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Genetic lineage tracing is indispensable to unraveling the
origin, fate, and plasticity of cells. However, the intrinsic leak-
iness in the CreER-loxP system raises concerns on data inter-
pretation. Here, we reported the generation of a novel dual
inducible CreER-loxP system with superior labeling character-
istics. This two-component system consists of membrane local-
ized CreER (mCreER: CD8a-FRB-CS-CreER) and TEV prote-
ase (mTEVp: CD8a-FKBP-TEVp), which are fusion proteins
incorporated with the chemically induced dimerization ma-
chinery. Rapamycin and tamoxifen induce sequential dimer-
ization of FKBP and FRB, cleavage of CreER from the mem-
brane, and translocation into the nucleus. The labeling
leakiness in Ad293 cells reduced dramatically from more
than 70% to less than 5%. This tight labeling feature depends
largely on the association of mCreER with HSP90, which con-
ceals the TEV protease cutting site between FRB and CreER
and thus preventing uninduced cleavage of themembrane-teth-
ering CreER. Membrane-bound CreER also diminished signif-
icantly cytotoxicity. Our studies showed mCreER under the
control of the rat insulin promoter increased labeling speci-
ficity in MIN6 islet beta-cells. Viability and insulin secretion
of MIN6 cells remained intact. Our results demonstrate that
this novel system can provide more stringent temporal and
spatial control of gene expression and will be useful in cell
fate probing.

INTRODUCTION
Lineage tracing is a powerful tool for unraveling the origin, fate, and
plasticity of cells in tissue regeneration, homeostasis, and disease pro-
gression in the context of an intact tissue or organism.1,2 Lineage
tracing is also indispensable to providing spatial, temporal, and ki-
netic resolution at the single-cell level of the mechanisms that under-
lie tissue remodeling under physical and pathological conditions.3,4

The Cre-loxP recombination system, including the tamoxifen-induc-
ible CreER-loxP,5 is the most widely used technology for in vivo stem
cell and progenitor cell tracing. Since its development in the 1980s,6,7

this versatile system has found applications in virtually almost every
genetically engineered organism and has greatly expanded our ability
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to precisely interrogate gene function, cell behavior, and treatment of
diseases.8–10

Awareness and concerns, however, on the limitations and caveats of
the Cre-loxP technology have been raised repeatedly.11,12 Numerous
studies have demonstrated that the CreER-loxP system exhibits leak-
iness to an extent, which means the occurrence of spontaneous cell
labeling in the absence of tamoxifen induction (Table S4). For
example, Kemp et al.13 reported sporadic recombination at the
R26R reporter locus in multiple tissues of mice carrying a CreER
transgene under the control of a constitutively active promoter. Simi-
larly, Kristianto et al.14 found 10%–80% unintended Cre activities in
all examined tissues of mice from crossing a CreER driver line with
two reporter strains, raising the possibility of this confounding back-
ground activity might impact largely on data interpretation. The
famous rat insulin promoter (RIP) has been used extensively to probe
gene function specifically in pancreatic islet beta-cells. However, mice
with a transgenic Cre under the control of RIP display glucose intol-
erance in the absence of genes targeted by loxP sites.15 Apparently, the
expression of Cre alone in beta-cells could lead to the cleavage of
cryptic loxP sites in the genome and thus compromise insulin secre-
tion.16 Further, Liu et al.17 have reported the detection of tamoxifen-
independent Cre activity as early as 2 months of age in RIP-CreER
mice crossed with three distinct reporter strains. Leakiness in various
degrees also exists in other transgenic mice carrying a tissue specif-
ically expressed CreER gene, such as Gcg-CreER, Opn-CreER,
Ck19-CreER, and Col2a1-CreER.18–20

A plethora of distinctive and even contradictory observations have
been reported regarding the mechanisms of beta-cell development
in adult mice by using the Cre-loxP technology. Dor et al.21 found
replication of preexisting beta-cells, instead of neogenesis from islet
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Figure 1. Construction of a dual inducible CreER cell

labeling system

(A) Schematic diagram and labeling mechanism. (B)

Schematic diagram of plasmids used in this study. Blue

triangles: loxP sites.
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progenitor cells, is the major cause responsible for beta-cell homeo-
stasis in mice under normal physiology or partial pancreatectomy.
Subsequent studies by Nir et al.22 and Teta et al.23 concluded that
there is little or no progenitor cell activity in the adult pancreas. How-
ever, evidence supporting the existence of islet progenitors is also
overwhelming.24,25 By using the same cell tracing technology, Inada
et al.26 showed that carbonic anhydrase II-positive pancreatic ductal
cells could serve as facultative progenitors that gave rise to both new
islets and acini in neonates and duct-ligated mice. Recently, Wang
et al.27 describe a previously unidentified protein C receptor positive
(Procr+) progenitor cell population in adult mouse pancreas, which
can undergo clonal expansion and generate all four endocrine cell
types during adult homeostasis. Likewise, the existence of stem cells
in some other tissues, such as cardiac muscle stem cells and cancer
stem cells, is also heatedly debated.28,29

In this study, we presented a dual inducible membrane-localized
CreER-loxP system, which displays superior labeling capacity and
low cytotoxicity. The system could be invaluable to cell lineage tracing
and resolving the controversy surrounding the existence of stem cells
in multiple adult tissues.

RESULTS
The dual inducible CreER-loxP system increases cell labeling

stringency

This bipartite system is composed of a membrane-localized CreER
(mCreER) and a membrane-bound TEV protease (mTEVp) (Fig-
ure 1A). CreER was targeted to the plasma membrane by fusion
C-terminally to the CD8a chain, while an FRB fragment containing
Molecular The
a TEV protease cutting site (CS) was inserted
in between. Membrane-bound TEV protease
was created similarly by fusion with CD8a and
FKBP. Induction with rapamycin stimulated
dimerization between FKBP and FRB, leading
to cleavage at CS by TEVp and releasing of
CreER from the membrane. Addition of tamox-
ifen stimulates nucleus translocation of CreER,
resulting in recombination between two loxP
sites. Deletion of the dsRed fragment in the Cre
reporter construct (pCMV-loxP-DsRed-STOP-
loxP-EGFP, STOP: a poly-A signal for transcrip-
tional termination) puts the EGFP gene under
the control of the CMV promoter (Figure 1A).

