenvironment. Re-
cent reports using shRNA or siRNA-containing lentiviruses (27)
suggest that our scheme could also be used for knock-down of ligand
transcripts to extend our understanding of the factors that regulate the
intestinal stem cell or other organ stem cells that are modulated by para-
crine signaling. We envision that lentiviruses will become valuable tools
to studyWnt and other signaling pathways, allowing us to dissect ligand-
receptor interactions as we seek to further understand the intricacies of
signaling within the mouse during both development and in disease.
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Appendix

Lentivirus Production
Protocol

Materials Lentiviral plasmids pSL3, pSL4, pSL5, and pSL35

FuGene 6 (Roche)

T75 cell culture flasks

HEK 293T/17 cells

OPTI-MEM serum-free media (Invitrogen)

Dulbecco’s minimal essential medium (DMEM)+10% fetal bovine
serum+Pen/Strep 100 μg/ml

0.45µM self-contained conical tube filters

40 mL Ultra Clear Beckman centrifuge tube

Beckman SW28 swinging bucket rotor

Beckman ultracentrifuge

Dulbecco’s phosphate buffered saline

Production 1. Start with 3× T75 flasks of 50–80% confluent HEK 293T/
17 cells in 11 mL DMEM+10% fetal bovine serum+Pen/
Strep 100 μg/ml.

& Hint: Seed T75 flasks at 4.5×106 the day before transfection.
Total volume should be 11 mL per dish.

2. Make a transfection master mix:

& Combine lentiviral plasmids in a microcentrifuge tube
2 μg pSL3 (envelope), 8 μg pSL4 (packaging), 4 μg
pSL5 (Rev), and 4 μg pSL35 (transducing).

& Add 1,746 μl serum-free Opti-MEM to a sterile 15-mL
conical tube (Falcon). Pipet 54 μl FuGENE 6 transfec-
tion reagent directly to the serum-free medium. FuGene
will bind to the plastic of the tube, so be sure not to
touch the sides of the tube. Invert tube to mix.
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& Add the plasmid DNA mixture to the FuGene/media
mix.Gently tap the tube tomix but donot vortex. Incubate
for 15 min at room temperature.

3. Add 600 μl of the transfection master mix dropwise to the
flask. Swirl the flask to ensure even dispersal. Incubate at
37 C in 5% CO2.

4. At 48 h post-transfection, collect supernatants into a 50-mL
conical tube (Falcon) from the dishes, replacing with 11 mL
fresh DMEM+10% fetal bovine serum+Pen/Strep 100 μg/ml
per dish. If a fluorescentmarker (such as GFP) is present, trans-
fection efficiency can be confirmed visually. Repeat at 72 h
post-transfection.

5. Spin both tubes of collected media for 5 min at 2,000 rpm in
a table top centrifuge to remove large cellular debris.

6. Clear the supernatant of cell debris by filtering through a
0.45-μm filter.

7. Transfer virus-containing media to two 40-mL ultraclear
Beckman tubes using a swinging bucket SW28 rotor and ul-
tracentrifuge for 90 min at 4 C, 25,000 rpm.

8. Remove tubes and decant supernatant. Invert tubes over a
sterile Kimwipe to allow remaining media to drain.

& Hints: save media until virus is titered. Allow to drain
approximately 5 min.

9. Add 300 μl of cold 1× Dulbecco’s phosphate buffered
saline to the viral pellet in each tube. Seal tubes with
parafilm and place at 4°C for at least 12 h to dissolve
the pellet.

10. Pipette gently to resuspend the pellet and combine the two
collections in a single microcentrifuge tube. The virus can
be aliquoted, titered, and stored at −80°C until use.

Lentiviral Titer Using
a Fluorescent Protein

1) Day1: seed 8×105 cells in a 6-well plate in 2 mL DMEM+
10% fetal bovine serum+Pen/Strep per well and incubate
overnight at 37 C, 5% CO2.

2) Day2: add 10µl of tenfold serially diluted lentivirus (such
that final volumes of added lentivirus are 10, 1, 0.1, 0.01,
and 0.001µl) to individual wells of the 6-well plate, leaving
one well uninfected as the negative control.

3) Day5 (3 days post-infection): check for GFP fluorescence on
inverted microscope fitted with a fluorescent lamp.
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4) Remove media and wash each well gently with 2 mL warm
PBS. Add 1 mL cold PBS to each well. Pipette up and down
ten times to lift cells and ensure single cell suspension. Col-
lect each well into separate microcentrifuge tubes and centri-
fuge at 3,000 g aspirate supernatant and resuspend each
sample in 1 mL of Opti-MEM.

5) Analyze cells for GFP expression by flow cytometry.

Calculate viral titer based on percentage of GFP-expressing
cells: (cell count×percentage GFP-expressing cells)/μl of viral
stock=viral titer (IU=infectious units)

References

1. Fevr T, Robine S, Louvard D, Huelsken J
(2007) Wnt/beta-catenin is essential for
intestinal homeostasis and maintenance of
intestinal stem cells. Mol Cell Biol 27(21):
7551–7559

2. Gregorieff A, Pinto D, Begthel H, Destree
O, Kielman M, Clevers H (2005) Expres-
sion pattern of Wnt signaling components
in the adult intestine. Gastroenterology
129(2):626–638

3. McMahon AP, Bradley A (1990) The Wnt-
1 (int-1) proto-oncogene is required for de-
velopment of a large region of the mouse
brain. Cell 62(6):1073–1085

4. Takada S, Stark KL, Shea MJ, Vassileva G,
McMahon JA, McMahon AP (1994)
Wnt-3a regulates somite and tailbud forma-
tion in the mouse embryo. Genes Dev 8
(2):174–189

