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Abstract

For successful gene delivery, plasmid DNA must be able to access the nucleus in order to be 

transcribed. Numerous studies have shown that gene delivery occurs more readily in dividing 

cells, which is attributed to increased nuclear access when the nuclear envelope disassembles 

during mitosis; however, nonviral carriers continue to have low transfection efficiencies and 

require large quantities of DNA per cell to achieve reasonable gene transfer, even in dividing cells. 

Therefore, we hypothesized that using histone-derived nuclear localization sequences (NLS)s to 

target polyplexes might enhance nuclear delivery by facilitating interactions with histone effectors 

that mediate nuclear partitioning and retention during mitosis. We discovered a novel interaction 

between polyplexes linked to histone 3 (H3) N-terminal tail peptides and the histone nuclear 

import protein importin-4, as evidenced by strong spatial colocalization as well as significantly 

decreased transfection when importin-4 expression was reduced. A fraction of the histone-targeted 

polyplexes was also found to colocalize with the retrotranslocon of the endoplasmic reticulum, 

Sec61. Super resolution microscopy demonstrated a high level of polyplex binding to chromatin 

post-mitosis, and there also was a significant decrease in the amount of chromatin binding 

following importin-4 knockdown. These results provide evidence that natural histone effectors 

mediate both nuclear entry and deposition on chromatin by histone-targeted polyplexes, and a 

translocation event from the endoplasmic reticulum into the cytosol may occur before mitosis to 

enable the polyplexes to interact with these essential cytoplasmic proteins.
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Introduction

Gene therapy has the potential to treat a variety of inherited and acquired diseases. Nonviral 

vehicles have attracted particular interest because of their relative safety and tailorability. 

However, nonviral vehicles such as polyplexes and lipoplexes have significant efficacy 
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issues, with a limited capacity to reach the nucleus. In particular, gene delivery in non-

dividing cells is typically highly limited, and requires a carrier able to provide active 

transport through the nuclear pore complex (NPC). Transfections work significantly better 

in dividing populations of cells in which the nuclear envelope disassembles during mitosis, 

thus largely eliminating the barrier.1-2 However, nonviral vectors continue to be less 

efficient compared to viral vectors, and the amount of DNA that gains access to the nucleus 

is small, regardless of how it is delivered or whether the cells are actively dividing. It is 

therefore of critical importance to study the nanostructure design features governing 

transport of DNA into the nucleus during mitosis, and an understanding of these 

mechanisms is key to improving non-viral delivery strategies.3

In nature, NLSs shuttle proteins and RNA into and out of the nucleus by binding to nuclear 

transport proteins such as importins, which engage complementary NLSs in order to shuttle 

bound cargoes through the NPC.4 Two of the best characterized NLSs are the NLS from 

SV40 large T antigen (PKKKRKV) and the bipartite NLS (KKKX5-20RK).5 Several groups 

have reported that the attachment of these sequences, or related localization signals, can 

enhance nuclear uptake of DNA carriers and other nanostructures.6-9 In non-dividing cells, 

DNA nuclear import requires an NLS.10 However, there have been conflicting reports about 

whether such signals are necessary for transfection in dividing cells. Multiple studies have 

been performed using nuclear chaperones,11 transcription factors,12 or chromatin interacting 

proteins13 as vehicles or ligands to improve DNA delivery in mitotic cells, and many of 

these reports indicate that NLSs can enhance gene transfer in these cell populations, 

potentially by engaging the importin-mediated import machinery. There also have been 

studies where NLSs were added to nanostructures and the addition of the NLSs did not 

increase transfection in dividing cells. For example, the localization sequences derived from 

the yeast transcriptional activator GAL4 and the SV40 large T antigen, which normally 

function by interacting with importins, were unable to enhance NPC-mediated nuclear 

import by DNA plasmids or polyplexes, respectively.14-15 This lack of activity may be due 

to the fact that the nanocarriers were unable to present their NLSs in an orientation 

accessible to importins for nuclear delivery, or that other aspects of nanocarrier size, shape, 

or structure prevented effective interactions with the nuclear import machinery. 

Alternatively, some investigators have proposed that NLSs are unnecessary for nuclear 

delivery in dividing populations of cells, and that nanocarriers are retained in the nucleus 

following mitosis in a more passive or probabilistic manner.16-17

Our previous studies examined the effects of incorporating a specific NLS, derived from the 

N-terminal tail of histone H3, into polyethylenimine (PEI) polyplexes to determine whether 

H3-targeting enhanced nuclear accumulation and improved gene transfer efficiency by 

engaging H3 effectors responsible for vesicular transport and nuclear processing. The H3-

targeted polyplexes were biocompatible and improved post-mitotic nuclear retention2 and 

gene expression18 significantly as compared with untargeted polyplexes. In particular, we 

demonstrated that incorporation of the H3 peptides improved gene transfection by engaging 

the histone effector H3K4 methyltransferase to enhance endocytic trafficking via caveolae-

mediated endocytosis and retrograde routing through the Golgi and endoplasmic reticulum 

(ER).19 The H3-targeted polyplexes accumulated in the ER prior to mitosis, and the ER-

localized population of polyplexes redistributed into the nucleus following cell division. In 
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nature, histones are also transferred through the ER and cytoplasm during synthesis and 

post-translational processing as well as during cellular division.20 Therefore, we questioned 

whether the H3-targeted polyplexes were interacting with histone chaperones or cytoplasmic 

proteins to gain access to the nucleus.