To test the above hypothesis, we generated a se-
ries of CreER constructs (Figures 1B and S1).
The classical CreER-loxP system consists of
the Cre reporter and pCMV-CreER, which produces a cytoplasm-
localized CreER. The dual inducible CreER cell labeling system con-
sists of the pCMV-mCreER and pCMV-mTEVp, which produce both
membrane-tethered CreER and TEVp. For the detection of the
cellular localization of CreER, we generated pCMV-mCerER-EGFP
and pCMV-CreER-EGFP. To evaluate the effect of the relative posi-
tion between CS and ER, we generated pCMV-CD8-FRB-CS-ER-
Cre, pCMV-CD8-FRB-ER-Cre-EGFP, pCMV-CD8-FRB-ER -CS-Cre,
and pCMV-CD8-FRB-ER-CS-Cre-EGFP. To evaluate the effect of
membrane-localized Cre, we generated pCMV-CD8-FRB-CS-Cre
and pCMV-CD8-FRB-CS-Cre-EGFP.

We first evaluated the labeling efficiency and leakiness of the classical
CreER-loxP system in an in vitromodel by transfection in Ad293 cells
(Figure 2A). Quantitative analysis of the data showed a 51.6%–79.7%
labeling at 24–48 h after induction, while the uninduced labeling was
as high as 24.1%–58.3%, which was equivalent to a leakage of approx-
imately 47.2%–74.1% (Figure 2B). This alarmingly high percentage of
unintended labeling could be due to a transfection artifact, for
example, a recombination of the Cre reporter construct in the cyto-
plasm or extraordinary copy numbers of plasmid DNA.

We therefore generated a Cre reporter line of Ad293 cells (Ad293CR),
which possesses a single copy of the Cre reporter in the genome (Fig-
ure S2). The labeling of Ad293CR cells with CreER was examined by
both fluorescence microscopy and flow cytometry (Figures 2C, S3A,
and S3B). The data confirmed the extremely high degree of leakiness,
although the labeling efficiency was at a lower level (Figure 2D).
When different amount of plasmid DNA was used, the leakage of
rapy: Nucleic Acids Vol. 27 March 2022 1079
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Figure 2. The dual inducible CreER system has a tight cell labeling capacity

(A) Ad293 cells were co-transfected with pCMV-CreER and the Cre reporter. Tamoxifen (T) was added 24 h after transfection. Microphotographs show the expression of

dsRed or EGFP at 24 h and 48 h after induction in Ad293 cells. Scale = 50 mm. (B) Quantitative analysis of recombination rate and leakiness of CreER in Ad293 cells.

Recombination rate (white bars = uninduced, black bars = induced) was calculated as the percentage of EGFP + cells vs. total fluorescently positive cells. Leakiness was

calculated as the ratio between uninduced and induced recombination rate. Data are represented by mean ± standard error of the mean. n = 12. *** p < 0.001. (C) Ad293CR

cells (Ad293 clone stably transfected with the Cre reporter) were transfected with pCMV-CreER. Microphotographs show the expression of dsRed or EGFP at 24 h and 48 h

after induction in Ad293CR cells. Scale = 50 mm. (D) Quantitative analysis of recombination rate and leakiness of CreER in Ad293CR cells. Data are represented by mean ±

standard error of the mean. n = 12. *** p < 0.001. (E) Ad293CR cells were co-transfected with pCMV-mCreER and pCMV-mTEVp. Rapamycin (R) and/or tamoxifen (T) were

added at 24 h post transfection. Scale = 50 mm. (F) Cells in (E) were harvested and analyzed by flow cytometry. Bar graphs show recombination rate and leakiness of mCreER

in Ad293CR cells. Leakiness was calculated as the percentage of recombination rate of no induction (R-T-) or single induction (R + T-, R-T+) vs. that of dual induction (R + T+).

Data are represented by mean ± standard error of the mean. n = 12. Bars denoted with a different letter on top are significantly different (p < 0.05).
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CreER in Ad293CR cells did not reduced to acceptable levels, and still
maintained at about 36.2%–70.7% (Figure S4). Last, we generated two
Ad293 clones stably expressing CreER (Ad293CreER), which also
showed similar leakiness when transfected with the Cre reporter
(Figure S5).

The labeling of Ad293CR cells with the dual inducible CreER-loxP
system was then examined by both fluorescence microscopy and
flow cytometry (Figures 2E and S3C). Labeling was rarely detect-
able in the absence of rapamycin and tamoxifen. Induction with
rapamycin, tamoxifen, or both led to a labeling of 4.8%–8.5%,
7.3%–18.0%, and 15.6%–33.9% respectively in Ad293CR cells.
This was equivalent to a leakage of about 4.7% without induction,
27.3% with rapamycin and 50.3% with tamoxifen at 48 h after in-
duction (Figure 2F).
1080 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
mCreER reduces the level of nuclear translocation

To detect directly the leakage of CreER into the nucleus, we fused an
EGFP fragment C-terminally to CreER (Figure 1B). When produced
in Ad293 cells, a measurable amount of CreER-EGFP appeared in the
nucleus in the absence of induction as well as in the presence of
tamoxifen (Figure 3A), and the nucleus EGFP signal increased
dramatically from 24 h to 48 h. Quantitative analysis showed that
uninduced nucleus EGFP reached 45.1%–79.5% of that of induced
(Figure 3B), which was comparable to the level of leakiness of cell la-
beling with CreER (Figure 2B).

Similarly, we constructed an mCreER-EGFP fusion protein (Fig-
ure 1B). mCreER-EGFP appeared predominantly in the plasmamem-
brane, while barely detectable in the nucleus in the absence of rapa-
mycin and tamoxifen (Figure 3C). Induction with rapamycin,



Figure 3. mCreER does not leak into the nucleus

Ad293 were transfected with pCMV-CreER-EGFP (A) or with pCMV-mCreER-EGFP (C). Tamoxifen (T) and/or rapamycin (R) were added 24 h after transfection. Micro-

photographs show the intracellular distribution of CreER-EGFP (A) and mCreER-EGFP (C) at 24 h and 48 h after induction. Scale = 20 mm. Quantitative analysis of EGFP

percentage in the nucleus and leakiness of CreER-EGFP (B) andmCreER-EGFP (D) in Ad293 cells. In (B), white bars = uninduced, black bars = induced. EGFP leakiness was

calculated as the ratio between uninduced vs. induced nucleus EGFP. Data are represented bymean ± standard error of themean. n = 48. *** p < 0.001. In (D), Leakiness was

calculated as the percentage of recombination rate of no induction (R-T-) or single induction (R + T-, R-T+) vs. that of dual induction (R + T+). Data are represented bymean ±

standard error of the mean. n = 48. Bars denoted with a different letter on top are significantly different (p < 0.05). (E) Ad293 cells were transfected with pCMV-CreER, pCMV-

mCreER, pCMV-mTEVp or pCMV-mCreER/pCMV-mTEVp. After induction for 0, 24, or 48 h, cells were stained with anti-Cre antibody (red) and Hoechst (blue), and analyzed

by confocal microscopy. Scale = 50 mm. (F, G) Ad293 cells were transfected with pCMV-CreER (F), or with pCMV-mCreER/pCMV-mTEVp (G). Induction was carried out at

