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Molecular cloning techniques enabling contemporaneous
expression of two or more protein-coding sequences provide
an invaluable tool for understanding the molecular regulation
of cellular functions. The Cre-lox system is used for inducing
the expression of recombinant proteins encoded within a bi-/
poly-cistronic cassette. However, leak expression of transgenes
is often observed in the absence of Cre recombinase activity,
compromising the utility of this approach. To investigate the
mechanism of leak expression, we generated Cre-inducible bi-
cistronic vectors to monitor the expression of transgenes posi-
tioned either 50 or 30 of a 2A peptide or internal ribosomal entry
site (IRES) sequence. Cells transfected with these bi-cistronic
vectors exhibited Cre-independent leak expression specifically
of transgenes positioned 30 of the 2A peptide or IRES sequence.
Similarly, AAV-FLEX vectors encoding bi-cistronic cassettes or
fusion proteins revealed the selective Cre-independent leak
expression of transgenes positioned at the 30 end of the open
reading frame. Our data demonstrate that 50 transgenes confer
promoter-like activity that drives the expression of 30 trans-
genes. An additional lox-STOP-lox cassette between the 2A
sequence and 30 transgene dramatically decreased Cre-inde-
pendent transgene expression. Our findings highlight the
need for appropriate experimental controls when using Cre-
inducible bi-/poly-cistronic constructs and inform improved
design of vectors for more tightly regulated inducible transgene
expression.

INTRODUCTION
Cell type-specific bi-/poly-cistronic expression systems are powerful
tools to investigate cell morphology and physiology.1,2 To express
recombinant proteins in a cell type-specific manner, a transgene regu-
lated by a cell type-specific promoter or a combination of cell type-spe-
cificCre transgenicmicewith lox-STOP-lox or flip-excision (FLEx) vec-
tors is widely used. The lox-STOP-lox cassette comprises two identical
unidirectional lox sequences that flank an STOP sequence (poly(A)
signal) designed to terminate transcription.3,4 Inserting afluorescent re-
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porter gene, such as tdTomato immediately before the STOP sequence
and inserting another reporter, such as GFP after the lox-STOP-lox
cassette, enables one to distinguish between cells that have exhibited
Cre activity (tdTomato–/GFP+) vs. those that have not been exposed
to Cre (tdTomato+/GFP–).5,6 An alternative strategy for Cre-inducible
expression of transgenes is to use a FLEx switch, including a double-
floxed inverted open reading frame (DIO). FLEx switches typically
use two pairs of non-compatible lox sequence variants, such as a pair
of loxP sites and a pair of either lox2272, loxN or lox511, toflip the orien-
tation of a protein-coding sequence (CDS) from antisense to sense
orientation upon Cre-mediated flip/excision.7,8 Both lox-STOP-lox se-
quences and FLEx switches have been used to drive the overexpression
of transgenes in cells that express Cre recombinase in a cell type-specific
manner.9 The smaller size of the FLEx switch (<300 bp) compared to
most lox-STOP-lox cassettes (approximately 1,000 bp) make it particu-
larly attractive for use in AAV vectors where cargo size is limited to <5
kb, including promoter, CDS, and poly(A) sequence.10

In many instances, the expression of multiple transgenes under the
control of a single promoter is desired. One approach is to generate a
fusion protein by concatenating the CDSs of two or more proteins
into a single CDS. Fusion proteins are useful for identifying the subcel-
lular localization of a target protein, for example, by expressing a pro-
tein of interest with an expression tag such as GFP. However, this strat-
egy cannot be used if the expression of proteins with different
erapy: Methods & Clinical Development Vol. 32 September 2024
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subcellular localizations. In this case, the CDS encoding multiple pro-
teins can be separated by an internal ribosomal entry site (IRES) or self-
cleaving 2A peptide. The use of 2A peptides has become the preferred
method to express multiple genes under the control of a single pro-
moter because of the smaller size and higher transgene expression.11

For maximal utility, an inducible expression system should allow for
stringent control of transgene expression. Yet leaky expression of
transgenes in the absence of an induction signal is frequently
observed.12–14 For inducible transgene expression systems that
employ Cre recombinase as the induction signal, low levels of Cre-in-
dependent expression may be tolerable, depending upon the proteins
being expressed. Low-level GFP expression, for instance, may be
acceptable in an animal injected with an adeno-associated virus
(AAV) designed to express the light-sensitive neuronal silencer arch-
aerhodopsin and GFP (AAV-FLEX-ArchT-GFP). However, in some
cases, even very low levels of leaky transgene expression can have a sig-
nificant impact on cell function and on the interpretation of experi-
mental data, as illustrated by the following three examples. First, leaky
expression of diphtheria toxin fragment A (DTA), a transgene widely
used as a suicide gene to ablate cells of interest,15,16 would be unaccept-
able since a single molecule of DTA is sufficient to kill a cell.17 Second,
the loss of astrocyte-specific expression of mCherry in AAV-GFAP-
NeuroD1-T2A-mCherry transfected cells, as observed by Wang and
colleagues,18 could lead to the incorrect conclusion that glial cells
can transdifferentiate into neurons. Third, attempts to identify synap-
tically connected cells by infecting cells with an EnvA-pseudotyped re-
combinant rabies virus can be hampered by leaky expression of avian
leukosis and sarcoma virus subgroup A receptor (TVA) in Cre-nega-
tive cells due to the strength of the EnvA-TVA interaction.12,19–21

Understanding the cause of leaky transgene expression is key to
improving the stringency of inducible expression systems. It has
been demonstrated that Cre-independent expression of transgenes
encoded by bi-cistronic FLEx vectors can be reduced by repositioning
the ATG start codon to a region 50 of the loxP site just downstream of
the promoter.14,21 However, approaches to eliminate Cre-indepen-
dent leaky expression are yet to be fully explored.12,18

In this study, we demonstrate that transgenes positioned 30 of a 2A or
IRES sequence in Cre-inducible bi-/poly-cistronic expression con-
structs are prone to Cre-independent expression. We reveal that
Figure 1. Transgenes located in the 30 region of bi-cistronic vectors are leaky

(A) Schematic diagram of pCAG-LGL-mC-2A-rtTA and pCAG-LGL-rtTA-2A-mC vectors

of rtTA andmCherry CDS. (B) HEK293T cells transfectedwith pCAG-LGL-mC-2A-rtTA (t

condition ormembrane-targetedmCherry in the Cre (+) condition. Scale bar, 50 mm. (C) p

Cre (�) condition (top), while that transfected with pCAG-LGL-mC-2A-rtTA do not expre

cells that exhibit leaky mCherry expression in the Cre (�) condition following transfection

independent experiment). (E) Flow cytometric analysis of mCherry and GFP expression a

rtTA-2A-mC (right). (F) Relative luciferase activity of HEK293T cells transfected with

compared to control cells transfected with pTRE-Luciferase alone, in the Cre (�) conditi

HEK293T cells co-transfected with pCAG-Cre plus pTRE-Luciferase and either pCAG

fected with pTRE-Luciferase alone (n = 9 wells from three independent experiment). **p <

SEM.
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leak expression is not derived from a typical promoter, but arises
from promoter-like activity of the transgene that is positioned 50 of
the 2A sequence. Next, we show that introducing a second lox-
STOP-lox sequence, using non-compatible lox sites, between the 2A
sequence and 30 CDS, eliminates leaky expression of the 30 transgene.
Finally, we demonstrate that in vivo delivery of AAV-FLEX vectors
encoding bi-cistronic cassettes or fusion proteins results in the selec-
tive Cre-independent leak expression of transgenes positioned at the
30 end of the open reading frame. Our findings have significant impli-
cations for transgenesis and gene therapy studies where the optimal
design of constructs to precisely control the expression of multiple
CDSs under the regulatory control of a single promoter is desired.

RESULTS
Leaky expression of the 30 transgene in Cre-inducible bi-

cistronic expression vectors

To investigate factors that influence Cre-independent gene expression
of Cre-regulated gene expression vectors, we generated two variants
of a lox-STOP-lox vector designed to express nuclear-targeted H2B-
GFP (nGFP) in the absence of Cre activity and to express both the
reverse tetracycline transactivator (rtTA) and membrane-targeted
mCherry following Cre-mediated recombination. The two vectors
differed only in the position of the rtTA and mCherry coding se-
quences relative to an intervening P2A sequence separating the two
CDSs. In the first variant, pCAG-loxP-nGFP-STOP-loxP-mCherry-
P2A-rtTA, hereafter denoted pCAG-LGL-mC-2A-rtTA, mCherry
was positioned 50 of the P2A sequence (Figure 1A). In the second
variant, pCAG-loxP-nGFP-STOP-loxP-rtTA-P2A-mCherry, hereafter
denoted pCAG-LGL-rtTA-2A-mC, mCherry was positioned 30 of
the P2A sequence. Each construct was transfected alone into
HEK293T cells or in the presence of a Cre recombinase expression
vector, pCAG-Cre. As expected, observation by fluorescence micro-
scopy revealed that cells transfected with pCAG-LGL-mC-2A-rtTA
alone expressed nGFP, whereas cells co-transfected with both
pCAG-LGL-mC-2A-rtTA and pCAG-Cre expressed mCherry (Fig-
ure 1B). While we also observed nGFP expression in cells transfected
with pCAG-LGL-rtTA-2A-mC alone, we noted that some cells co-ex-
pressed mCherry in the absence of pCAG-Cre, indicating leaky
expression of mCherry (Figure 1C). The percentage of nGFP+ cells
that expressed mCherry was significantly higher in cells transfected
with pCAG-LGL-rtTA-2A-mC compared to pCAG-LGL-mC-2A-
rtTA (4.58 ± 0.87% vs. 0.19 ± 0.09%, p = 0.002, n = 8–9) (Figure 1D)
before and after Cre-mediated recombination. The two vectors differ in the position

op) or pCAG-LGL-rtTA-2A-mC (bottom) expressing nucleus-targeted GFP in Cre (�)

CAG-LGL-rtTA-2A-mC-transfected HEK293T cells expressing leakymCherry in the

ss mCherry (bottom). Scale bar, 50 mm. (D) Comparison of the percentage of nGFP+

with either pCAG-LGL-mC-2A-rtTA or pCAG-LGL-rtTA-2A-mC (n = 9 wells for three

mong HEK293T cells transfected with pCAG-LGL-mC-2A-rtTA (left) or pCAG-LGL-

pTRE-Luciferase and either pCAG-LGL-mC-2A-rtTA or pCAG-LGL-rtTA-2A-mC

on (n = 9 wells from three independent experiment). (G) Relative luciferase activity of

