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ABSTRACT Herpesviruses assemble new viral particles in the nucleus. These nucleo-
capsids bud through the inner nuclear membrane to produce enveloped viral par-
ticles in the perinuclear space before fusing with the outer nuclear membrane to
reach the cytoplasm. This unusual route is necessary since viral capsids are too large
to pass through nuclear pores. However, the transient perinuclear nucleocapsids
(250 nm in diameter) are also larger than the width of the perinuclear space (30 to
50 nm). Interestingly, linker of the nucleoskeleton and cytoskeleton (LINC) compo-
nents SUN and KASH connect the inner and outer nuclear membranes and regulate
their spacing. Previous work by others on the related pseudorabies virus and human
cytomegalovirus showed that they functionally interact with SUN proteins. To clarify
the role of SUN proteins, we explored their impact on herpes simplex virus 1 (HSV-1),
another herpesvirus. Using dominant negative SUN mutants and RNA interference, we
show that HSV-1 propagation is dependent on the LINC complex. In contrast to pseu-
dorabies virus, SUN2 disruption by either approach led to increased HSV-1 extracellular
viral yields. This SUN2 dependency may be linked to its greater impact on perinuclear
spacing in infected cells compared to SUN1. Finally, the virus itself seems to modulate
perinuclear spacing.

IMPORTANCE The large size of herpesviruses prevents them from travelling across
the nuclear pores, and they instead egress across the two nuclear membranes, gen-
erating short-lived enveloped perinuclear virions. This poses a challenge as the peri-
nuclear space is smaller than the virions. This implies the separation (unzipping) of
the two nuclear membranes to accommodate the viral particles. The LINC complex
bridges the two nuclear membranes and is an important regulator of perinuclear
spacing. Work by others hint at its functional implication during pseudorabies virus
and cytomegalovirus propagation. The present study probes the importance for
HSV-1 of the SUN proteins, the LINC components found in the inner nuclear mem-
brane. Using dominant negative constructs and RNA interference (RNAi), the data
reveal that SUN2 exhibits antiviral propriety toward HSV-1, as disrupting the protein
leads to increased viral yields. This is in contrast with that reported for pseudorabies
and suggests that differences among herpesviruses may, once again, prevail.
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Herpes simplex virus 1 (HSV-1) is an alphaherpesvirus primarily associated with cold
sores and more occasionally with genital herpes, virus-induced blindness, enceph-

alitis, and congenital conditions (1–3). Viral gene expression, genome duplication, and
capsid assembly all occur within the nucleus. Given that the newly assembled nucleo-
capsids (125 nm in diameter) are too large to travel across the nuclear pores (40-nm di-
ameter), new capsids containing the viral genome instead pass through the two
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nuclear membranes to be released into the cytoplasm, where they will acquire most of
the tegument and its final envelope before being released by exocytosis (4–7). During
their passage through the nuclear membranes, virions thus undergo an envelopment-
deenvelopment process by which they first acquire a primary envelope by budding
through the inner nuclear membrane (INM) to reach the perinuclear space (PNS).
These transient perinuclear virions then fuse their envelope with the outer nuclear
membrane (ONM) to release naked nucleocapsids into the cytoplasm. The precise
mechanism governing HSV-1 nuclear egress has yet to be elucidated, but the viral ki-
nase pUS3 as well as the nuclear egress complex (pUL31 and pUL34 viral proteins) are
clearly implicated (8–12). There is also evidence that the viral proteins VP16 and pUL51
as well as the host proteins TorsinA, protein kinase C, p32, protein kinase D, Nir2, and
GGA1 may also be implicated (13–18). However, one significant issue is how the tightly
regulated perinuclear space (30 to 50 nm) (19–21) can accommodate the larger viral
particles. Numerous electron microscopy (EM) studies have shown that the virus causes
the separation of the two nuclear membranes but the mechanistic details of that per-
turbation remains to be clarified (22–26).

The linker of the nucleoskeleton and cytoskeleton (LINC) complex is located in the
nuclear membranes, spanning through the PNS. There are two families of proteins
forming this complex as follows: SUN (Sad1, UNC-84) and KASH (Klarsicht, ANC-1, SYNE
homology; also referred to as nesprins) (27). Both SUN and KASH proteins are trans-
membrane proteins anchored, respectively, to the inner and outer nuclear membrane.
SUN proteins interact with the nuclear lamina via their nucleoplasmic domain.
Meanwhile, KASH proteins interact with the cytoskeleton through their cytoplasmic do-
main. Finally, SUN and KASH conserved domains interact together in the PNS, forming
a bridge between the two nuclear membranes (28). Five SUN proteins have been
described, among which SUN3 to SUN5 are testis specific (29), while SUN1 and SUN2
are ubiquitously expressed and interact with the six KASH proteins reported so far (30,
31). The LINC complex is vital for several functions, including nuclear morphology and
positioning, mechanotransduction, and the maintenance of a constant PNS (27, 32,
33). The LINC complex has also been involved in the replication of human immunodefi-
ciency virus (HIV), human cytomegalovirus (HCMV), and pseudorabies virus (PrV), the
last two being herpesviruses. Interestingly, it has been reported that SUN1 and SUN2
modulate HIV nuclear delivery (34), whereas HCMV reduces both SUN1 and SUN2 pro-
tein levels, allowing separation of the nuclear membranes, thereby facilitating the exit
of nucleocapsids from the nucleus to the cytoplasm (35). Furthermore, overexpression
of a dominant negative form of SUN2 alters the perinuclear space and decreases the
spread of PrV (36). It is not clear, however, if the LINC complex also regulates the
spread of other herpesviruses, such as HSV-1.