Core histones, consisting of histones H2A, H2B, H3, and H4, comprise the primary protein 

component of chromatin. These proteins come together to form the nucleosome when 

combined with chromosomal DNA. Histones H3 and H4 each contain an NLS in their 

amino-terminal domains, and these N-terminal domains were found to be essential for the 

nuclear accumulation of these proteins.21 After their synthesis in the cytoplasm, histones are 

bound by different histone chaperones, subjected to a series of posttranslational 

modifications, and imported into the nucleus. The last step in this assembly line of H3 is the 

association with importin-4 and importin-5 for translocation into the nucleus.22 H3 also 

associates with importins-4 and -5 during post-mitotic redistribution, when it is deposited 

onto chromatin. Importin proteins and other histone chaperones shield histones from 

nonspecific interactions until they are assembled into chromatin.23 The transfer of histones 

onto DNA involves various histone binding proteins, such as nucleoplasmin, N1/N2, and 

NAP-1.24

In this work, we sought to determine the mechanisms of nuclear access for H3-targeted 

polyplexes during mitosis, and specifically, to probe the role for the histone importin 

proteins in regulating the nuclear transport and retention of these polyplexes. Using confocal 

microscopy, short interfering RNA (siRNA) knockdown experiments, and super resolution 

imaging experiments, we showed that H3-targeted polyplexes required importin-4 for post-

mitotic nuclear retention in CHO cells, and we also showed that regulation and potential 

interactions with importin-4 occurred before mitosis. Silencing of importin-4 affected post-

mitotic nuclear retention as well as transfection efficiency by reducing polyplex co-

deposition with chromatin inside the nucleus. We questioned the intracellular trafficking 

routes that permitted polyplexes to gain access to importin-4, since the histone-targeted 

polyplexes were ER-localized prior to mitosis, whereas importin-4 is known to shuttle 

between the cytoplasm and nucleus. Previous studies determined that retrotranslocation of 

proteins from the ER into the cytoplasm can occur,25 and that this retrotranslocation is often 

regulated by Sec61, an ER membrane protein translocon located exclusively in the ER and 

ER/Golgi transitional region.26-27 Accordingly, we studied polyplex regulation by Sec61 

and showed that H3-targeted polyplexes had a significantly decreased transfection efficiency 

when Sec61 was inhibited, suggesting that Sec61 may facilitate polyplex/importin-4 

interactions by regulating polyplex retrotranslocation across the ER membrane. Our overall 

findings identified the specific mechanisms by which H3-targeted polyplexes utilize 

components from the nuclear import machinery to gain access to the nucleus, and 

demonstrate the more general possibility that NLSs may affect gene delivery in dividing 

cells by altering interactions with chromatin to enhance nuclear retention. Previous studies 

have found NLSs to be important in nuclear pore import; however, our results show an 

alternative function in chromatin retention. These novel findings on mechanisms of polyplex 

nuclear import and retention can be utilized for future design and development of more 

efficient drug delivery vehicles.
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Results

H3-targeted polyplexes colocalize with importin-4

Importins regulate the nuclear import of a variety of macromolecules such as proteins and 

RNA, which they bind within the cytoplasm and then shuttle into the nucleus via 

interactions with the NPC;28-29 importin assisted transport is therefore crucial for a variety 

of cellular processes, including viral disease and oncogenesis.30-31 We asked whether 

importins might be involved in mediating post-mitotic nuclear accumulation by H3-targeted 

polyplexes, and hence we used immunostaining and confocal microscopy in CHO cells to 

determine whether the H3-targeted polyplexes trafficked coincident with importin-4 and 

importin-5. To enable analysis of polyplex transport kinetics, the cells were briefly pulse 

transfected with polyplexes containing plasmids labeled with AlexaFluor 555-peptide 

nucleic acids (PNA555),32 and at various times following transfection, the cells were 

immunocytochemically (ICC) stained with antibodies targeting importin-4 and importin-5. 

We discovered evidence of coordinated transport and a potential interaction between the H3-

targeted polyplexes and importin-4, as evidenced by strong (42%) colocalization at 12 h 

post-transfection (Figure 1). Colocalization increased until reaching a maximum at 12 h, 

with a slight decrease at 24 h. Regulation by importin-5 appeared more limited, as only 18% 

of the H3-targeted polyplexes colocalized with importin-5 at 6 h post-transfection (Figure 
S1). Importin-5 colocalization levels reach a maximum at 6 h with no significant decrease 

through 24 h post-transfection. These experiments were also performed with untargeted PEI 

polyplexes, as well as with polyplexes containing a scrambled histone sequence (sH3). Both 

the untargeted polyplexes and the sH3-targeted polyplexes displayed substantially lower 

levels of colocalization with both importin-4 and importin-5 as compared with the H3-

targeted polyplexes. These results suggest that importin-4 may play a key role in nuclear 

delivery of H3-targeted polyplexes, via a defined interaction with the H3 NLS; in contrast, 

importin-5 may only interact with polyplexes outside of the nucleus before mitosis, with 

little effect on delivery.