-LGL-mC-2A-rtTA or pCAG-LGL-rtTA-2A-mC as compared to control cells trans-

0.01, ****p < 0.0001 using two-tailed Mann-WhitneyU test. Data represent mean ±
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and was corroborated by flow cytometric analysis (Figure 1E). We hy-
pothesized that the mCherry CDS could be prone to leaky expression
specifically when positioned 30 of the P2A sequence because it is
located further from the STOP cassette. To test whether the rtTA
CDS is also subject to similar position-dependent leaky expression,
we analyzed rtTA expression by transfecting HEK293T cells with
either the pCAG-LGL-rtTA-2A-mC or pCAG-LGL-mC-2A-rtTA vec-
tor in combination with the pTRE-Luciferase plasmid, which ex-
presses luciferase in response to rtTA expression. Luciferase assays re-
vealed that, in the absence of pCAG-Cre, the expression of rtTA was
significantly higher in cells transfected with pCAG-LGL-mC-2A-rtTA
as compared to CAG-LGL-rtTA-2A-mC (67.3 ± 13.3 vs. 9.43 ± 2.67
RLU, p < 0.0001) (Figure 1F). In the presence of pCAG-Cre, luciferase
activity was similar for both expression vectors (pCAG-LGL-rtTA-2A-
mC: 255.6 ± 31.9 RLU, pCAG-LGL-mC-2A-rtTA: 263.7 ± 39.1 RLU,
p = 0.80) (Figure 1G), indicating that the expression of rtTA following
Cre-mediated recombination is similar, irrespective of its position
relative to P2A. Collectively, these results indicate that transgenes
positioned 30 of the P2A sequence in the bi-cistronic expression
cassette are prone to Cre-independent leak expression.

Changing the promoter does not prevent leaky expression

The CAG promoter is known to drive high-level gene expression in a
constitutive manner. To establish whether the use of an alternative
cell-type specific promoter prevents the leaky expression of the CDS
positioned 30 of the P2A sequence, we replaced the CAG promoter
with the mouse myelin basic protein (MBP) proximal promoter,
which is specifically active in oligodendrocytes, a type of glial cell in
the central nervous system of vertebrates.22 pMBP-LGL-rtTA-2A-
mC and pMBP-LGL-mC-2A-rtTA were transfected into the oligoden-
droglial cell line, CG4.23 In fluorescence microscope observations, the
percentage of nGFP+ cells that expressed mCherry was significantly
higher in cells transfected with pMBP-LGL-rtTA-2A-mC as compared
to pMBP-LGL-mC-2A-rtTA (2.79 ± 0.78% vs. 0.14 ± 0.14%, p =
0.0013) (Figure 2A) in the Cre (�) condition. Leaky mCherry ex-
pression in pMBP-LGL-rtTA-2A-mC-transfected cells was further
confirmed by flow cytometry (Figure 2B). Similarly, Cre-independent
leak expression of rtTA was significantly higher in pTRE-Luciferase-
transfected cells that were co-transfected with pMBP-LGL-mC-2A-
rtTA as compared to pMBP-LGL-rtTA-2A-mC (6.71 ± 1.29 vs.
1.19 ± 0.05 RLU, p < 0.0001) (Figure 2C). By contrast, when CG4 cells
were transfected with both pCAG-Cre and pTRE-Luciferase, the
expression level of rtTA was similar when co-transfected with either
pMBP-LGL-rtTA-2A-mC or pMBP-LGL-mC-2A-rtTA (164.3 ± 28.7
vs. 129.2 ± 21.4 RLU, p = 0.2982) (Figure 2D). This result demon-
strated that, in the recombined state, the expression of rtTA is not sub-
ject to position-dependent effects. Thus, changing the promoter or the
target cell type did not alter the propensity for transgenes positioned 30

of the P2A sequence to exhibit leaky expression.

Having demonstrated that both mCherry and rtTA exhibit leaky
expression when positioned 30 of the P2A sequence in our bi-cistronic
vectors, we next sought to determine whether different sets of trans-
genes exhibit similar position-dependent leak expression in Cre-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
inducible poly-cistronic vectors. We found that placing tdTomato
in the 30 position of a poly-cistronic vector designed to express three
different transgenes separated by P2A sequences led to a high degree
of leak expression (16% of GFP+ cells) in the absence of Cre recom-
binase (Figure 3). By contrast, leaky expression of the mCherry trans-
gene was not observed when it was positioned in the 50 position of
other vectors (pMBP-LGL-mC-P2A-DTR or pMBP-LGL-mC-P2A-
FLAG/H2A-P2A-rtTA) (Figure 3). Similarly, position-dependent
leak expression of rtTA was observed in poly-cistronic vectors con-
taining rtTA (Figure S1). We also found that switching the P2A
sequence for an IRES sequence did not prevent Cre-independent
leak expression of a tdTomato transgene positioned 30 of the IRES
sequence in the vector pMBP-loxP-nGFP-STOP-loxP-DTR-IRES-
tdT, hereafter denoted pMBP-LGL-DTR-IRES-tdT (Figure 3).
Following transfection of pMBP-LGL-DTR-IRES-tdT into CG4 cells,
we observed that 8.9% of nGFP+ cells also expressed tdTomato in
the absence of Cre recombinase. Taken together, our data provide
evidence that leaky expression of 30 transgenes in bi-cistronic and
poly-cistronic Cre-inducible vectors can occur in the absence of Cre
recombinase, irrespective of promoter choice, selection of an IRES
vs. P2A sequence, and in different cell types.

Leaky expression in cells transfected with promoterless

constructs

Theoretically, the floxed STOP cassette in our Cre-dependent bi-
cistronic expression vectors should be sufficient to block the tran-
scription of downstream coding sequences. Our results thus far
demonstrated that the floxed STOP cassette was effective at suppress-
ing the expression of the immediate downstreamCDS positioned 50 of
the P2A sequence, but was not sufficient to block expression of the
CDS positioned 30 of P2A. One possible explanation for this phenom-
enon is that the 50 CDS serves to drive the expression of the 30 trans-
gene independent of the upstream promoter. To test this hypothesis,
we removed the upstream promoter and STOP cassette from the
pMBP expression vectors by enzymatic digestion and purified the
rtTA-2A-mC and mC-2A-rtTA fragments by gel extraction (Fig-
ure 4A). These rtTA-2A-mC and mC-2A-rtTA segments were trans-
fected into CG4 cells, and the expression of mCherry or rtTA was
analyzed. Interestingly, some rtTA-2A-mC-transfected cells expressed
mCherry, despite the removal of the MBP promoter (Figure 4B). The
number of cells expressing mCherry was significantly higher for CG4
cells transfected with rtTA-2A-mC as compared to mC-2A-rtTA
(4.15 ± 1.07 vs. 0.25 ± 0.12 cells/well, p = 0.0009) (Figure 4C).
Notably, mCherry-expressing cells did not co-express nGFP (Fig-
ure 4B), consistent with removal of the nGFP CDS by enzymatic
digestion. Although there was no statistically significant difference,
the average luciferase activity of mC-2A-rtTA was higher than that
of rtTA-2A-mC (7.18 ± 2.46 vs. 2.55 ± 0.49 RLU, p = 0.0951) (Fig-
ure 4D). Together, these results demonstrate that leak expression of
the CDS positioned 30 of the P2A sequence persists in the absence
of a bona fide promoter. Thus, bi-cistronic Cre-dependent expression
cassettes comprising two or more concatenated transgenes can
exhibit leaky expression of the 30 transgene in the absence of Cre ac-
tivity and independent of a bona fide promoter.
er 2024



Figure 2. Inducible bi-cistronic vectors employing a cell type-specific promoter exhibit leaky 30 transgene expression

(A) Comparison of the percentage of transfected CG4 cells that exhibit leaky mCherry expression following transfection with either pMBP-LGL-mC-2A-rtTA or pMBP-LGL-

rtTA-2A-mC in the Cre (�) condition (n = 12 wells from four independent experiments). (B) Flow cytometric analysis of mCherry and GFP expression among CG4 cells

transfected with either pMBP-LGL-mC-2A-rtTA or pMBP-LGL-rtTA-2A-mC. (C) Relative luciferase activity of CG4 cells transfected with pTRE-Luciferase and either pMBP-

LGL-mC-2A-rtTA or pMBP-LGL-rtTA-2A-mC compared to control cells transfected with pTRE-Luciferase alone, in the Cre (�) condition (n = 15 wells from 5 independent

experiments). (D) Relative luciferase activity of CG4 cells co-transfected with pCAG-Cre and pTRE-Luciferase and either pMBP-LGL-mC-2A-rtTA or pMBP-LGL-rtTA-2A-

mC compared to control cells transfected with pTRE-Luciferase alone (n = 12 wells from four independent experiments). **p < 0.01, ****p < 0.0001 using two-tailed Mann-

Whitney U tests. Data represent mean ± SEM.
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Next, to investigate whether the mCherry or P2A sequences were
responsible for leak expression of the 30 transgene, we separately
PCR-amplified the rtTA, P2A-rtTA, andmC-P2A-rtTA segments, us-
ing the pMBP-LGL-mC-2A-rtTA vector as template (Figure 4E). Each
segment was co-transfected with pTRE-Luciferase into CG4 cells and
luciferase activity was assayed. Cells transfected with either the rtTA
segment or P2A-rtTA segment did not exhibit luciferase activity
above control levels whereas cells transfected with the mC-P2A-
rtTA segment exhibited a significantly higher luciferase activity
compared to blank control wells (2.21 ± 0.38 vs. 1.00 ± 0.07 RLU,
p = 0.0005) (Figure 4F). Taken together, these data demonstrate
Molecular T
that the 50 CDS (mCherry or rtTA), but not the P2A sequence, was
necessary and sufficient to drive leaky expression of 30 transgene.

