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SUMMARY

Insulin-induced AKT activation is dependent on phosphoinositide 3-kinase and opposed by tumor sup-

pressor phosphatase and tensin homolog (PTEN). Our previous study demonstrates that myosin 1b

(MYO1B) mediates arginase-II-induced activation of mechanistic target of rapamycin complex 1 that

is regulated by AKT. However, the role of MYO1B in AKT activation is unknown. Here we show

that silencing MYO1B in mouse embryonic fibroblasts (MEF) inhibits insulin-induced nuclear but not

cytoplasmic AKT activation accompanied by elevated nuclear PTEN level. Co-immunoprecipitation,

co-immunostaining, and proximity ligation assay show an interaction of MYO1B and PTEN resulting

in reduced nuclear PTEN. Moreover, the elevated nuclear PTEN upon silencing MYO1B promotes

apoptosis of MEFs and melanoma B16F10 cells. Taken together, we demonstrate that MYO1B, by in-

teractingwith PTEN, prevents nuclear localization of PTEN contributing to nuclear AKT activation and

suppression of cell apoptosis. This may present a therapeutic approach for cancer treatment such as

melanoma.

INTRODUCTION

AKT, also known as protein kinase B (PKB), is a serine/threonine kinase that plays a crucial role in a variety of

cellular processes including cell growth, proliferation, and metabolism (Mackenzie and Elliott, 2014;

Nguyen et al., 2006). AKT is activated by various stimuli such as insulin in a phosphoinositide 3-kinase

(PI3K)-dependent manner. Phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) produced by PI3K recruits

AKT to the plasma membrane via binding to the pleckstrin homology (PH) domain of AKT, which enables

phosphorylation of AKT at Thr308 within the T-loop of the catalytic domain by PI3K-dependent kinase 1

(PDK1), and at Ser473 within the carboxyl-terminal hydrophobic domain bymechanistic target of rapamycin

complex 2 (MTORC2) (Burgering and Coffer, 1995; Cheng et al., 2005; Franke et al., 1995; Gonzalez and

McGraw, 2009; Mora et al., 2004). Hyperactive AKT has been found in a variety of tumors (Altomare and

Testa, 2005; Yoeli-Lerner and Toker, 2006).

Currently, the majority of investigations focused on cytosolic AKT. Studies, however, also demonstrate the

presence of active AKT in the nucleus (Borgatti et al., 2003; Leinninger et al., 2004; Meier et al., 1997; Mistafa

et al., 2008). It has been reported that nuclear AKT is involved in cell cycle progression, cell survival, DNA

repair, RNA export, cell differentiation, and tumorigenesis (Martelli et al., 2012). Only little information is

currently available with regard to the mechanisms underlying the regulation of nuclear AKT activation. It

has been reported that in PC12 cells, cytoplasmic AKT phosphorylation accompanied by nuclear AKT phos-

phorylation and translocation upon nerve growth factor stimulation was modulated by PI3K activity

(Nguyen et al., 2006). It has also been reported that cytoplasmic AKT was able to translocate to the nucleus

without phosphorylation as demonstrated in HEK293 cells, indicating that phosphorylation of AKT was not

required for its nuclear localization (Saji et al., 2005). Although it remains elusive how AKT is activated within

the nucleus (Ananthanarayanan et al., 2005; Andjelkovic et al., 1997; Liu and Brown, 2011), activated nuclear

AKT is reported in various cancers such as lung, breast, and prostate cancers as well as in acute myeloid

leukemia (Cappellini et al., 2003; Lee et al., 2002; Nicholson et al., 2003; Van de Sande et al., 2005). Hyper-

active AKT in nucleus has been also observed in invasive head and neck carcinoma cell lines and in glioblas-

tomas (Giudice et al., 2011; Suzuki et al., 2010). Moreover, a study showed that long-term treatment of sta-

tins exhibited anticancer effects in A549 lung cancer cells, which is accompanied by a decline in nuclear

AKT-Thr308 levels (Miraglia et al., 2012). All these studies suggest an important role of hyperactive nuclear

AKT in carcinogenesis. Evidences have been presented that hyperactive nuclear AKT is involved in tumor-

igenesis by promoting proliferation and maintenance of stemness in cancer stem cells by phosphorylation
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and inactivation of the cell cycle inhibitory protein CDKN1A (Jain et al., 2015), as well as by its antiapoptotic

effect (Lee et al., 2008; Rubio et al., 2009).

The PI3K-AKT signaling pathway is antagonized by the tumor suppressor, phosphatase and tensin homo-

log (PTEN), which catalyzes the conversion of phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3) to phos-

phatidylinositol-4,5-biphosphate (PI(4,5)P2) in the cytoplasm (Cantley and Neel, 1999; Downes et al., 2007;

Liu et al., 2009). The PTEN signaling pathway is implicated in the regulation of cell metabolism, growth,

proliferation, survival, and migration, and its aberration causes tumorigenesis (Bassi et al., 2013). Mutations

of PTEN are frequently detected in a variety of human cancers (Li et al., 1997; Parsons, 2004). PTEN was

originally identified as a cytoplasmic protein; subsequently, multiple studies show that both cytoplasmic

and nuclear PTEN exist and both exhibit tumor suppressive function (Milella et al., 2015; Planchon et al.,

2008). Solid evidence indicates that PTEN is localized primarily in the nucleus of normal quiescent cells,

whereas neoplastic cells possess dominantly cytoplasmic PTEN, suggesting that it is the nuclear PTEN

that exerts the tumor suppressor function (Planchon et al., 2008; Whiteman et al., 2002). The cytoplasmic

PTEN exerts tumor suppressive effect mainly by antagonizing the PI3K-AKT-dependent cell growth and

survival, whereas the nuclear PTEN suppresses tumor by multiple mechanisms independent of PI3K-

AKT, including stabilizing another tumor suppressor TP53 by interacting with p53, inhibiting cyclin D1

expression, inducing the expression of RAD51 and thus enhancing DNA repair, and promoting ubiqui-

tin-dependent degradation of oncoproteins such as Polo-like kinase 1 and aurora kinase AURK (Chen

et al., 2018; Milella et al., 2015). It is to be noted that nuclear PTEN is capable of impairing carcinogenesis

by promoting cell apoptosis. Accumulation of nuclear PTEN in U87MG human glioblastoma cells upon

treatment with apoptotic stimuli, such as tumor necrosis factor-a or doxorubicin, indicates a proapoptotic

role for the nuclear PTEN (Gil et al., 2006).