Focusing on SUN1 and SUN2, we probed whether their disruption impacts HSV-1 egress.
Using RNA interference and dominant negative constructs expressing green fluorescent pro-
tein (GFP)-tagged luminal portions of SUN1 or SUN2, we show that HSV-1 egress is modu-
lated by SUN2 but not SUN1. However, unlike PrV, where SUN2 inhibition reduces viral
yields, SUN2 inhibition stimulated HSV-1 extracellular titers. This correlates with a greater
impact of SUN2 on perinuclear spacing in infected cells.

RESULTS
Dominant negative SUN1 or SUN2 overexpression has a minimal impact on

HSV-1 propagation in the 143B human cell line. To assess the potential implication
of the LINC complex in the HSV-1 viral cycle, we initially transfected 143B cells with the
pGFP-luSUN1 and pGFP-luSUN2 plasmids as previously done for PrV (36). These cells
were selected, as they are susceptible to HSV-1 yet better resist the reorganization of
their intracellular organelles when infected (37, 38). They are therefore very useful to
monitor HSV-1 egress (18, 39–42). However, the transfection of 143B cells revealed a
low rate of transfected cells that were also infected, making it difficult to quantitatively
assess the impact of the constructs on viral egress. Establishing 143B stable cell lines
by clonal selection also proved challenging since the exogenous genes appeared to
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largely be unstable, presumably because the LINC complex is important to the cells.
For these reasons, we resorted to inducible cell lines. We therefore produced lentivi-
ruses coding for doxycycline (DOX) inducible GFP-luSUN1 or GFP-luSUN2 and then
transduced 143B cells with these lentiviruses. Following their selection for puromycin
resistance over 2 weeks, the cell lines were treated with doxycycline for 48 h and ana-
lyzed by flow cytometry to monitor the efficacy of the transduction. Figure 1 shows
that the expression of the GFP-luSUN1 or GFP-luSUN2 was, as anticipated, responsive
to DOX induction, while wild-type 143B cells were naturally insensitive to the DOX
treatment and only had background levels of fluorescence. However, a significant pro-
portion of the cells seemingly lost the exogenous genes despite the puromycin selec-
tion. For this reason, freshly induced cells were always sorted prior to infecting them in
subsequent experiments.

Given that HSV-1 can shut down the expression of numerous host genes (43–50),
we next explored the impact of the virus on the exogenous expression of the SUN con-
structs. Hence, presorted DOX-induced cells were infected for 12 h and GFP levels
monitored by immunofluorescence (IF) and flow cytometry (Fig. 2). Cells were also la-
beled with an antibody targeting the ICP4 viral protein to monitor the infection. As
expected, only infected cells were ICP4 positive, and once again GFP-luSUN expression
was induced by DOX (Fig. 2A). Under these conditions, 91% and 93% of the cells
expressed GFP-luSUN1 or GFP-lu.SUN2, respectively. Overexpression of these con-
structs led to both a cytoplasmic and nuclear envelope staining in mock and infected
cells (Fig. 2A). This was anticipated, as the GFP-lu.SUN constructs lack the transmem-
brane domain that targets the endogenous SUN1 and SUN2 proteins to the nuclear en-
velope (27, 51–53). However, the lu-SUN-dominant negative mutants still reach the nu-
clear envelope (as shown in Fig. 2A) and have previously been shown to uncouple the
LINC complex, displace nesprins, and enhance the spacing between the two nuclear
envelopes (27, 36, 43). Quantification of SUN1 expression by flow cytometry indicated
that the mean fluorescence intensities (MFI) were respectively 254 (no DOX/unin-
fected), 1,416 (no DOX/HSV), 14,380 (DOX/uninfected), and 19,847 (DOX/HSV). For
SUN2, the MFI values were 529, 1,579, 24,252, and 32,135, respectively (Fig. 2B). We
conclude that while HSV-1 somewhat stimulated the expression of the dominant con-
structs barely above basal levels (3- to 5-fold) compared to uninfected cells, the con-
structs were strongly induced by DOX (up to 60-fold). In this scenario, it was thus possi-
ble to access the impact of these dominant constructs on viral yields. Plaque assays
were therefore performed on fluorescence-activated cell sorter (FACS) sorted GFP-
luSUN1 or GFP-luSUN2 inducible 143B cells in the presence or absence of DOX as well
as control cells transduced by a lentivirus expressing mCherry (LentiCTL) (see Materials
and Methods) and subsequently infected with HSV-1. To our surprise, no significant
effect was recorded over three independent experiments. For nontransduced 143B
cells, total extracellular viral yields were 8.74 � 104 PFU For SUN1-expressing cells, and
yields were, respectively, 6.73 � 104 PFU and 7.96 � 104 PFU with or without DOX
induction (Fig. 3). Similarly, for SUN2, we did not observe any difference between the
values obtained in the presence or absence and of induction (7.20 � 104 PFU and
7.23 � 104 PFU, respectively).