Inserting transgenes into the genome reduces leaky transgene

expression

Although our results indicated that transient transfection of inducible
bi-cistronic vectors led to a significant amount of leaky expression of
30 transgenes, some studies using transgenic mice containing Cre-
inducible bi-cistronic cassettes have indicated that leakage is rarely
observed in mouse tissues in vivo.24,25 To determine the extent of
leak expression following genomic integration of Cre-inducible
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Figure 3. Position of tdTomato or mCherry CDS

within inducible bi-cistronic and poly-cistronic

expression vectors influences the degree of leaky

expression

Vectors were transfected into HEK293T cells and the

number of cells expressing GFP was quantified. Addi-

tionally, the absolute number and percentage of GFP+

cells that co-expressed tdTomato was recorded. ns, not

significant.
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bi-cistronic expression vectors we generated stable cell lines HEK-
pCAG-LGL-rtTA-2A-mC and HEK-pCAG-LGL-mC-2A-rtTA. We
observed a non-significant trend for increased leak expression of 30

transgenes in stably transfected HEK293T cells. Specifically, we
observed low-level expression of mCherry in a subset of nGFP+ cells
stably transfected with either pCAG-LGL-rtTA-2A-mC or pCAG-
LGL-mC-2A-rtTA (0.30 ± 0.14 vs. 0.05 ± 0.03%, p = 0.17)
(Figures 5A and 5B). Luciferase assays in the Cre (�) condition
also revealed a non-significant trend for higher rtTA expression in
HEK-pCAG-LGL-mC-2A-rtTA cells as compared to HEK-pCAG-
LGL-rtTA-2A-mC (3.11 ± 0.78 vs. 1.67 ± 0.30 RLU, p = 0.12) (Fig-
ure 5C). Importantly, mCherry and rtTA leakage levels in stably
transfected cells were on average approximately 25-fold and approx-
imately 22-fold lower, respectively, than those observed following
transient transfection (% of mCherry+ nGFP+/nGFP+ cells in stable
vs. transient transfectants for pCAG-LGL-rtTA-2A-mC was 0.30 ±

0.14% vs. 7.49 ± 3.01%, p = 0.0018 [Figure 5D]; relative luciferase ac-
tivity in stable vs. transient transfectants of pCAG-LGL-mC-2A-rtTA
was 3.11 ± 0.78 vs. 67.3 ± 13.3 RLU, p < 0.0001 [Figure 5E]). In the
presence of Cre, the stable cell line HEK-pCAG-LGL-rtTA-2A-mC ex-
hibited abundant mCherry expression (Figure 5F). Stable transfec-
tants also exhibited lower relative luciferase activity in the Cre (+)
condition as compared to transiently transfected cells (stable
HEK-pCAG-LGL-mC-2A-rtTA vs. HEK-pCAG-LGL-rtTA-2A-mC,
125.8 ± 48.5 vs. 161.5 ± 45.3 RLU; transient pCAG-LGL-mC-2A-
rtTA vs. pCAG-LGL-rtTA-2A-mC 263.7 ± 39.1 vs. 255.6 ± 31.9
6 Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
RLU; two-way ANOVA comparing mode of
transfection: p = 0.009) (Figure 5G). Interest-
ingly, whereas rtTA leak expression for pCAG-
LGL-mC-2A-rtTA in the Cre (�) condition
was approximately 22-fold lower in stable vs.
transient transfectants (Figure 5E), in the Cre
(+) condition, rtTA expression was just approx-
imately 2-fold lower in stable vs. transient trans-
fectants (stable HEK-pCAG-LGL-mC-2A-rtTA:
125.8 ± 48.5 RLU, transient pCAG-LGL-mC-
2A-rtTA: 263.7 ± 39.1 RLU) (Figure 5G). These
data demonstrate that, even though rtTA
expression in the presence of Cre was higher
in transiently transfected cells, stable trans-
fectants exhibited a greater fold change in
rtTA expression following Cre recombination.
Collectively, these data suggest that leak expres-
sion of the 30 transgene was more pronounced in transient expression
experiments than in stable expression experiments.

STOP cassette insertion into the 30 region of P2A prevents leak

expression of 30 transgene
We reasoned that inserting another lox-STOP-lox cassette between
P2A and the 30 transgene would serve to prevent transcription of
the 30 transgene initiated by promoter-like activity of the 50 CDS
within the bi-cistronic expression cassette. To test this idea, we in-
serted another lox-STOP-lox site after the P2A sequence to generate
the vector pMBP-lox2272-nG-STOP-lox2272-mC-2A-loxP-STOP-
loxP-rtTA (hereafter denoted pMBP-LGL-mC-2A-LSL-rtTA) (Fig-
ure 6A). This construct expressed nGFP but not mCherry in the
Cre (�) condition, and it expressed both mCherry and rtTA in Cre
(+) condition (Figure 6B) because both lox2272-nG-STOP-lox2272
and loxP-STOP-loxP sites are independently excised via exclusive
recombination events that occur between respective pairs of
lox2272 and loxP sites. Further, we inserted an M3 promoter domain
into the MBP promoter, which is known to increase the MBP pro-
moter activity and specificity.22,26,27 Cells transfected with the
pMBP-LGL-mC-2A-LSL-rtTA did not express leaky mCherry (none
of 2,130 nGFP+ cells were found to co-express mCherry by fluores-
cence microscopic observation). Using flow cytometric analysis, the
minimal leakage of mCherry in the Cre (�) condition and high-level
expression of mCherry in Cre (+) condition were corroborated
by comparing flow cytometry profiles of cells transfected with



Figure 4. Leaky expression was observed without a general promoter

(A) Schematic diagram of the preparation of rtTA-2A-mC and mC-2A-rtTA segments. (B) Photomicrograph of rtTA-2A-mC segment-transfected CG4 cells expressing

mCherry. Scale bar, 100 mm. (C) Comparison of the percentage of cells exhibiting leaky mCherry expression for rtTA-2A-mC segment- ormC-2A-rtTA segment-transfected

CG4 cells in the Cre (�) condition (n = 20 wells from 6 independent experiments). (D) Relative luciferase activity of CG4 cells transfected with pTRE-Luciferase and either the

rtTA-2A-mC or mC-2A-rtTA segment, as compared to control cells transfected with pTRE-Luciferase alone (data represent means from 6 independent experiments, n = 3

wells per experiment). (E) Schematic diagram of PCR-amplified rtTA segments, 2A-rtTA segments, and mC-2A-rtTA segments. (F) Relative luciferase activity of CG4 cells

transfected with pTRE-Luciferase and either PCR-amplified rtTA, 2A-rtTA, ormC-2A-rtTA, as compared to control cells transfected with pTRE-Luciferase alone (n = 9 wells

from 3 independent experiments). *p < 0.05, ***p < 0.001, two-tailed Mann-Whitney U test (C), unpaired t test, (D) or one-way ANOVA with Dunnett’s test (F). Data represent

mean ± SEM. ns, not significant.
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pMBP-LGL-rtTA-2A-mC, pMBP-LGL-mC-2A-rtTA or pMBP-LGL-
mC-LSL-rtTA (Figure 6C). As expected, the level of leak expression
of rtTA in cells transfected with pMBP-LGL-mC-2A-LSL-rtTA was
significantly lower than that of pMBP-LGL-mC-2A-rtTA-transfected
cells in the Cre (�) condition (pMBP-LGL-rtTA-2A-mC: 1.17 ±

0.07%, pMBP-LGL-mC-2A-rtTA: 9.38% ± 1.94%, pMBP-LGL-mC-
2A-LSL-rtTA: 1.43 ± 0.12%; pMBP-LGL-rtTA-2A-mC vs. pMBP-
LGL-mC-2A-rtTA, p < 0.0001; pMBP-LGL-mC-2A-rtTA vs. pMBP-
LGL-mC-2A-LSL-rtTA; p < 0.0099) (Figure 6D). The expression of
rtTA in pMBP-LGL-mC-2A-LSL-rtTA transfected cells in the Cre
(+) condition was approximately 30% of the level observed with the
original constructs (pMBP-LGL-rtTA-2A-mC: 156.3 ± 40.8 RLU,
pMBP-LGL-mC-2A-rtTA: 147.6 ± 27.4 RLU, pMBP-LGL-mC-2A-
LSL-rtTA: 47.1 ± 8.0 RLU; pMBP-LGL-rtTA-2A-mC vs. pMBP-
LGL-mC-2A-LSL-rtTA, p = 0.0003; pMBP-LGL-mC-2A-rtTA vs.
pMBP-LGL-mC-2A-LSL-rtTA, p = 0.0136) (Figure 6E). These results
Molecular T
support our findings that the 50 CDS drives 30 transgene expression,
suggesting that the expression could be prevented via the insertion
of an additional lox-STOP-lox cassette preceding the 30 transgene.

Leak expression of the 30 transgene in widely used AAV-FLEX

constructs

Finally, we analyzed whether widely used Cre-inducible expression
vectors designed to enable inducible expression of concatenated
CDSs exhibit 30 transgene leakage in vivo. We prepared AAV from
three AAV-FLEX constructs which contained the GFP CDS in either
a 50 position within a bi-cistronic cassette (AAV-EF1a-FLEX-GFP-
2A-TVA) or in the 30 position of a CDS encoding a GFP fusion protein
(AAV-bactin-FLEX-DTR-GFP and AAV-EF1a-FLEX-ArchT-GFP,
Figure 7A). AAV2 particles generated from each AAV-FLEX
construct were injected into the mouse eye together with AAV-
CMV-mCherry or AAV-CAG-Cre-mCherry (each AAV 1 � 109 vg,
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total volume of AAV solution 1 mL) (Figure 7B), and the mRNA
expression level of 50 and 30 transgenes relative tomCherry expression
was measured using droplet digital PCR (ddPCR) (Figures 7C–7E). In
the absence of Cre recombinase, we found that leak expression of the
30 transgene encoded by two of the three AAV-FLEX vectors was
significantly higher than the 50 transgene for eyes co-injected with
AAV-CMV-mCherry (AAV-EF1a-FLEX-GFP-2A-TVA: GFP 32.9 ±

2.1%, TVA 88.6 ± 7.4%, p < 0.0001 [Figure 7C]AAV-bactin-FLEX-
DTR-GFP: DTR 84.7 ± 24.34%, GFP 174.2 ± 55.3%, p = 0.024 [Fig-
ure 7D]). There was no statistically significant difference between
GFP and ArchT expression in retinae transduced with AAV-EF1a-
FLEX-ArchT-GFP and AAV-CMV-mCherry (ArchT 24.0% ± 4.0%,
GFP 27.3% ± 4.0%, p = 0.153) (Figure 7E). However, we found no sig-
nificant difference in the level of expression of 50 vs. 30 transgenes
when eyes were co-injected with AAV particles generated from
an AAV-FLEX construct together with AAV-CAG-Cre-mCherry
(AAV-EF1a-FLEX-GFP-2A-TVA: GFP 169.5 ± 54.0%, TVA 229.2 ±

60.9%, p = 0.22 [Figure 7C]; AAV-bactin-FLEX-DTR-GFP: DTR
201.1 ± 113.5%, GFP 282.1 ± 139.9%, p = 0.154 [Figure 7D]; AAV-
EF1a-FLEX-ArchT-GFP: ArchT 1475 ± 685.4%, GFP 1479 ±

690.9%, p = 0.933 [Figure 6E]). These results indicate that 30 trans-
genes were expressed independent of Cre activity and at higher levels
than 50 transgenes.