Myosin 1b (MYO1B) is an actin-binding motor protein that is categorized as the monomeric, nonfilamen-

tous class-1 myosin (Komaba and Coluccio, 2010). Studies on localization and subcellular fractionation sug-

gest that MYO1B associates with the plasma membrane and certain subcellular organelles such as endo-

somes and lysosomes (Komaba and Coluccio, 2010). Our most recent study demonstrates that MYO1B

serves as a mediator in arginase-II (ARG2)-induced activation of the MTORC1 that is regulated by AKT

(Yu et al., 2018). However, the role of MYO1B in insulin-induced AKT activation has not been investigated.

In this study, by knocking down MYO1B in immortalized mouse embryonic fibroblasts (MEFs) and hepato-

cyte AML12 cells, we demonstrate that MYO1B, by interacting with PTEN, prevents localization of PTEN in

the nucleus, favoring nuclear AKT activation and cell survival in various cell types including melanoma cells.

This finding reveals a regulatory mechanism of nuclear PTEN-AKT pathway linked to cell apoptosis

including in melanoma cells.

RESULTS

MYO1B Is Required for Insulin-Induced AKT Activation

To explore a role of MYO1B in insulin-induced AKT activation, the effect of knocking down MYO1B on AKT

activation was examined. As shown in Figure S1, silencing MYO1B significantly suppressed short-term in-

sulin-induced AKT activation (15-min stimulation) as monitored by AKT phosphorylation at Thr308 and

Ser473 in immortalized MEFs (Figures S1A and S1B) and hepatocytes (Figures S1C and S1D). It is to be

noted that silencing MYO1B in both cells did not influence the insulin-induced activation of MTORC1-

RPS6K1 pathway as monitored by ribosomal protein RPS6 phosphorylation at Ser240/244 (Figure S1), indi-

cating that MYO1B is not required for insulin-induced MTORC1-RPS6K1 activation. To determine which

AKT isoform is activated, AKT-T308 and AKT-S473 of AKT1, AKT2, and AKT3 were analyzed by immunoblot-

ting after immunoprecipitation using the isoform-specific AKT antibody. As shown in Figure S2, all the three

AKT isoforms are activated upon stimulation and modulated by MYO1B. The most significant effect of

MYO1B silencing was on the AKT2 isoform. Moreover, silencing MYO1B also significantly attenuated

AKT activation upon long-term insulin stimulation in MEFs (2- to 24-h stimulation) (Figure S3).

MYO1B Plays a Role in Insulin-Induced Nuclear, but Not Cytoplasmic, AKT Activation

Accumulated evidences highlighted that the nuclear AKT serves as a key component in a variety of

signaling pathways (Martelli et al., 2012), which prompted us to explore whether subcellular AKT activation

is regulated by MYO1B in MEFs. Immunoblotting analysis of subcellular fractions revealed that silencing

MYO1B in MEFs significantly attenuated insulin-induced nuclear AKT activation, but had no effect on cyto-

plasmic AKT activation (Figures 1A and 1B). This finding was confirmed by confocal microscopic
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Figure 1. MYO1B Is Required for Insulin-Induced Nuclear AKT Activation

Immortalized MEF cells were transduced with rAd/U6-LacZ-short hairpin RNA (shRNA) as control and rAd/U6-MYO1B-

shRNA for silencing MYO1B. After 3 days of transduction and 16 h of serum starvation, the cells were treated with

100 nmol/L insulin for 15 min or not treated.

(A) Immunoblotting analysis of subcellular distribution of MYO1B and AKT phosphorylation in the nucleus and cytoplasm.

TUBULIN and PCNA were used as markers for cytoplasm and nucleus, respectively. The line between the third and fourth

lane indicates cutting of the same blots.

(B) Quantification of the signals in (A).

(C and D) (C) Immunofluorescence staining for AKT-S473 (red) and (D) AKT-T308 (red) were followed by counterstaining

with DAPI (blue). The merged images are also shown. White dashes in images outline the area of nucleus.

(E) Immunofluorescence staining for AKT total.
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Figure 1. Continued

(F) Quantification of signals of the nuclear AKT-S473 shown in (C), AKT-T308 shown in (D), and AKT shown in (E).

Scale bar, 25 mm. All values are presented as meanG SEM of the data from three independent sets of experiments. One-

way ANOVA; ***p < 0.001 versus control; #p < 0.05 and ##p < 0.01 versus insulin. rAd, recombinant adenovirus.
immunostaining as shown in Figures 1C, 1D, and 1F. As the white dotted lines drawn along the nuclear en-

velope for signal quantification in Figures 1C and 1D may interfere with observation of pAKT near nuclear

envelope, images without the white dotted lines are supplied (Figure S4). These images showed no obvious

pAKT enrichment near the nuclear envelope. The enhanced or reduced pAKT upon stimulation or silencing

MYO1B, respectively, was observed only in the nucleus, but not in the cytoplasm. Of note, total AKT expres-

sion levels in nucleus and cytoplasmwere not altered upon silencingMYO1B (Figures 1E and 1F). The purity

of both nuclear and cytosolic fractions was verified by detection of proliferating cell nuclear antigen (PCNA)

(marker of nucleus) and TUBULIN (marker of cytoplasm). These results demonstrate that MYO1B is required

for insulin-induced nuclear, but not cytoplasmic, AKT activation.
MYO1B Regulates Nuclear AKT Activation by Control of Nuclear PTEN Level

The fact that there is no change in total nuclear AKT upon stimulation suggests that the rapid increase in

nuclear AKT phosphorylation upon stimulation is unlikely to result from the translocation of activated AKT

from the cytoplasm into the nucleus and that the AKT activation mechanisms exist in the nucleus. To

confirm this, the subcellular changes of the phosphatidylinositol 3-phosphate (PI(3)P) reflecting PI3K and