Dominant negative SUN2 overexpression in RK13 cells stimulates viral propagation.
Klupp and colleagues (36) previously reported that GFP-luSUN2 overexpression in the RK13
rabbit cell line reduced the yields of PrV, a related herpesvirus of the alphaherpesvirus fam-
ily. We therefore evaluated if RK13 cells overexpressing the very same GFP-luSUN1 or GFP-
luSUN2 constructs, graciously provided by the Mettenleiter laboratory, supported HSV-1
propagation as well as the wild-type RK13 cell line. FACS analyses of these RK13 cell lines
also revealed some instability of the constructs, particularly for GFP-luSUN2, which was
nearly all GFP negative (Fig. 4A, left). As for 143B cells, we therefore sorted GFP-positive cells,
passaged them, and subsequently infected them. Reanalysis of these sorted and infected
cells by flow cytometry indicated that all GFP-lu.SUN1 cells remained GFP positive, while it
was 86% for the GFP-lu.SUN2 (Fig. 4B), albeit evidence for luSUN2 loss was once again
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apparent after only a few passages (Fig. 4A, lower right). Upon infection of freshly FACS
sorted cells with HSV-1, viral yields were therefore measured. The data indicated that
luSUN2 modestly and reproducibly impacted HSV-1 propagation but enhanced it rather
than reducing it as reported for PrV (36). Analysis of four independent experiments revealed

FIG 1 GFP-luSUN1 and GFP-luSUN2 inducible cell lines. The 143B GFP-luSUN1 and GFP-luSUN2 cell
lines were induced for 24 h with 1 mg/mL doxycycline (DOX) (in light blue). GFP-positive cells were
sorted by FACS, using corresponding non-DOX-exposed cells (in purple) as negative control (143B
GFP-luSUN1 or 2, respectively). Cells recovered from FACS sorting (GFP-positive) were placed in
culture and used for the subsequent experiments (n = 3).
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FIG 2 143B inducible cell lines are susceptible to HSV-1 infection. (A) 143B sorted cell lines were cultured on coverslips and induced or
not by DOX and examined by fluorescence microscopy. (B) Sorted 143B cells were induced (blue) or not (purple) with DOX for 24 h and
infected with HSV-1 with an MOI of 2 or mock treated (no virus). Twelve hours after infection, cells were recovered for analysis by FACS
(n = 3).
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that RK13 and RK13 GFP-luSUN1 cells, respectively, released 1.06 � 105 PFU and 8 � 104

PFU (Fig. 5). In contrast, the RK13 GFP-luSUN2 cell line yielded 2.97 � 105 PFU, a 3-fold
increase that reached statistical significance (P = 0.0011).

RK13 cells express far more luSUN1 and luSUN2 than 143B cells. The lack of
effect of SUN overexpression in 143B cells but a clear phenotype in RK13 cells was ini-
tially puzzling. Given the instability of the luSUN constructs in both cell types, we
opted to compare their SUN protein levels. We first used a GFP antibody to specifically
monitor the exogenously expressed proteins by Western blotting (WB). Figure 6A
shows that RK13 expressed five times more luSUN1 or luSUN2 than 143B cells (normal-
ized to gamma tubulin), which could explain why HSV-1 propagated normally in SUN
overexpressing 143B cells. These constructs had no impact on the expression of the en-
dogenous SUN mRNAs, as probed by Western blotting using SUN antibodies (Fig. 6B).
Please note that the epitope recognized by the SUN1 antibody is absent in the trun-
cated GFP-lu.SUN1 chimera, while the SUN2 antibody detects both endogenous and
exogenous proteins, which unfortunately have similar masses. Thus, the SUN2 blots
confirm that overexpression of GFP-lu.SUN1 or the Lenti-control expressing mCherry
has no impact on SUN2 protein levels and that SUN2 is strongly enhanced in the GFP-
lu.SUN2 cell line upon induction, while endogenous SUN1 is unaltered under all condi-
tions. In an attempt to circumvent this low level of expression, we first induced 143B
cells (6DOX) for 24 h, then infected them for 12 h, and finally FACS sorted them into
two populations, i.e., those expressing a low level of luSUN1 or luSUN2 and those
expressing a high level of the proteins (Fig. 7A, low and high populations). We then
measured intracellular viral yields immediately without further expansion of the cells
(Fig. 7B). Average yields over four independent experiments for luSUN1 were 2.99 � 105

PFU for uninduced cells and 1.34 � 105 PFU or 3.45 � 105 PFU for low or high expressers,
respectively. Similar viral yields were obtained in the case of 143B luSUN2 cells (2.94 � 105

PFU [uninduced], 1.08 � 105 PFU [low], 3.26 � 105 PFU [high]). Neither of these populations
showed a significant difference between them in terms of viral yields or compared to those
of 143B untransduced cells, which gave a viral yield of 2.73� 105 PFU. Western blot analyses
indicated that the levels of expression of sorted 143B high expressers for both luSUN1 and
luSUN2 remained well below that of the RK13 cell lines (Fig. 7C). It thus seemed that only
very high levels of the dominant negative luSUN2 construct could efficiently impact HSV-1
propagation or that, alternatively, SUN2 only affected HSV-1 production in RK13 cells.