Next, we stereotaxically injected the brains of anesthetized mice with
AAV particles generated from either one of each AAV-FLEX
construct together with AAV-CMV-mCherry or AAV-CAG-Cre-
mCherry and counted GFP/mCherry double-positive cells in brain
sections 14 days later (Figures 7F–7H). As predicted based on our pre-
vious results, in the absence of Cre recombinase, the percentage of
mCherry+ cells that co-expressed GFP was more than 8.8-fold higher
for AAV-FLEX constructs with GFP in the 30 position as compared to
the condition where GFP was in the 50 position (AAV-EF1a-FLEX-
GFP-2A-TVA: 2.55 ± 0.85%, AAV-bactin-FLEX-DTR-GFP: 11.7 ±

3.16%, AAV-EF1a-FLEX-ArchT-GFP: 22.6 ± 1.65, GFP-2A-TVA
vs. DTR-GFP: p = 0.0178, GFP-2A-TVA vs. ArchT-GFP: p < 0.0001)
(Figure 7H). When we switched to co-injection of AAV-CAG-
Cre-mCherry instead of AAV-CMV-mCherry, the percentage of
mCherry+ cells co-expressing GFP increased for all AAV-FLEX con-
Figure 5. Significant reduction in 30 transgene leakage in stable cell lines with

(A) Representative photomicrographs of the HEK-pCAG-LGL-rtTA-2A-mC cell line (top) o

nGFP in the Cre (�) condition; however the HEK-pCAG-LGL-rtTA-2A-mC cell line expres

the percentage of nGFP+ cells exhibiting leaky mCherry expression for the HEK-pCAG-L

(n = 9 wells from 3 independent experiments). (C) Relative luciferase activity of the HE

transfected with pTRE-Luciferase as compared to control HEK293T cells transiently tran

Comparison of the percentage of nGFP+ HEK293T cells exhibiting leaky mCherry expre

Cre (�) condition. Datasets were obtained from Figure 1D or Figure 4B, respectively (n =

LGL-mC-2A-rtTA-transfected HEK293T cells and HEK-pCAG-LGL-mC-2A-rtTA stably-

to control HEK293T cells transiently transfected with pTRE-Luciferase alone. Datasets

pendent experiments). (F) Photomicrograph of mCherry expression by HEK-pCAG-LG

Scale bar, 100 mm. (G) Comparison of relative luciferase activity of HEK293T cells transie

orCAG-LGL-mC-2A-rtTA, vs. pCAG-Cre and pTRE-Luciferase co-transfected HEK-CA

independent experiments). Datasets for transient expression were obtained from Figu

Whitney U test (B-E), or two-way ANOVA with Tukey test (G). Data represent mean ± S
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structs (AAV-EF1a-FLEX-GFP-2A-TVA: 46.4 ± 6.48%, AAV-bactin-
FLEX-DTR-GFP: 20.9 ± 3.23%, AAV-EF1a-FLEX-ArchT-GFP: 39.6 ±
2.45, GFP-2A-TVA vs. DTR-GFP: p = 0.007) (Figure 7I). Strikingly
however, the increase in the percentage of mCherry+ cells co-express-
ing GFP was most marked for the AAV-FLEX vector in which GFP
occupied the 50 position (>18-fold increase) compared to those where
GFP was in the 30 position (<1.8-fold increase).

These results indicated that the 30 transgene was leaky in bi-cistronic
AAV vector-infected cells in vivo. Importantly, the fact that we
observed leaky GFP expression in the absence of Cre recombinase
when using the AAV-bactin-FLEX-DTR-GFP and AAV-EF1a-
FLEX-ArchT-GFP vectors indicates that the 30 CDS of fusion proteins
are also subject to leaky expression in addition to bi-cistronic cassettes
where the CDS is separated by 2A or IRES sequences. Taken together,
our data demonstrate that 30 transgenes in inducible bi-cistronic or
fusion-protein vectors are prone to leaky expression both in vitro
and in vivo.

DISCUSSION
In this study, we observed that CDSs located in the 30 regions of poly-
cistronic Cre-inducible expression vectors are prone to Cre-indepen-
dent leak expression. Our data demonstrate that this leaky expression
depends on the promoter-like activity of 50 CDSs rather than the ac-
tivity of a bona fide promoter whose activity is incompletely blocked
by a downstream floxed STOP cassette. The broad implications of our
findings are that tight regulation of the expression of 30 coding se-
quences within fusion proteins or poly-cistronic expression cassettes,
where coding sequences are separated by IRES or 2A peptides, cannot
be guaranteed by using inducible regulatory elements such as lox-
STOP-lox cassettes, FLEx/DIO cassettes, or cell type-specific pro-
moters, especially in transient expression experiments.

Although there have been previous reports of leaky transgene exp-
ression by researchers utilizing inducible gene expression strate-
gies,12,18,28,29 the mechanisms underlying leak expression have not
been thoroughly explored, and the implications of leak expression
have been largely dismissed. Low-level Cre-independent leak expres-
sion is often disregarded if it is assumed to have no impact on the
inducible bi-cistronic expression

r HEK-pCAG-LGL-mC-2A-rtTA cell line (bottom). Both cell lines correctly expressed

sed leakymCherry in some cells (arrowheads). Scale bar, 100 mm. (B) Comparison of

GL-mC-2A-rtTA and HEK-pCAG-LGL-rtTA-2A-mC cell lines in the Cre (�) condition

K-pCAG-LGL-mC-2A-rtTA and HEK-pCAG-LGL-rtTA-2A-mC cell lines transiently

sfected with pTRE-Luciferase alone (n = 9wells from 3 independent experiments). (D)

ssion following transient vs. stable transfection with pCAG-LGL-rtTA-2A-mC in the

9 wells from three independent experiments). (E) Relative luciferase activity of pCAG-

transfected cells following transient transfection with pTRE-Luciferase as compared

were obtained from Figure 1F or Figure 4C, respectively (n = 9 wells from 3 inde-

L-rtTA-2A-mC stably-transfected cells after transient transfection with pCAG-Cre.

ntly transfected with pCAG-Cre and pTRE-Luciferase and eitherCAG-LGL-rtTA-mC

G-LGL-rtTA-2A-mC and HEK-CAG-LGL-mC-rtTA stable cell lines (n = 9wells from 3

re 1G. *p < 0.05, ****p < 0.001 or actual p values are indicated, two-tailed Mann-

EM.
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experiment’s outcomes. For example, if the level of leaky expression
of GFP or any other fluorescent protein is sufficiently low, this back-
ground signal may be set below the detection threshold for real
expression and data analysis may not be significantly affected. How-
ever, we observed that more than 7% of cells transfected with
pCAG-LGL-rtTA-2A-mC alone expressed mCherry, in the absence
of Cre recombinase, at levels that could be readily detected by fluo-
rescence microscopy or flow cytometric analysis without signal
amplification or the use of anti-mCherry antibodies. Moreover,
positioning a tdTomato CDS at the 30 end of a poly-cistronic
expression cassette comprising three CDS separated by 2A se-
quences resulted in leaky tdTomato expression by 16% of trans-
fected cells. By contrast, the expression of mCherry was minimal
in the absence of Cre recombinase when the CDS was positioned
at the 50 end of poly-cistronic expression cassettes. We observed
similar position-dependent effects on the expression of the rtTA.
We conclude from these analyses, that when it comes to inducible
expression vectors, (1) the expression level of 30 transgenes can be
readily observed in a subset of transfected cells without the tran-
scriptional inducer and (2) each transgene encoded within a poly-
cistronic expression vector cannot be inferred by assaying the
expression level of a single CDS, especially in the absence of the
transcriptional inducer. This finding is particularly problematic
when the intention is to regulate the expression of proteins for
which just a few molecules are sufficient to execute their functions.
For example, DTA is a widely used suicide gene,15,16 and one mole-
cule of DTA is sufficient to kill a cell.17 Similarly, the expression of
DNA recombinases such as Cre, Dre and Flp can induce recombi-
nation of site-specific recombinase (SSR)-dependent reporter alleles
even when expressed transiently and at a low level. Based on our
observations, inducible expression of suicide genes (e.g., DTA) or
SSRs may only be possible if they are placed in the 50 region of a
bi-cistronic vector since the 50 CDS gene expression is much
more tightly regulated compared to 30 CDS transgene expression.