After verifying that the H3-targeted polyplexes were interacting with importin-4 both before 

and after cellular division, we sought to determine the intracellular locations of these 

interactions. Further analyses of the confocal images demonstrated that colocalization 

between the H3-targeted polyplexes and importin-4 occurred either inside the nucleus or in 

the nuclear periphery (Figure 2), with increased nuclear colocalization and decreased non-

nuclear colocalization during and after mitosis. In these studies, we analyzed the subset of 

polyplexes that were colocalized with importin-4, and we determined which percentage 

were localized within the nucleus versus the nuclear periphery by using integrated density 

calculations to quantify the amount of polyplexes in each location. At one hour post-

transfection, 90% of the H3-targeted, importin-4 colocalized polyplexes were in the non-

nuclear region, whereas the other 10% of these polyplexes were found within the nucleus. 

At 6 h post-transfection, there was a decrease to 68% within the non-nuclear region. At the 

12-hour time point, immediately following mitosis, there was a large shift from non-nuclear 

to nuclear colocalization, with 68% of polyplex-importin-4 colocalization within the nuclear 

region and only 32% in the non-nuclear regions. These data indicated that importin-4 may 

be shuttling H3-targeted polyplexes into the nucleus during mitosis.
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Importin-4 knockdown affects transfection and nuclear delivery

The high levels of colocalization between the H3-targeted polyplexes and importin-4 in both 

the nuclear periphery and the nucleus strongly suggested that importin-4 might mediate 

nuclear delivery and affect transfection efficiency. To further scrutinize this possibility, we 

pre-transfected CHO cells with siRNAs targeting importin-4 and subsequently quantified the 

reductions in transfection efficiency with the H3-targeted polyplexes, PEI polyplexes, or 

sH3 polyplexes by using flow cytometry. A scrambled siRNA was used to control for non-

specific effects of siRNA transfection. Microscopy experiments and western blots were 

performed to confirm knockdown (Figures S2 & S3), and these experiments showed a 60% 

reduction in importin-4 expression following siRNA treatment as well as decreased levels of 

fluorescence in samples where ICC staining was used to detect importin-4. As compared to 

the scrambled control, siRNA induced importin-4 silencing produced an approximately 80% 

reduction in transfection efficiency, confirming a likely role for importin-4 in H3-targeted 

polyplex trafficking and delivery, consistent with imaging experiments (Figure 3). In 

contrast, there was no statistically significant difference between the transfection efficiency 

after importin-4 knockdown and the transfection efficiency following scrambled siRNA 

treatment when either PEI polyplexes or sH3 polyplexes were used for transfection, 

indicating that these polyplexes were not significantly transported by importin-4.

We expected that transfection was reduced because importin-4 was necessary for nuclear 

delivery of the H3-targeted polyplexes. Accordingly, we performed transfection experiments 

with PNA555-labeled polyplexes, and we used fluorescence microscopy experiments to 

quantify the reductions in the amount of nuclear-localized polyplexes following siRNA-

mediated importin-4 silencing. These experiments demonstrated that four fold fewer H3-

targeted polyplexes accessed the nucleus within 12 h (e.g. the time frame immediately 

following mitosis) when importin-4 was inhibited (Figure 4). When samples were treated 

with the scrambled siRNA for importin-4, there was no decrease in nuclear localization as 

compared with the untreated sample. Nuclear localization was undetectable until after 

mitosis in the siRNA treated sample, whereas the nuclear fraction of polyplexes increased 

significantly during mitosis in both the non-treated and scrambled siRNA samples. Nuclear 

localization peaked at 12 h post-transfection for all samples. In contrast, importin-4 

silencing did not affect nuclear localization by the untargeted PEI polyplexes (Figure 4b) or 

by the sH3 polyplexes (Figure 4c), demonstrating that importin-4 was necessary only for 

nuclear localization of the H3-targeted polyplexes, and that the effect was most likely 

mediated by sequence-specific interactions between the H3 tail peptides and importin-4.

Mechanism of nuclear import and importin-4 access

To further analyze the polyplex transport pathways leading to nuclear delivery, we 

questioned the mechanisms by which the H3-targeted polyplexes were gaining access to 

importin-4. Importin-4 is a known cytoplasmic protein, and in our previous studies, we 

showed that the H3-targeted polyplexes trafficked to the nucleus using an endomembrane 

transport pathway that resulted in polyplex accumulation in Rab6-linked ER vesicles prior to 

mitosis, followed by redistribution into the nucleus during mitosis.19 The Sec61 translocon 

functions to insert secretory and transmembrane proteins into the ER during protein 

synthesis, or to retrotranslocate misfolded proteins in the ER to the cytosol for 
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degradation.26 It is also known to retrotranslocate certain toxins, such as cholera toxin and 

ricin, which are trafficked from the cell surface to the ER to the cytosol.33-34

Accordingly, we examined whether Sec61 might retrotranslocate the H3-targeted polyplexes 

to the cytoplasmic face of the ER membrane from the lumen of Rab6/ER vesicles. There 

was up to 10% triple colocalization between the H3-targeted polyplexes, Rab6, and Sec61, 

with a significant increase immediately prior to mitosis (~8 h post-transfection), at which 

point the colocalization values peaked (Figure 5). While the triple colocalization values 

were low overall as compared with the total amount of H3-targeted polyplex colocalization 

with Rab6 at these same time points (e.g. 70% at 8 h),19 the significant increase immediately 

prior to mitosis at 8 h suggested a transient interaction with Sec61 that might enable 

polyplex retrotranslocation to the cytoplasmic face of the vesicles; in the literature, the 

ability to capture interactions with Sec61 is typically relatively limited due to their 

characteristic transient nature.26 Triple colocalization between the H3-targeted polyplexes, 