24 h after transfection. Western blots show the distribution of CreER in the membrane, cytoplasm or nucleus at 0, 24, or 48 h after induction. (H and I) Semi-quantitative

analysis of the percentage of CreER in themembrane, cytoplasm or nucleus in (F) and (G), respectively. For densitometric analysis, cytoplasmic ormembrane localized CreER

at 0 h was set as 100%, while nuclear CreER at 48 h after induction was set as 100%. b-Actin, Na+/K+ channel and PCNAwere used for normalization and confirmation of the

cytoplasm, plasma membrane and nucleus fractions, respectively. Data are represented by mean ± standard error of the mean. n = 6. In (D), (H) and (I), bars denoted with a

different letter on top are significantly different (p < 0.05).
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Figure 4. HSP90 is indispensable to the tightness of the dual inducible CreER system

(A) Ad293 cells were transfected with pCMV-mCreER/pCMV-mTEVp. Inducers (1: R-T-, 2: R-T+, 3: R + T-, 4: R + T+) were added at 24 h after transfection. Cells were

harvested at 24 h after induction and used for immunoprecipitation/western blot (IP/WB) analysis. (B) HSP90 was knocked down in Ad293 cells by siRNA. Cells were

(legend continued on next page)
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tamoxifen, or both led to 1.6%–4.5%, 4.0%–10.1%, and 9.2%–17.9%,
respectively, of CreER-EGFP into the nucleus. In terms of CreER-
EGFP leakiness, it was equivalent to approximately 6.4%–9.8%
without induction, 17.7%–25.0% with rapamycin, and 43.6%–56.6%
with tamoxifen at 24–48 h after induction (Figure 3D). The results
were consistent with that of cell labeling with mCreER (Figures 2E
and 2F), showing a dramatically reduced level of leakage.

We were curious about the role of the endoplasmic reticulum (ER) to
the tightness of mCreER and, therefore, constructed several fusion
proteins, in which the ER was fused N-terminally to Cre, or a
TEVp CS was introduced in between the ER and Cre, or the ER
was deleted all together (Figure S1). All these permutations led to
leakiness to certain degree (Figures S7–S9), revealing a CS-CreER
arrangement was critical to the tightness of cell labeling.

Furthermore, immunofluorescence staining with anti-Cre antibody
confirmed the appearance of CreER in the nucleus in the absence
of tamoxifen, while mCreER clearly located exclusively in the plasma
membrane (Figure 3E). mCreER translocated to the nucleus only in
the presence of mTEVp with induction. Moreover, a Western blot
analysis was carried out to probe the cellular distribution of CreER
and mCreER (Figures 3F and 3G). The purified nucleus and cyto-
plasm fractions were verified by the PNCA and beta-actin staining
respectively, while the plasma membrane fraction was confirmed by
Na+/K+ pump staining. Semi-quantitative densitometry analysis
showed that the percentage of nucleus CreER was as high as 28.9%
in Ad293 cells expressing the classical CreER in the absence of induc-
tion, while the percentage decreased to 4.6% when the mCreER was
used (Figures 3H and 3I).

Association of HSP90 with mCreER decreases unintended

cleavage by mTEVp

The above experiments repeatedly showed that the induction effect of
tamoxifen was greater than that of rapamycin, and the combined ef-
fect of rapamycin and tamoxifen was slightly greater than the sum of
individual inducer (Figures 2 and 3). Since the ER was critical to the
tightness of mCreER, we thought that ER in the plasma membrane
could be associated with HSP90, which is similar with the cytoplasmi-
cally located counterpart. A western blot experiment was performed
to test this hypothesis, showing indeed HSP90 could co-immunopre-
cipitated with mCreER or CD8a (Figure S10A). Further, addition of
tamoxifen induced dissociation of more than 84.8% of HSP90 from
mCreER at 24 h after induction (Figure S10B).

In the presence of mTEVp, mCreER was cut and CreER was released
from themembrane in the presence of rapamycin and/or tamoxifen at
reseeded in six-wells at 48 h, and then co-transfected with pCMV-mCreER/pCMV-mTE

upper and lower bands represent membrane bound and cleaved protein species, resp

represented by mean ± standard error of the mean. n = 3. (E) HSP90-knockdowned

reporter. Inducers were added 24 h after transfection. Scale = 50 mm. (F) Quantitative an

knockdown. Data are represented by mean ± standard error of the mean. n = 12. In (C)

0.05).
24 h (Figure 4A). The percentage of CreER cut from mCreER was
quantified by densitometry analysis, which showed about 4.3% for
non-induction, 22.0% for rapamycin, 40.3% for tamoxifen, and
88.6% for both rapamycin and tamoxifen (Figure 4C).

The results suggested that the association of HSP90 might have
blocked the TEVp CS in mCreER, and thus prevented unintended
cleavage of CreER from the plasmamembrane. To test this possibility,
small interfering RNA (siRNA) was used to knockdown the level of
HSP90 in Ad293 cells. The protein and transcript level of HSP90
reduced to about 17.3% and 10.1%, respectively, at 72 h after transfec-
tion (Figure S11).

In contrast, after HSP90 knockdown, we found mCreER was cut in
measurable amount even in the absence of induction (Figure 4B). A
quantitative analysis showed that approximately 35.6% CreER
released from the membrane for non-induction, 86.2% for rapamy-
cin, 53.9% for tamoxifen, and 99.5% for both rapamycin and tamox-
ifen (Figure 4D). The results clearly demonstrated that, at the reduced
level of HSP90, the unintended cleavage of mCreER increased
dramatically and, thus, abolished largely the tightness of the dual
inducible system (Figures 4E and 4F).

mCreER reduces the level of cytotoxicity

Dozens of cryptic loxP sites have been reported, and cleavage of these
cryptic loxP sites could damage the genome and produce unwanted
phenotypes in Cre driver lines.15,30–32 We found that transfection
of CreER led to a reduced viability in Ad293 cells after induction
with tamoxifen for 24–48 h (Figure 5A). The expression of mCreER
alone did not affect cell proliferation, only transfection of both
mCreER/mTEVp constructs decreased cell viability at 48 h after in-
duction, but not as severe as that transfection with CreER plasmid,
suggesting that membrane localization of CreER could reduce
cytotoxicity.