We found that all tested CDSs, including mCherry, rtTA, GFP, TFP,
DTR, and ArchT, when positioned in the 50 position of a bi-cistronic
vector, were able to drive leaky expression of the 30 CDS. Moreover,
bi-cistronic Cre-inducible vectors incorporating either a 2A or IRES
sequence were prone to leaky expression (Figure 3), as were vectors
containing FLEx/DIO cassettes where the CDSs were positioned in
reverse orientation downstream of the promoter (Figure S1). Thus,
it is likely that all bi-/poly-cistronic gene expression vectors with an
inducible gene expression system have a risk of leaky 30 CDS
expression.
Figure 6. Insertion of a lox-STOP-lox cassette between the P2A peptide and 30

(A) Schematic diagram of pMBP-LGL-mC-2A-LSL-rtTA expression vector before and af

2A-LSL-rtTA vector express nGFP in the Cre (�) condition or mCherry in Cre (+) condit

among CG4 cells transfected with either pMBP-LGL-mC-2A-rtTA, pMBP-LGL-rtTA-2A

luciferase activity of pMBP-LGL-rtTA-2AmC-, pMBP-LGL-mC-2A-rtTA- or pMBP-LGL-

cells transfected with pTRE-Luciferase alone (n = 15, 18, and 18, respectively). (E) Relat

LGL-rtTA-2AmC, pMBP-LGL-mC-2A-rtTA or pMBP-LGL-mC-2A-LSL-rtTA, as compa

respectively). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test w
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An additional implication of our study is that Cre-independent leak
expression of 30 transgenes is not restricted to transient transfection
of cultured cells using plasmid DNA. We also observed Cre-indepen-
dent leak expression of 30 transgenes following in vivo viral transduc-
tion of the mouse retina or brain using AAVs incorporating FLEx cas-
settes encoding a bi-cistronic CDS or fusion protein. On the one
hand, ddPCR analysis revealed that leakage of the 30 CDS was signif-
icantly higher compared to that of 50 CDS in retinae injected with
AAV-EF1a-FLEX-GFP-2A-TVA or AAV-bactin-FLEX-DTR-GFP,
whereas there was no significant difference in the relative expression
of ArchT and GFP in retinae injected with EF1a-FLEX-ArchT-GFP
(Figures 7C–7E). On the other hand, Cre-independent leak GFP
expression was greatest in the brains of mice injected with EF1a-
FLEX-ArchT-GFP (Figure 7H). These observations suggest that, as
in conventional promoters, the promoter-like activity of the 50

CDSsmay vary depending on the cell types and organs.We also noted
a large variation in the level of expression of the 30 transgene in tissue
injected with both AAV-Cre and the AAV-FLEX viruses (Figures 7C–
7E). The greater variability in 30 transgene expression level compared
to tissue infected with the AAV-FLEX virus alone can be attributed to
varying degrees of viral load of target cells with the AAV-Cre and
AAV-FLEX viruses. In the presence of Cre recombinase, high-level
expression of both 50 and 30 transgenes reflects the activity of the
bone fide promoter which becomes oriented immediately upstream
of the CDS following the Cre-mediated FLEx recombination event.
Even when both viruses are injected into the tissue, some cells are
likely to be transduced with AAV-FLEX alone and thus the expression
level of the 30 transgene would reflect levels observed in the Cre-nega-
tive state. Accordingly, the decreased variability in the level of expres-
sion of the 30 transgene that we observed when tissue is transduced
with the AAV-FLEX virus alone can be explained by the fact that,
in the Cre-negative condition, leak expression of the 30 transgene re-
flects activity of the 50 CDS rather than the bone fide promoter which,
in the absence of Cre recombinase remains in the opposite orientation
to the transgenes.

Results of segment transfection experiments with rtTA, P2A-rtTA,
and mC-P2A-rtTA segments clearly showed that the 50 region CDS
was responsible for leaky rtTA expression. It is still not clear how
the 50 region CDS drove the expression of 30 region CDS. It is widely
known that RNA polymerase II should bind to the promoter region to
initiate CDS transcription.30 Our data demonstrate that 50 transgenes
can drive 30 transgene leakage, suggesting that 50 transgenes possess
cryptic promoter activity. The molecular mechanisms underlying
cryptic promoter activity in this context remain to be explored. A
transgene reduced the leaky expression of the 30 transgene
ter Cre-mediated recombination. (B) CG4 cells transfected with the pMBP-LGL-mC-

ion. Scale bar, 50 mm. (C) Flow cytometric analysis of mCherry and GFP expression

-mC or pMBP-LGL-mC-LSL-2A-rtTA in the Cre (+) or Cre (�) condition. (D) Relative

mC-2A-LSL-rtTA-transfected cells in Cre (�) condition, as compared to control CG4

ive luciferase activity of CG4 cells co-transfected with pCAG-Cre and either pMBP-

red to control CG4 cells transfected with pTRE-Luciferase alone (n = 9, 12, and 18,

ith Dunn’s correction (D and E). Data represent mean ± SEM.
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potential mechanism that could be examined is whether DNA se-
quences located within the 50 transgenes of concatenated ORFs can
function as transcription factor (TF)-binding sites. TF-binding activ-
ity within the cDNA sequence of the 50 transgene could help to recruit
the pre-initiation complex to initiate transcription at ATG start co-
dons that are in-frame with the CDS of 30 transgenes. As demon-
strated by the Callaway group,14 removing the ATG start codon in
the 50 CDS may decrease the leakage; however, it is not feasible to re-
move all ATGs within a CDS since methionine is only encoded by the
ATG codon and removal of all ATGs in an attempt to prevent any
downstream expression, particularly in-frame ATGs, may cause loss
of protein function.

We successfully decreased leaky gene expression by integrating the
bi-cistronic construct into the genome or by inserting an additional
lox-STOP-lox cassette between the P2A sequence and 30 CDS region
(Figure 5). In pMBP-LGL-mC-P2A-LSL-rtTA-transfected cells,
mCherry and rtTA expression was tightly regulated by Cre-medi-
ated recombination. However, we found that the rtTA expression
level following Cre recombination was lower than that of normal
constructs. The lower-level expression of rtTA in pCAG-Cre +
pMBP-LGL-mC-P2A-LSL-rtTA-transfected cells could reflect several
possibilities. First, it could result from reduced recombination effi-
ciency of the construct which requires two independent recombina-
tion events at both lox2272-nG-STOP-lox2272 and loxP-STOP-loxP
sites. It is conceivable that, in cells with low-level expression of Cre
recombinase, only one of the lox-STOP-lox cassettes undergoes
recombination, leaving the lox-STOP-lox immediately upstream of
the 30 transgene intact, thereby blocking expression. Second, the
presence of additional amino acids at the N-terminal domain of
the rtTA protein encoded by the single loxP sequence that is pre-
served following Cre-mediated recombination may alter rtTA
activity. Although the inclusion of an additional lox-STOP-lox
cassette preceding the 30 transgene reduced transgene expression
in recombined cells, the construct design is preferable for situations
where transgene expression is strictly Cre-dependent and lower
levels of transgene expression following recombination are acc-
eptable. For instance, it would be particularly important for
Cre-dependent regulation of TVA or DTR expression, where Cre-
independent leak expression would represent a significant experi-
mental confound.
Figure 7. Bi-cistronic AAV-FLEX vectors express 30 transgene leakage in vivo

(A) Schematic diagram of AAV-EF1a-FLEX-GFP-2A-TVA, AAV-bactin-FLEX-DTR-GFP, a

the eye followed by ddPCR analysis of transgene expression in the virally transduced retin

EF1a-FLEX-GFP-2A-TVA and either AAV-CMV-mCherry (left) or AAV-CAG-Cre-mCherr

AAV-bactin-FLEX-DTR-GFP and either AAV-CMV-mCherry (left) or AAV-CAG-Cre-mC

jection of AAV-EF1a-FLEX-ArchT-GFP and either AAV-CMV-mCherry (left) or AAV-CAG-

downstream analysis. (G) Representative images of cerebral cortex of mouse brains in

EF1a-FLEX-ArchT-GFP and co-injected with AAV-CMV-mCherry or AAV-CAG-Cre-mC

GFP. Scale bar, 100 mm. (H) Comparison of the percentage of mCherry+ cells that exhibit

and either AAV-EF1a-FLEX-GFP-2A-TVA, AAV-bactin-FLEX-DTR-GFP or AAV-EF1a-FL

of mCherry+ cells that co-express GFP in cortical hemispheres injected with AAV-CAG-C

or AAV-EF1a-FLEX-ArchT-GFP (n = 4 hemispheres per vector). *p < 0.05, **p < 0.01, ****

or one-way ANOVA with Dunnett’s test (H and I). Data represent mean ± SEM. Illustrat
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An alternative approach for regulating the expression of two trans-
genes under the control of a specific promoter is to use a construct
that contains two copies of the same promoter in reverse orientation,
enabling bidirectional regulation of transgene expression. Bidirec-
tional promoter constructs such as MXS_BidirectionalCAG are avail-
able from Addgene (#78175).31 Although we have not tested the
MXS_BidirectionalCAG bidirectional vector in our own laboratory,
it may be a better alternative to use of a bi-cistronic vector with an
inducible gene expression system.

We showed that Cre-independent leak expression of the 30 transgene
is significantly reduced by genomic insertion, as demonstrated when
generating stably transfected HEK293T cells (Figure 5). Based on
these results, one might predict that lentivirus-mediated integration
of Cre-dependent bi-cistronic transgenes would also reduce Cre-in-
dependent leak expression of the 30 transgene. Although we have
not performed experiments to investigate this possibility, several pub-
lished reports characterizing transgene expression in genetically
modified mice suggest that genomic insertion alone does not insulate
against leak expression. For instance, it has been reported that the
knock-in somatostatin-IRES-Cre mouse (RRID:IMSR_JAX:013044)
expresses leaky Cre recombinase in some non-somatostatin-express-
ing neurons.32 Even low-level leaky expression of Cre recombinase
could be sufficient to drive recombination of a Cre-dependent re-
porter line such as the Ai14 reporter.32 The somatostatin-IRES-Cre
line was generated by inserting an IRES, Cre recombinase CDS, polyA
sequence, and an frt-flanked neo cassette into the 30 untranslated re-
gion of the somatostatin locus, after the translational termination
site.33 It is plausible, and warrants evaluation, as to whether the leaky
Cre expression observed in the somatostatin-IRES-Cre line could be
driven by promoter-like activity of the somatostatin CDS.