Rab6, and Sec61 then decreased significantly after mitosis. We also analyzed triple 

colocalization between the H3-targeted polyplexes, Sec61, and importin-4, to determine 

whether the polyplexes might gain access to importin-4 on the cytoplasmic face of the ER 

vesicles, and we also found up to 10% triple colocalization, with maximal colocalization 

after mitosis (12 h post-transfection). These results demonstrate a delayed tri colocalization 

with importin-4 as compared with Rab6, which correlates with the trafficking pattern we 

identified with our H3-targeted polyplexes and Rab6.19 We note that in dual colocalization 

analyses of importin-4 and Sec61 alone, we observed a maximum of 12% colocalization, 

and in fact, there was less colocalization during mitosis (at the 12 h time point) as compared 

with the triple colocalization of these two proteins with the H3-targeted polyplexes. The 

higher coincidence of importin-4 and Sec-61 in the presence of the polyplexes suggested 

that binding between the H3-targeted polyplexes and importin-4 may drive interactions 

between importin-4 and Sec61.

To further probe the role for Sec61 in nuclear access by the H3-targeted polyplexes, we 

performed knockdown experiments employing siRNA coding for Sec61. A Western blot 

was performed to quantify Sec61 knockdown, which occurred at a level of approximately 

70% (Figure S3). To determine whether Sec61 knockdown impacted H3-targeted polyplex 

transfection, cells were pre transfected with Sec61-encoding siRNAs and subsequently 

transfected with H3-targeted polyplexes, PEI polyplexes, or sH3 polyplexes. As shown in 

Figure 6, there was a 35% decrease in H3-targeted polyplex transfection following Sec61 

knockdown, whereas there was no significant effect on transfection by the PEI polyplexes or 

sH3 polyplexes when Sec61 was silenced. These data suggest that Sec61 may trigger H3-

targeted polyplex retrotranslocation for at least a fraction of the polyplexes, leading to 

cytoplasmic access and nuclear delivery.

Post-mitotic polyplex interaction with chromatin and importin-4 knockdown

Importin-4 plays an instrumental role in post-mitotic redeposition of the H3 protein in 

chromatin, and we hypothesized that importin-4 might also deposit the polyplexes on 

chromatin in a similar manner, leading to improved nuclear retention. Accordingly, we 

sought to determine the extent to which the polyplexes bound to chromatin post-mitosis, and 
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whether this effect required importin-4. Using super resolution microscopy, we assessed the 

interactions between the H3-targeted polyplexes and DAPI stained chromatin (Figure 7). 

Super resolution microscopy, combined with structured illumination microscopy (SIM), 

resolves objects beyond the diffraction limit by illumination with multiple interfering beams 

of light. The emitted light contains higher resolution image information, resulting in an 

image with twice the resolution of a conventional image taken on the same microscope, and 

the ability to distinguish features as small as 50 nm.35 Therefore, we used this technique to 

identify interactions between chromatin and the polyplexes according to procedures 

previous used in the literature.36 65% of the H3-targeted polyplexes interacted with 

chromatin following mitosis. We further explored this interaction by performing the same 

experiments after siRNA-mediated silencing of importin-4. There was an approximately 

75% decrease in chromatin binding by the H3-targeted polyplexes when importin-4 was 

inhibited (Figure 7c), consistent with confocal microscopy analyses at 12 h post-

transfection (Figure 4). From super resolution images, it was also evident that the majority 

of the polyplexes did not even enter the nucleus when importin-4 was reduced, and that the 

polyplexes were instead trapped around the nuclear periphery. Those polyplexes that did 

enter the nucleus did not interact with chromatin to a measurable extent when importin-4 

was inhibited (Figure 7b). Therefore, these data corroborate the finding that importin-4 was 

necessary for the H3-targeted polyplexes to enter the nucleus, and the data also indicated 

that importin-4 drives interactions with chromatin to affect nuclear retention.

Discussion

A critical limitation of many nonviral gene delivery vehicles is their low transfection 

efficiency, which is partially due to their limited ability to cross the nuclear membrane. 

Multiple studies have explored whether the addition of NLS sequences to nanostructures can 

enhance nuclear delivery, yet effective strategies to exploit NLSs in mitotic cells have not 

been fully elucidated. Accordingly, this study documents the first comprehensive 

examination of the mechanisms involved in NLS-mediated transfer of polyplexes from 

endomembrane vesicles to the nucleus. Our studies not only identify novel steps involved in 

gene delivery employing the histone H3 NLS, but also suggest general nuclear delivery 

mechanisms involving retrotranslocation from the ER into the cytosol as well as NLS-

mediated chromatin deposition via interaction with cytoplasmic chaperones (Figure 8). 
These pathways may represent new targets to increase the efficacy of nanocarrier-mediated 

gene transfer.