PTEN activities upon stimulation in the absence or presence of MYO1BshRNA were examined. Co-immuno-

fluorescence staining of PI(3)P and PTEN with a nuclear membranemarker LMNB1 was performed to deter-

mine whether there are any PI(3)P and PTEN in the nuclear membrane and their changes upon insulin stim-

ulation and MYO1B knockdown, respectively. Figure 2 reveals that both PI(3)P and PTEN are present in the

nucleus. PI(3)P is enriched near the nuclear membrane (Figure 2A), whereas PTEN is distributed throughout

the nucleus (Figure 2B). Moreover, nuclear PI(3)P was strongly enhanced in parallel with the increase in cyto-

plasmic PI(3)P upon insulin stimulation. However, only the enhanced nuclear PI(3)P, particularly that near

the nuclear envelope, but not cytoplasmic PI(3)P, was prevented by silencingMYO1B (Figure 2A). Figure 2B

shows that PTEN was detected in both the cytoplasm and nucleus. Although the levels of both cytoplasmic

and nuclear PTEN did not change upon stimulation, silencing MYO1Bmarkedly enhanced intranuclear and

nuclear membrane PTEN levels with simultaneous decrease in cytoplasmic PTEN (Figure 2B). To further

explore the potential mechanism by which MYO1B regulates nuclear AKT activation in response to insulin,

the level of PTEN was examined in the subcellular fractions of MEFs (Verrastro et al., 2016). In agreement

with the results of immunostaining, immunoblotting analysis of subcellular fractions revealed that although

the levels of both cytoplasmic and nuclear PTEN did not change upon stimulation (Figures 3A and 3B),

silencing MYO1B increased nuclear PTEN with a concomitant decrease in cytoplasmic PTEN either in

the presence (Figures 3A and 3B) or absence of insulin treatment (Figures 3C and 3D). In agreement

with these results, a decrease in nuclear PTEN with a concomitant increase in cytoplasmic PTEN was

observed in MEFs overexpressing MYO1B, which was accompanied by enhanced nuclear AKT activation

(Figures 3E and 3F). It is to note that cytoplasmic AKT activation was not affected. These results suggest

a role of MYO1B in the regulation of nuclear AKT activation by control of nuclear PTEN level.
MYO1B Prevents PTEN Nuclear Localization by Binding to PTEN

Previous study indicates that MYO1Bmight also act as a dynamic scaffold in interacting directly or indirectly

with other proteins to modulate the trafficking of these proteins (Salas-Cortes et al., 2005). To determine

whether MYO1B interacts with PTEN to regulate PTEN nuclear localization, co-immunoprecipitation exper-

iments were performed. As shown in Figure 4A, PTEN was detected in immunoprecipitates of both endog-

enous and overexpressed MYO1B. Conversely, MYO1B was also co-immunoprecipitated by anti-PTEN

antibody (Figure 4B). Moreover, co-immunostaining reveals the co-localization of PTEN andMYO1B, which

is mainly observed in the cytoplasm (Figure 4C). The interaction between MYO1B and PTEN is further veri-

fied by proximity ligation assay (PLA) (Figures 4D and 4E). To determine which domain of MYO1B is respon-

sible for the interaction of MYO1B and PTEN, two MYO1B mutants, R165A (a mutant in the motor domain)

and K966A (a mutant in its C-terminal PH domain), were constructed to examine the effect of these muta-

tions on the interaction of MYO1B and PTEN. Co-immunoprecipitation experiment shows that R165A

mutant exhibited markedly reduced capability for interacting with PTEN (Figure 4F), suggesting that

R165 within the motor domain plays a crucial role in the interaction of MYO1B with PTEN. These results

were also further verified by PLA (Figures 4G and 4H). In accordance, overexpressed R165A mutant failed
42 iScience 19, 39–53, September 27, 2019



Figure 2. MYO1B Mediates Nuclear PI(3)P and PTEN Distributions

(A and B) Immortalized MEF cells were transduced with rAd/U6-LacZ-shRNA as control and rAd/U6-MYO1B-shRNA for

silencing. After 3 days of transduction and 16 h of serum starvation, the cells were treated with 100 nmol/L insulin for

15 min or not treated. Co-immunofluorescence staining for LMNB1 (green) and PI(3)P (red) (A) and LMNB1 (green) and

PTEN (red) (B). LMNB1 was used as the marker of nuclear envelope. The merged images are also shown. Scale bar, 25 mm.

Shown are the representative images from three independent sets of experiments. shRNA, short hairpin RNA.

iScience 19, 39–53, September 27, 2019 43



Figure 3. MYO1B Regulates Cytoplasmic and Nuclear PTEN Distribution

(A) Experiments were performed as described for Figure 1A. Immunoblotting analysis of nuclear and cytoplasmic

fractions was shown.

(B) Quantification of the signals in (A).

(C) Immortalized MEF cells were transduced as described for Figure 1A, except that cells were not treated with insulin.

Immunoblotting analysis of nuclear and cytoplasmic fractions was shown.

(D) Quantification of the signals in (C).

(E) Immortalized MEF cells were transduced with rAd/CMV-LacZ as control and rAd/CMV-MYO1B for overexpression.

After 2 days of transduction and 16 h of serum starvation, immunoblotting analysis of subcellular distribution of PTEN in

the nucleus and cytoplasm.

(F) Quantification of the signals in (E). TUBULIN and PCNA were used as markers of the cytoplasm and nucleus,

respectively. The line between the third and fourth lanes indicates cutting of the same blots.

All values are presented as meanG SEM of the data from three independent sets of experiments. One-way ANOVA (B) or

t test (D and F); *p < 0.05 and **p < 0.01 versus control.
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Figure 4. MYO1B interacts with PTEN

(A and B) Immortalized MEF cells were transduced with rAd/CMV-LacZ as control and rAd/CMV-MYO1B for overexpression. After 2 days of transduction and

16 h of serum starvation, immunoblotting analysis of MYO1B and PTEN in the whole-cell lysates (WCL) and immunoprecipitates using an anti-MYO1B (A) or

PTEN antibody (B) was performed. Immunoprecipitation using a normal IgG served as negative control.

(C) Immunofluorescence staining for PTEN (green) and MYO1B (red) was followed by counterstaining with DAPI (blue). The merged images are also shown.

The rightmost images are the enlargements of the selected area in the corresponding pictures immediately to the left. White dashes in images outline the

area of nucleus.
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Figure 4. Continued

(D) Duolink proximity ligation assay (PLA) for protein interaction between PTEN and MYO1B in MEF cells. Immortalized MEF cells were transduced with rAd/

U6-LacZ-shRNA as control and rAd/U6-MYO1B-shRNA for silencing MYO1B. After 3 days of transduction, the Duolink assay was performed as described

(cells without primary antibody as the negative control). Each red spot represents a single interaction, and DNA was stained with DAPI.

(E) Quantification of the signals in (D).

(F) Immortalized MEF cells were transduced with rAd/CMV-myc-MYO1B-wild type (WT), rAd/CMV-myc-MYO1B-R165A (RA), and rAd/CMV-myc-MYO1B-

K966A (KA) for overexpression. After 2 days of transduction and 16 h of serum starvation, immunoblotting analysis of Myc-MYO1B and PTEN in the whole-cell

lysates (WCL) and immunoprecipitates using an anti-PTEN antibody was performed. Immunoprecipitation using a normal IgG served as negative control.

(G) Duolink PLA for protein interaction between PTEN and Myc in MEF cells with the overexpression of MYO1B-WT, MYO1B-RA, and MYO1B-KA.