A cell cycle analysis by flow cytometry was then carried out to inves-
tigate the exact cell cycle stage being affected (Figure S12). The data
showed that the expression of CreER increased the percentage of cells
in G1 stage and decreased the percentage of cells in the G2/M stages
(Figures 5B–5D). A detailed comparison of the cell cycle stage showed
that CreER decreased cells in G2/M stage even in the absence of
tamoxifen. mCreER also affected cell cycle progression, but not as
severely as CreER.

We then measured genome damage by western blot (Figure 5E) and
immunostaining of g-H2AX (Figure 5G), which has been shown to be
bound to DNA breakage sites.33 The result showed that the g-H2AX
Vp, IP/WB analysis was carried out at 24 h after induction. For CreER and CD8a, the

ectively. Semi-quantification of protein density was shown in (C) and (D). Data are

Ad293 cells were co-transfected with pCMV-mCreER, pCMV-mTEVp and the Cre

alysis of the recombination rate and leakiness of mCreER in Ad293 cells after HSP90

, (D), and (F), bars denoted with a different letter on top are significantly different (p <

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1083

http://www.moleculartherapy.org


Figure 5. The dual inducible CreER system has low cytotoxicity

Ad293 cells were transfected with pCMV-CreER, pCMV-mCreER, pCMV-mTEVp or pCMV-mCreER/pCMV-mTEVp. The control group was transfected with the vector

backbone. Inducers were added at 24 h after transfection. Cells were analyzed at 0, 24, or 48 h after induction. (A) Cell viability was measured using the CCK-8 assay. (B–D)

After staining with propidium iodine (PI), DNA content and cell cycle analysis was performed using flow cytometry. The proportion of cells in G1, S, and G2/M stages was

determined using the Modfit software. Data are represented by mean ± standard error of the mean. n = 3. (E) g-H2AX protein was detected by western blotting. (F) Semi-

quantitative analysis of g-H2AX protein density. Data are represented by mean ± standard error of the mean. n = 6. (G) Immunofluorescence staining of g-H2AX (red) and

Hoechst (blue) in transfected cells. (H) Semi-quantitative analysis of g-H2AX signal. The relative intensity of g-H2AX in cells expressing CreER at 48 h was set as 100 (black

bar). Data are represented by mean ± standard error of the mean. n = 12. (I) Western blot analysis of P53 protein. (J) Semi-quantitative analysis of P53 protein density. The

relative intensity of P53 (normalized with b-actin) in cells expressing CreER at 48 h was set as 100 (black bar). Data are represented bymean ± standard error of themean. n =

3. (K) Quantitative real-time RT-PCR analysis of p53 transcript levels. b-Actin was used for normalization. Data are represented by mean ± standard error of the mean. n = 3.

The significant difference to the control is denoted with * p < 0.05, or *** p < 0.001; significant difference between CreER and mCreER/mTEVp is denoted with # p < 0.05.
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protein level increased in Ad293 cells transfected with CreER
plasmid, even in the absence of tamoxifen (Figure 5F). The protein
level of g-H2AX increased also in Ad293 cells transfected with
mCreER plasmid, but only in the presence of induction, and the level
was significantly lower than that transfected with CreER plasmid. The
1084 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
percentage of cells stained positive for g-H2AX was consistent with
that of g-H2AX protein levels (Figure 5H). Last, the protein and tran-
script levels of p53 were determined by western blot (Figures 5I and
5J) analysis and quantitative reverse transcriptase PCR (Figure 5K).
The results showed a similar pattern with that of g-H2AX.



Figure 6. High quality labeling of islet beta-cells with the dual inducible CreER system

(A) MIN6 islet beta-cells were infected with lentiviral particles (MOI = 10) carrying a RIP-CreER expression cassette (Lenti-RIP-CreER). (C) MIN6 cells were infected with Lenti-

RIP-mCreER and Lenti-RIP-mTEVp (MOI = 10). (G) Ad293 cells were infected with Lenti-RIP-CreER, or infected with Lenti-RIP-mCreER and Lenti-RIP-mTEVp (MOI = 10).

MIN6 or Ad293 cells were simultaneously transfected with the Cre reporter. Tamoxifen and/or rapamycin were added 24 post infection/transfection. Scale = 50 mm. (B, D, H)

The recombination rate and leakiness were determined at 24 h or 48 h post induction. Data are represented by mean ± standard error of the mean. n = 12. ***, p < 0.001. (E)

MIN6 cells were infected with Lenti-RIP-CreER or co-infected with Lenti-RIP-mCreER and Lenti-RIP-mTEVp. The control group was infected with Lenti-CMV-EGFP. Cell

viability was measured using the CCK-8 assay. (F) MIN6 cells were infected as in (E). Insulin secretion in media with low glucose (2.5 mM) or high glucose (25 mM) was

measured using ELISA. Data are represented by mean ± standard error of the mean. n = 6. ***, p < 0.001.
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RIP promoter-driven mCreER provides superior labeling in islet

beta-cells

To verify the above findings in MIN6 islet beta-cells of mice, we pro-
duced lentiviral particles carrying an expression cassette of CreER,
mCreER, or mTEVp driven by the RIP promoter, which is the
most widely used promoter in generating CreER driver lines for
beta-cell tracing. The transduction of MIN6 cells with Lenti-RIP-
CreER simultaneously with transfection of the Cre reporter revealed
substantial levels of labeling, even in the absence of tamoxifen (Fig-
ure 6A). The level of leakage (52.2%–73.5%) was comparable with
that in Ad293 cells (Figure 6B).

In contrast, the transduction of MIN6 cells with Lenti-RIP-mCreE/
Lenti-RIP-mTEVp showed minimal levels of labeling (Figure 6C).
Quantitative analysis showed a leakiness of 8.0% without induction,
31.6% with rapamycin and 66.9% with tamoxifen at 48 h after induc-
tion (Figure 6D), which were a little bit higher than that in Ad293
cells.

The cytotoxicity of CreER inMIN6 cells was first evaluated by CCK-8
assay. The result showed that the transduction of Lenti-RIP-CreER
decreased cell proliferation significantly, while transduction of
Lenti-RIP-mCreE/Lenti-RIP-mTEVp did not affect cell viability (Fig-
ure 6E). Furthermore, transduction with Lenti-RIP-CreER but not
with Lenti-RIP-mCreE/Lenti-RIP-mTEVp significantly decreased in-
sulin secretion at 25 mM glucose (Figure 6F). The insulin content
of MIN6 cells was not affected by the transduction of either Lenti-
RIP-CreER or Lenti-RIP-mCreE/Lenti-RIP-mTEVp (Figure S13).