FIG 3 Overexpression of luminal portion of SUN proteins in the 143B inducible cell lines does not
impact viral yields. Upon 24-h induction of the 143B GFP-luSUN1 and GFP-luSUN2 cell lines with DOX
followed by a 12-h infection with HSV-1 at an MOI of 2, the supernatant was collected and titrated
on Vero cells. 143B are wild-type control cells that did not undergo lentiviral transduction, whereas
the LentiCTL were cells that were transduced by a lentivirus expressing mCherry. Error bars represent
the standard error of the mean (SEM). No statistical differences were noted (n = 3).
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Inhibition of SUN2 by RNA interference in 143B cells stimulates viral propagation.
To ascertain if SUN2 is also participating in the propagation of HSV-1 in 143B cells, we
used an alternative approach to block SUN2 using RNA interference. In parallel, we
also targeted SUN1 and used a nontargeting reagent as control (dsiCTL). Figure 8A
shows that the RNA interference (RNAi) reagents targeting endogenous SUN1 or SUN2
were specific for their respective target as monitored by Western blotting, giving an
average reduction of 78% and 93% in SUN1 or SUN2 protein levels when treated with
the corresponding RNAi (average of three independent experiments). Importantly,
these conditions minimally impacted cell viability compared to cells treated with a
control RNAi (Fig. 8B). Upon infection of 143B cells treated with control RNAi or that
targeting SUN1, normal levels of HSV-1 were noted in the extracellular media (average
of 7.50 � 105 and 4.33 � 105 PFU, respectively, over three independent experiments)
(Fig. 8C). In contrast, the knockdown of SUN2 stimulated viral yields (4.42 � 106 PFU or
an approximately 6-fold increase over the control RNAi), in agreement with the

FIG 4 Analysis of stable RK13 cell lines. (A) RK13 GFP-luSUN1 or SUN2 cells were sorted by FACS
(left). GFP-positive cells were recovered, cultured, and then infected with HSV-1 at an MOI of 2 for 9
h and reanalyzed by FACS analysis (right). (B) In parallel, RK13 sorted cell lines were seeded on
coverslips and observed by microscopy using Hoechst to label the cell nuclei (blue). The left panel
represents RK13 cells that do not overexpress the SUN1 or SUN2 dominant mutants. (n = 3).
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inhibition of SUN2 with the GFP-luSUN2 dominant negative construct in RK13 cells
with only a modest increase when both SUN1 and SUN2 were targeted (4.90 � 106

PFU). We conclude that the perturbation of SUN2 stimulates HSV-1 viral yields in both
143B and RK13 cells, with no evidence thus far of an implication by SUN1, and that
RNAi is a better mean to knock out SUN2 in 143B cells.

FIG 5 Overexpression of the SUN2 dominant negative mutant has a proviral effect in RK13 cells.
RK13 sorted cells (wild-type RK13 or that overexpressing the SUN1 or SUN2 dominant mutants) were
infected by HSV-1 at an MOI of 2 for 12 h. The supernatant was collected and titrated on Vero cells.
Error bars represent SEM. Statistical analyses were done by one-way ANOVA with Dunnett multiple
comparisons (**, P # 0.01) (n = 4).

FIG 6 Dominant negative SUN1 or SUN2 expression is much lower in the 143B inducible cell lines.
143B and RK13 cells overexpressing mCherry (LentiCTL), the dominant negative (exogenous) forms of
SUN1 or that for SUN2 were analyzed by Western blotting by using GFP (A) or SUN-specific
antibodies (B) to probe endogenous proteins. In the case of 143B GFP-luSUN1 or SUN2, the cells were
first induced or not for 24 h with 1 mg/mL DOX. Tubulin and GADPH served as loading controls. Note
the SUN1 antibody only recognizes the endogenous protein while the SUN2 antibody recognizes
both endogenous and exogenous proteins, which unfortunately have similar masses (n = 3 for all
blots).
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Targeting the SUN proteins disrupts perinuclear spacing and promotes viral
nuclear egress. Thus, far, the data were consistent with the increased spread of HSV-1
in both 143B and RK13 cells when SUN2 function was efficiently abrogated. Since SUN
proteins associate with KASH proteins through their luminal domains, we reasoned
that overexpression of the dominant SUN constructs would perturb the LINC complex.
To probe the mechanism by which SUN2 may be impacting HSV-1, we evaluated the
spacing between the two nuclear membranes (Fig. 9). In line with a previous report by
Mettenleiter and colleagues (36), overexpression of GFP-luSUN1 in RK13 cells led to a
statistically significant separation of the two nuclear membranes from an average of
23.46 nm (control RK13) to 37.84 nm (RK13 GFP-luSUN1), a 60% increase. Interestingly,
disrupting SUN2 had an even greater impact on the perinuclear space (42.49 nm for

FIG 7 The level of expression of dominant negative SUN proteins on the inducible 143B cell lines
does not influence the propagation of the virus. (A) 143B cells were induced (shades of red) or not
(shades of blue) as described above and subsequently infected with HSV-1 with an MOI of 2 for 12 h.
The infected cells were collected for FACS sorting. GFP-positive cells were recovered in two different
populations, low (light red) or high (dark red) expressers. The noninduced (2DOX), nontransduced
(wild-type 143B), or mCherry control cells were not sorted. An equal number of cells were recovered
in each case. (B) Infected cells sorted in panel A were used to perform plaque assays on Vero cells.
No statistically significant differences were found (n = 3). (C) Western blot of 143B sorted cells in
panel A and the RK13 stable cell lines. The proteins of interest were detected with anti-GFP (GFP-
luSUN proteins) or anti-tubulin (loading control) antibodies. 143B and RK13 represent cells that do
not express mutant forms of SUN1 or SUN2. Error bars represent the SEM. Statistical analysis were
done by one-way ANOVA (n = 3).
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RK13 GFP-luSUN2, an 81% increase). We next measured the perinuclear spacing in the
RNAi-treated 143B cells to determine if the RNAi reagents led to a similar outcome. As
shown in Fig. 10, the perinuclear space was, on average, 29.96 nm in 143B cells (unin-
fected CTRL; gray violin). Inhibition of SUN1 modestly but statistically increased that
space to 37.28 nm (25% increase). Disruption of SUN2 or both SUN1 and SUN2 led to
similar values (38.28 nm or a 28% increase for SUN2 and 39.71 nm or a 33% increase
for both proteins). In these uninfected cells, the impact of downregulating SUN1 or
SUN2 on the perinuclear space was statistically undistinguishable. This indicated that
both RNAi reagents worked as anticipated and altered the perinuclear space.