In our previous studies, we determined that H3 targeting peptides enhance the utilization of 

caveolar endocytic routes and improve transfection by transferring polyplexes through 

compartments that localize to the ER and nucleus, similar to the trafficking behavior of 

several types of native proteins37 and pathogens.19 In these prior studies, we specifically 

showed that the transport behavior of the H3-targeted polyplexes was conferred in part by 

interactions with histone H3 effectors, such as H3K4 methyltransferase subunits involved in 

regulating vesicular transport between late endosomes and the Golgi.19 These findings 

motivated the analyses herein to determine whether other H3 effectors, such as the H3 

importins, might be involved in shuttling H3-targeted polyplexes into the nucleus during 

mitosis.
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Our work identified several key similarities with the importin mediated post-mitotic nuclear 

deposition process for the histone H3 protein. In particular, core histones are synthesized 

and imported during S phase, when they are needed for the assembly of newly replicated 

DNA, as well as for chromatin remodeling that takes place during transcription.38 H3 and 

H4 proteins form a tetramer within the cytosol after synthesis, and are actively transported 

into the nucleus through the NPC.21 Early studies have shown that nuclear import is 

typically facilitated by importins 4 and 5, which bind to either H3 or H4 NLS in the 

positively charged core domain of a H3 H4 tetramer.21, 39-40 However, Baake and 

coworkers found that core histones can also be transported by any of several members of the 

importin β superfamily, and H3 can be imported into the nucleus in the absence of H4 via 

interactions with importin-4 and subsequent binding to the import receptors.41 Also, recent 

studies have demonstrated that only importin-4 is needed for nuclear deposition.20, 22 

Therefore, we focused on importin-4 as a nuclear chaperone for our H3-targeted polyplexes.

Our results demonstrate that the same importins are also critical for polyplex import, but the 

detailed processes appear to be distinct, likely because our polyplexes are too large for 

import through the NPC. During mitosis, the nucleus disassembles and the NPCs 

disassociate. At the end of mitosis, the nuclear envelope reassembles on the surface of 

chromatin, while NPCs begin to reassemble and actively reimport proteins that contain 

NLSs. Some viruses are known to access the nucleus during mitosis when the nuclear 

envelope is disassembled. For example, the retrovirus murine leukemia virus can only 

access the nucleus during mitosis because the viral complex is too large for the NPC.42 

These viruses wait for the dispersion of the nuclear membrane, and become included within 

the nucleus during membrane reformation. This leads us to believe that our polyplexes may 

also be utilizing the reassembly of the nuclear envelope as a means to enter the nucleus 

during cell division. In fact, some studies have shown that the ER membrane forms the 

source of the newly forming nuclear membrane,43 which wraps around chromosomes until 

the nuclear envelope is reformed. Our studies demonstrated strong colocalization with 

importin-4, which increased within the nucleus post-mitosis, indicating that the NLS on the 

H3 peptide is functional and may be used in docking our polyplexes with the NPC. It is 

possible that the polyplexes associate with importin-4 in the cytoplasm, and this interaction 

may stabilize an association with chromatin during ER-mediated nuclear envelope 

reassembly. This hypothesis is consistent with the role for importin-4 in shuttling histone 

proteins onto chromatin, via coordinated interactions with the histone chaperone Asf1 and 

the chromatin assembly factor Caf1.23

The capacity to interact with importins requires access to the cytoplasm or nucleus, and 

hence we also questioned the mechanisms by which the H3-targeted polyplexes might exit 

ER/Rab6 vesicles. Pathogens are highly efficient at exploiting nature's machinery for this 

purpose; in particular, Shiga toxin B has evolved mechanisms to travel from the ER to 

cytosol via the ER-associated protein degradation pathway, ultimately escaping degradation 

and retrotranslocating into the cytosol.44 This process depends upon the Sec61 translocon, 

which was also implicated in localization of the epidermal growth factor receptor to the 

nucleus through a process involving retrotranslocation from the ER to the cytosol followed 

by importin β-mediated nuclear import.26 Small peptides have also been observed to exit the 

ER by this route.45 Accordingly, a reasonable suggestion was that the same channel used for 
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the ER associated protein degradation (ERAD) pathway, Sec61 and its partner subunits, was 

also employed for translocating polyplexes out of the ER. Our results indicated that at least 

some of the H3-targeted polyplexes associate with Sec61 and rely on this association to 

mediate transfection, presumably by using an ERAD like pathway to access the cytoplasm 

and interact with importin-4. In particular, partial (~70%) suppression of Sec61 expression 

reduced H3-targeted gene transfer levels substantially, by approximately 35% (Fig. 6), 

despite the relatively low levels of detectable colocalization between the H3-targeted 

polyplexes and Sec61. Studies of Sec61 in protein transport have similarly provided mixed 

results. Membrane proteins show Sec61-dependence for degradation, which is evidence for 

Sec61-mediated retrotranslocation.46 Some experiments show strong dependence of the 

ERAD on Sec61,47-48 yet in other ERAD assays, there was no apparent role for Sec61.49-50 

These studies may indicate that another, unidentified mechanism exists for protein 

translocation in some contexts. This alternate mechanism, or a similar process, may also be 

responsible for releasing a portion of the H3-targeted polyplexes into the cytosol.

