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A B S T R A C T

The large GTPase dynamin 2 controls both endosomal fission and microtubule acetylation. Here we report that
dynamin 2 alters microtubules and regulates the trafficking of human adenovirus type 37. Dynamin 2 knock-
down by siRNA in infected cells resulted in accumulation of acetylated tubulin, repositioning of microtubule
organizing centers (MTOCs) closer to cell nuclei, increased virus in the cytosol (with a compensatory decrease in
endosomal virus), reduced proinflammatory cytokine induction, and increased binding of virus to the nucleo-
porin, Nup358. These events led to increased viral DNA nuclear entry and viral replication. Overexpression of
dynamin 2 generated opposite effects. Therefore, dynamin 2 inhibits adenovirus replication and promotes innate
immune responses by the infected cell. MTOC transposition in dynamin 2 knockdown promotes a closer asso-
ciation with nuclear pore complexes to facilitate viral DNA delivery. Dynamin 2 plays a key role in adenoviral
trafficking and influences host responses to infection.

1. Introduction

Dynamins belong to a super-family of large GTPases that includes
dynamin-like proteins. Three types of dynamin are well characterized.
Dynamin 1 is found in neurons and brain, dynamin 2 is ubiquitously
present, and dynamin 3 is found in testis, lung and heart. Dynamin 2
was first identified as a microtubule binding protein (Shpetner and
Vallee, 1989), and later confirmed to be a GTPase activated by micro-
tubules (Shpetner and Vallee, 1992). However, less attention was given
to dynamin’s microtubule-associated function after the identification of
a critical role for dynamin in vesicle fission in endocytosis. Dynamin 2
has been shown necessary for the entry of several viruses, including
hepatitis E virus (Holla et al., 2015), Ebola virus (Aleksandrowicz et al.,
2011; Mulherkar et al., 2011), dengue 2 virus (Shrivastava et al., 2011),
influenza A virus (de Vries et al., 2011), and HIV (Carter et al., 2011).
All these reports focused on the GTPase function of dynamin 2 in fission
and endocytosis. However, the role of dynamin 2 in microtubule sta-
bility and its impact on viral trafficking have not been addressed.

Microtubules form the skeletons of cells and control the positioning
of many organelles within the cell, such as the Golgi apparatus, lyso-
somes, and endosomes. The cell nucleus is often found close to the
microtubule organizing center (MTOC), also known as the centrosome
(Thyberg and Moskalewski, 1999). Microtubules have inherent po-
larity, with a slow growing minus end towards the center of the cell,

and a fast growing plus end towards the cell periphery (Mitchison and
Kirschner, 1984a, 1984b; Salmon et al., 1984), referred to as the dy-
namic instability of growth. Adenovirions must reach the nuclei of in-
fected cells to replicate and produce progeny, and was long been known
to associate with microtubules (Dales and Chardonnet, 1973; Miles
et al., 1980). Human adenoviruses (HAdV) cause upper and lower re-
spiratory, gastrointestinal, ocular, and urinary tract infections, and are
classified into seven species (A-G) with 90 unique genotypes in Gen-
Bank. In HeLa and TC7 cells, movement of cytosolic HAdV-C2 towards
the nucleus depended on intact, but not dynamic microtubules
(Suomalainen et al., 1999). Moreover, the endosomal escape-defective
mutant adenovirus ts1 was shown not to reach the perinuclear MTOC.
Rather, only wild type virus that escaped the endosome and became
cytosolic reached the MTOC (Suomalainen et al., 1999). HAdV-C2 was
shown to associate with MTOC up to 5 h post-infection (Bailey et al.,
2003), suggesting that adenovirus association with MTOC may be
prerequisite to adenovirus DNA delivery to the nucleus. However, to
date there is no compelling evidence connecting MTOC localization
near the nuclear membrane with a physical interaction between virions
and the nuclear pore complex. Approximately 2000 nuclear pore
complexes, each consisting of ~30 different proteins (nucleoporins,
Nups), are distributed on the nuclear envelope. Nucleoporins act as
gatekeepers for the active import and export of large molecules be-
tween the nucleus and cytoplasm. One particular nucleoporin, Nup358,
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localizes to the cytoplasmic side of the NPC and has been implicated in
both SUMOylation and kinetochore-microtubule association (Asally
et al., 2011; Joseph et al., 2002; Pichler et al., 2002; Salina et al., 2003).

Dynamin 2 regulates dynamic instability of microtubules, which is
essential for organelle motility. Acetylation of tubulin has been re-
ported during entry and trafficking of several viruses, including ade-
novirus (Belin and Boulanger, 1985; Frampton et al., 2010; Husain and
Harrod, 2011; Kelkar et al., 2004; Valenzuela-Fernandez et al., 2005;
Zhong et al., 2014). Herein we present a novel function for dynamin 2
in trafficking of HAdV-D37 during the initial phases of infection. We
found that dynamin 2 knockdown in keratocytes led to increased
acetylated tubulin, repositioning of MTOCs closer to cell nuclei, greater
viral DNA entry to cell nuclei, and increased viral replication. Im-
portantly, dynamin 2 knockdown prior to viral infection was also as-
sociated with reduced cytokine expression, as compared to cells treated
with scRNA or in which dynamin 2 was overexpressed. Transfection of
the dynamin 2 mutant Δ551-553, earlier reported to cause accumula-
tion of acetylated tubulin (Tanabe and Takei, 2009), and implicated in
Charcot-Marie-Tooth disease (Zuchner et al., 2005), increased viral
gene expression as compared to wild type dynamin 2, as did Δ746-786,
lacking the microtubule binding site (Hamao et al., 2009).

2. Results

2.1. Viral trafficking is pH independent, but microtubule polymerization
dependent

Endosomal acidification during intracellular trafficking is critical
for many viruses (Giovanni et al., 2000; Lee et al., 2011; Shtanko et al.,
2014; Wenzel et al., 2011). However, there are reports that trafficking
of viruses can be independent of endosomal acidification in certain cell
types (Boritz et al., 1999; Haspot et al., 2012; Kamiyama et al., 2011).
In order to test whether trafficking of HAdV-D37, a severe eye pa-
thogen, is dependent on endosomal acidification in primary human
keratocytes, derived from deceased corneal donors, we pretreated cells
with varying amounts of bafilomycin A, an endosomal acidification
repressor, and infected the cells with virus. Keratocytes pretreated with
bafilomycin A prior to infection showed no reduction in viral gene
expression even at 500 nM for up to 2 h post infection (pi) (Fig. 1A and
data not shown), with E1A expression levels similar to virus and DMSO
control groups. These results suggest that HAdV-D37 entry in kerato-
cytes is independent of endosomal acidification, in confirmation of
prior work suggesting that HAdV-D37 entry in keratocytes occurs via
caveosomes (Yousuf et al., 2013), a process not known to require
acidification.