To probe if the virus could itself disrupt LINC complex, we next monitored the peri-
nuclear space in the course of an infection. Interestingly, the data showed a modest
but significant impact in infected 143B cells with a 17% increase of the perinuclear
space to 35.10 nm (compare gray and red violin plots). In infected cells, knocking
down SUN1 increased the spacing to 41.53 nm (50% increase) and knocking down
SUN2 had a greater impact (50.02 nm or 67% increase), with a potentially concomitant
effect when both proteins were knocked down (55.29 nm or an 84% increase). In
infected cells, the impact on perinuclear spacing was statistically greatest when both
SUN proteins were targeted, with SUN2 being the most impactful (Fig. 10). This con-
firmed once again that the RNAi reagents were functionally active. To finally determine
how altering the LINC components is favorable for the virus, we monitored viral egress
by electron microscopy in 143B cells preincubated with RNAi targeting SUN1, SUN2, or
both. Under all conditions, viral particles were noted in the nucleus, cytoplasm, and
cell surface (Fig. 11). Quantification of these particles indicates that the total number of
viral particles per cell was not significantly impacted by the RNAi reagents, indicating
that viral particle production was normal (Table 1). Similarly, knocking down SUN1
alone had no significant impact on viral distribution throughout the cell, with values

FIG 8 Knockdown of endogenous SUN2 by RNA interference promotes viral propagation in 143B
cells. (A) Wild-type 143B cells were treated for 72 h with nonspecific RNAi (CRTL) or targeting SUN1,
SUN2, or both. Levels of SUN proteins were then measured by Western blot. The proteins of interest
were detected with specific SUN1 or SUN 2 antibodies and anti-GAPDH antibody was used as loading
control (representative image among three independent experiments). (B) Viability of the treated cells
was assessed by an alamarBlue assay. After the 72-h treatment with RNAi, 10% alamarBlue was added
in the media for 3 h and then fluorescence measured (n = 3). (C) After treatment as in panel A, 143B
cells were infected with HSV-1 at an MOI of 2 for 24 h. The supernatants were collected and titrated
into Vero cells (n = 3). The error bars represent the SEM in all panels. Statistical analyses were done
by one-way ANOVA with Dunnett multiple comparisons (*, P # 0.05; **, P # 0.01; ***, P # 0.001).
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FIG 9 Overexpression of dominant negative forms of SUN1 or SUN2 in RK13 cell lines perturbs the spacing
between the two nuclear membranes. Freshly sorted RK13 cell lines were grown to 90% confluence, fixed,
and prepared for electron microscopy as detailed in Materials and Methods. (A) The distance between the
inner and outer nuclear membranes, shown in violin plots, were measured at 5 to 15 places around the
nucleus for each of 30 different cells per condition. The average distance between the membranes of each cell
was considered a single data point. The median and 25% and 75% quartiles are shown. Statistical analyses
were done by one-way ANOVA with Dunnett multiple comparisons (*, P # 0.05; ***, P # 0.001; n = 30). (B)
Representative images. Outer and inner membranes are delineated with arrows in the zoomed images.
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FIG 10 Inhibition of SUN1 or SUN2 by RNAi in 143B also perturbs the spacing between the two nuclear
membranes. 143B cells were treated with RNAi for 72 h, mock treated, or infected with HSV-1 at an MOI of 2 for
12 h. Cells were then fixed and prepared for electron microscopy as detailed in Materials and Methods. (A)
Distance between the two nuclear membranes were measured in 20 different cells per condition as in Fig. 9. The
median and the 25% and 75% quartiles are indicated in the violin plots. Statistical analyses were done by one-
way ANOVA with Dunnett multiple comparisons (ns: not significant; *, P , 0.05; **, P , 0.01; ***, P , 0.001;
n = 20). (B) Representative images with zoom. Arrows indicate the position of the two nuclear membranes.
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similar to those found for untreated cells. In contrast, knocking down SUN2 appeared
to reduce the levels of nuclear capsids with a potential bias toward A-nuclear capsids.
This reduction was similar to that observed when both SUN1 and SUN2 were targeted,
confirming the implication of SUN2 over SUN1 in HSV-1 propagation. This decrease
was matched with a higher number of viral particles at the extracellular membrane but
oddly only when both SUN1 and SUN2 were targeted. It should be noted that these
extracellular virions are those found at the plasma membrane, whereas plaque assays
monitor virions released into the media. Taken together, this indicated that SUN2 has
an antiviral effect as perturbing it stimulates viral egress without impacting viral parti-
cle assembly, presumably through its ability to modulate perinuclear spacing.