In contrast to H3-targeted polyplexes, untargeted and sH3 polyplexes exhibited 

fundamentally different results, with significantly decreased localization with importin-4 

and sec61, and a lack of dependence upon mitosis. These results are consistent with our 

previous findings where untargeted polyplexes were trafficked through a different pathway 

towards the nucleus.19 This significant difference in colocalization with importin-4, whose 

natural role is the import of the H3 protein, strongly indicates that it interacts sequence 

specifically with the H3-targeted polyplexes during import.

In this study, we observed the identification of specific mechanisms by which H3-targeted 

polyplexes reach the nucleus by retrotranslocating from ER vesicles and subsequently 

entering the nucleus during postmitotic redistribution of ER membranes, utilizing the natural 

import machinery of histone protein chaperones. These findings demonstrate a need for 

fundamentally different approaches in nonviral design. Additionally, as gene transfer within 

dividing cells continues to require unreasonable excesses of DNA, improved methods to 

target the nucleus are essential to advance gene therapy.

Materials & Methods

Materials

H3 tail peptides comprised of the mammalian N-terminal H3 residues 1–25 

(ARTKQTARKSTGGKAPRKQLATKAA-CONH2) were purchased from Anaspec 

(Fremont, CA) at ≥95% purity. The sH3 peptide sequence was designed to incorporate 

residues 1-25 of the N-terminal tail of the H3 protein in a randomized sequence 

(LSAATPRTAKGARQTKRQKAKGTAK-CONH2). The peptide was synthesized using 

previous protocols19. The peptide was synthesized by solid phase peptide synthesis with a 

Protein Technologies, Inc. Tribute series peptide synthesizer (Tucson, AZ) and a rink amide 

ChemMatrix resin from Pcas Biomatrix, Inc (Quebec, Canada). Cleavage of the peptide 

from the resin was performed using a cocktail consisting of 95 vol % trifluoroacetic acid 

(TFA), 2.5 vol % H2O, and 2.5 vol % triisopropylsaline. The gWIZ mammalian expression 

plasmid encoding GFP was obtained from Genlantis (San Diego, CA), amplified in DH5α 

Escherichia coli in Lysogeny Broth, and purified with a QIAGEN Plasmid Mega Kit 
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(QIAGEN, Valencia, CA) following the manufacturer's protocols. Alexa Fluor 555-labeled 

PNA clamps were custom synthesized and purified to >90% by Panagene (Daejeon, Korea). 

Cell culture reagents were purchased from Fisher Scientific (Pittsburgh, PA). Branched PEI 

(25 kDa) and all other reagents were purchased at analytical grade from Sigma (St. Louis, 

MO). Rab-GFP plasmids were purchased from Addgene (ID#31734). Primary antibody 

reactive with importin-4 (ab28387) was obtained from Abcam (Cambridge, MA), and 

importin-5 (sc-11369) and actin (sc1616R) primary antibodies were obtained from Santa 

Cruz Biotechnology (Dallas, TX). Secondary antibody (AlexaFluor488 anti-rabbit IgG) was 

obtained from Invitrogen (Carlsbad, CA). Sec61 and Rab6 –GFP plasmids were obtained 

from Addgene (15108, 31733).

Cells culture and synchronization

CHO-K1 cells were obtained from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). The cells were cultured according to ATCC protocols at 37°C and 5% 

CO2 in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. 

Cells were passaged when they reached approximately 80% confluency.

For cell synchronization, CHO cells were plated at approximately 7200 cells/cm2. Twenty-

four h after plating, solutions of lovastatin (10μM) in growth medium (serum/antibiotic-

supplemented DMEM) were added to cells, and the cells were incubated in the lovastatin 

solutions for 32–36 h51. Subsequently, the medium containing lovastatin was removed, the 

cells were washed with PBS, and fresh growth medium was added to cells to resume the cell 

division cycle. Cells were incubated for an additional 16 h so that transfection could take 

place during the S phase of cell division52.

Polyplex formation and transfection

For colocalization studies, pDNA was fluorescently labeled with PNA555 at a ratio of 1:20 

(DNA:PNA) incubated overnight at 37 °C.32 H3-targeted PEI polyplexes, untargeted PEI 

polyplexes, or sH3 polyplexes were formed in 20 mmol/l 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) at a pH of 6 as previously described18. For all experiments, 

polyplexes were formed at an N:P ratio of 10. For polyplexes formed with a mixture of H3 

(or sH3) and PEI, an N:P ratio of 6/4 was used where the total N:P ratio was 10, with N = 6 

from H3 (or sH3) and N = 4 from PEI. This corresponds to ~90% (w/w) H3 and 10% PEI in 

the polycation solution used for pDNA complexation. For the formation of H3-targeted 

polyplexes and scrambled H3 polyplexes, the H3 (or sH3) peptide was added before the PEI 

peptide. The structures of the polyplexes were analyzed in our prior work by gel 

electrophoresis experiments as well as dynamic light scattering and zeta potential 

experiments.18, 53 The amount of peptide within the polyplex was also quantified 

previously53. Unless otherwise indicated, cells were pulse transfected for 15 minutes with 

polyplexes, and subsequently rinsed with phosphate-buffered saline (PBS) and fresh growth 

medium (serum/antibiotic supplemented DMEM) was added to the cells until a specified 

time point.
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Immunocytochemistry analysis