We then applied cytochalasin D, a potent inhibitor of actin poly-
merization, as a pretreatment prior to infection. Cells pretreated with
cytochalasin D showed a dose-sensitive reduction in viral gene ex-
pression (Fig. 1B) as compared to virus only and DMSO treated, virus
infected cells, but viral gene expression was still evident even at a
concentration of 2 µM. In comparison, pretreatment with the micro-
tubule polymerization inhibitor, nocodazole, at either 10 µM or 30 µM,
completely abrogated HAdV-D37 gene expression in keratocytes as
compared to controls (Fig. 1C). We further examined the effect of no-
codazole on viral entry by confocal microscopy with Cy3-labeled vir-
ions (Fig. 1D). Cells infected after DMSO treatment showed intracellular
virions (Fig. 1D, panel 1), whereas virions were not evident within
nocodazole pretreated cells (Fig. 1D, panel 2). These data appeared in
agreement with viral gene expression data in Fig. 1C. Because of this
observed effect of nocodazole, an inhibitor of microtubule poly-
merization, we next turned to examination of dynamin 2, a protein
previously implicated in endocytosis of viruses, and known to bind and
modify microtubules.

2.2. Dynamin 2 negatively regulates viral gene expression

Dynamin 2 has been reported to play a role in pinching of vesicles
from the plasma membrane during endocytosis, (Ferguson and De
Camilli, 2012) and in microtubule and actin skeleton dynamics
(Gonzalez-Jamett et al., 2013). To investigate a possible effect of dy-
namin 2 on viral entry and trafficking of adenovirus, we treated pri-
mary keratocytes with siRNA against dynamin 2 and then infected with
HAdV-D37 for 2 h. Measurement by Western blot (Fig. 1E, upper panel)
and qRT-PCR (Fig. 1E, lower panel) each indicated knockdown. We
included AP2A1 as a negative control for dynamin 2 knockdown.
Quantitative RT-PCR for E1A gene expression, a surrogate marker of
viral infection, using the same pool of total RNA as in Fig. 1E, indicated
that dynamin 2 siRNA knockdown (siDNM2) enhanced viral gene ex-
pression by ~4-fold as compared to control, scrambled (sc)RNA trans-
fection (Fig. 1F). We then questioned the consequence of over-
expression of a dynamin 2 fusion protein (OE-DNM2) in viral gene
expression. Successful overexpression of dynamin 2 was shown by
Western blot (arrow, Fig. 1G, upper panel) and qRT-PCR (Fig. 1G, lower
panel). Viral E1A expression was reduced by ~50% in cells with
overexpressed dynamin 2 as compared to empty vector control (EV),
(Fig. 1H). These results strongly suggest that dynamin 2 negatively
regulates adenovirus entry and/or trafficking in human keratocytes.

2.3. Tubulin acetylation upon dynamin 2 knockdown is associated with
enhanced adenovirus trafficking

Adenoviral trafficking is reported to require intact microtubules
(Leopold et al., 2000), and mutations in dynamin 2 increase acetylation
and accumulation of stable microtubules (Tanabe and Takei, 2009). As
our results above indicated an increase in viral gene expression upon
dynamin 2 knockdown, we further investigated whether changes in
microtubule stability contributed to increased viral trafficking. Western
blot analysis showed an increase in acetylated tubulin upon viral in-
fection. This effect on tubulin acetylation was reduced by dynamin 2
overexpression (Fig. 2A), and increased by pretreatment with siDNM2
(Fig. 2B). Confocal microscopy of mock infected cells after pretreatment
with siDNM2 clearly shows a more marked increase in tubulin accu-
mulation near the perinuclear regions (arrow, Fig. 2C. row 2), in
comparison to the other treatment groups. Treatment of nonenveloped
virions with Cy3 dye labels external capsid proteins. At 1 h pi, confocal
analysis showed Cy3-labeled virions in the same regions where accu-
mulation of acetylated tubulin was observed, when cells were knocked
down for dynamin 2 (Fig. 2C, rows 3 and 4). In contrast, in cells in-
fected after overexpression of dynamin 2, scRNA, or empty vector,
acetylated tubulin and Cy3-labeled virions appeared more dispersed
with comparatively less accumulation near the perinuclear regions.

2.4. Dynamin 2 knockdown increases nuclear targeting of virus

EdU labeling of DNA by click chemistry can enable visualization of
viral DNA by microscopy (Wang et al., 2013). Using EdU labeling of
HAdV-D37 to visualize the viral DNA with simultaneous labeling of
acetylated tubulin, we next sought to determine whether increased
virus in the perinuclear region of cells knocked down for dynamin 2 was
associated with increased viral DNA nuclear entry. Viral infection in-
duced tubulin acetylation (red) similar to that observed in Fig. 2.
Confocal analysis at both 1 and 2 h pi appeared to show more viral DNA
(green) in the nuclei of siRNA treated cells, as shown by highlighted
circles around each nucleus (Fig. 3A, d-1 and h-1), with comparatively
less viral DNA in nuclei of the cells treated with scRNA (Fig. 3A, c-1, g-
1) or in cells transfected with empty vector (Fig. 3A, a-1,e-1), or in cells
where dynamin 2 was overexpressed (Fig. 3A, b-1, f-1). Quantification
by ImageJ analysis of EdU fluorescence, restricted to images from the
nuclear stack as described in the Methods, showed significantly greater
signal in the nuclei of HAdV-D37 infected cells pretreated with
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dynamin 2 siRNA (p < 0.0001) (Fig. 3B).
In addition to modifying microtubules, dynamin 2 also regulates

endosomal fission. To consider the possibility that increased nuclear
entry in dynamin 2 knockdown was due to an effect of dynamin 2 on
endosomal fission affecting viral endocytosis, we next examined the
relative amount of viral DNA in cells at 30 min after infection at 37 °C,
measured by conventional PCR at three separate regions of the genome.
As shown, we did not observe differences in the amount of viral DNA in
any pretreated group by PCR (Fig. 3C) or by quantitative PCR (Fig. 3D),
inconsistent with a role for dynamin 2 in viral endocytosis in these cells,

and suggesting that the effect of dynamin 2 on viral trafficking occurs
downstream of membrane penetration.

Adenovirus DNA replication occurs in cell nuclei. As shown above,
the extent of cellular entry was not appreciably affected by dynamin 2
knockdown, although nuclear entry of viral DNA was clearly increased.
To determine whether increased viral DNA in cell nuclei in dynamin 2
knockdown leads to increased viral production, we infected cells after
dynamin 2 knockdown, dynamin 2 overexpression, or their controls
(scRNA and empty vector, respectively), and performed a viral titration
assay from culture supernatants taken at 12 h pi. As shown in