DISCUSSION

The formation of the LINC complex between SUN (INM) and KASH proteins (ONM) is
critical to the tightly regulated spacing of the two nuclear envelopes. However, the
egress of herpesviruses through the two nuclear membranes implies an increase of
the perinuclear spacing to make room for the larger viral particles. That HCMV induces
the measurable separation of the two nuclear membranes by reducing the expression
level of both SUN1 and SUN2 is consistent with that scenario (35). In contrast,

FIG 11 EM analysis of viral egress in SUN-depleted cells. 143B cells were treated with SUN1, SUN2, or nontargeting RNAi as
described in Materials and Methods. At 72 h posttreatment, the cells were infected for 12 h with HSV-1 at an MOI of 2 and then
fixed and processed for electron microscopy. N, nucleus; C, cytoplasm.
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inactivation of SUN2 by overexpression of a dominant negative mutant surprisingly
impairs the propagation of PrV, albeit it is not clear if cell-associated virions or those
released in the media were quantified (36). To further address the role of LINC in the
dissemination of herpesviruses, we therefore probed its implication on HSV-1. We dis-
rupted it by two different and orthogonal approaches, namely, by overexpression of
the dominant negative luminal portion of SUN1 or SUN2 or with RNAi targeting these
proteins. The data revealed that disrupting SUN2 by overexpressing the luminal por-
tion of the protein, but not that of SUN1, favors the propagation of HSV-1 in RK13 cells.
RNA interference targeting endogenous SUN2 in 143B cells, which was very efficient
(93%), led to significantly increased HSV-1 yields, indicating that functional SUN2 nor-
mally impedes HSV-1 yields in these two different cell lines. Electron microscopy data
indicated that this phenomenon was independent of viral particle assembly and rather
depended on their egress toward the cell periphery. Given that the luminal portion of
SUN2 has a similar outcome as inhibiting SUN2 altogether, a possible scenario is that
SUN2 inhibition promotes nuclear viral egress by separating the two nuclear mem-
branes. However, this scenario remains to be formally validated.

It is interesting to note that inactivation of SUN1 did not have any appreciable effect
on HSV-1 propagation. This was unlikely due to a better inhibition of SUN2, since both
SUN1 and SUN2 protein levels were efficiently knocked down by RNA interference and
only SUN2 disruption had a phenotype in RK13 cells. Why this is the case is up to specula-
tion. Though we showed that the dominant constructs and RNAi reagents were functional
and led to an increased perinuclear space, SUN2 appears to have a preponderant impact
on both the perinuclear space and viral egress. It is therefore possible that SUN1 disrup-
tion does not sufficiently distance the two nuclear membranes to accommodate the large
viral particles or perhaps that SUN1 is not present at the specific sites of viral nuclear
egress. Although SUN1 and SUN2 have largely redundant roles, small differences in their
functions or interaction partners may also be an important factor (54–56). For example, it
has previously been reported that SUN2, but not SUN1, is indispensable for anchoring
mini-Nesprin 2G, a chimeric form of Nesprin-2, to the outer nuclear membrane (57), but
any link with HSV-1 has yet to be uncovered. Similarly, SUN2, but not SUN1, interacts with
TMEM43 and Rab5 (58, 59). Rab5 is a component of mature HSV-1 virions (40, 60) that is
typically implicated in endocytic processes, vesicular transport, and signaling (61). Rab5
has also been implicated in HSV-1 egress downstream of the nucleus (62), opening up the
possibility that SUN2 may act elsewhere than at the nuclear level. Meanwhile, TMEM43,
which is involved in maintaining the integrity of the nuclear envelope (59), has been
detected as an interaction partner of the HSV-1 glycoprotein M, but its role in the HSV-
1 cycle remains undefined (63). Perhaps most interesting is TorsinA, which modulates the
nuclear localization of SUN2 but not SUN1 (64) and favors HSV-1 and PrV nuclear egress

TABLE 1 SUN inhibition promotes HSV-1 egressa

Particle type CTRL

RNAib

SUN1 SUN2 SUN1+ SUN2
Nucleus
A-capsids 29.26 5.3 (15.7) 25.26 4.8 (14.2) 15.46 2.2* (10.2)* 17.16 2.5 (7.9)*
B-capsids 75.16 18.5 (40.4) 59.56 10.0 (33.6) 54.06 9.3 (35.9) 54.56 9.4 (25.2)
C-capsids 23.06 3.4 (12.4) 19.16 2.3 (10.8) 21.06 2.4 (14.0) 23.36 3.3 (10.8)
Total 127.26 25.3 (68.5) 103.86 15.4 (58.6) 90.46 10.0 (60.1) 94.96 12.8* (43.9)*

PNS 10.06 2.0 (5.4) 15.66 4.5 (8.8) 10.16 1.8 (6.8) 13.96 3.6 (6.5)
Cytoplasm 35.26 8.3 (18.9) 43.86 8.4 (24.7) 34.06 7.0 (22.6) 64.46 18.4 (29.7)
Extracellular 13.46 3.6 (7.3) 14.06 3.0 (8.0) 16.16 3.2 (10.7) 42.86 7.2*** (19.8)**
Total 185.86 23.8 (100) 177.16 19.1 (100) 150.56 10.4 (100) 216.06 25.4 (100)
aAverage number of viral particles per cell and SEM (n = 20). The value in parentheses indicates the percentage
of the total particles/cell.

bStatistical analyses were done by one-way ANOVA as before (*, P, 0.05; **, P, 0.01; ***, P, 0.001), testing the
average number of viral particles (bold values) or the percentage.
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(15, 65). How the virus functionally interacts with TorsinA and SUN2 certainly warrants fur-
ther research.