For colocalization studies with importin-4 and Sec61, CHO cells were plated, synchronized, 

and 15 minute pulse transfected with H3-targeted polyplexes, untargeted PEI polyplexes, or 

sH3 polyplexes. Pulse/chase transfection approaches are necessary to accurately determine 

cellular transport kinetics, since endomembrane trafficking events occur on time scales that 

are much shorter than typical transfections.19, 54 At the specified time points, cells were 

rinsed with PBS, washed with 10 μg/ml heparin, washed again with PBS, and fixed with 4% 

paraformaldehyde in PBS for 15 minutes. Cells were subsequently permeabilized with 0.1% 

saponin in PBS (Sap) and blocked with 0.5% bovine serum albumin in 0.1% Sap. A 1 μg/ml 

solution of primary antibody was incubated with the cells overnight at 4 °C in the blocking 

buffer. Cells were subsequently rinsed three times with PBS and incubated with the 

secondary antibody in blocking buffer for 1 h at room temperature. Following secondary 

antibody treatment, cells were rinsed three more times with PBS and stored at 4 °C prior to 

imaging.

Confocal microscopy and quantification of polyplex colocalization

Cell imaging was performed with a 40× water immersion objective (NA = 0.55) on an LSM 

710 microscope (Carl Zeiss, Thornwood, NY) equipped with appropriate lasers and filters 

for the selected fluorescent dyes. Volocity Imaging Software (PerkinElmer) was utilized for 

image analysis and quantification of colocalization, where the locations of polyplexes and 

importin-4, Sec61, Rab6, and the nucleus were determined from measurement statistics 

associated with individual voxel intensities. The fraction of polyplexes (red voxels) that 

colocalized with the stain of interest (green voxels) was analyzed by calculation of the Mr, 

which represents the sum of the colocalized red intensity divided by the sum of the total red 

intensity. Mr values range from 0 (no colocalization) to 1 (complete colocalization of red 

voxels with green voxels)55. Volocity software automatically determined minimum values 

for red and green intensities, and these minimum values were set as the threshold to 

distinguish signal from background. Statistical analyses of Mr values were performed using 

a two tailed Student's t-test and the SE reported represents the population of polyplexes 

analyzed. A range of 80–100 polyplexes per data point in each colocalization study was 

analyzed to obtain these values. For triple colocalization, we used an algorithm for 

determining colocalization by measuring groupings of polyplexes rather than individual 

voxels, as such a measure more likely represents the underlying functional relationships56.

Flow cytometry and transfection efficiency analysis

For cell transfection efficiency experiments, cells were transfected with polyplexes for 2 h, 

according to previously published procedures.18 GFP expression was quantified on an 

Accuri C6 flow cytometer. For cytometry analyses, cells were collected after imaging and 

prepared for analysis by standard trypsin-mediated collection protocols. Briefly, cells were 

rinsed with PBS, incubated with trypsin, collected in 15 ml centrifuge tubes. Subsequently, 

cells were collected by centrifugation, resuspended in 300 ml of cold PBS, filtered through a 

35 μm nylon mesh to remove aggregates, and stored at 4 °C until analysis. Scattering plots 

were gated for quantification purposes, and a total of 10,000 cells were analyzed for each 

cell sample. Dead cells were excluded from the analyses of transfection efficiency.
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siRNA silencing (Imp4, Sec61)

Importin-4 and Sec61 siRNAs were synthesized by Dharmacon (Boulder, CO). Cells were 

transfected using the DharmaFECT reagent using 10 μM pooled siRNA oligos for 48 hrs. 

Importin-4 target sequences: GCAUUUCGCUGUACAAGUU, 

AGUCAGAGGUGCCGGUCAU, CCUCGCAAGUUGUACGCAA, 

AUGGAGCACCUGCGGGAAU. Sec61 target sequences: 

CAGUAUUGGUUAUGAGUCU, GUUCGUAGAUUCAGUUACA, 

GCUCAAAGUUGGCCCUGUU, CUGUAAGCUUGCUGUUUUA

Super Resolution Microscopy

CHO cells were plated in eight-well plates and synchronized. Cells were pulse transfected 

for 30 min with polyplexes in Opti-MEM (1 μg of DNA/well), rinsed with PBS, and 

cultured in complete medium prior to imaging. Super resolution imaging was performed on 

an Elyra PS1 super resolution microscope (Carl Zeiss, Oberkochen, Germany) using a 561 

nm laser for excitation. The objective was a 63×/1.4 oil immersion apochromat (Carl Zeiss). 

Ten images containing 80–100 cells in total were analyzed to collect the data for each 

sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a-c) Representative confocal microscopy z-slice images of cells expressing importin-4 

(green) with the nuclei stained with DAPI (blue) 6 h after a pulse-transfection with PEI 

polyplexes (a), H3-targeted polyplexes (b), or sH3 polyplexes (c). Polyplexes are in red; 

arrows indicate regions of colocalization between polyplexes and importin-4. The scale bar 

(shown in a) = 10 μm. The cell borders were outlined in white by comparison with the 

corresponding phase images by using Zen software. (d) Mander's coefficients quantifying 

colocalization between polyplexes and importin-4 from confocal microscopy images taken 

at different times post-transfection, performed by Volocity Image Analysis Software. 