Fig. 1. Dynamin 2 negatively regulates viral gene expression. A. E1A expression at 2 h pi as measured after virus infection alone (V), or infection following
bafilomycin A pretreatment (Baf+V) at 250 nM or 500 nM, and in the solvent control (DMSO+V). B. Effect on E1A mRNA expression of pretreatment with
cytochalasin D prior to virus infection (Cyto D+V) at 250 nM or 2 µM; solvent control (DMSO+V), virus alone (V); 2 h pi (DMSO+V vs. Cyto D+V 2 µM; *p < 0.05,
ANOVA). C. Effect on E1A mRNA expression of pretreatment with nocodazole prior to viral infection (Noc+V) at 10 µM or 30 µM, virus alone (V), and DMSO control
(DMSO+V). D. Confocal microscopy representation of viral entry at 2 h pi in the presence of solvent control (panel 1, DMSO+V) or 30 µM nocodazole (panel 2, Noc
+V). Cy3 labeled HAdV-D37 (red), anti-α tubulin staining (green). E. Western blot showing protein expression levels in keratocytes after dynamin 2 (DNM2)
knockdown: mock transfected and virus infected (V), scRNA transfected and virus infected (scRNA+V), siDNM2 transfection prior to viral infection (siDNM2+V).
Western blot for α-AP2A1, an adaptor protein shown as negative control for specificity of DNM2 knockdown. Actin blot shows load control. Dynamin 2 mRNA
expression levels by qRT-PCR are represented in bar graph just below. F. Early gene expression (E1A) as measured by qRT-PCR from same RNA pool as in E: virus
alone (V), scrambled RNA (scRNA+V), dynamin 2 knockdown, virus infected cells (siDNM2 +V) (*p < 0.001, ANOVA). G. Western blot shows expression of
mCherry in empty vector prior to virus infection (EV+V) and mCherry-dynamin 2 (arrow) prior to virus infection (OE-DNM2+V). The bar graph just below shows
mRNA expression of dynamin 2. H. E1A mRNA expression as measured in cells after dynamin 2 vector pretreatment, performed on same RNA pool from G
(*p = 0.01, Students t-test). Error bars represent standard deviation of the mean. Each experiment was repeated at least 5 times with similar results.

Fig. 2. Tubulin acetylation is associated
with enhanced adenovirus trafficking. A.
Western blot for dynamin 2, acetylated tu-
bulin, and GAPDH after mock infection (M),
virus infection (V), empty vector transfection
prior to virus infection (EV+V), and dynamin
2 vector transfection prior to infection (OE-
DNM2+V). Blots were cut at the appropriate
sizes and probed with specific antibodies. B.
Western blot for dynamin 2 protein, acetylated
tubulin, and GAPDH in cells after treatment
with scRNA or dynamin 2 siRNA prior to viral
infection (scRNA+V, siRNA+V, respectively).
C. Confocal microscopy of mock and Cy3-la-
beled (red) virus infected cells, 1 h pi, stained
for acetylated tubulin (green). Mock infected
and virus infected cells both show increased
perninuclear acetylated tubulin when knocked
down for dynamin 2 (row 2, right hand
column, arrows, and row 4, right hand
column). Virions in cells knocked down for
dynamin 2 appear to accumulate in the peri-
nuclear region at 1 h pi. Each experiment was
repeated at least 5 times with similar results.
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Supplemental Table 1, viruses grown in cells knocked down for dy-
namin 2 replicated to a titer roughly 7-fold higher than scRNA control
(6.7 × 105 vs. 1 × 105 TCID50, respectively), while viral replication in
OE-DNM2 treated cells was only 0.4 fold of its control, EV treated cells
(1.7 × 104 vs. 4 × 104 TCID50, respectively). Recognizing that trans-
fections of siRNA and the dynamin 2 construct are not identical pro-
cesses, titers from 12 h pi supernatants were about 40-fold higher titer
in siDNM2 cells as compared to cells in which dynamin 2 was over-
expressed (6.7 × 105 vs. 1.7 × 104 TCID50, respectively). Taken to-
gether with the data in Fig. 3, these results suggest that the effect of
dynamin 2 knockdown on viral replication is due to increased viral
trafficking to the nucleus rather than an effect on cellular entry.

2.5. Dynamin 2 knockdown increases the abundance of virus in the cytosol

Earlier reports indicated that various viruses use microtubules to
access the nucleus (Leopold et al., 1998, 2000; Nakano and Greber,
2000; Suomalainen et al., 1999), specifically that stable, non-dynamic
microtubules enhance nuclear-directed viral trafficking (Mabit et al.,
2002; Naranatt et al., 2005; Suomalainen et al., 2001). Based on the
data above, we questioned whether the viruses that enter cells knocked
down for dynamin 2 are contained within endosomes or found free in
the cytosol. We used the recently introduced streptolysin O (SLO) assay
(Suomalainen et al., 2013) that enables visualization and differentiation
of endosome-trapped versus cytosolic virions (Fig. 4A). Because SLO
permeabilizes only plasma membranes and not endosomal membranes,
fluorescently tagged antibodies will not pass into endosomes of SLO
treated cells. Cy3-labeled virions within endosomes retain their red
fluorescence, while virions in the cytosol appear yellow upon binding to

anti-Cy3 antibody with a green chromophore. As a control to ensure
that our SLO assay is indeed specific to differentiate cytosolic from
endosomal virus, cells were also treated with Triton X-100, which
permeabilizes both plasma and endosomal membranes, thus allowing
anti-Cy3 antibody to stain both cytosolic and endosomal viruses. Fur-
ther, antibody against the Golgi marker GM-130 to show that the var-
ious transfections performed in our analyses do not affect the relative
permeability to any antibody in the subsequent SLO assay (Fig. 4B
panel 2–4). Virus appeared to be predominantly endosomal (red) in
cells pretreated with either the empty vector control or those pretreated
with the dynamin 2 expressing vector (Fig. 4C, right panels 1 and 2,
respectively). In contrast cells pretreated with siDNM2 showed pre-
dominantly cytosolic virions (yellow; Fig. 4C, right panel 4) in com-
parison to scRNA pretreated cells, (Fig. 4C, right panel 3), in which
virions were mostly within endosomes (red). As predicted for the SLO
control group, in which cells were treated with 0.5% Triton X-100 but
not SLO, virions appeared consistently yellow in color (Fig. 4C, left
panel 1–4).

As a confirmation of our SLO analyses, in which dynamin 2
knockdown increased the localization of virions in the cytosol, we
performed ultrastructural studies to identify cellular loci of HAdV-D37
under similar conditions. The microscopy sections shown demonstrate
the localization of virions in endosomes (arrows) in cells treated with
either empty vector or with a vector expressing dynamin 2 (Fig. 5A, left
column). Alternatively, while endosomal virus was observed in scRNA
pretreated cells (arrows; Fig. 5A, top right), the virions in cells knocked
down for dynamin 2 appeared to be mostly in the cytosol (Fig. 5A,
bottom right). Virions found in endosomes and in the cytosol were then
quantified and the proportions compared across experimental

Fig. 3. Dynamin 2 knockdown increases nuclear targeting of adenovirus. A. Acetylated tubulin (red) after infection with EdU labeled virus (green) at 1 and 2 h
pi, after empty vector transfection prior to virus infection (EV), dynamin 2 vector transfection prior to infection (OE-DNM2), pretreatment with scRNA or dynamin 2
siRNA (siDNM2). DAPI staining (blue) of nuclei utilized to outline blue-free images (a-1 through h-1), in order to better visualize virions in cell nuclei. B.
Quantification of green fluorescence (pixel units) from A (2 h pi) within ovals outlines (nuclei) as measured using ImageJ and shown graphically in box plot
(*p < 0.0001, Kruskal-Wallis). Data was obtained from 20 cells per experimental group in three experimental replicates. C. PCR for HAdV-D37 E1A, hexon and
penton base genomic DNA measured to show relative levels of viral entry at 30 min pi. D. Quantitative real-time PCR for E1A DNA under the same experimental
conditions. Upper graph shows the standard curve for E1A DNA. Lower graph demonstrates no statistical difference between experimental groups Each experiment
was repeated at least 3 times with similar results.
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conditions for ten cells each. In cells pretreated with siDNM2, 15.9% of
virions were identified in endosomes, compared to 76–84.3% in the
other 3 experimental conditions (data not shown).