Finally, Cre driver lines with RIP promoter frequently showed non-
specific labeling of cells other than islet beta-cells, especially under
pathological conditions.34,35 We interrogated this problem by
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1085
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expressing mCreER in Ad293 cells (Figure 6G), which are not insulin-
producing cells. As expected, transduction with Lenti-RIP-CreER led
to 12.4%–24.8% of cell labeling at 24–48 h after induction (Figure 6H).
In contrast, transduction with Lenti-RIP-mCreE/Lenti-RIP-mTEVp
led to the labeling of a few Ad293 cells at 48 h after induction, which
was only 7% compared with that with Lenti-RIP-CreER (Figures 6G
and 6H).

DISCUSSION
To improve the temporal and spatial controllability of the Cre-loxP
system, numerous innovations have been reported. One common
strategy is to split the Cre recombinase in half into N-terminal and
C-terminal fragments (NCre and CCre, respectively). Under the con-
trol of different promoters, the expression of NCre and CCre in the
same cell can combine and recover recombination activity.36 Alterna-
tively, NCre and CCre are fused to different photoreceptors, which
are light activatable and, thus, enables optogenetical regulation of
genome engineering.37,38

The above manipulations greatly increase the tunability; however, the
issue of the leakiness of CreER remains unsolved to this day. Reducing
the expression level of CreER by using a weaker promoter or increase
of the distance between two loxP sites could help to decrease the unin-
duced recombination; however, this is achieved with the compensa-
tion of labeling efficiency.11,12 Adding another ER domain to the
N-terminus of Cre (MerCreMer or ERT2CreERT2) clearly improves
the labeling stringency.39,40 This strategy anyway does not provide
additional mechanisms for tethering Cre in the cytoplasm, and a
greater amount of tamoxifen might be needed to induce nucleus
translocation. Nonetheless, various degrees of leakiness have been re-
ported in the brain and skeletal muscle of MerCreMer transgenic
mice.41,42

Our in vitro system revealed an extraordinary level of unintended cell
labeling activity of CreER (Figures 2A and 2B), which is much higher
than that reported in most of in vivo studies (Table S4). This sensitive
system allows us to detect even a slight improvement in the leakiness
with CreER modifications. Indeed, membrane tethering of CreER
decreased the background labeling to about 4.7% (Figures 2E and
2F). Compared with that of 74.1% with the classical CreER, this is
approximately a 15.7-fold reduction in leakage. Notably, this
outstanding feature of mCreER was not obtained by compromising
labeling efficiency, which showed a comparable labeling activity of
more than 90% in Ad293 cells (Figures S5 and S6), approximately
35% in Ad293CR cells (Figures 2C and 2F) and 60% in MIN6 islet
beta-cells (Figures 6A and 6C). In comparison, we found a significant
amount of unintended labeling in Ad293 and Ad293CR cells, even
when the ERT2CreERT2 construct was used (Figure S14).

We showed definitively that CreER cell labeling leakiness was due to
uninduced nuclear translocation (Figures 3A and 3E). A couple of
mechanisms are probably accountable for this phenomenon. CreER,
as a fusion protein of Cre with the estrogen receptor ligand binding
domain (ER), its anchorage in the cytoplasm depends solely on the
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binding with the cytoplasmically located HSP90.43 The overexpres-
sion of the CreER transgene, or the lack of HSP90 protein due to
excessive requirement under stress conditions, might release some
CreER from anchorage. Another possibility—disassembly of the nu-
cleus envelop during mitosis—might expose chromosomal DNA to
CreER. Membrane location of CreER solves all these problems; and
indeed, mCreER is tightly bound to the membrane under uninduced
conditions (Figures 3C and 3E).

This membrane-localized CreER incorporates the chemically induced
dimerization machinery and is dual inducible with rapamycin and
tamoxifen. Further, mCreER alone (in the absence of mTEVp) could
not produce any cell labeling even in the presence of tamoxifen (data
not shown). mTEVp is indispensable for the release of CreER from
the plasma membrane. Ideally, the system is activated only in the
presence of both inducers; however, a single inducer of rapamycin
or tamoxifen could lead to substantial cell labeling. This is likely
due to self-dimerization of the CD8a chain44 or the existence of un-
known serum-borne ligand(s) with a similar activity of rapamycin or
tamoxifen. Nonetheless, leakiness in the presence of a single inducer
does not affect the practical use of this dual inducible CreER system
for lineage tracing.

An unexpected observation of this system is the synergetic effects be-
tween rapamycin and tamoxifen, suggesting tamoxifen may help in
CreER cleavage, in addition to the induction of nucleus translocation.
This synergy depends critically on the expression of HSP90, since its
knockdown dramatically reduced the labeling tightness (Figures 4E
and 4F). The results suggested that HSP90 binds to the membrane
localized CreER and is in such a conformation, which accidentally
conceals the TEVp CS. The presence of tamoxifen induces change
of conformation of CreER and exposes the CS and thus allows the
cleavage by TEVp. This hypothesis was further confirmed by chang-
ing the position of ER or deletion of the ER fragment from mCreER
fusion protein, which affected significantly the labeling tightness (Fig-
ures S7–S9).

In addition to the labeling tightness, this dual inducible CreER system
has other superior features, such as low cytotoxicity (Figure 5) and la-
beling specificity (Figure 6). CreER produces a double-strain break on
DNA, which counts as a genome damage. If the breakage persists due
to the constant presence of CreER in the nucleus, the cell will be
blocked in the G1 stage and will initiate the DNA damage repair
pathway,33 such as an increased expression of gH2AX and p53, and
formation of the DNA repair foci (Figure 5). Low cytotoxicity of
mCreER in MIN6 islet beta-cells preserved not only cell viability
but also insulin content and secretion in response to high glucose con-
centration (Figures 6 and S13). Last, RIP specificity was improved by
using mCreER (Figure 6G). We believe this is likely achieved via
lowering the protein amount in the plasma membrane (mCreER)
compared with the cytoplasmic counterpart (CreER).