Untargeted PEI polyplexes (black), H3-targeted polyplexes (dark gray), and sH3 polyplexes 

(light gray) were transfected in CHO cells and colocalization was analyzed at various times 

post-transfection. Each data point represents the mean ± SE with a minimum of 80-100 

polyplexes analyzed. The dotted line indicates mitosis. *Indicates a statistically significant 

difference from PEI polyplexes at the same time point (P < 0.05). **Indicates a statistically 

significant difference from the previous time point for the given polyplex (P < 0.05).

Ross and Sullivan Page 16

Mol Pharm. Author manuscript; available in PMC 2016 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Nuclear vs. non-nuclear accumulation of H3-targeted polyplexes. (a) Integrated fluorescence 

calculations were used to determine the quantity of importin-4-colocalized polyplexes in the 

non-nuclear regions of the cell (black) or within the nucleus (grey). Integrated fluorescence 

was calculated using the area of the polyplex grouping and the mean intensity of the 

grouping, using ImageJ software. (b) Percentages of importin-4-colocalized polyplexes in 

the nucleus (grey) vs. non-nuclear regions of the cell (black). The dotted line represents the 

approximate time of mitosis. Each data bar represents the mean ± SE, with a minimum of 

80-100 polyplex groupings analyzed per bar.
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Figure 3. 
Summary of flow cytometry analyses of CHO cell transfection following siRNA-mediated 

importin-4 knockdown. Transfection efficiencies of the indicated polyplexes were assessed 

24 h post-transfection. Transfection with no treatment control (black), scrambled siRNA 

(dark gray), or importin-4 siRNA (light gray). Each data point represents the mean ± 

standard deviation for a total of at least four separately prepared samples. *Indicates a 

statistically significant difference from the scrambled siRNA treatment control (P < 0.05).
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Figure 4. 
Nuclear localization of H3-targeted polyplexes (a), PEI polyplexes (b), or sH3 polyplexes 

(c) following siRNA mediated importin-4 knockdown. Quantification of nuclear localization 

from confocal microscopy images was performed with Volocity Image Analysis software 

for polyplexes in CHO cells with no treatment (black), treatment with scrambled siRNA 

(dark gray), or treatment with importin-4 siRNA (light gray). The dotted line represents the 

approximate time of mitosis. Each data point represents the mean ± SE for a minimum of 

100 polyplexes, with ~10 images analyzed per replicate. *Indicates a statistically significant 

difference from the no treatment control at the same time point (P < 0.05). **Indicates a 
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statistically significant difference from the previous time point for the given sample (P < 

0.05).
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Figure 5. 
Triple colocalization experiments with H3-targeted polyplexes, importin-4, and Rab6, or 

H3-targeted polyplexes, importin-4 and Sec61. (a) Representative confocal z-stack slice of 

H3-targeted polyplexes (red), nucleus (blue), Rab6 (green), and importin-4 (magenta). (b) 

Representative confocal z-stack slice of H3-targeted polyplexes (red), nucleus (blue), Sec61 

(green), and importin-4 (magenta). Arrows represent points of triple colocalization. The 

scale bar (shown in a) = 10 μm. (c) Quantification of colocalization with H3-targeted 

polyplexes, importin-4, and Rab6 (black); H3-targeted polyplexes, importin-4, and Sec61 

(dark gray); or importin-4 and Sec61 alone (light gray). * Indicates a statistically significant 

difference between the previous time point for a given sample (P < 0.05).
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Figure 6. 
Summary of flow cytometry analyses of CHO cell transfection following siRNA-mediated 

Sec61 knockdown. Transfection efficiencies of the indicated polyplexes were analyzed 24 h 

post-transfection. Transfection with no treatment control (black), treatment with scrambled 

siRNA (dark gray), or treatment with Sec61 siRNA (light gray). Each data point represents 

the mean ± standard deviation for a total of at least four separately prepared samples. 

*Indicates a statistically significant difference from the no treatment control (P < 0.05).
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Figure 7. 
Super resolution imaging experiments of H3-targeted polyplex binding to chromatin. 

Representative images of chromatin (blue) binding by the H3-targeted polyplexes (red) 

when cells were treated with scrambled importin-4 siRNA (a), and representative images 

showing the lack of H3-targeted polyplex binding to chromatin when cells were treated with 

importin-4 siRNA (b). The scale bar (shown in a) = 5 μm. Chromatin was stained with 

DAPI. White arrows indicate chromatin binding, green arrows represent the lack of 

chromatin binding by nuclear polyplexes when importin-4 was inhibited, and red arrows 

indicate those polyplexes that remained largely in the nuclear periphery with importin-4 

inhibition. (c) Quantification of chromatin binding using Manders’ coefficients at 12 h post-

transfection. Ten images containing 8–10 cells per image were analyzed for each sample.
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Figure 8. 
Proposed mechanisms for H3-targeted polyplex transfer into the nucleus. Key regulators 

include importin-4, Sec61, as well as ER membrane mediated nuclear entry during 

mitosis.19
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