The route of trafficking has been implicated in differential innate
immune responses as evident in differences in cytokine expression by
cells infected with different HAdVs (Teigler et al., 2014). We next
performed cytokine array analyses on cell supernatants after pretreat-
ment with either empty vector versus dynamin 2 overexpression, or
scRNA versus siDNM2, prior to infection (representative blots: Fig. 5B).
Overexpression of dynamin 2 prior to viral infection led to statistically
significant changes (increases) in only 2 of the 10 cytokines detected,
specifically, CXCL10 and CXCL8 (Fig. 5C). In contrast, siDNM2 pre-
treatment led to statistically significant reductions in 6 out of the 10
detected cytokines (p < 0.05). These results connect virus localization
and cytokine expression by the infected cells, consistent with the
findings of Teigler and coworkers (Teigler et al., 2014).

We have previously shown that Src acts as a central signaling node
in adenovirus infected keratocytes, impacting diverse functions such as
viral replication and host cytokine expression (Natarajan et al., 2003;
Rajaiya et al., 2009, 2015; Xiao and Chodosh, 2005; Yousuf et al.,
2013). Src-mediated phosphorylation of dynamin 2 was previously re-
ported to be essential to scission of endothelial cell caveolae (Shajahan
et al., 2004). However, the data we present above suggests the impact
of dynamin 2 in HAdV-D37 infection is on intracellular trafficking ra-
ther than cellular entry. We also examined Src phosphorylation in re-
lation to the same four experimental manipulations of dynamin 2

utilized above. Upon siRNA pretreatment, Src phosphorylation in in-
fected cell lysates was increased as compared to scRNA transfected cells
(Supplemental Fig. 1A, left panel). When dynamin 2 was overexpressed,
Src phosphorylation was reduced as compared to empty vector trans-
fected cells (Supplemental Fig. 1A, right panel). These data as quanti-
fied in Supplemental Fig. 1B, suggest an inhibitory role for dynamin 2
on Src activation in infected cells, and are consistent with data above
showing that dynamin 2 knockdown increases cytokine expression by
infected cells.

2.6. Dynamin 2 regulates MTOC localization

The microtubule network nucleates at and radiates from the MTOC,
also known as the centrosome. Suomalainen and colleagues previously
determined that adenoviruses in the cytosol accumulated near the
MTOC for nuclear import, while viruses within endosomes did not
(Suomalainen et al., 1999). Other investigators studying adenovirus
infections also observed the accumulation of adenoviruses near the
MTOC (Bailey et al., 2003). Our confocal microscopy data suggested
that microtubule acetylation and rearrangement in adenovirus infection
are increased in dynamin 2 knockdown cells (Fig. 2C). Collectively,
these data encouraged us to examine the localization of MTOC upon
adenovirus infection in cells knocked down for dynamin 2, with similar
controls as in the experiments above. MTOCs are rich in three major
proteins: pericentrin, γ-tubulin, and centrin 2. We applied an antibody
against pericentrin as a marker for MTOCs (Doxsey et al., 1994), and

Fig. 4. Dynamin 2 knockdown increases virions in the
cytosol relative to the endosome. A. Modified schematic
of SLO assay (Suomalainen et al., 2013). In this assay, SLO
permeabilizes only cell membranes and not endosomal
membranes, so that Cy3-labeled virions within endosomes
appear red, while virions in the cytosol appear yellow
upon binding to anti-Cy3 antibody with a green chromo-
phore. B. Streptolysin O (SLO)-penetration assay per-
formed 1 h pi. Panel 1 shows the no-SLO control, where
there is no staining for GM-130, indicating absence of
antibody penetration. Panels 2–5 show equivalent staining
for GM130 (green), indicating that the transfections did
not affect pore formation by SLO. C. SLO assay performed
in cells transfected prior to viral infection with empty
vector (EV), dynamin 2 overexpression construct (OE-
DNM2), scRNA, or siRNA (siDNM2). In SLO treated groups
(+SLO), virions in endosomes appear red, while virions in
cytosol appear yellow. As a control, left panel shows same
groups treated with triton X100 without SLO (–SLO), and
thus virions in both cytosol and endosomes appear yellow.
Each experiment was repeated at least 3 times with similar
results.
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measured the distance between the pericentrin fluorescent signal and
the nearest nuclear membrane using LAS-X distance tools for a total of
100 cells per group, from randomly selected frames, in 3 separate ex-
periments. By confocal microscopy (Fig. 6A), and as quantified by
measuring distances between MTOCs and adjacent nuclei, we found
that dynamin 2 knockdown led to smaller distances between MTOCs
and adjacent cell nuclei than dynamin 2 overexpression ((Fig. 6B),
* p < 0.0001). As confirmation, we then performed ultrastructural
studies for MTOC localization for the same experimental groups (re-
presentative photomicrographs (3/group): Fig. 6C, and graphed (10/
group): Fig. 6D). The mean distances between MTOCS and the nearest
nuclear membranes in virus infected cells pretreated with empty vector,
dynamin 2 overexpression, scRNA, or siDNM2 were 1.54 (standard
deviation: 0.23), 4.04 (0.91), 1.58 (0.26), and 0.69 (0.08), respectively
(Fig. 6D), p < 0.05, Students t-test for both comparisons.

Delivery of adenoviral DNA into the cell nucleus occurs through the
nuclear pore complexes (NPC). Prior studies suggested that adenovirus
capsids bind to the NPC protein Nup214 and kinesin-1 light-chain Klc1/
2 (Strunze et al., 2011). Nup358, also known as Ran Binding Protein 2
(RanBP2), binds microtubules to the nuclear envelope, and also as-
sociates with Nup214. Nup358 mediates kinesin-driven disruption of
the viral capsid, and promotes delivery of viral DNA through a com-
promised NPC, although this function of Nup358 was dispensable in
HeLa cells (Cassany et al., 2015). By confocal microscopy, colocaliza-
tion of virions with Nup358 varied along the nuclear membranes in all
four experimental groups (Fig. 6E). However, Cy3-labeled virions co-
localized to Nup358 only in keratocytes knocked down for dynamin 2
(Fig. 6E, insets). Similar experiments were performed using antibody to

Nup214 and Nup98, but we did not observe any co-localization (data
not shown).