5. Yamaguchi TP, Bradley A, McMahon AP,
Jones S (1999) A Wnt5a pathway underlies
outgrowth of multiple structures in the verte-
brate embryo. Development 126(6):1211–
1223

6. Dull T, Zufferey R, Kelly M, Mandel RJ,
Nguyen M, Trono D et al (1998) A
third-generation lentivirus vector with a
conditional packaging system. J Virol 72
(11):8463–8471

7. Naldini L (1998) Lentiviruses as gene
transfer agents for delivery to non-dividing
cells. Curr Opin Biotechnol 9(5):457–
463

8. Zufferey R, Dull T, Mandel RJ, Bukovsky
A, Quiroz D, Naldini L et al (1998) Self-
inactivating lentivirus vector for safe and ef-
ficient in vivo gene delivery. J Virol 72
(12):9873–9880

9. Fassler R (2004) Lentiviral transgene vec-
tors. EMBO Rep 5(1):28–29

10. Skarsgard ED, Huang L, Reebye SC,
Yeung AY, Jia WW (2005) Lentiviral vec-
tor-mediated, in vivo gene transfer to the
tracheobronchial tree in fetal rabbits. J
Pediatr Surg 40(12):1817–1821

11. Seppen J, van der Rijt R, Looije N, van Til
NP, Lamers WH, Oude Elferink RP (2003)
Long-term correction of bilirubin UDPglu-
curonyltransferase deficiency in rats by in
utero lentiviral gene transfer. Mol Ther 8
(4):593–599

12. Batlle E, Henderson JT, Beghtel H, van
den Born MM, Sancho E, Huls G et al
(2002) Beta-catenin and TCF mediate cell
positioning in the intestinal epithelium by
controlling the expression of EphB/eph-
rinB. Cell 111(2):251–263

13. Clevers H, Batlle E (2006) EphB/EphrinB
receptors and Wnt signaling in colorectal
cancer. Cancer Res 66(1):2–5

14. Rizvi AZ, Wong MH (2005) Epithelial
stem cells and their niche: there’s no
place like home. Stem Cells 23(2):150–
165

15. DasGupta R, Fuchs E (1999) Multiple roles
for activated LEF/TCF transcription com-
plexes during hair follicle development
and differentiation. Development 126
(20):4557–4568

16. Willenbring H, Grompe M (2004) Delin-
eating the hepatocyte’s hematopoietic fu-
sion partner. Cell Cycle 3(12):1489–1491

17. Davies PS, Dismuke AD, Powell AE, Carroll
KH, Wong MH (2008) Wnt-reporter ex-
pression pattern in the mouse intestine dur-
ing homeostasis. BMC Gastroenterol 8:57

Transgene Expression Potentiates Mesenchymal-Epithelial Signaling 143



18. Weiser MM (1973) Intestinal epithelial cell
surface membrane glycoprotein synthesis.
II. Glycosyltransferases and endogenous
acceptors of the undifferentiated cell surface
membrane. J Biol Chem 248(7):2542–
2548

19. Wong MH, Saam JR, Stappenbeck TS,
Rexer CH, Gordon JI (2000) Genetic mo-
saic analysis based on Cre recombinase and
navigated laser capture microdissection.
Proc Natl Acad Sci USA 97(23):12601–
12606

20. Sambrook J, Russell DW (2001) Molecular
cloning: a laboratory manual, 3rd edn. Cold
Spring Harbor Laboratory Press, Cold
Spring Harbor, NY

21. Wong MH, Rubinfeld B, Gordon JI
(1998) Effects of forced expression of an
NH2-terminal truncated beta-Catenin on
mouse intestinal epithelial homeostasis. J
Cell Biol 141(3):765–777

22. McKee F, Stewart W (1950) Passage of ra-
dioactive erythrocytes from the peritoneal
cavity into the blood stream during experi-
mental ascites. J Exp Med 91(6):599–
605

23. Olmedo DG, Tasat D, Guglielmotti MB,
Cabrini RL (2003) Titanium transport
through the blood stream. An experimental
study on rats. JMater Sci 14(12):1099–1103

24. Harada N, Tamai Y, Ishikawa T, Sauer B,
Takaku K, Oshima M et al (1999) Intesti-
nal polyposis in mice with a dominant sta-
ble mutation of the beta-catenin gene.
EMBO J 18(21):5931–5942

25. Sansom OJ, Reed KR, Hayes AJ, Ireland
H, Brinkmann H, Newton IP et al (2004)
Loss of Apc in vivo immediately perturbs
Wnt signaling, differentiation, and migra-
tion. Genes Dev 18(12):1385–1390

26. Huang S, Chen Y, Podsypanina K, Li Y
(2008) Comparison of expression profiles
of metastatic versus primary mammary
tumors in MMTV-Wnt-1 and MMTV-
Neu transgenic mice. Neoplasia 10(2):118–
124

27. Herold MJ, van den Brandt J, Seibler J,
Reichardt HM (2008) Inducible and re-
versible gene silencing by stable integration
of an shRNA-encoding lentivirus in trans-
genic rats. Proc Natl Acad Sci USA 105
(47):18507–18512

144 Dismuke et al.


	Lentiviral-Mediated Transgene Expression Can Potentiate Intestinal Mesenchymal-Epithelial Signaling
	Abstract
	Introduction
	Materials �and Methods
	Results �and Discussion
	Acknowledgements

	aa1
	Appendix
	Lentivirus Production Protocol
	Materials
	Production

	Lentiviral Titer Using a Fluorescent Protein

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