A disadvantage of this system in several aspects is immediately notice-
able. An extra construct for the expression of mTEVp is needed to
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implement this bipartite cell labeling scheme. Laborious as it seems to
be, we have successfully produced transgenic mice (three F1 mice to
this day) carrying islet beta-cell-specific mTEVp/mCreER expression
constructs without extra cost and effort (data not shown). Transgenic
expression of TEVp has been reported in drosophila, confirming that
TEVp is not deleterious to the development.45,46 Chemically induced
dimerization including the FKBP/FRB has been well implemented in
transgenic mice.47,48 The administration of rapamycin could be a
serious concern to studies of embryonic development. Nevertheless,
synthetic substitutes for rapamycin that do not interfere with endog-
enous signaling have been generated.49,50

In summary, membrane localization of CreER prevents unintended
entry into the nucleus. When grafted with the chemically induced
dimerization machinery, the cleavage of mCreER and subsequent nu-
clear translocation could be induced sequentially by rapamycin and
tamoxifen. This system has an extremely low cell labeling leakage
and cytotoxicity without compromising labeling efficiency. Although
has not been tested in in vivo study, this novel dual inducible CreER
system will be invaluable to cell lineage tracing and genome engineer-
ing in a more precisely temporal and spatial controllable manner.
MATERIALS AND METHODS
Plasmid construction

All plasmids were generated from pCMV-EGFP-N1 of Clontech
(Mountain View, CA), pCMV-CD8-EGFP51, pCMV-FKBP-LD0-
TEVp, pCMV-FRB-LD0-tTA-BFP52 of Addgene (Cambridge, MA)
and pCMV-CreER (CreERT2 abbreviated as CreER, preserved in
our laboratory) using standard cloning techniques as described below,
and verified by sequencing by Sangon (Shanghai, China).

The following conditions were used in all PCR reactions: 100–300 pg
of DNA template, 2�Taq PCR Master mix (TianGen Beijing) and
0.2 mM primers in a total reaction volume of 20 mL. Thermocycle pa-
rameters were: 95�C for 3 min, followed by 95�C for 10 s, 60�–65�C
for 30 s and 72�C for 1 min for a total of 30 cycles. Sequences of
primer sets are listed in Table S1.

Construction of pCMV-mCreER (pCMV-CD8-FRB-CS-CreER)

EGFP was deleted from pCMV-CD8-EGFP by cutting with SmaI and
NotI, the vector backbone was recovered and ligated with the CreER
fragment, which was PCR amplified from pCMV-CreER with primers
F1/R1 containing SmaI/NotI at 50-ends. The FRB-CS fragment was
PCR amplified from pCMV-FRB-LD0-tTA-BFP with primers F2/R2
containing EcoRI/SmaI at 50-ends. The CS sequence (TEV CS: 50-
gaaaacctgtattttcagggt-30) was introduced into the R2 primer after
SmaI. The FRB-CS fragment was then inserted between CD8 and
CreER, which generated pCMV-mCreER (pCMV-CD8-FRB-CS-
CreER) encoding a membrane localized CreER.

Construction of pCMV-mCreER-EGFP

pCMV-CD8-EGFP was cut with EcoRI and SacII between CD8 and
EGFP. The FRB-CS-CreER fragment was PCR amplified from
pCMV-mCreER with primers F3/R3 containing EcoRI/SacII at the
50-ends, and then ligated to pCMV-CD8-EGFP at EcoRI/SacII.

Construction of pCMV-mTEVp (pCMV-CD8-FKBP-TEVp)

EGFP was deleted from pCMV-CD8-EGFP by cutting with BamHI
and NotI, and the vector backbone was recovered and ligated with
the TEV protease (TEVp) fragment, which was PCR amplified
from pCMV-FKBP-LD0-TEVp with primers F4/R4 containing
BamHI/NotI at the 50-ends. The FKBP fragment was PCR amplified
from pCMV-FKBP-LD0-TEVp with primers F5/R5 containing
BamHI/EcoRI at the 50-ends, respectively. The FKBP fragment was
then inserted between CD8 and TEVp, which generates pCMV-
mTEVp (pCMV-CD8-FKBP-TEVp), expressing a membrane localized
TEV protease.

Construction of pCMV-CreER-EGFP

The CreER fragment was PCR amplified from pCMV-CreER with
primers F6/R6 containing NheI/EcoRI at the 50-ends and then ligated
in frame to pCMV-EGFP-N1, which had been cut with NheI/EcoRI
between the CMV promoter and EGFP.

Cell culture

All cell lines, including Ad293, Ad293CR, Ad293CreER (generated
from Ad293 cells by transduction of lentiviral particles carrying a
CreER expression cassette), and MIN6 were cultured in DMEM
(Life Technologies, Rockville, MD) supplemented with 10% fetal
calf serum (HyCLONE, Logan, UT), 2 mM glutamine, 50 U/mL peni-
cillin G sodium, and 50 mg/mL streptomycin sulfate (Beyotime, Hai-
men, China). Cells were cultivated in a humidified incubator at 37�C
supplied with 5% CO2.

Cell transfection

For each 96-well, DNA (50 ng) and 0.3 mL of Polyjet reagent (Signa-
Gen Laboratories, Rockville, MD) were diluted in 5 mL PBS. Polyjet
reagent was then added into DNA, vortexed three times, and incu-
bated at room temperature for 15 min. The DNA complexes was
then mixed with 100 mL culture medium and added into a 96-well
that had been pre-seeded with respective cells. DNA complexes
were removed at 12 h and fresh culture medium was replenished. Ra-
pamycin (100 mM) and/or tamoxifen (5 mM) were added at 24 h after
transfection. Cells stained with or without Hoechst (10 mg/mL) were
imaged at 24 h and 48 h after induction using a fluorescence micro-
scope equipped with a CCD camera (Zeiss Axio Imager M2, Carl
Zeiss, Germany). Alternatively, cells were harvested and transferred
to a 35-mm glass bottom dish, and examined under a confocal micro-
scope (Zeiss LSM 800, Carl Zeiss, Germany) using a 63� objective.

Calculation of recombination rate and leakiness

Ad293 cells or MIN6 cells expressing dsRed or EGFP were examined
under a fluorescence microscope (Zeiss Axio Imager M2, Carl Zeiss,
Jena, Germany). Five evenly distributed images from each 96-well
were taken. For every experiment each condition was measured in
triplicate, and each experiment was repeated at least three times.
Twelve pictures were selected randomly for quantification analysis.
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EGFP + or dsRed + cell number was determined using Image-Pro
Plus software (Media Cybernetics, Rockville, MD). The recombina-
tion rate was calculated as the percentage of EGFP + cells vs. the total
fluorescently positive cells in each picture. Leakiness was calculated as
the ratio between the uninduced and the induced recombination
rates. For experiments using the CreER-EGFP or mCreER-EGFP
fusion protein, cells were harvested, put into a 35-mm glass-bottom
dish, and examined under a confocal microscope (Zeiss LSM 800,
Carl Zeiss) using a 63� objective. Microphotographs in five positions
(left, right, up, down, meddle) were taken. Each experimental condi-
tion was performed in six 96-wells. At least two cells from each
randomly selected 24 pictures were used for quantification analysis
using Image-Pro Plus software (Media Cybernetics). The nucleus or
the whole cell was circled manually, and the respective integrated
fluorescence intensity were determined. The nucleus EGFP rate was
calculated as the percentage of nucleus EGFP vs. the total EGFP in
each cell. EGFP leakiness was calculated as the ratio between the unin-
duced vs. the induced nucleus EGFP rate.