2.7. Select dynamin 2 mutations enhance viral gene expression

Since our results strongly indicate that the dynamic instability of
microtubules, as controlled by dynamin 2, is critical to viral trafficking,
we decided to use dynamin 2 mutants shown previously to be defective
in endocytosis and/or microtubule binding. Dynamin 2 has five char-
acteristic domains. The GTPase domain resides at the N terminus.
Adjacent are the Pleckstrin homology (PH) domain, a GTPase effector
domain (GED) and a proline rich (PRD) C terminus domain (Fig. 7A).
We used K44A, a GTPase mutant previously shown to block endocytosis
(Al-Hasani et al., 1998), Δ551-553, with a mutation in the PH domain
earlier shown to cause Charcot-Marie-Tooth disease, and which was
shown to induce increased tubulin acetylation (Tanabe and Takei,
2009), and Δ746-786, which deletes amino acids at the PRD that
physically bind microtubules (Hamao et al., 2009). After successful
transfection, as shown by Western blot (Fig. 7B), cells were infected
with adenovirus for 2 h, and E1A gene expression was measured as a
surrogate marker for successful viral trafficking to cell nuclei. As shown
in Fig. 7C, compared to wild type dynamin 2, both Δ551-553 and Δ746-
786 appeared to enhance viral gene expression, but only the putative
microtubule binding deficient Δ746-786 induced a statistically sig-
nificant change in E1A expression (Wt versus Δ746-786, p < 0.05,
Tukey test). Viral gene expression in K44A transfected cells was not
statistically different from wild type (Fig. 7C), indicating that GTPase
activity is not crucial for viral trafficking. These data appear to confirm

Fig. 5. Cytosolic virus is associated with
reduced cytokine expression. A. HCF pre-
treated with EV, OE-DNM2, scRNA and
siDNM2 were infected for at a MOI of 100, and
ultrastructural images taken to locate virion
distribution. Scale bar = 500 nm. Electron
microscopy was performed three times with
similar results. B. Cytokine arrays were per-
formed on 500 µl of culture supernatants col-
lected from each group after infection at MOI
of 10 for 2.5 h. Reference spots (RS) were used
as densitometric controls to quantify the mean
spot pixel density. Detected cytokines included
CCL2 (1), CCL5 (2), CXCL1 (3), CXCL10 (4),
CXCL11 (5), IL-1ra (6), IL-6 (7), CXCL-8 (8),
MIF (9) and Serpin E1 (10). C. Bar graph
showing collated results from 3 separate as-
says. The means of densitometry measure-
ments from three independent experiments
were plotted, normalizing to reference spots.
Error bars represent standard deviation of the
means. * indicates those cytokines for which
expression was reduced significantly by dy-
namin 2 siRNA, as compared to control scRNA
(*p < 0.05, Students t-test).
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our hypothesis that dynamin 2 function in primary keratocytes serves to
inhibit viral trafficking through its effect on microtubule dynamics. A
proposed model for the effect of dynamin 2 in keratocytes on micro-
tubules, MTOCs, and viral trafficking is shown in Fig. 8.

3. Discussion

Understanding viral trafficking can lead to the development of novel
therapies against infection (Shurtleff et al., 2012). Using the highly
pathogenic HAdV-D37, we initiated studies of adenoviral trafficking in
keratocytes to determine basic cellular mechanisms during infection
that might be vulnerable to new therapeutic approaches. Our viral gene
expression experiments performed with the chemical inhibitors bafilo-
mycin A and nocodazole, respectively, suggested that viral trafficking
was pH independent but microtubule dependent. Although dynamin 2
is best known as critical to the fission of endocytic vesicles (De Camilli
et al., 1995; Takei et al., 1995), it was initially identified as a micro-
tubule binding protein (Maeda et al., 1992; Scaife and Margolis, 1990;
Shpetner and Vallee, 1992), and is now recognized to regulate the
dynamic instability of microtubules (Shpetner and Vallee, 1989; Tanabe
and Takei, 2009). Microtubules have been previously shown to mediate
adenoviral trafficking (Wang et al., 2018). Therefore, we sought to
determine whether manipulation of dynamin 2 might impact micro-
tubules and consequently influence HAdV-D37 trafficking and replica-
tion. Remarkably, dynamin 2 knockdown increased viral gene

expression (a surrogate marker for successful viral trafficking to cell
nuclei), while dynamin 2 overexpression reduced viral gene expression.
These experimental results differ from previous reports that showed a
positive influence of dynamin 2 on viral entry (Aleksandrowicz et al.,
2011; Carter et al., 2011; de Vries et al., 2011; Holla et al., 2015;
Mulherkar et al., 2011; Shrivastava et al., 2011). We did not observe an
effect of dynamin 2 on endocytosis of HAdV-D37, but rather an indirect
effect on trafficking associated with its modulation of microtubules. We
previously showed that HAdV-C2 does not enter corneal cells (Yousuf
et al., 2013). The observed effect of dynamin 2 shown herein may re-
flect a cell-specific role.

More than 20 mutations in dynamin 2 have been identified in as-
sociation with hereditary neuromuscular diseases (Gonzalez-Jamett
et al., 2013). Mutations in dynamin 2 contribute to acetylation and
accumulation of stable microtubules that we speculated might impact
viral transport (Tanabe and Takei, 2009). Using either siRNA or an
overexpressing dynamin 2 construct, we showed that dynamin 2 ne-
gatively regulates the overall level of tubulin acetylation. Acetylated
tubulin in cells knocked down for dynamin 2 also tended to accumulate
adjacent to cell nuclei in both uninfected and infected keratocytes, and
in infected cells this coincided with accumulations of viral capsid, and a
quantifiable increase in the delivery of viral DNA to cell nuclei. This
was not due to increased cellular entry of virus, as manipulation of
dynamin 2 expression had no effect on the total amount of viral DNA in
cells as assessed by quantitative PCR.

Fig. 6. Dynamin 2 regulates MTOC localization. A. Confocal microscopy of cells pretreated with empty vector (EV), dynamin 2 expressing vector (OE-DNM2),
scRNA, or dynamin 2 siRNA (siDNM2) and infected with Cy3-labeled HAdV-D37 (red) for 1 h, and stained with anti-pericentrin (green), and DAPI (blue). B. Distance
from green signals (arrows) to the closest edge of adjacent nuclei (100 cells per experimental group in three experiments) was measured using Leica application suite
X (LAS X, Leica Microsystems, Wetzlar, Germany), and graphed in boxplots (*p < 0.0001, Kruskal-Wallis). C. Transmission electron microscopy of infected ker-
atocytes from same pretreatment groups, with 3 distinct images shown per group shown. NU: nucleus. Scale bar = 500 nm. D. Measurements taken from each
microtubule organizing center to nearest nuclear membrane were performed on 10 cells per group by a masked observer. Data shown reflects means and standard
deviation for each group (*p < 0.05, Students t-test). E. Confocal microscopy showing co-localization (yellow) of nuclear pore complex protein Nup358 (green), and
Cy3-labeled HAdV-D37 (red), 2 h pi. Each experiment was performed three times with similar results.