In the present study, we experimentally altered LINC components and monitored
HSV-1 propagation. However, given that the virus makes its way through the tight peri-
nuclear space, one can presume that the virus can modulate it on its own, a scenario
that is supported by the present study. However, the molecular details of such action
have yet to be uncovered. One mechanism, mentioned above, is to restrict the level of
expression of LINC components as HCMV does (34). Though not formally ruled out,
that HSV-1 did not hamper SUN expression in the inducible 143B cell lines or in the
constitutively expressing RK13 cells suggests that this is perhaps not the case. Other
possible scenarios are that the virus laterally displaces the LINC complexes to open up
a sufficiently large space or that the virus somehow breaks up the LINC complexes and
dissociates SUN from KASH, “unzipping” the two nuclear membranes in either case.
While the present data imply that spacing between the two nuclear membranes limits
HSV-1 egress, it is also conceivable that SUN2 acts independently of its interaction with
KASH proteins, as reported for HIV where SUN2 expression levels modulate the antivi-
ral protein cyclophilin A (66, 67). It would thus be interesting to know if a similar mech-
anism justifies the seemingly opposite effects of SUN2 on PrV and HSV-1, perhaps
though distinct SUN2 interacting partners. Alternative SUN2 isoforms, which exist in
three varieties (https://www.uniprot.org/), may also contribute to this differential effect
on the egress of the two viruses. Elucidating how herpesviruses manipulate LINC at the
molecular level will thus be most interesting.

MATERIALS ANDMETHODS
Plasmids. pGFP-luSUN1 and pGFP-luSUN2 are pcDNA3.1-based plasmids provided courtesy of

Thomas Mettenleiter’s laboratory (Friedrich-Loeffler-Institut, Greifswald, Germany) (36). Both express the
luminal portion of SUN1 or SUN2 (i.e., found in the perinuclear space) preceded by GFP at their amino
terminus. Upon reception, Escherichia coli strain DH5a was transformed, the plasmids isolated with
NucleoBond Xtra midikits (Macherey-Nagel), and sequenced, which confirmed the absence of undesired
mutations. pMD2-pRRE, pRSV-REV, and pMD2-VSVg plasmids are a third-generation lentiviral packaging
system (68, 69). The plasmid pCW-MCS provided puromycin resistance and a TET-ON type TREtight pro-
moter (70) that can be induced by the tetracycline doxycycline (71). These plasmids were used for the
generation of inducible 143B cell lines as described below.

143B cell lines. The human osteosarcoma 143B thymidine kinase-negative cell line was maintained
in culture in Dulbecco modified Eagle medium (DMEM) supplemented with 5% bovine growth serum
(BGS), 1% L-glutamine, and 15 mg/mL 5-bromo-2-deoxyuridine (BUdR) (Sigma-Aldrich). Prior to transfec-
tions and infections, cells were maintained in DMEM without BUdR for 24 h. Inducible 143B cell lines
were produced by transducing them with lentiviruses coding either for GFP-luSUN1 or GFP-luSUN2.
These genes were initially subcloned into the inducible plasmid pCW-MCS using Gibson's assembly (72).
To this end, GFP-luSUN1 and GFP-luSUN2 were PCR amplified from the plasmids pGFP-luSUN1 and
pGFP-luSUN2 described above using the primers specified in Table 2. The plasmid pCW-MCS was linear-
ized using the restriction enzyme DPN-1 and mixed with either PCR product at a molar ratio of 1:3 (plas-
mid/PCR) and 2� Gibson reagent (10% PEG-8000, 200 mM Tris-HCl pH 7.5, 20 mM MgCl2, 20 mM dithio-
threitol [DTT], 0.4 mM [each] of the four deoxynucleoside triphosphates [dNTPs], 2 mM NAD, 10 U/mL T5
exonuclease [NEB no. M0363S], 2 U/mL Phusion [NEB no. M0530S], 40 U/mL Taq Ligase [NEB no.
M0208S]) as previously described (72). Following an incubation at 50°C for 1 h, the reaction was diluted
1:5, and 5 mL was added to 50 mL of chemically competent E. coli JM109 cells. Positive colonies were
grown overnight at 37°C with agitation and plasmids extracted using the NucleoBond midiprep kit
according to the manufacturer's instructions. To package the inducible plasmids in lentiviruses, HEK
293T/17 (ATCC CRL-11268) cells were seeded into a six-well plate 1 day prior to transfection. On the fol-
lowing day, 1.25 mg pCW-MCS-GFP-luSUN1, pCW-MCS-GFP-luSUN2, or pHAGE-mCherry as a transduc-
tion control was mixed with 0.3125 mg pMD2-pRRE, 0.3125 mg pRSV-REV, and 0.625 mg pMD2-VSVg in
200 mL of RPMI. The plasmid solution was mixed, and 7.5 mL of TransIT (Mirus Bio) was added. The trans-
fection mixture was incubated at room temperature for 20 min and then added dropwise to the cells,

TABLE 2 Gibson assembly primers

Gene Forward primer (59! 39) Reverse primer (59! 39)
GFP-luSUN1 GTGAACCGTCAGATCGCCTGGAGAATTGGCTAGCGGATC