Our data have implications for understanding the observations of leak
expression documented by other research groups. For example, Bot-
terill and colleagues (2021)29 observed that stereotaxic delivery of
AAV-DIO-hSyn-hM3Dq-mCherry into the mouse cerebral cortex re-
sulted in leak expression of mCherry in the absence of Cre recombi-
nase, which was particularly evident after antibody-mediated ampli-
fication. Since mCherry-positive cells did not exhibit c-fos expression
following administration of the hM3Dq agonist, C21, the authors
concluded that leak expression does not yield notable functional
nd AAV-EF1a-FLEX-ArchT-GFP vectors. (B) Experimental design of AAV injection of

a. (C) Relative expression of GFP and TVA in the retina following co-injection of AAV-

y (right). (D) Relative expression of DTR and GFP in the retina following co-injection of

herry (right). (E) Relative expression of ArchT and GFP in the retina following co-in-

Cre-mCherry (right). (F) Schematic diagram of AAV injection into themouse brain and

jected with AAV-EF1a-FLEX-GFP-2A-TVA, AAV-bactin-FLEX-DTR-GFP, and AAV-

herry. Arrows in Cre (�) condition indicate cells co-expressing mCherry and leaky

leaky GFP expression for cortical hemispheres co-injected with AAV-CMV-mCherry

EX-ArchT-GFP (n = 5 or 6 hemispheres per vector). (I) Comparison of the percentage

re-mCherry and either AAV-EF1a-FLEX-GFP-2A-TVA, AAV-bactin-FLEX-DTR-GFP

p < 0.0001, or actual p values are indicated, paired two-tailed Student’s t-test (B–D),

ions were created with BioRender.com. ns, not significant.
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effects in their experimental system. They also excluded behavioral re-
percussions of potential leak hM3Dq expression. Our data provide a
plausible explanation for their observations and further illustrate that
leak expression of transgenes can result in functional effects,
depending on the position of the transgenes in Cre-dependent
constructs containing concatenated open reading frames. For the
AAV-DIO-hSyn-hM3Dq-mCherry construct employed by Botterill
and colleagues, the hM3Dq coding sequence is in the 50 position of
the hM3Dq-mCherry fusion protein. As a result, we would expect
hM3Dq to exhibit minimal leak expression compared to mCherry,
which occupies the 30 position and retains an intact ATG start codon
and Kozak sequence. Based on our observations of Cre-independent
positional effects of CDSs within fusion proteins, if the position of
mCherry andhM3Dq in theAAVconstructwere reversed, it is possible
that leak expression of hM3Dq may be more evident and potentially
represent an experimental confound. Similarly, we are aware of at least
one other mouse line that exhibits Cre-independent expression of the
30 transgene positioned downstream of a lox-STOP-lox cassette.

We contacted the inventor of the RphiGT mouse line (RRID:IMSR_
JAX:024708) in which pCAG-lox-STOP-lox-RABVgp4-IRES-TVA
was introduced into theGt(ROSA)26Sor locus to enable Cre-mediated
expression of recombinant rabies glycoprotein G and TVA (chicken)
for studies employing monosynaptic neuron tracing.34 The author
kindly informed us that there were signs of leaky TVA expression
(30 of the IRES), whereas RABVgp4 (positioned 50 of the IRES) was
correctly regulated by Cre recombination (J. Takatoh, personal
communication). Despite these limitations, the mouse line can still
be useful to target the peripheral nervous system.35

This study has revealed some limitations to the use of bi- and poly-
cistronic expression vectors as part of an inducible gene expression
strategy. To avert undesirable leaky transgene expression in inducible
expression systems, we recommend using two separate vectors with
an identical promoter to induce the expression of two transgenes or us-
ing a vector containing a bi-directional promoter. For studies in which
the generation of a bi- or poly-cistronic vector is unavoidable, it is pref-
erable to place genes for which leaky expression would be particularly
deleterious in the 50 positionof the expression cassette. Leaky expression
of 30 transgenes can be reduced by inserting additional sets of lox-STOP-
lox sequences, each possessing distinct Cre recognition sites, immedi-
ately 50 of each CDS within a poly-cistronic expression cassette. Adopt-
ing these approaches will aid in the generation of inducible expression
constructs that offer more precise control over the expression of multi-
ple transgenes for basic studies and gene therapy approaches.

MATERIALS AND METHODS
Molecular cloning

Plasmid vectors were constructed using restriction cloning, PCR clon-
ing, and Gibson cloning.36 Some DNA segments were synthesized us-
ing gBlock gene fragments (Integrated DNA Technologies). DNA
segments obtained by restriction digestion or PCR amplification
were purified using the QIAquick spin column (28115; QIAGEN).
The IRES sequence of the encephalomyocarditis virus (EMCV) was
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used in the construction of the vector pMBP-LGL-DTR-IRES-tdT
and was obtained from the plasmid MSCV-IRES-Tomato MEF2C
(Addgene #89715).37 The full sequence of the IRES is provided in
the supplemental information. All plasmid constructs were verified
by Sanger sequencing at Micromon (Monash University).

Generation of plasmid constructs

pCAG-LGL-rtTA-2A-mC (GenBank: OR372645)

Isothermal assembly technique was used for making this construct.
The pCAG-Cre plasmid (Addgene #13775)38 was digested with EcoRI
and NotI and the pCAG backbone was purified by gel extraction. The
loxP-nG-STOP-loxP-rtTA fragment was obtained by PCR amplifica-
tion using pMBP-loxP-nG-STOP-loxP-rtTA-P2A-TFP plasmid as
template (see supplemental information). TPC1 forward primer
(50-GCTGTCTCATCATTTTGGCAAAGCGAATAATTCTAGGGT
CGAC-30) and TPC1 reverse primer (50-TCCGCTTCCTCCTGGT
AACATGT-30), P2A fragment was amplified by PCR using synthetic
P2A-mtdTomato plasmid (GeneArt, Invitrogen) as a template and
TPC2 forward primer (50-ACATGTTACCAGGAGGAAGCGGAG
GAAGCGGAGCTACTAACTTCAG-30) and TPC2 reverse (50-GGT
CTTGGAGAAACAGCAACCCAT-30) primer, mC fragment was
PCR amplified using pMBP-loxP-nG-STOP-loxP-mC-P2A-DTR
plasmid as a template (see supplemental information) and TPC3
forward primer (50-ATGGGTTGCTGTTTCTCCAAGACC-30) and
TPC3 reverse primer (50-GGCAGCCTGCACCTGAGGAGTGCTTA
TCCGCTTCCCATATGCTTGTA-30). This pCAG fragment, loxP-
nG-STOP-loxP-rtTA fragment, P2A fragment, and mC fragment
were purified by gel extraction and assembled in an isothermal
Gibson assembly reaction (Gibson Assembly, New England Biolabs),
followed by transformation into NEB 5-alpha competent E. coli (New
England Biolabs). The DNA sequence of the pCAG-LGL-rtTA-2A-
mC plasmid was confirmed by Sanger sequencing.

pCAG-LGL-mC-2A-rtTA (GenBank: OR372646)

This construct was generated by an isothermal Gibson assembly reac-
tion of pCAG fragment, loxP-nG-STOP-loxP-mC-P2A fragment and
rtTA fragment. The pCAG fragment was obtained by EcoRI-NotI
digestion of pCAG-Cre as described above. The loxP-nG-STOP-
loxP-mC-P2A fragment was generated through PCR amplification
using pMBP-loxP-nG-STOP-loxP-mC-P2A-FLAG-H2A-P2A-rtTA-
WPRE plasmid (see supplemental information) as a template and
CPT1 forward primer (50-GCTGTCTCATCATTTTGGCAAAGCG
AATAATTCTAGGGTCGAC-30) and CPT1 reverse primer (50-GTC
TTTGTAGTCGGTACCAGG-30), rtTA segment was generated using
CMV-Tet3G (Clontech) as a template and CPT2 forward primer
(50-CCTGGTACCGACTACAAAGACTCTAGACTGGACAAGAG
CAAAG-30) and CPT2 reverse primer (50-ggcagcctgcacctgaggagtgc
atgtctggatccttacttag-30). These pCAG fragment, loxP-nG-STOP-
loxP-mC-P2A fragment and rtTA segment were gel extracted and
assembled as described above.

pMBP-LGL-mC-P2A-DTR (GenBank: OR372642)

EcoRV-Membrane mCherry (hereafter denoted mC) -P2A-KpnI-
DTR-KpnI-XbaI fragment was synthesized (gBlocks Gene Fragment,
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IDT) and PCR amplified. The fragment was digested by EcoRV and
XbaI and inserted into EcoRV-XbaI site of pMBP-loxP-nG-STOP-
loxP plasmid.

pMBP-LGL-mC-P2A-FLAG/H2A-P2A-rtTA (GenBank:

OR372643)

The pMBP-LGL-mC-2A-DTR construct was digested with KpnI and
the pMBP-LGL-mC-P2A fragment was purified by gel extraction. A
KpnI-FLAG-H2A-P2A-rtTA-WPRE-KpnI fragment was synthesized
(gBlocks Gene Fragment, IDT), PCR amplified, and subsequently di-
gested with KpnI. The pMBP-LGL-mC-P2A fragment and KpnI-
FLAG-H2A-P2A-rtTA-WPRE-KpnI fragment were ligated at the
KpnI site.

pMBP-LGL-rtTA-2A-mC (GenBank: OR372647)

The pCAG-LGL-rtTA-P2A-mC plasmid was digested by ScaI-EcoRI
and nG-STOP-loxP-rtTA-P2A-mC segment was collected by gel
extraction. pMBP-LGL-mC-P2A-DTR was digested by ScaI-EcoRI fol-
lowed by phenol-chloroform extraction and ethanol precipitation.
The DNA solution containing ScaI-EcoRI digested fragments
(2,651 bp, 2,528 bp, and 4,189 bp) was further digested by SphI to
make gel extraction easier (2,651 bp, 1751 bp, 777 bp, and
4,189 bp), and the pMBP-loxP fragment (2,651 bp) was collected us-
ing gel extraction. The pMBP-loxP fragment and nG-STOP-loxP-
rtTA-P2A-mC fragment were ligated with ScaI-EcoRI site.

pMBP-LGL-mC-2A-rtTA (GenBank: OR372648)

pMBP-loxP fragment (2,651 bp) was obtained as described above. nG-
STOP-loxP-mC-P2A-rtTA fragment was collected by ScaI-EcoRI
digestion of pCAG-loxP-nG-STOP-loxP-mC-P2A-rtTA and gel extra-
ction. pMBP-loxP fragment and nG-STOP-loxP-mC-P2A-rtTA frag-
ment were ligated with ScaI-EcoRI site.

pMBP-LGL-mC-2A-LGL-rtTA (GenBank: OR372653)

The pMBP(M321)-lox2272-nG-STOP-lox2272-mC fragment was
PCR amplified using pMBP(M321)-lox2272-nG-STOP-lox2272-mC-
pMBP(M321)-SnaBI plasmid (see supplemental information) and
forward primer (50- AtccagctcgaccaagcttgTCCACAGAATCAGGGG
ATA-30) and reverse primer (50-tcggcgcgttcgtactgttc-30). P2A fragm-
ent was PCR amplified using pCAG-LGL-mC-2A-rtTA as a template
and forward primer (50-gaacagtacgaacgcgccga-30) and reverse pri-
mer (50-ATTTCCtttgtagtcggtaccaggtc-30). DNA fragment containing
loxP-3xpolyA-loxP was PCR amplified using Ai65(RCFL-tdT) tar-
geting vector39 (Addgene# 61577) as a template and forward pri-
mer (50-CTAGGGAAGAAGAGAGACCCAGGaaatataacttcgtataat-30)
and reverse primer (50-GTCCTTGTATTTCCGAAGACAgcaggtcga
gggacctaata-30). This loxP-3xpolyA-loxP sequence was PCR amplified
using forward primer (50-gtaccgactacaaaGGAAATataacttcgtat-30) and
reverse primer (50-tccagtctagaAATGACgggacctaataacttcgtat-30) to
add DNA sequence compatible to the other segments, and named
loxP-STOP-loxP. rtTA-SV40polyA fragment was PCR amplified using
pCMV-Tet3G as a template and forward primer (50-CCCGTCATTtct
agactggacaagagcaa-30) and reverse primer (50-caagcttggtcgagctggat-
30). These pMBP(M321)-lox2272-nG-STOP-lox2272-mC fragment,
Molecular T
P2A fragment, loxP-STOP-loxP fragment and rtTA-SV40polyA frag-
ment were assembled using isothermal Gibson assembly reaction to
generate pMBP(M321)-lox2272-nG-STOP-lox2272-mC-loxP-STOP-
loxP-rtTA plasmid.