Fig. 7. Effect of dynamin 2 mutations on viral gene
expression. A. Schematic presentations of dynamin 2 wild
type and mutant clones. B. Western Blot for wild type
(Wt), Δ551-553, and 746–786, with alpha tubulin load
control. C. qRT-PCR for E1A mRNA expression with the
same treatment groups as in A (*p < 0.05, ANOVA, with
Tukey procedure). Experiments in both B and C were
performed three times with similar results.
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Prior studies of adenoviral entry into cells have focused almost
entirely on clathrin-mediated endocytosis, with intracellular trafficking
of virus-containing endosomes, pH mediated viral capsid disruption,
and endosomal release at nuclear pores, and entry of viral DNA into cell
nuclei (Nemerow, 2000). However, we recently showed that in kera-
tocytes, HAdV-D37 but not HAdV-C2 utilized caveolin-1 for entry
(Yousuf et al., 2013), consistent with prior work showing that entry and
trafficking of adenoviruses is virus type specific (Teigler et al., 2014).
We applied the streptolysin O assay (Suomalainen et al., 2013) to de-
termine in keratocytes whether HAdV-D37 traffics predominantly via
endosomes or through the cytosol, and to what degree this is controlled
by dynamin 2. In untreated and control treated cells at 1 h pi, virions
were predominantly endosomal. Endosomal virions were even more
evident in the setting of dynamin 2 overexpression, possibly because
dynamin 2 drives endosomal fission. However, in the setting of dy-
namin 2 knockdown, virions localized more to the cytosol. This ob-
served differential between endosomal versus cytosolic virus was con-
firmed by transmission electron microscopy. However, what membrane
modifications rendered virions to the cytosol in the setting of reduced
dynamin 2 is unclear. We hypothesize however that virus in the cytosol
better enables trafficking towards the nucleus via stable microtubules.
It has also been suggested that endosomal virus is more inflammatory
than virus in the cytosol (Teigler et al., 2014), perhaps because of en-
dosome specific molecular pattern receptors such as Toll-like receptor 9
(Basner-Tschakarjan et al., 2006; Perreau et al., 2012). This is im-
portant also because robust innate immune responses to adenovirus
infection have impeded progress in gene therapy using adenoviral
vectors (Majhen et al., 2014). Using protein cytokine arrays, dynamin 2
expression was inversely correlated with proinflammatory cytokine
expression. Furthermore, dynamin 2 expression was negatively corre-
lated with activation of Src, a master signaling molecule shown pre-
viously to control proinflammatory gene expression in adenovirus in-
fected keratocytes (Natarajan et al., 2003).

A specific role for dynamin 2 in MTOC reorganization has not been
previously explored. Intact stable microtubules were previously shown
to be necessary for adenoviral trafficking (Suomalainen et al., 1999).
Adenovirus accumulates at the MTOC in experimentally enucleated
cells (Bailey et al., 2003). Adenovirus accumulation at perinuclear
MTOC facilitates binding of viral capsid to the nuclear pore complex for
viral DNA delivery to the nucleus (Glotzer et al., 2001), however,
precisely how virions transit from the MTOC to the nuclear envelope
remains uncertain. In HeLa cells, adenovirus (HAdV-C5) hexon binding
to the nuclear envelope and subsequent nuclear entry were dependent
on Nup214, but not on Nup358 (Cassany et al., 2015). By immuno-
confocal microscopy of HadV-D37 infected keratocytes with antibody
against pericentrin, and as confirmed by electron microscopy, dynamin

2 knockdown led to repositioning of MTOCs closer to the nuclear en-
velope. This was associated with increased association of viral capsid
with Nup358, correlating with data above showing that suppression of
dynamin 2 expression increased nuclear entry of viral DNA, viral gene
expression, and viral replication. Collectively, these results connect
dynamin 2, microtubules, the MTOC, and nuclear delivery of adenoviral
DNA.

Finally, we tested various dynamin 2 mutants to determine the sites
specific to the effect of dynamin 2 on adenoviral trafficking in kerato-
cytes. The dynamin 2 mutant Δ551-553, which is associated with
Charcot-Marie-Tooth disease (Zuchner et al., 2005) and was previously
shown to induce accumulation of acetylated, stable tubulin, and reduce
transferrin trafficking but not transferrin endocytosis (Tanabe and
Takei, 2009) appeared to increase viral gene expression, but the effect
was not statistically significant. In contrast, the c-terminus mutant
Δ746-786, which is deleted for the proline rich domain specific to
binding of microtubules (Hamao et al., 2009), significantly increased
viral gene expression. The K44A mutant, which eliminates dynamin 2
GTPase activity necessary for endocytosis but still binds microtubules,
had no apparent effect on viral gene expression.

In summary, these data add clarity to existing models of adenovirus
trafficking and infection. Our data is consistent with prior studies
showing dynamin 2 is a negative regulator of microtubule acetylation
and stability. We demonstrate herein an additional role for dynamin 2
in the control of MTOC localization. During natural infection, dynamin
2 appears to promote endosomal trafficking of adenovirus and innate
immune responses to infection. Simultaneously, dynamin 2 serves to
limit nuclear delivery of viral DNA, thus also restraining viral replica-
tion. Therefore, in keratocytes at least, dynamin 2 is effectively anti-
viral. It seems likely that the effect of dynamin 2 on viral trafficking and
replication stems from complex synergisms and/or antagonisms be-
tween dynamin 2 influences on endosomal fission, microtubule in-
stability, and actin polymerization, and perhaps other functions yet to
be elucidated. However, initial viral entry into keratocytes did not
appear to be affected in cells in which dynamin 2 function was either
knocked down or increased. In contrast, the impact of dynamin 2 ma-
nipulation on the subsequent trafficking of virus was profound and
correlated with microtubule dynamic instability.

Dynamin 2 plays significant roles in multiple cellular functions
(Durieux et al., 2010), and its mutations have been implicated in im-
portant human neurologic disorders. Therefore, beyond its control of
adenovirus trafficking, its novel influence on MTOC localization sug-
gests important clues to the role of dynamin 2 in neurologic diseases.
Furthermore, manipulation of MTOC localization through dynamin 2
could prove a useful strategy to improve delivery of transgenes in viral
gene therapy.

Fig. 8. Schematic of the role of dynamin 2
in viral trafficking. Our experiments in pri-
mary fibroblasts indicate that upon dynamin 2
overexpression (OE-DNM2), virions accumu-
late in endosomes, and hence are stalled from
reaching the microtubule organizing center
(MTOC) and nucleus (Nuc). Knockdown of
dynamin 2 (siDNM2) localizes virions in the
cytosol, with increased acetylation of micro-
tubules (MT), and movement of MTOC closer
to the nuclear membrane, thus enabling nu-
clear entry.
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4. Materials and methods

4.1. Antibodies and reagents

Anti-α-tubulin (1:5000, cat. no. T5168), anti-acetylated tubulin
(0.05 µg/ml, cat. no. T7451), and chemicals, including cytochalasin D
(cat. no. C8273), bafilomycin A1 (cat. no. 196000), nocodazole (cat. no.
M1404) and streptolysin O (SLO; cat. no. S5265) were purchased from
Sigma-Aldrich (Louise, MO). Antibodies to HA (1:5000, cat. no.
AB9110), dynamin 2 (1:1000, cat. no. AB65556), and pericentrin
(1:1000, cat. no. AB4448) were obtained from Abcam (Cambridge,
MA). Anti-actin antibody (1:5000, cat. no. AM-4302) and EdU (5-
ethynyl-2'-deoxyuridine) dye (cat. no. A10044) were obtained from
Thermo Fisher Scientific (Waltham, MA). Anti-GM130 (1:1000, cat. no.
610822) was obtained from BD Transduction Laboratories (San Jose,
CA). Antibodies to GAPDH (1:3000, cat. no. sc-322233) and Cy3
(1:200, cat. no. sc-166894) were obtained from Santa Cruz
Biotechnology (Dallas, TX). Cy3 dye was obtained from GE Healthcare
Life Sciences (Pittsburgh, PA, cat. no. PA23031). Lipofectamine®
RNAiMAX ((Thermo Fisher Scientific, cat. no. 13778500)) and
Lipofectamine® LTX Reagent with PLUS™ Reagent (cat. no. 15338030)
were used for siRNAs transfection and plasmids transfection, respec-
tively.