(H) Quantification of the signals in (G).

(I) Immortalized MEF cells were transduced with rAd/CMV-LacZ as control, rAd/CMV-myc-MYO1B-WT (WT), rAd/CMV-myc-MYO1B-R165A (RA), and rAd/

CMV-myc-MYO1B-K966A (KA) for overexpression. Immunoblotting analysis of subcellular distribution of PTEN in the nucleus and cytoplasm was shown.

TUBULIN and PCNA were used as markers of cytoplasm and nucleus, respectively.

(J) Quantification of the signals in (I). shRNA, short hairpin RNA.

Scale bar, 25 mm. All values are presented asmeanG SEM of the data from three to four independent sets of experiments. One-way ANOVA; *p < 0.05, **p <

0.01, ***p < 0.001 versus control or WT. ###p < 0.001 versus LacZ or KA.
to prevent the PTEN localization in the nucleus as native or K966 mutant did (Figures 4I and 4J). It is note-

worthy that the interaction of MYO1B with PTEN is independent of insulin stimulation (Figure S5). These

results demonstrate that MYO1B prevents PTEN nuclear localization by binding to PTEN, which is depen-

dent on the motor domain of MYO1B.
MYO1B Suppresses Cell Apoptosis through Prevention of PTEN Nuclear Localization

Emerging evidences demonstrate that nuclear PTEN promotes cell apoptosis (Gil et al., 2006; Planchon

et al., 2008). We next wish to investigate the effects of MYO1B-mediated prevention of PTEN nuclear local-

ization on cell apoptosis in immortalized MEFs and melanoma cells. In support of previous reports,

silencing MYO1B, which augmented nuclear PTEN level, induced cell apoptosis of MEFs and melanoma

cell B16F10 as reflected by enhanced Annexin-V immunostaining (Figures 5A, 5B, 6A, and 6B) and

increased cleaved caspase 3 level without a change in PCNA level (Figures 5C, 5D, 6C, and 6D). Moreover,

cell survival assay revealed that silencing MYO1B significantly reduced viable survival cell number (Figures

5E and 6E). Consistent with results obtained in MEFs as shown in Figure 3C, silencing MYO1B increased

nuclear PTEN with a concomitant decrease in cytoplasmic PTEN in melanoma cells (Figures 6F and 6G).

These results suggest that MYO1B suppresses cell apoptosis by prevention of PTEN nuclear localization.

To further confirm that MYO1B regulates cell apoptosis by modulating nuclear PTEN level by interacting

with PTEN, a hemagglutinin (HA)-tagged PTEN mutant harboring a nuclear localization sequence (NLS)

(HA-NLS-PTEN) was constructed. This mutant was exclusively localized in the nucleus (Figures 7A and

7B). Hydrogen peroxide (H2O2) was used as the stimulus for inducing cell apoptosis owing to the low basic

level of cell apoptosis in immortalized MEFs and melanoma cell B16F10. Overexpression of MYO1B sup-

pressed H2O2-induced MEF cell apoptosis as evaluated by increased cleaved caspase 3 (Figures 7C and

7D) and Annexin-V staining (Figures 7E and 7F). Remarkably, co-overexpression of HA-NLS-PTEN with

MYO1B significantly reversed the cell apoptosis suppression caused by overexpressing MYO1B upon

H2O2 treatment (Figures 7C–7F). Consistent results were also obtained inmelanoma B16F10 cells (Figure 8).

These results provide evidence that MYO1B suppresses cell apoptosis by interacting with PTEN leading to

the prevention of PTEN nuclear localization.
DISCUSSION

Insulin-induced activation of the cytosolic AKT has been well demonstrated (Hagan et al., 2008; Sarbassov

et al., 2005; Wick et al., 2000), whereas little is known about the mechanisms underlying the regulation of

nuclear AKT activation. In the present study, we identified MYO1B as a regulator of nuclear AKT activation.

By knocking down or overexpressing MYO1B in immortalized MEFs or melanoma cells, we demonstrate

that MYO1B, by interacting with PTEN, through the motor domain, prevents localization of PTEN in the nu-

cleus, contributing to nuclear AKT activation and suppression of cell apoptosis (see graphical abstract).

This represents a regulatory mechanism of nuclear PTEN-AKT pathway linked to cell apoptosis and may

present a therapeutic approach for cancer treatment, such as melanoma.

Our recent study shows that MYO1B mediates the effect of ARG2 in activating MTORC1-RPS6K1 through

promotion of peripheral lysosomal positioning, which is involved in hyperactive MTORC1-RPS6K1 linking
46 iScience 19, 39–53, September 27, 2019



Figure 5. MYO1B Depletion Promotes Apoptosis of Immortalized MEF Cells

(A) ImmortalizedMEF cells were transduced with rAd/U6-LacZ-shRNA as control and rAd/U6-MYO1B-shRNA for silencing

MYO1B. After 3 days of transduction and 16 h of serum starvation (A) apoptotic cells were detected by Annexin-V-FLUOS

staining (upper panel). The lower panels show phase contrast images.

(B) Plot graphs present quantification of Annexin-V-positive apoptotic cells shown in (A).

(C) Immunoblotting analysis of MYO1B, caspase 3 (CASP3), cleaved CASP3, and PCNA.

(D) Quantification of the signals in (C).

(E) Viable cell number.

Scale bar, 100 mm. All values are presented as mean G SEM of the data from three to four independent sets of

experiments; t test; *p < 0.05, **p < 0.01 versus LacZ-shRNA control. shRNA, short hairpin RNA.
to senescence-associated cell apoptosis in vascular smooth muscle cells (Yu et al., 2018). In the current

study, we further investigated a role of MYO1B in insulin-induced activation of MTORC1-RPS6K1 and

MTORC2-AKT using immortalized MEFs. The results show that silencing MYO1B does not affect insulin-

induced MTORC1-RPS6K1 activation, but attenuates AKT activation by insulin. We thus focused on further

elucidation of the role of MYO1B in AKT activation in MEFs. Both immunoblotting analysis of subcellular

fractionation and immunofluorescence staining reveal that only nuclear but not cytoplasmic AKT activation

is suppressed by silencing MYO1B, indicating that MYO1B plays a critical role in nuclear AKT activation.

This conclusion is also supported by experiments of overexpressing MYO1B, which causes a nuclear

AKT activation even in the absence of insulin. A previous study showed that MYO1C (another isoform

of myosin 1), in conjunction with RICTOR, was not involved in insulin-induced AKT activation in 3T3-L1

adipocytes (Hagan et al., 2008). Our study thus identified a function of MYO1B in inducing nuclear AKT

activation.