PB-CAG-LGL-mC-P2A-rtTA (GenBank: OR372649) and PB-

CAG-LGL-rtTA-P2A-mC (GenBank: OR392287)

A DNA fragment containing the SpeI site, piggyBAC terminal repeat
sequences and BglII site was PCR amplified using PBCAG-mRFP (Ad-
dene #40996)40 as template with forward primer (50-agctggacatcacc
tcccacaacg-30) and reverse primer (50-tagcactagtctcgatatacagatcgata
a-30). The fragment was digested by SpeI and BglII. pCAG-LGL-
rtTA-2A-mC construct or pCAG-LGL-mC-2A-rtTA construct were
digested with SpeI and BglII to generate SpeI-CAG-LGL-rtTA-2A-
mC-BglII segment or SpeI-CAG-LGL-mC-2A-rtTA-BglII segments,
respectively. The segments and the SpeI-piggyBAC terminal repeat
sequences-BglII fragment were ligated to generate the PB-CAG-
LGL-mC-P2A-rtTA and PB-CAG-LGL-rtTA-P2A-mC constructs.

Gel extraction

PCR solution or enzymatically digested plasmid solution was purified
via agarose gel extraction. Agarose gel (1%) was prepared in 1� TAE
and SYBR safe solution (Thermo Fisher Scientific). DNA solution was
added to the 6� loading buffer and a total of 120–180 mL of solution
was loaded into a combined well, where three wells of a gel maker
were combined to one well (AD216, Clonetech). Gels were run at
130 V for 45 min in an electrophoresis apparatus (Horizon11.14,
Thermo Fisher Scientific). Bands of correct size were excised and pu-
rified using QIAquick gel extraction kit (Qiagen). The DNA segments
used for cell transfection experiments were further purified by
phenol/chloroform extraction and ethanol purification.

Cell culture

HEK293T cells were cultured in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (FBS; Corning) and 1% penicillin-strep-
tomycin-glutamine (Gibco). CG4 cells23 were cultured in SATO me-
dium supplemented with N-acetyl-cysteine (60 mg/mL; Sigma), biotin
(10 ng/mL; Sigma), forskolin (5 mM; Sigma), insulin (5 mg/mL;
Sigma), recombinant human NT3 (5 ng/mL; Peprotech), and
PDGF-AA (10 ng/mL; Peprotech). SATO medium was prepared in
high-glucose DMEM (Gibco, Cat. 31966-021) using 100� SATO
stock solution, which was prepared as described in Cold Spring Har-
bor Protocols (https://doi.org/10.1101/pdb.rec077073).

Transfection

Transfections were performed one day after seeding cells into 96-well
plates (1.0 � 104 HEK293T cells/well; 0.9 � 104 CG4 cells/well) or
into 24-well plates (1.0 � 105 HEK293T cells/well; 5.0 � 104 CG4
cells/well) using Lipofectamine LTX reagent with PLUS reagent
(Thermo Fisher Scientific) in medium without penicillin-strepto-
mycin according to the manufacturer’s protocols.

For HEK293T cells, plasmid DNA (0.5 mg per construct) and PLUS
reagent (0.5 mL per construct) were diluted in 50 mL Opti-MEM
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(Invitrogen). This solution was mixed with Opti-MEM containing
Lipofectamine LTX (1 mL Lipofectamine LTX in 50 mL Opti-MEM,
incubated for 5 min). After 20 min of incubation at room tempera-
ture, the transfection solution was added to each well (100 mL/well
for 24-well plate; 20 mL/well for 96-well plate). The medium was re-
placed with 10% FBS-DMEM medium containing penicillin-strepto-
mycin 4 h after transfection.

For CG4 cells, the cells were incubated in SATO medium containing
PDGF-AA and NT3 during transfection. Constructs (each 0.5 mg)
and PLUS reagent (0.5 mL for one construct) were diluted in 25 mL
Opti-MEM (Invitrogen). The Opti-MEM containing constructs and
PLUS reagents were mixed with the Opti-MEM/Lipofectamine LTX
(2 mL Lipofectamine LTX in 25 mL Opti-MEM pre-incubated for
5 min). After 20 min of incubation at room temperature, the mixed
solution was added to each well (50 mL/well for 24-well plates;
10 mL/well for 96-well plates). The medium was replaced with
SATO medium containing T3 (40 ng/mL, Sigma) and penicillin-
streptomycin 4 h after transfection.
Luciferase assays

The pTRE-Luciferase (Clontech) and constructs containing rtTA
transgene were co-transfected into HEK 293T or CG4 cells using Lip-
ofectamine LTX. Four hours after lipofectamine transfections, the
medium was replaced with medium containing doxycycline (1 mg/
mL) and penicillin-streptomycin. T3 (40 ng/mL) was also added to
the medium to induce differentiation of CG4 cells into oligodendro-
cytes. Two days post transfection, luciferase assays were performed
using a luciferase assay kit (Pierce) according to manufacturer’s pro-
tocol. The average chemiluminescence intensity for wells transfected
with pTRE-Luciferase alone was defined as having a relative luciferase
activity of 1.
Flow cytometry

Flow cytometry was performed on a BD Fortessa X-20 cell analyzer
with BD FACSDiva software (BD Biosciences). The voltage, compen-
sation, scale and gating were determined by first adjusting them for
negative and single fluorophore-only controls. Fluorophore Minus
One controls (DAPI + mCherry, DAPI + GFP, and GFP + mCherry
samples) were also used for initial adjustment of compensation. For
each sample, 10,000 events were acquired. Data were first gated to
include only intact cells (FSC-A vs. SSC-A) and then single cells
(FSC-A vs. FSC-H), and DAPI-negative cells were gated as live cells
and dead cells were removed from the analysis (FSC-A vs.
BV450-A) and fluorophore expression was observed in live cells.
Once the parameters were established, the same settings and gate pa-
rameters were used to acquire and analyze all other samples. The ac-
quired data were analyzed using FlowJo version 10 (BD Biosciences),
and the same compensation, scale, and gating parameters were used
for each experiment. For each experiment, a plot comparing the pro-
portion of GFP-expressing cells vs. the proportion of mCherry-ex-
pressing cells was generated, and these plots are presented in the
results.
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Generation of stable cell lines

HEK-CAG-LGL-rtTA-P2A-mC or HEK-CAG-LGL-mC-P2A-rtTA
stable cell lines were generated using the PiggyBac transposon-based
expression system.41 Briefly, the PB-CAG-LGL-rtTA-P2A-mC or PB-
CAG-LGL-mC-P2A-rtTA construct was co-transfected with pCAGP-
Base (Addgene #40972) into HEK293T cells. The transfected cells
were passaged every 2–4 days for 20 days. Following this, FACS sort-
ing was performed to collect the top 10% of nGFP-expressing cells.
The collected nGFP (+) cells were expanded and used as HEK-
CAG-LGL-rtTA-P2A-mC or HEK-CAG-LGL-mC-P2A-rtTA stable
cell lines.

Animals

Wild-type 8-week-old C57BL/6J female mice were purchased from
Clea Japan or Japan SLC. Mice were housed in a 12-h light/dark cycle
with free access to water and food. Animal experiments were conduct-
ed according to the guidelines of Jichi Medical University.

AAV preparation and injection

AAV2-EF1a-FLEX-GFP-T2A-TVA, AAV2-bactin-FLEX-DTR-GFP,
and AAV2-EF1a-FLEX-ArchT-GFP were generated from pAAV-
EF1a-FLEX-GT (Addgene #26198),21 pAAV-FLEX-DTR-GFP (Ad-
dgene #124364), and pAAV-EF1a-FLEX-ArchT-GFP (Addgene
#58851),42 respectively, as previously described.43,44 AAV2-CMV-
mCherry and AAV1-CAG-Cre-mCherry were purchased from
SignaGen Laboratories (Cat. SL101405 and SL101117, respectively).
AAV-EF1a-GFP (AAV2-EF1a-EGFP-WPRE) was generated as pre-
viously described.45 Either AAV2-CMV-mCherry or AAV1-CAG-
Cre-mCherry and one of either AAV2-EF1a-FLEX-GFP-T2A-TVA,
AAV2-bactin-FLEX-DTR-GFP, and AAV2-EF1a-FLEX-ArchT-GFP
were mixed (1.0 � 1012 vg/mL for each AAV) for stereotaxic
injection.

For intravitreal injection of AAV vectors, the mice were anesthetized
with 2%–3% isoflurane, and a mixture of one of the AAV-FLEX vec-
tors and either AAV2-CMV-mCherry or AAV1-CAG-Cre-mCherry
(1 � 1012 vg/mL for each AAV, 1 mL) was injected into the vitreous
cavity using a syringe with a 33G needle as described previously.46,47

The mice were sacrificed by cervical dislocation and retinae were
collected as described previously for RNA extraction.48,49

For transcranial AAV injections, mice were anesthetized with a cock-
tail of medetomidine (0.3 mg/kg), midazolam (4.0 mg/kg) and butor-
phanol (5.0 mg/kg) as described previously.50 Mice were placed in a
stereotaxic frame (Narishige) with a mouse adaptor. After drilling a
hole into the skull to expose the injection site, 1 mL (1.0 � 109 vg)
AAV solution was stereotaxically injected into the somatosensory
cortex (1.0 mm posterior and 1.5 mm lateral to bregma, at a depth
of 0.3 mm) using NanojectII as described previously.44 Mice were
sacrificed 14 days after AAV injection.