4.2. DNA constructs

Dynamin 2 expression was performed by cloning the dynamin 2
from a dynamin 2-expressing pmCherry N1 vector (Addgene,
Cambridge, MA, cat. no. 27689) into pCAGGS-HA (Addgene, cat. no.
12438). For mutagenesis to generate K44A, the Q5 High-Fidelity DNA
Polymerase (NEB, Ipswich, MA, cat. no. M0491S) was used according to
the manufacturer’s instructions. The Δ551-553 and Δ746-786 deletion
mutants were generated by overlapping PCR. All mutants were con-
firmed by Sanger sequencing. For knockdown by siRNA, three regions
of dynamin 2 were targeted and pooled. The scRNA control and
siDNM2 were purchased from Integrated DNA Technologies (Coralville,
IA).

4.3. Cell culture and viruses

Primary keratocytes were pooled from human donor corneas as
previously described (Chodosh et al., 2000). After mechanical debri-
dement of the corneal epithelium and endothelium, corneas were cut
into 2 mm-diameter sections, and placed in individual wells of six-well
Falcon tissue culture plates with DMEM supplemented with 10% FBS,
penicillin G sodium, and streptomycin sulfate at 37 °C in 5% CO2. The
fibroblast phenotype was authenticated by vimentin staining (data not
shown). HAdV-D37 and A549 cells used in this study were purchased
from American Type Culture Collection (ATCC, Manassas, VA, cat. nos.
VR929 and CCL-185, respectively). All cells tested negative for en-
dotoxin contamination by ToxinSensor chromogenic LAL (Limulus
amebocyte lysate) endotoxin assay kit (GenScript, Piscataway, NJ, cat.
no. L00350), and were mycoplasma negative by the Universal Myco-
plasma Detection Kit (ATCC, Manassas, VA, cat. no. 30-1012K™). Virus
purification was performed by cesium chloride gradient, and virus ti-
tered by the tissue culture infectious dose assay. Cy3-labeled virus was
prepared as previously described (Leopold et al., 1998). For viral DNA
labeling, A549 cells were grown with 10% FBS DMEM, washed in PBS,
and infected with HAdV-D37 at high multiplicity in 5 ml of 2% FBS
DMEM with EdU at a final concentration of 800 nM/ml. After 1 h in-
cubation, 25 ml 2% FBS DMEM was added and the cells incubated for 7
days. EdU-incorporated virus was purified by CsCl gradient, as above.
With or without pretreatment by transfection, cells grown to 90–100%
confluence in six-well plates were washed in glucose-free DMEM with
2% FBS, and infected with purified HAdV-D37 at a multiplicity of in-
fection (MOI) of 10 or mock-infected with virus-free dialysis buffer as a

control. Virus infection was synchronized at 4 °C for 30 min, and the
cells then washed using cold media. For virus internalization, pre-
warmed media was added and cells were incubated for 2 h before
Western blot or RNA isolation.

4.4. Transfections

Transfections were carried out using Lipofectamine® RNAiMAX re-
agent, following the manufacturers protocol. Briefly, 100 pmol DNM2
siRNA, or control, and 500 µl of Opti-MEM (Thermo Fisher Scientific)
were mixed and then added to 5 µl of Lipofectamine® RNAiMAX. After
20 min incubation at room temperature, the transfection complex was
added to cells at 60–80% confluence. For DNM2 overexpression,
transfections were done using Lipofectamine LTX Reagent. 1.5 μg of
plasmid DNA and 1.5 µl of PLUS™ Reagent was added to 500 µl of Opti-
MEM Reduced Serum Medium, mixed and incubated at room tem-
perature for 10 min 5 µl of Lipofectamine LTX Reagent was mixed with
500 µl of Opti-MEM Reduced Serum Medium and incubated for 10 min
at room temperature. The diluted Lipofectamine LTX Reagent and di-
luted DNA were mixed and incubated at room temperature for 30 min,
and added to the cells. After 5 h, media was changed to 10% FBS in
DMEM. After 24 h post transfection, cells were serum starved in 2%
FBS-DMEM media for 12 h. HAdV-D37 was added at a MOI of 10 for
1–2 h and the cells processed for confocal microscopy, Western blot, or
qRT-PCR analysis.

4.5. Polymerase chain reaction

Total RNA was isolated by Direct-zol RNA MiniPrep Kit (Zymo
Research, Irvine, CA, cat. no. R2060) according to the manufacturer's
instructions. Contaminating genomic DNA was removed from the total
RNA with Turbo DNA-free kit (Thermo Fisher Scientific, cat. no. AM
1907). Purity and quantity of the total RNA were determined using
Nanodrop 2000C (Thermo Fisher Scientific). One µg of the total RNA
isolated from each group was reverse transcribed to yield single
stranded cDNA using 200 U Moloney Murine Leukemia Virus Reverse
Transcriptase (M-MLV RTase, Promega, Madison, WI, cat. no. M1701),
10 mM dNTPs (Promega), 20 U of recombinant RNasin (Promega) and
100 ng of oligo(dT)15 (Integrated DNA Technologies) as primer in a
total reaction volume of 20 µl. The reaction mix was incubated at 25oC
for 5 min, then at 37oC for 1hr, followed by enzyme inactivation at
90 °C for 10 min. Primers for real-time, quantitative PCR were designed
using Primer3 Plus (http://primer3plus.com/). Primer pairs used in
these experiments are shown in Supplemental Table 2. A total of 1 µl of
cDNA obtained by reverse transcription was used for qRT-PCR in a final
volume of 20 µl containing 10 µl of 2× SYBR green master mix (Ap-
plied Biosystems, Foster City, CA) and 20 ng of specific forward and
reverse primers each. RNA concentrations of samples were normalized
using quantification of human GAPDH mRNA as the internal control.
qRT-PCR was performed (StepOnePlusTM Real-Time PCR Systems; Life
Technologies and Sequence Detection System; PE Applied Biosystems)
with the cycling parameters: 95 °C for 10 min, 40 cycles of 95 °C for
10 s, 60 °C for 1 min, followed by final extension at 72 °C for 10 min,
and dissociation curves were analyzed for generation of a single pro-
duct. Relative transcript levels were calculated according to comparison
between samples using the formula 2−ΔΔCt, where ΔΔCt equals ΔCt
gene of interest – ΔCt experiment control.

To measure the effects of dynamin 2 on virion entry, cells were
transfected with EV, OE-DNM2, scRNA or siDNM2. 24 h later, the cells
were serum starved for 12 h in low-glucose DMEM containing 2% FBS,
and after cell counting, washed in glucose-free DMEM containing 2%
FBS and infected at a MOI of 1 for 30 min in 4oC, washed in cold
medium twice and then incubated for 30 min at 37 °C. The cells were
washed twice in PBS, then scraped for viral DNA isolation using the
GeneJET Viral DNA/RNA Purification Kit (Thermo Fisher Scientific,
cat. no. K0821) following the manufacturer’s instruction as described
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above. Conventional PCR was then performed at an initial 98 °C for
30 s, followed by 40 cycles of 98 °C (10 s), 60 °C (30 s) and 72 °C (15 s),
and extension at 72 °C for 2 min. Results were confirmed to be in the
linear range.