Western blotting

Protein purification was carried out using a Nuc-Cyto-Mem Prepara-
tion Kit according the instruction provided by the company (APPLY-
GEN, Beijing, China). Ad293 cells seeded overnight in six-wells were
transfected with pCMV-CreER, pCMV-mCreER/pCMV-mTEVp, or
under the indicated conditions. Tamoxifen and/or rapamycin were
added at 24 h after transfection. Cells (1 � 107) were collected at
0 h, 24 h, and 48 h after induction. Cells were washed once with
ice-cold PBS and resuspended in 0.5 mL of the Cytosol Extraction Re-
agent solution and transferred to an ice-cold Dounce homogenizer.
Cells were homogenized on ice for 30–40 times and centrifuged at
800 g for 5 min at 4�C. The supernatant was transferred to a new
2-mL microcentrifuge tube, mixed with 50 mL Membrane Extraction
Reagent solution, and centrifuged at 14,000 g for 30 min at 4�C. Su-
pernatant was collected and used as the cytoplasm fraction, while the
pellet was used as the membrane fraction. In addition, the pellet of the
first centrifugation was resuspended in 500 mL of the Nuclear Extrac-
tion Reagent (solution) solution, centrifuged at 4,000 g for 5 min at
4�C. The pellet was washed once with 500 mL of NER and used as
the nucleus fraction. The above extracted proteins from the mem-
brane, cytoplasm and nucleus were mixed with 3� SDS loading buffer
(Cell Signaling Technology, Beverly, MA), and heated to 100�C for
5 min before running in a 12% SDS PAGE gel. The protein concen-
tration was determined by the BCA method to ensure equal amounts
of total protein were added. After electrophoresis, the proteins were
electo-transferred onto a PVDF membrane (MultiSciences, Hang-
zhou, China), blocked in 5% non-fat dry milk solution for 30 min,
incubated with rabbit anti-Cre antibody, rabbit anti-phospho-histone
H2A.X (Ser139) antibody, rabbit anti-P53 antibody, rabbit anti-
HSP90 antibody (1:1,000, Cell Signaling Technology), rabbit anti-
CD8a antibody (1:1,000, Abcam, Cambridge, UK), rabbit anti-b-actin
antibody (1:1,000, Abbkine, Wuhan, China), or rabbit anti-Na+/K +
ATPase antibody (1:1,000, Abbkine, Wuhan, China) overnight at
4�C. After washing three times for 5 min each time with TBST solu-
tion (Tris-Buffered Saline +0.1% Tween 20), the membrane was incu-
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bated with horseradish peroxidase-conjugated donkey anti-rabbit
antibody (1:10,000, Sangon Biotech, Shanghai, China) for 1 h at
room temperature. After washing three times, the membrane was
developed using the enhanced chemiluminescence solution (Chem-
Studio SA, Thermo Fisher Scientific, Carlsbad, CA). Protein band in-
tensity was quantified using Image-Pro Plus software (Media
Cybernetics).

Co-immunoprecipitation

Ad293 cells seeded overnight in six wells (1 � 107) were transfected
with pCMV-mCreER, tamoxifen was added at 24 h after transfection,
cells were collected at 0 h, 8 h, 16 h, or 24 h after induction (Figure S8).
Cells were transfected with pCMV-mCreER/pCMV-mTEVp, inducers
(rapamycin and/or tamoxifen) were added at 24 h after transfection,
cells were collected at 24 h after induction. Harvested cells were resus-
pended in 1000 mL of pre-cooled IP lysis buffer (20 mMTris (pH 7.5),
150 mM NaCl, 1% Triton X-100; Beyotime). After incubation on ice
for 10 min, cells were centrifuged at 12,000 g and 4�C for 10 min. Su-
pernatant was collected, and protein concentration was determined
by BCA method. A fraction of the supernatant was saved and used
as input. For co-IP, supernatant containing 1 mg proteins was incu-
bated with 2 mg specific or control IgG antibody at 4�C overnight with
rotation, and then samples were mixed with 40 mL protein A + G
agarose, incubated further at 4�C for 3 h with rotation. The samples
were centrifuged at 2,500 g at 4�C, the pellet was then washed three
times with IP lysis buffer, and proteins were eluted with 40 mL 1�
loading buffer. Eluded proteins were detected by western blot assay
or stored at �20�C before use.

RNA interference

The siRNA sequences targeting the messenger RNA of HSP90 and
control have been reported previously (Table S2, 53). The HSP90A,
HSP90B, and control non-targeting siRNAs were purchased from
Genscript (Nanjing, China). Cells in six-wells were transfected with
respective siRNA (40 pmol) using 4 mL Pepmute Transfection Reagent
(SignaGen Laboratories). The medium was replaced with fresh me-
dium 12 h after transfection, and the whole cell lysate were prepared
at 48 h or 72 h after transfection forwestern blot analysis. Alternatively,
cells were collected for quantitative reverse transcriptase PCR analysis.

Cell viability assay

Cell viability was measured by using the Cell Counting Kit-8 (CCK-8)
assay (Beyotime, Shanghai, China). Ad293 cells seeded overnight in
96-wells were transfected with pCMV-CreER, pCMV-mTEVp,
pCMV-mCreER, or pCMV-mCreER/pCMV-mTEVp. Rapamycin
and/or tamoxifen were added at 24 h after transfection. CCK-8 re-
agent was added at 0 h, 24 h, or 48 h after induction. After incubation
at 37�C for 2 h, the optical density at 450 nm was determined with a
microplate reader.

Flow cytometry analysis

Ad293 cells seeded overnight in 96-wells were transfected with
pCMV-CreER, pCMV-mTEVp, pCMV-mCreER, or pCMV-mCreER/
pCMV-mTEVp. Rapamycin and/or tamoxifen were added at 24 h
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after transfection. Cells were collected after 24 h or 48 h induction.
Samples from three 96-wells were pooled and applied to a BD
FACSAria (Becton Dickinson, Franklin Lakes, NJ) equipped with a
70-mm nozzle. Dead cells and debris were excluded using FSC
(forward scatter) and SSC (side scatter). A total of 10,000 events for
each sample were acquired and analyzed with Flow Jo VX 10. Recom-
bination rate was calculated as the percentage of EGFP-positive cells
vs. total fluorescently positive cells. Leakiness was calculated as the ra-
tio between the uninduced and the induced recombination rate.