RT-PCR and ddPCR gene expression assay

Retinae were collected from the AAV-injected mouse eyes under a
stereomicroscope immediately after cervical dislocation. One to two
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retinae were placed in 350 mL RLT buffer (Qiagen) and homogenized
by passing it 7 times through a 26G needle fitted to an RNase-free sy-
ringe. The lysate was added to 300 mL of RLT buffer and inverted and
mixed. The lysate was centrifuged at 10,000�g for 3 min, the super-
natant was collected, placed in a gDNA Eliminator spin column and
centrifuged at 10,000�g for 30 s. The flow-through was collected and
total RNAwas extracted using RNeasyMini kit (Qiagen) according to
the manufacturer’s protocol. The quality of total RNAwas checked by
electrophoresis on a denaturing agarose gel. DNase treatment and
DNA contamination assessment were not performed.

cDNA of GFP-T2A-TVA, DTR-GFP, ArchT-GFP, or mCherry was
synthesized from 100 ng total RNA obtained from AAV-injected
eyes using PrimeScript RT reagent kit (Takara) with the following
primers (for GFP-T2A-TVA 50- ACTAGCGGAGAACAAGTCTG-
30, for DTR-GFP and ArchT-GFP 50-TCGTCCATGCCGAGAGTG
ATC-30, for mCherry 50-TCGGCGCGTTCGTACTGTTC-30). Bri-
efly, 5� PrimeScript Buffer 2 mL, PrimeScript RT Enzyme Mix I
0.5 mL, a primer for GFP-T2A-TVA, DTR-GFP, or ArchT-GFP
0.5 mL, primer for mCherry 0.5 mL, total RNA 100 ng, and RNase-
DNase-free water in an amount to make the total volume of the
reaction solution 10 mL were added and mixed. Reverse transcription
reactions were performed under the following conditions; 37�C for
15 min, 85�C for 5 s, and 4�C. The cDNA solution was stored at
�20�C for up to 1 month until used for ddPCR.

ddPCR was conducted on a QX200 ddPCR system (Bio-Rad) using
standard methods for measuring mRNA expression level of 50 and
30 transgenes in eyes injected with bi-cistronic one of AAV-FLEX
vectors, AAV-EF1a-FLEX-GFP-2A-TVA (Addgene #26198), AAV-
bactin-FLEX-DTR-GFP (Addgene #124364),AAV-EF1a-FLEX-ArchT-
GFP (Addgene# 58851), and AAV-CMV-mCherry or AAV-CAG-Cre-
mCherry (SignaGen Cat. SL101405 and SL101117, respectively). The
mRNA expression level of mCherry was also measured and used as a
standard for mRNA expression level.

For ddPCR analysis, the 2�ddPCR supermix 10 mL (Bio-Rad),
100 mM FW primer 0.2 mL, 100 mM RV primer 0.2 mL, 10.2 mM
TaqMan MGB probe (Thermo Fisher Scientific) 0.5 mL, MilliQ
8.1 mL, and cDNA synthesized from 10 ng total RNA (1 mL from
the cDNA solution synthesized by PrimeScript RT reagent kit) were
mixed and total 20 mL PCR reaction solution was prepared for one
sample. The 20 mL PCR reaction solution and 70 mL Droplet Gener-
ator oil (Bio-Rad) were mixed and droplets were generated by QX200
droplet generator. PCR reactions were performed on the generated
droplets with the following parameters: STEP1 95�C 10 min,
STEP2 94�C 30 s, STEP3 52�C 1 min, STEP2–STEP3 39 repetitions,
STEP4 98�C 10 min, STEP5 4�C. Following is a list of TaqMan MGB
probe (Thermo Fisher Scientific) with primer sets (for GFP Probe
50-VIC-CCCAACGAGAAGCG-MGB-30, FW primer 50 -AGTCCGC
CCTGAGCAAAGA-30, RV primer 50-TCCAGCAGGACCATGTGA
TC-30, amplicon length 55 bp; for TVA probe 50-FAM-AGTGCT
CCTGTGCTGC-MGB-30, FW primer 50-CGCATGTGGATGCTGA
TCA-30, RV primer 50-CGATACCACCCACAGCTACCA-30, ampli-
Molecular T
con length 61 bp; for DTR probe 50-FAM-CACTTTATCCTCCAAG
CCA-MGB-30, FW primer 50-GGCAGATCTGGACCTTTTGAGA-
30, RV primer 50-CTAGTCCCTTGCCTTTCTTCTTTCT-30, ampli-
con length 43 bp; for ArchT probe 50-FAM-CTGGCTACCAGCCT
GA-MGB-30, FW primer 50-TTCAGCACCATCTGCATGATC-30,
RV primer 50-TCTGGTCCCCTCTCCTTAGCA-30, amplicon length
80 bp; for mCherry Probe 50-VIC-CAAGTTGGACATCACCTC-
MGB-30, FW primer 50-AGACCACCTACAAGGCCAAGAA-30,
RV primer 50-CGATGGTGTAGTCCTCGTTGTG-30, amplicon len-
gth 99 bp). All primers and probes were diluted in TE buffer. In silico
specificity screening using BLAST confirmed that genes from mice
were not amplified by these primers.

The amplification signals were read by QX200 Droplet Reader and
analyzed by Quanta-Soft software (Bio-Rad). cDNA containing at
least 100 copies of mCherry cDNA was used for gene expression
analysis of AAV-FLEX vectors. The raw data for each sample minus
non-template control were described as the data for the sample.
Repeatability of the ddPCR was evaluated in two replicates. The 50

or 30 transgene expression relative to mCherry expression (%) was
measured and described in Figure 7.

Tissue processing and immunohistochemistry

Mice were perfused transcardially with 4% paraformaldehyde (PFA)
in 0.1 M sodium phosphate buffer (pH 7.4) under deep anesthesia us-
ing 3%–5% isoflurane or by intraperitoneal injection of an anesthetic/
analgesic drug cocktail (0.3 mg/kg medetomidine, 4.0 mg/kg midazo-
lam, and 5.0 mg/kg butorphanol). The brains were collected from
each animal and postfixed with 4% PFA overnight at 4�C. Postfixed
brains were cryoprotected overnight in 0.1 M sodium phosphate
buffer (pH 7.4) containing 30% sucrose, embedded in optimal cutting
temperature compound (Sakura Finetek), and cut into 10-mm sec-
tions using a cryostat (CM3050; Leica). The sections were blocked
in 10% normal goat serum in D-PBS with 0.3% Triton X-100
(PBST) then incubated with rat anti-GFP antibody (1:1,000;
GF090R; Nacalai Tesque) in PBST at 4�C overnight. After washing
with PBST, the sections were incubated with secondary antibodies
(1:500, Alexa Fluor 488-conjugated goat anti-rabbit IgG; Molecular
Probes) for 1 h at room temperature. Slides were rinsed again and
counterstained with Hoechst 33342 (1 mg/mL; Invitrogen), and cover-
slipped as described previously.51

Microscopic analysis

The number of GFP (+) and/or mCherry (+) cells in the wells of
96-well plate was counted manually using the 10� objective of an
Olympus IX81 inverted fluorescence microscope (Olympus). All cells
in the well were counted.

Sections from AAV-injected brains were examined under 20� objec-
tive on an FV1000 confocal microscope (Olympus). Cell counts of
confocal images were performed using Fiji software. Images of
Hoechst, GFP, and mCherry were changed to binary images through
Fiji threshold function. The binary images of Hoechst, GFP, and
mCherry were merged, and co-localization of signals was analyzed
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manually. Fluorescent signals exhibiting clear cellular morphology
were included in the cell quantified.

Statistical analysis

Prism 7 (GraphPad) and Excel (Microsoft) were used for statistical
analysis. Cell counting experiments and luciferase assays were
repeated in at least three independent experiments. The statistical sig-
nificance level was set at p < 0.05. Data that were normally distributed
(determined using the D’Agostino and Pearson test) were analyzed
using the Student’s t test or one-way ANOVA with Dunnett’s test.
Non-parametric data were analyzed using the Mann-Whitney U
test. All data are described as mean ± SEM.

DATA AND CODE AVAILABILITY
The primary sequence information of plasmid DNAs described in this
publication are available online. pMBP-loxP-nG-STOP-loxP (Gen-
Bank: OR372640), pMBP-loxP-nG-STOP-loxP-rtTA-P2A-TFP (Gen-
Bank: OR372641), pMBP-loxP-nG-STOP-loxP-mC-P2A-DTR
(GenBank: OR372642), pMBP-loxP-nG-STOP-loxP-mC-P2A-
FLAG-H2A-P2A-rtTa-WPRE (GenBank: OR372643), pMBP-loxP-nG-
STOP-lox2272-DTR-loxP-lox2272 (GenBank: OR372644), pCAG-loxP-
nG-STOP-loxP-rtTA-P2A-mC (GenBank: OR372645), pCAG-loxP-nG-
STOP-loxP-mC-P2A-rtTA (GenBank: OR372646), pMBP-loxP-nG-
STOP-loxP-rtTA-P2A-mC (GenBank: OR372647), pMBP-loxP-nG-
STOP-loxP-mC-P2A-rtTA (GenBank: OR372648), PB-CAG-loxP-nG-
loxP-mC-P2A-rtTA (GenBank: OR372649, PB-CAG-loxP-nG-loxP-
rtTA-P2A-mC (GenBank: OR392287), pMBP(M321)-loxP-nG-STOP-
lox2272-DTR-loxP-lox2272 (GenBank: OR372650), pMBP(M321)-loxP-
nG-STOP-lox2272-DTR-loxP-lox2272-pMBP(M321)-SnaBI (GenBank:
OR372651), pMBP(M321)-lox2272-nG-STOP-lox2272-mC-pMBP(M321)-
SnaBI (GenBank: OR372652) and pMBP(M321)-lox2272-nG-STOP-
lox2272-mC-loxP-STOP-loxP-rtTA (GenBank: OR372653).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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