4.6. Immunoblot and Immunoprecipitation

Cells were lysed with chilled 1X cell lysis buffer (Cell Signaling
Technology, Danvers, MA) containing 20 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml
leupeptin plus 1 protease inhibitor (Sigma-Aldrich), and incubated at
4 °C for 5 min. Cell lysates were cleared by centrifugation at 14,000×g
for 10 min. The protein concentration of each supernatant was mea-
sured by BCA analysis (Thermo Fisher Scientific). Western blot and
immunoprecipitation were performed in standard fashion. Blots were
visualized with enhanced chemiluminescence (Thermo Fisher
Scientific) using Kodak Image Station 4000R (Rochester, NY).

4.7. Streptolysin O assay

The assay was performed as described (Suomalainen et al., 2013)
with minor modifications. A trypan blue exclusion assay was performed
to assure the absence of cell toxicity while still permitting the SLO to
permeabilize 80% of the total cell population within 5 min. The SLO
concentration used in the assay was confirmed to maximally detect
virus-labeled antibody by confocal microscopy. Briefly, Cy3-labeled
HAdV-37 virus was bound to cells grown on glass coverslips at on ice
for 30 min. Unbound virus was washed off, and the cells incubated in
glucose free-DMEM medium at 37 °C. After 1 h incubation, the cells
were washed twice with SLO binding buffer, and treated with SLO
(Sigma Aldrich, St. Louis, MO), 0.4 µg/well on ice for 10 min. The un-
bound SLO was removed by washing, and cells in SLO binding buffer
incubated at 37oC for 5 min. The cells were washed and incubated with
anti-Cy3 mouse monoclonal antibody (Santa Cruz Biotechnology) on
ice for 1 h. The cells were fixed on 3% paraformaldehyde, quenched to
remove excess paraformaldehyde, and then permeabilized with 0.5%
Triton-X 100 in PBS. Then the cells were blocked with 10% goat serum
(Cell Signaling, Beverly, MA, cat. no. 5425S) in PBS at room tempera-
ture for 30 min, washed again with PBS, and incubated with rabbit anti-
mouseIgG-Alexa Fluor 488 conjugate (Thermo Fisher Scientific, 1:500,
cat. no. P11065) at room temperature for 45 min. The cells were stained
with DAPI prior to confocal microscopy imaging. As an experimental
control for SLO permeabilization, Cy3-labeled virus infected cells were
fixed and permeabilized directly with 0.5% Triton X-100, without SLO
treatment, and processed with anti-Cy3 antibody, followed by anti-
mouse IgG-Alexa Fluor 488 conjugate as described above. To demon-
strate SLO pore formation efficiency is not affected by different trans-
fection conditions, cells were treated with SLO as above, were also in-
cubated with the Golgi marker antibody anti-GM130 (1:1000), followed
by rabbit anti-mouse IgG-Alexa Fluor 488 conjugate secondary anti-
body.

4.8. Confocal microscopy

Keratocytes grown on slide chambers (Nunc, Rochester, NY) were
transfected with dynamin 2 siRNA, scRNA, dynamin 2 wild type, and
empty vector constructs. After infection, cells were fixed in 4% for-
maldehyde for 10 min, washed in 2% FBS-PBS, and permeabilized in
0.1% Triton X-100 for 10 min. After 30 min blocking in 2% BSA-PBS,
the cells were incubated in 1 mg/ml of specific antibody for 1 h at room
temperature, washed, and incubated with secondary fluorescent anti-
body at the same concentration for 45 min at room temperature.
Staining for EdU-incorporated HAdV-D37 DNA was carried out

according to the manufacturer’s protocol using the Click-iT® EdU Alexa
Fluor® 488 Imaging Kit (Thermo Fisher Scientific, cat. no. C10337) for
EdU-labeled HAdV-D37 detection. Cells were then washed and
mounted using vectashield mounting medium (Vector Labs,
Burlingame, CA) containing DAPI. Images were with a Leica SP5 con-
focal microscope using a 63x oil immersion objective. The images were
scanned at 0.5 µm intervals, to obtain 15–20 Z-stacks per image, then
constructed by maximum projection. For viral DNA quantification
within individual nuclei, the central 5 Z-stacks of each image (nuclear
stack) were chosen for analysis using Basic Intensity Quantification
within ImageJ (https://imagej.nih.gov/ij/), with the Analyze Particles
command. For analysis of the distance between pericentrin fluorescent
signals and the nearest nuclear membrane, we applied the Leica
Application Suite X, (LAS X, Leica Microsystems CMS GmbH).

4.9. Electron microscopy

Keratocytes grown on coverslips (Nunc) were transfected and in-
fected. At 48 h post-transfection, cells were infected with purified
HAdV-D37 virus at a MOI of 100 at 4 °C for 30 min, washed in media,
and then warmed to 37 °C for 2 h. Cells were then fixed in 5% glutar-
aldehyde, 2.5% paraformaldehyde, and 0.06% picric acid in 0.2 M ca-
codylate buffer for 1 h, and post fixed in 1% osmium tetroxide (OsO4)/
1.5% potassium ferrocyanide (KFeCN6) for 30 min, washed thrice in
water, and incubated in 1% aqueous uranyl acetate for 30 min followed
by 2 washes and subsequent dehydration in graded alcohol (5 min each;
50%, 70%, 95%, 2× 100%). Samples were embedded in plastic and
polymerized at 60 °C. Ultrathin sections (~60 nm) were cut on a
Reichert Ultracut-S microtome (Leica, Buffalo Grove, IL), placed on
copper grids, stained with lead citrate, and examined in a JEOL 1200EX
transmission electron microscope (Peabody, MA), and images were
recorded with an AMT 2k CCD camera (Woburn, MA). Distance and
virion location measurements were performed by a masked observer.

4.10. Cytokine array

At 24 h post transfection, cells were cultured in 2% FBS-DMEM
media for 12 h. HAdV-D37 was added at a MOI of 10 at 4 °C for 30 min.
The cells were then washed in media and warmed to 37 °C for 2 h. Cell
supernatants were collected and processed for a cytokine expression
assay (Human Cytokine Array, R&D, Minneapolis, MN, cat. no.
ARY005B), with antibodies to 36 different proteins in duplicate on the
array membranes. Array membranes were incubated for 60 min in 2 ml
of blocking buffer on a shaker at room temperature. 500 µl of super-
natant from each treatment group was incubated with 15 µl recon-
stituted human cytokine array detection cocktail for 60 min, and then
placed on the array membranes overnight at 4 °C. Following a washing
step, the membranes were incubated with a 1:2000 dilution of strep-
tavidin-conjugated peroxidase for 45 min at room temperature. Proteins
were detected by enhanced chemiluminescence (Amersham,
Piscataway, NJ) and signals were captured, analyzed and normalized
on a Kodak (Rochester, NY) Image Station 4000R for graphical re-
presentation. Each experiment was repeated at least three times.

4.11. Statistical analysis

Data was first checked for normality. Parametric data was analyzed
by students t-test or ANOVA with Tukey testing. For nonparametric
data, medians with interquartile ranges (IQR) were used, and the data
analyzed by the Kruskal-Wallis test. p < 0.05 was considered statisti-
cally significant. All analyses were performed using GraphPad Prism
v6.0 (GraphPad Software, San Diego, CA).
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