The nuclear expression of AKT and its stimulated activation is controversial. Some studies demonstrate nu-

clear translocation of AKT upon stimulation (Nguyen et al., 2006; Pekarsky et al., 2000), whereas other

studies show that AKT may be constantly localized and activated in the nucleus (Shiraishi et al., 2004;
iScience 19, 39–53, September 27, 2019 47



Figure 6. MYO1B Depletion Promotes Apoptosis of Melanoma Cells

Experiments were performed as described in Figure 4, except that melanoma B16F10 cells were used.

(A) Detection of apoptotic cells by Annexin-V-FLUOS staining (upper panel). The lower panels show phase contrast

images.

(B) Plot graphs present quantification of apoptotic cells shown in (A).

(C) Immunoblotting analysis of caspase 3 (CASP3), cleaved CASP3, AKT-S473, and AKT-T308.

(D) Quantification of the signals in (C).

(E) Viable cell number.

(F) Immunoblotting analysis of subcellular distribution of PTEN in nucleus and cytoplasm.

(G) Quantification of the signals in (F). TUBULIN and PCNA were used as marker of the cytoplasm and nucleus,

respectively.

Scale bar, 100 mm. All values are presented asmeanG SEM of the data from three independent sets of experiments; t test;

**p < 0.01, ***p < 0.001 versus LacZ-shRNA control. shRNA, short hairpin RNA.
Wang and Brattain, 2006). Our results from both immunofluorescence staining and immunoblotting sup-

port the later finding. It has been several decades since nuclear AKT was demonstrated to be activated

by growth factors, yet it is still unknown how nuclear AKT activation is regulated (Martelli et al., 2012).

The results from the current study indicate that the rapid increase in nuclear AKT phosphorylation upon

stimulation is unlikely to result from the translocation of the activated AKT from the cytoplasm into the nu-

cleus. First, there is no change in the total nuclear AKT. Second, nuclear PI(3)P reflecting PI3K and PTEN

activity (Downes et al., 2007) is enriched in the nuclear membrane and remarkably enhanced in parallel

with the increase in cytoplasmic PI(3)P upon stimulation, suggesting the existence of the AKT activation

mechanism in nucleus. In an attempt to elucidate the potential mechanism by which MYO1B regulates nu-

clear AKT activation, we investigated the role of PTEN, a well-known negative regulator of PI3K-AKT signal

pathway, because nuclear PTEN has also been demonstrated for many years in melanoma cells and epithe-

lial thyroid tumors (Gimm et al., 2000; Whiteman et al., 2002). Our results confirm the existence of nuclear
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Figure 7. MYO1B Suppresses Cell Apoptosis by Prevention of PTEN Nuclear Localization in MEF Cells

(A and B) Immortalized MEF cells were transduced with rAd/CMV-NLS-PTEN for overexpression. After 2 days

transduction, immunoblotting analysis (A), and immunofluorescence staining (B) of HA-NLS-PTEN were performed. Scale

bar, 25 mm.

(C and E) Immortalized MEF cells were transduced with rAd/CMV-LacZ as control and rAd/CMV-MYO1B and rAd/CMV-

NLS-PTEN for overexpression. After 2 days of transduction and 16 h of serum starvation, cells were treated with or without

100 mmol/L hydrogen peroxide for 16 h. Immunoblotting analysis for CASP3 and cleaved CASP3 (C) and detection of

apoptotic cells by Annexin-V-FLUOS staining (E) were then performed. Scale bar, 100 mm.

(D and F) Quantification of the signals in (C) and (E), respectively.

All values are presented asmeanG SEM of the data from three independent sets of experiments. One-way ANOVA; **p <

0.01, ***p < 0.001 versus control; ##p < 0.01 versus H2O2; yyp < 0.01, yyyp < 0.001 versus H2O2 + CMV-MYO1B.
PTEN in MEFs that are distributed throughout the nucleus. Both immunostaining and immunoblotting

analysis of subcellular fractionation suggests that MYO1B regulates nuclear AKT activation by modulating

subcellular distribution of PTEN. This conclusion is supported by several lines of experimental data. First,

silencing MYO1B enhances nuclear but reduces cytoplasmic PTEN, which is well correlated with reduced

nuclear PI(3)P reflecting PI3K and PTEN activity and AKT activation under the same experimental condition.

Second, overexpression of MYO1B decreases nuclear PTEN with concomitant enhanced nuclear AKT acti-

vation. It is to be noted that silencing or overexpressingMYO1B does not affect cytoplasmic AKT activation

despite the reduced or enhanced cytoplasmic PTEN, respectively. A possible explanation would be that

the level of only non-functional MYO1B-bound form of PTEN, but not functional free PTEN in the cyto-

plasm, is affected by silencing or overexpressing MYO1B. The fact that insulin-induced activation of

AKT2 isoform is most significantly suppressed by silencing MYO1B implies that this isoform most likely

localizes in the nucleus. Third, MYO1B exerting its regulatory effect at the nuclear level of PTEN by binding

to PTEN is dependent on the motor domain of MYO1B and a mutant in the motor domain deficient in its

binding to PTEN fails to cause a change in subcellular distribution of PTEN. Fourth, most importantly,

MYO1B overexpression-mediated suppression of cell apoptosis, which is associated with reduced nuclear

PTEN level, is not observed when a mutant of PTEN harboring a nuclear localization signal is co-overex-

pressed with MYO1B. All these data provide firm evidence that MYO1B, by interacting with PTEN, prevents
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Figure 8. MYO1B Suppresses Cell Apoptosis by Prevention of PTEN Nuclear Localization in Melanoma Cells

Experiments were performed as described in Figure 7, except that melanoma B16F10 cells were used.

(A) Immunoblotting analysis for CASP3 and cleaved CASP3.

(B) Quantification of the signals in (A).

(C) Detection of apoptotic cells by Annexin-V-FLUOS staining.

(D) Quantification of the signals in (C).

Scale bar, 100 mm. All values are presented as meanG SEM of the data from three independent sets of experiments. One-

way ANOVA; **p < 0.01 versus control; #p < 0.05, ##p < 0.01 versus H2O2; yyp < 0.01, yyyp < 0.001 versus H2O2 + CMV-

MYO1B.
localization of PTEN in the nucleus, contributing to nuclear AKT activation and suppression of cell

apoptosis. In addition to PTEN, protein phosphatase 2A (PP2A) and PH domain leucine-rich repeat protein

phosphoserine (PHLPP) are well-characterized phosphatases that directly dephosphorylate and thereby

inactivate AKT (Gao et al., 2005; Kuo et al., 2008; Rocher et al., 2007). Both PP2A and PHLPP are also

present in the nucleus (Reyes et al., 2014; Turowski et al., 1995). It would be interesting to investigate

further whether MYO1B modulates nuclear AKT activation also by the regulation of nuclear PP2A and/or

PHLPP.