DNA content was determined using the Cell Cycle and Apoptosis
Analysis Kit (Beyotime, Shanghai, China). Cells from three 96-wells
were harvested, washed one time with ice-cold PBS, and dispersed
gently by vortexing. We added 1 mL ice-cold 70% ethanol drop by
drop. After fixing at 4�C overnight, cells were incubated in staining
solution containing 50mg/mL propidium iodine and 20 mg/mL RNase
A at 37�C for 30 min. The sample was run in a BD FACSAria (Becton
Dickinson). After exclusion of doublets, the analysis of cell cycle dis-
tribution was performed with ModFit LT 5.0 Software (Becton
Dickinson).

Immunofluorescence cell staining

Ad293 cells seeded overnight in 96-wells were transfected with
pCMV-CreER, pCMV-mTEVp, pCMV-mCreER, or pCMV-mCreER/
pCMV-mTEVp. Rapamycin and/or tamoxifen were added at 24 h af-
ter transfection. Cells were then fixed at 0 h, 24 h, or 48 h after induc-
tion with 4% paraformaldehyde for 15 min at room temperature and
permeabilized with 0.2% Triton X-100 for 10 min. Cells were incu-
bated with the rabbit anti-H2A.X antibody (1:400, Cell Signaling
Technology) or rabbit anti-Cre antibody (1:400, Cell Signaling Tech-
nology) for 2 h, and Cy3 goat anti-rabbit IgG (1:200, Beyotime,
Shanghai, China) for 1 h, and finally with Hoechst 33,342 (10 mg/
mL) (Beyotime, Shanghai, China) for 20 min. Three PBS washings
were performed between each step. Images were taken under a fluo-
rescence microscope equipped with a CCD camera (Nikon, Eclipse
TE 2000, Tokyo, Japan).

Quantitative real-time RT-PCR

Total RNA was isolated by using TRIzol reagent according to the
manufacturer’s protocol. Reverse transcription was carried out using
a ToloScript RT EasyMix for qPCR Kit according the instruction
provided by the company (TOLO Biotech, Shanghai, China). Two-
Step gDNA Erase-Out Mix added to 1 mg of the total RNA for the
removal of residual DNA in a total volume of 16 mL at 42�C for
2 min. ToloScript qRT EasyMix added to above reaction production
used for the reverse transcription in a total volume of 20 mL 37�C for
15 min. After reverse transcription, the cDNA was diluted with H2O
into a volume of 100 mL, of which 5 mL was used in real-time PCR
for P53, HSP90, and ß-actin measurement. Sequences of specific
primers are presented in Table S3. PCR was carried out in a 96-
well plate using the LightCycler480 system (Roche, Indianapolis,
IN) with the following thermal conditions: 95�C for 5 min followed
by 40 cycles of 95�C for 20 s and 60�C for 30 s. The reaction for each
sample was performed in triplicate. The expression level of ß-actin
was used for normalization. A cycle threshold of 38 was designated
arbitrarily as 1.

Ad293 and MIN6 cells lentiviral transduction

Lentiviral vector construction and viral particle packaging were per-
formed by GeneCopoeia (Guangzhou, China). To generate Ad293C-
reER cells, Ad293 cells were infected with lentiviral particles (multi-
plicity of infection [MOI] = 10) carrying a CMV-CreER expression
cassette (Lenti-CMV-CreER) in the presence of 5 mg/mL Polybrene
(Sigma-Aldrich, St. Louis, MO). Cells were collected at 24 h after
infection, and a single cell was seeded in 96-well. Ad293CreER clones
were generated after approximately 7 days of cultivation, verified by
transfection with the Cre-reporter. To examine the labeling specificity
and tightness of CreER or mCreER under the control of the RIP pro-
moter, Ad293 cells andMIN6 cells (generously provided by Dr. Cai of
the National Institutes of Health and have been examined routinely to
be mycoplasma free), cells were infected by either Lenti-RIP-CreER or
Lenti-RIP-mCreER/Lenti-CMV-mTEVp (MOI = 10) in the presence
of 5 mg/mL polybrene. Cells were simultaneously transfected with
the Cre reporter and imaged at 24 h and 48 h after induction using
a fluorescence microscope equipped with a CCD camera (Nikon,
Eclipse TE 2000).

Measurement of insulin secretion and insulin content

MIN6 cells seeded overnight in 96-wells were infected with Lenti-RIP-
CreER, or Lenti-RIP-mCreER/Lenti-CMV-mTEVp or control lentivi-
ral particles Lenti-CMV-EGFP. MIN6 cells 48 h after infection were
used for the insulin secretion assay as described previously.54 Cells
were washed twice with 100 mL glucose-free KRB followed by prein-
cubation for 1 h at 37�C in 100 mL glucose-free KRB. Next, cells were
washed twice with glucose free KRB prior to a 1-h incubation in
100 mL KRB including 2.5 mM or 25 mM glucose at 37�C. At the
end of the incubation, cell debris-free supernatants were used for in-
sulin measurement with a Rat/Mouse Insulin ELISA Kit (EMDMilli-
pore Corporation, Darmstadt, Germany) according to the protocol
provided by the company. To normalize the amount of secreted insu-
lin, cells in each well were lysed with RIPA buffer (Beyotime,
Shanghai, China), and protein concentration of the lysates was
measured using the BCA protein assay kit (Beyotime, Shanghai,
China). The insulin secretion was expressed as the amount of insulin
(in nanograms) per milligram protein. At the end of the incubation
MIN6 cells for insulin content measurement. To this end, 100 mL
of acidified ethanol (0.15 M HCl in 75% ethanol in H2O) were added
to 96-wells. Insulin was extracted at 4�C for 16 h. The supernatants
were collected, and insulin content was determined using a rat/mouse
insulin ELISA Kit. The results were normalized to the protein concen-
tration of the lysates.

Statistics

All experiments were assayed at least three times. All statistical ana-
lyses were performed using GraphPad Prism 7.0 (GraphPad Software,
San Diego, CA). Data are presented as a mean ± standard error of the
mean. The results were subjected to unpaired Student’s t test, one-way
ANOVA with Sidak’s multiple comparison test, or two-way ANOVA
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with a Bonferroni adjustment for multiple comparisons. A p value of
less than .05 was considered statistically significant.
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