Despite the absence of a classical nuclear localization signal, PTEN has been reported to exist in the nu-

cleus (Gimm et al., 2000; Perren et al., 2000; Sano et al., 1999). The fact that the loss of nuclear PTEN spe-

cifically was found in a variety of sporadic tumors suggests an important role of nuclear PTEN as a tumor

suppressor. An impaired transport system of PTEN to the nucleus or some other means of differential

compartmentalization has been proposed to account for impaired PTEN function as tumor suppressor

(Perren et al., 2000). However, the mechanism(s) governing the nuclear-cytoplasmic partitioning of PTEN

remains elusive. In this study, we demonstrate that MYO1B regulates the subcellular distribution of

PTEN by binding to PTEN, which prevents the localization of PTEN in the nucleus. The interaction between

PTEN andMYO1B are demonstrated by three different methods including co-immunoprecipitation, co-im-

munostaining, and PLA. However, these methods do not allow to conclude whether the interaction be-

tween PTEN and MYO1B is direct. More experiments will be required to address this aspect conclusively.
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As MYO1B is expressed in both nucleus and cytoplasm in immortalized MEFs, which subcellular MYO1B

accounts for the regulation of subcellular distribution of PTEN remains to be investigated. However, the

fact that MYO1B is mainly detected to co-localize with PTEN in the cytoplasm suggests that the binding

of MYO1B to PTEN in the cytoplasm may prevent translocation of PTEN into nucleus. Further experiments

need to be designed to confirm this conclusion. It is to be noted that the interaction of MYO1B and PTEN is

not affected by short-time stimulation with insulin, indicating that the MYO1B-mediated regulation of nu-

clear-cytoplasmic partitioning of PTEN represents an insulin-independent mechanism.

Both nuclear AKT and PTEN exert a variety of cellular functions. Among these regulation of apoptosis is a

common one shared by nuclear AKT and PTEN linking to tumorigenesis. In line with the antagonizing effect

of PTEN on AKT activation, nuclear AKT has been shown to protect cells against apoptosis (Lee et al., 2008;

Rubio et al., 2009), whereas nuclear PTEN promotes cell apoptosis and decreased nuclear PTEN has been

correlated with progressing thyroid carcinoma and melanoma (Brenner et al., 2002; Chang et al., 2008; De-

powski et al., 2001; Whiteman et al., 2002). In support of our conclusion that MYO1B prevents PTEN nucleus

localization through interaction with PTEN dependent on its motor domain, the effects of silencingMYO1B

or overexpressing MYO1B-WT or MYO1B-KA mutant on cell apoptosis fit well into their corresponding ef-

fect on nuclear PTEN level, i.e., MYO1B level is inversely associated with the nuclear PTEN level and cell

apoptosis. These results are obtained in both immortalized MEFs and melanoma cells, demonstrating

an anti-apoptotic role of MYO1B by preventing nuclear accumulation of PTEN. To this end, it is noteworthy

that in our recently published study MYO1B is demonstrated to mediate ARG2-induced MTORC1-RPS6K1

leading to enhanced apoptosis in senescent vascular smooth muscle cells (Yu et al., 2018). The opposing

effect of MYO1B on cell apoptosis in senescent vascular smooth muscle cells and melanoma cells suggest

its dual role in the regulation of apoptosis through different mechanisms in different cells and circum-

stances. There are many other examples of molecules that can trigger both cell death and survival path-

ways. Particularly, oncogenes such as MYC, RAS, and E2F1, which deliver strong mitogenic signals,

have also been reported to cause cell death (Knezevic et al., 2007; Kopnin et al., 2007; Tanaka et al.,

2002). Regarding the role of MYO1B in cell apoptosis, it promotes apoptosis in senescent cells through

ARG2-induced over-activation of MTORC1-RPS6K1 signaling (Yu et al., 2018), whereas it antagonizes

apoptosis by preventing nuclear accumulation of PTEN in immortalized cells and tumor cells such as

melanoma.

In summary, our current study uncovers a function for MYO1B as a regulatory mechanism of nuclear PTEN-

AKT pathway linking to cell apoptosis. That is, by binding to PTEN dependent on its motor domain, MYO1B

prevents the nuclear accumulation of PTEN leading to the activation of nuclear AKT and protection of cells

from apoptosis. Targeting MYO1B may represent a therapeutic approach for cancer treatment such as

melanoma.
Limitations of the Study

In the present study, we identified MYO1B as a regulator of nuclear AKT activation. We demonstrate that

MYO1B, by interacting with PTEN through the motor domain, prevents localization of PTEN in the nucleus,

contributing to nuclear AKT activation and suppression of cell apoptosis. Although the interaction between

MYO1B and PTEN has been demonstrated by three different techniques including co-immunoprecipita-

tion, co-immunostaining, and PLA, these methods, however, do not allow to conclude whether the inter-

action between PTEN and MYO1B is direct. More experiments will be required to address this aspect

conclusively.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Silencing MYO1B inhibits short-term insulin-induced AKT-phosphorylation.  

Related to Figure 1. Immortalized MEF cells (A) and hepatocytes (C) were transduced with 

rAd/U6-LacZ- shRNA as control, rAd/U6-MYO1B-shRNA for silencing. After 3 days of 

transduction and 16 h of serum-starvation, the cells were treated with or without 100 nmol/L 

insulin for 15 min. Immunoblotting analysis of MYO1B, AKT phosphorylation, and S6 ribosomal 

protein phosphorylation are shown. TUBULIN served as loading control. Quantification of the 

signals in (A) and (C)  is shown in the bar graphs in (B) and (D), respectively. All values are 

presented as mean ± SEM of the data from 8 independent sets of experiments. One-way 

ANOVA. ***P<0.001 vs control; #P<0.05, ##P<0.01 vs insulin in the absence of  MYO1B-

shRNA.  rAd, recombinant adenovirus.
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Figure S2. Silencing MYO1B inhibits insulin-induced AKT1/AKT2/AKT3-

phosphorylation. Related to Figure 1. Immortalized MEF cells were transduced with 

rAd/U6-LacZ- shRNA as control, rAd/U6-MYO1B-shRNA for silencing. After 3 days of 

transduction and 16 h of serum-starvation, the cells were treated with or without 100 

nmol/L insulin for 15 min. AKT1/AKT2/AKT3 was immunoprecipitated (IP) with an anti-

AKT1/AKT2/AKT3 antibody. IgG was used as the negative control to verify the specificity 

of antibody. Immunoblotting analysis of AKT1/AKT2/AKT3-phosphorylation and total 

AKT1/AKT2/AKT3 were carried out with immunoprecipitates. 
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Figure S3. Silencing MYO1B inhibits long-term insulin-induced AKT activation. 

Related to Figure 1. Immortalized MEF cells were transduced with rAd/U6-LacZ-

shRNA as control, rAd/U6-MYO1B-shRNA for silencing. After 3 days of transduction 

and 16 h of serum-starvation, the cells were treated with 100 nmo/L insulin for 2 h, 6 

h, 12 h and 24 h. Immunoblotting analysis of MYO1B and AKT phosphorylation are 

shown. 
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Figure S4. MYO1B is required for insulin-induced nuclear AKT activation. Related

to Figure 1C and 1D. Immortalized MEF cells were transduced with rAd/U6-LacZ-

shRNA as control, rAd/U6-MYO1B-shRNA for silencing MYO1B. After 3 days of

transduction and 16 h of serum-starvation, the cells were treated with or without 100

nmol/L insulin for 15 min. (A) Immunofluorescence staining for AKT-S473 (red) and (B)

AKT-T308 (red) were followed by counterstaining with DAPI (blue). The merged images

are also shown. Scale bar = 25 µm.



Figure S5. MYO1B interacts with PTEN independently of insulin. Related to

Figure 4. Immortalized MEF cells were transduced with rAd/CMV-LacZ as control,

rAd/CMV-MYO1B for overexpression. After 2 days of transduction and 16 h of serum-

starvation, the cells were treated with or without 100 nmol/L insulin for 15 min. PTEN

was immunoprecipitated (IP) with an anti-PTEN antibody. IgG was used as the negative

control to verify the specificity of antibody. Immunoblotting analysis of MYO1B and

PTEN were carried out with immunoprecipitates. WCL: whole cell lysate
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TRANSPARENT METHODS 

 

Materials  

Reagents were purchased or obtained from the following sources: rabbit (sc-20151) and mouse (sc-

393496) antibodies against Arg-II and mouse antibody against myosin 1b (MYO1B) (sc-393053) and 

PTEN (sc-7974) were from Santa Cruz Technology Inc (Dallas, USA); mouse antibodies against RPS6 

(#2317s), AKT1 (#2967s), AKT2 (#5239s), and caspase 9 (#9508s), rabbit antibodies against AKT-

Ser473 (#9271s), AKT-Thr308 (#13038s), phospho-RPS6-S235/236 (#2211s) and AKT3 (#14982s) 

were purchased from Cell Signaling (Danvers, USA); mouse antibody against AKT (610860) was from 

BD Transduction  laboratories (New Jersey, USA); mouse antibody against PI(3)P (Z-P003) was from 

Echelon Biosciences Inc (Utah, USA); rabbit antibodies against LMNB1 (ab16048) and MYO1B 

(ab194356) were from Abcam (Cambridge, UK); Duolink® In Situ Detection Reagents Red 

(DUO92008) and mouse antibody against TUBULIUN (T5168) was from Sigma (St. Louis, Missouri, 

USA).  IRDye 800-conjugated affinity purified goat anti-rabbit IgG F(c) was purchased from LI-COR 

Biosciences (Lincoln, Nebraska USA); goat anti-mouse IgG (H+L) secondary antibody Alexa Fluor® 

680 conjugate, goat anti-mouse IgG (H+L) secondary antibody Alexa Fluor® 488 conjugate, goat anti-

rabbit IgG (H+L) secondary Antibody Alexa Fluor® 488 conjugate and goat anti-rabbit IgG (H+L) 

secondary antibody Alexa Fluor® 594 conjugate were from Invitrogen/Thermo Fisher Scientific 

(Waltham, MA USA). Insulin-transferrin-selenite sodium and dexamethasone were from Sigma (St. 

Louis, Missouri, USA). All cell culture media and materials were purchased from Gibco/Thermo Fisher 

Scientific (Waltham, Massachusetts, USA).   

 

Generation of recombinant adenovirus (rAd) 

Generation of rAd expressing shRNA targeting mouse MYO1B driven by the U6 promoter (rAd/U6- 

mMYO1B shRNA) was carried out with the Gateway Technology. The targeting sequences are 

indicated in boldface below (only the sense strand is shown): 

mMYO1B-shRNA: 

5'- CACCGGAGCTCCTCTACAAGCTTAACGAATTAAGCTTGTAGAGGAGCTCC -3' 

rAd/U6-LacZ shRNA served as control was generated (Yepuri et al., 2012). 

Generation of rAd expressing PTEN fused with nuclear localization sequences (NLSs) of SV40 large 

T-Antigen driven by cytomegalovirus (CMV) promoter, rAd/CMV-HA-NLS-PTEN was also carried out 

with the Gateway Technology.  The gene encoding HA-NLS-PTEN was amplified by polymerase chain 

reaction from the expression plasmid HA-PTEN (a gift from Jaewhan Song, Addgene plasmid # 78776) 

(Lee et al., 2015), by using following primers (the underline indicating the NLSs): Forward:  

5'CTTAACCATGGTCGACCCAAAGAAAAAGAGAAAAGTAATGGCCTCCTACCCTTATGATGTG -3';  

Reverse: 5'- ATCTCGAGTGCGGCCGCTCAGACTTTTGTAATTTGTGTATG-3'.  

Generation of rAd expressing myc-MYO1B-WT and its mutants -R165A (deficient in its motor activity) 

and-K966A (deficient in its C-terminal PH domain) driven by CMV promoter (rAd/CMV-myc-MYO1B-

WT, -R165A, -K966A) was also carried out with the Gateway technology. The expression plasmids 



 

encoding myc-MYO1B-WT, -R165A and-K966A were kindly provided by Lynne M. Coluccio (Komaba 

and Coluccio, 2010). 

 

Cell culture and adenoviral transduction 

The immortalized MEFs were kindly provided by Dr. Jürgen A. Ripperger (Department of Biology, 

University of Fribourg) and the mouse melanoma B16F10 cell line by Dr. Carole Bourquin (Department 

of Immunopharmacology of Cancer, University of Geneva). MEF and B16F10 cells were cultured in 

high glucose-Dulbecco’s Modified Eagle’s Medium (D6429, Sigma) containing 10 % heat-inactivated 

fetal bovine serum (10500-064, Gibco) or 10% fetal calf serum respectively, and 1% penicillin-

streptomycin. The alpha mouse liver 12 cell line (AML12) was purchased from ATCC (CRL-2254) and 

maintained in DMEM /Nutrient Mixture F-12 Ham supplemented with 10% HIFBS, insulin-transferrin-

selenite sodium and dexamethasone (Liu et al., 2016). For insulin stimulation experiments, MEFs and 

AML12 were starved for overnight in low glucose DMEM (6046, sigma) containing 0.2% BSA and 

DMEM /Nutrient Mixture F-12 Ham containing 0.2% BSA, insulin-transferrin-selenite sodium and 

dexamethasone, respectively. Cells were transduced with the rAd at titers of ~200 multiplicities of 

infection and then cultured in complete medium for two days and then switched to serum-free medium 

overnight before experiments.  

 

Immunoblotting  

Cell extracts were prepared by lysing cells in lysis buffer (120 mM NaCl, 50 mM Tris [pH 8.0], 20 mM 

NaF, 1 mM benzamidine, 1 mM EDTA, 1 mM EGTA, 1 mM sodium pyrophosphate, 30 mM 4-

nitrophenyl phosphate disodium salt hexahydrate, 1% NP-40, and 0.1 M phenylmethylsulfonyl fluoride 

[PMSF]). Next, 40-μg extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and electrophoretically transferred to an Immobilon-P membrane (Millipore), and the 

resultant membrane was incubated overnight with the corresponding primary antibody at 4°C with 

gentle agitation after being blocked with 5% skimmed milk (Yepuri et al., 2012). The blot was then 

further incubated with a corresponding anti-mouse (Alexa fluor 680 conjugated) or anti-rabbit (IRDye 

800 conjugated) secondary antibody. Signals were visualized using Odyssey Infrared Imaging System 

(LI-COR Biosciences). Quantification of the signals was performed using NIH Image 1.62 software (U. 

S. National Institutes of Health). 

 

Subcellular fractionation  

Cells were transferred from 10 cm plates into 500 μL fractionation buffer (HEPES (pH 7.4) 20 mM, KCI 

10 mM, MgCl2 2 mM, EDTA 1 mM, EGTA 1 mM, 1mM DTT, PI Cocktail (III)) by scraping followed by 

incubation on ice for 15 min. Cells were then lysed by passing cell suspension through a 27 gauge 

needle several times using a 1 mL syringe and kept on ice for 20 min. After centrifugation of the 

samples at 720 x g (3,000 rpm) for 5 min, the supernatant containing cytoplasm, membrane and 

mitochondria was transferred into a fresh tube and kept on ice. The pellet containing nuclei was 

washed with 500 μL fractionation buffer and dispersed with a pipette and passed through a 25 gauge 

needle 10 times followed by centrifugation again at 3,000 rpm for 10 min. The nuclei pellets were then 



 

resuspended in TBS with 0.1% SDS and sonicated briefly to shear genomic DNA and to homogenize 

the lysate (3 sec on ice at a power setting of 2-continuous). For cytoplasm preparation, the 

supernatant containing cytoplasm, membrane and mitochondria was centrifuged at 8,000 rpm (10,000 

x g) for 5 min. The supernatant containing cytoplasm and membrane was then transferred into a fresh 

tube and kept on ice or -80 oC until use.  

 

In Situ Proximity Ligation Assay (PLA) 

MEF cells cultured on coverslips were washed with PBS, and then incubated in ice cold 100% 

methanol for 10 minutes at –20 °C, rinse in PBS for 5 minutes, permeabilized in 0.3% Triton X-100 for 

10 min, and blocked with Duolink Blocking Solution. After blocking, cells were incubated with 

combined primary antibodies (anti-MYO1B or Myc and anti-PTEN) overnight at 4 °C. Cells were then 

incubated with the PLUS and MINUS PLA probes diluted 1:5 in the Duolink Antibody Diluent in a pre-

heated humidified chamber for 1 h at 37 °C. Subsequent ligation, amplification, and detection were 

performed according to manufacturer’s instruction. Fluorescence images were acquired using a Leica 

TCS SP5 confocal laser microscope and the signals of PLA were quantified with NIH Image 1.62 

software (U. S. National Institutes of Health). 

 

Immunoprecipitations  

MEF cells growing in 10 cm dishes were rinsed once with cold PBS and lysed on ice for 20 min in 1 ml 

of ice-cold lysis buffer (40 mM HEPES [pH 7.5], 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 

10 mM glycerophosphate, 50 mM NaF, and EDTA-free protease and phosphatase inhibitors) 

containing 0.3% CHAPS. After centrifugation at 13,000 x g for 10 min, the protein concertation of 

cleared supernatant was measured by the DC™ Protein Assay (5000112, Bio-Rad). 5 μg of the 

indicated antibodies were added to the 800 μg protein supernatant and incubated with rotation 

overnight at 4 °C.  20 μL of  Protein A/G PLUS-Agarose (sc-2003, Santa Cruz Biotechnology) was 

then added and the incubation continued for 2 h at room temperature. Pulled-down 

immunoprecipitates were then washed three times with lysis buffer. Samples were resolved by SDS-

PAGE and proteins transferred to PVDF and visualized by immunoblotting. 

 

Immunofluorescence staining 

Cells cultured on glass coverslips were fixed with 4% paraformaldehyde for 15 min at room 

temperature and then permeabilized with 0.2% Triton X-100, and blocked with 1% BSA in PBS for 60 

mins. Coverslips were incubated with corresponding primary antibody overnight at 4°C, followed by 

incubation with Alexa Fluor-labeled secondary antibodies for 2 h at room temperature, and mounted. 

Images were acquired through 40×objectives with Leica TCS SP5 confocal laser microscope. 

Representative images taken at the same exposure and magnification are shown in all figures. 

 

Detection of apoptotic cells   



 

Apoptosis of transduced MEFs was detected with Annexin-V-FLUOS Staining Kit (Roche Applied 

Science, #1988549) according to the manufacturer’s instructions. Quantification was presented by the 

ratio of apoptotic cells/total cells. 

 

Viable cell count  

Cells were seeded in a 6 well-plate at a density of 8 x 104 cells/well and allowed to attach overnight. 

After 3 days post-transduction, cells were collected by trypsinization and stained with 0.4% Trypan 

blue solution (T8154, Sigma). Unstained viable cells were counted using the TC20TM Automated Cell 

Counter from Bio-Rad Laboratories (California, USA) according to the manufacturer’s instruction. Each 

independent experiment was performed in triplicate. 

 

Statistics 

Data are given as mean ± SEM. In all experiments, n indicates the number of individual experiments. 

Statistical analysis was performed with unpaired Student t test or ANOVA with Dunnett or Bonferroni 

post-test. Differences in mean values were considered significant at p < 0.05. 
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