CATGCTGCTATCCGTGCCGTT
TACAGTCGACTCTAGAATTCTGCAGTTAACCGGTGGATCCTCACAGTTCG
TCCTTGCTAG

GFP-luSUN2 GTGAACCGTCAGATCGCCTGGAGAATTGGCTAGCGGATC
CATGTGCTATCCGTGCCGTT

TACAGTCGACTCTAGAATTCTGCAGTTAACCGGTGGATCCTCACAGTTCG
TCCTTGCTAG
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which were then maintained at 37°C overnight. Subsequently, the supernatant was replaced with
4.5 mL DMEM (Wisent Bioproducts) supplemented with 15% fetal bovine serum (FBS) and 25 mM
HEPES. Within 36 h, the lentiviruses contained in the supernatant were harvested and used immediately
for transduction of 143B cells (human osteosarcoma, thymidine kinase-negative; ATCC CRL-8303) (69).
The collected virus was first centrifuged at 2,000 � g for 5 min and then filtered using a syringe filter
(0.45 mm; SFCA) to remove large cell debris. For transduction of 143B cells, viral supernatant (1 mL) was
added to subconfluent cells grown in a 6-well plate in the presence of 10 mg/mL of Polybrene and incu-
bated overnight. The following day, the culture medium was replaced with fresh medium, and the cells
were incubated for an additional 24 h before passaging. The cells were then expanded in culture for 1
week and submitted to puromycin selection (0.5 mg/mL). Cells were finally incubated overnight with
1mg/mL doxycycline (DOX) to induce GFP-tagged protein expression and sorted with FACS Aria (BD).

RK13 cell lines. Wild-type RK13 (rabbit kidney, ATCC CCL-37) or expressing GFP-luSUN1 (RK13 GFP-
luSUN1) or SUN2 (RK13 GFP-luSUN2) were kindly donated by Thomas Mettenleiter’s laboratory (36). On
reception, these cell lines were maintained in culture in modified Eagle essential medium (EMEM)
(Wisent Bioproducts) supplemented with 5% bovine growth serum (BGS), 1% L-glutamine, and, in the
case of the transfected cells, 500 mg/mL G418. Cells were maintained at 37°C with 5% CO2, passed at
90% confluence and tested for contaminating mycoplasma. GFP-positive RK13 GFP-luSUN1 and SUN2
cell lines were additionally sorted by FACS, maintained in culture, and then reanalyzed by FACS, Western
blotting, and immunofluorescence as detailed in the results section.

Antibodies. Primary antibodies for Western blotting (WB) and immunofluorescence (IF) were com-
mercially purchased from the following sources: monoclonal anti-GFP (WB, 1:1,000; Sigma; 11-814-460-
001), monoclonal anti-gamma tubulin (WB, 1:10,000; Sigma; T6557), monoclonal anti-ICP4 (IF 1:200;
Abcam; ab6514), monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (WB, 1:5,000;
Millipore Sigma; MAB374), monoclonal anti-SUN1 (WB, 1:5,000; Abcam; 124770), polyclonal anti-SUN1
(WB, 1:1,000; Sigma-Aldrich; HPA008346 targeting amino acid 470 to 600 contained in the endogenous
SUN1 only), and polyclonal anti-SUN2 (WB, 1:1,000; Sigma-Aldrich HPA001209 targeting amino acid 390
to 540 contained in the endogenous SUN2 and exogenous GFP-luSUN2). All secondary antibodies for IF
were ordered from Molecular Probes and those for WB from Jackson ImmunoResearch.

RNA interference.Wild-type (i.e., non-lentivirus transduced) 143B cells were seeded in 6-well plates
24 h prior to transfection in BUdR-free medium. Cells were transfected for 72 h with the transfection
agent LipoJet (SignaGen Laboratories; SL100468) according to the manufacturer’s instructions. Upon
screening of various RNAi reagents and concentrations for their efficacy by Western blotting, we opted
for 100 nM nonspecific Dicer-substrate small interfering RNA (dsiRNA) (dsiCTL; IDT; DS NC1) as control,
25 nM siRNA against SUN1 (Dharmacon), and 100 nM dsiRNA against SUN2 (IDT).

Cell viability. Cell viability was assessed with the alamarBlue assay (Bio-Rad). Briefly, 143B cells grown in
96-well plates were treated with the RNAi for 72 h. AlamarBlue was added to the cells to a final concentration
of 10% for 3 h at 37°C before cell viability was measured using a ClarioStar microplate reader (BMG Labtech;
software version 5.20 R5). The percentages of cell viability were normalized with the control RNAi condition.

Virus and infections. 143B or RK13 cells were grown in 6-well plates for 24 h at 37°C with 5% CO2. For im-
munofluorescence analyses, the cells were instead seeded in 6-well plates with three coverslips (Fisherbrand) per
well. Inducible 143B lines were treated or not with DOX at a concentration of 1 mg/mL at the time of plating.
Cells were then mock treated or infected with HSV-1 (HSV-1 171 wild-type virus provided by Beate Sodeik) at a
multiplicity of infection (MOI) of 2 and then complemented with fresh medium and incubated at 37°C for 9 h for
the RK13 and 12 h for 143B cells. Where indicated, the cells were analyzed by FACS or the virus released in the
tissue culture milieu collected and spun at 500 � g for 5 min to remove aggregates. These viruses were then
stored at280°C until their titrations on Vero cells as detailed below.

Plaque assays. Twenty-four hours prior to titration, Vero cells (ATCC CCL-81) were seeded in 6-well
plates to obtain a monolayer of confluent cells. Supernatants from the above infections were serially
diluted in RPMI-0.1% bovine serum albumin (BSA) and added to the Vero cell monolayer. One hour later,
2� DMEM (10% BGS, 2% penicillin/streptomycin, 2% L-glutamine) mixed with 2% agarose in a 1:1 ratio
was added to the infected monolayer. The infected cells were incubated at 37°C for 3 days before the
DMEM agarose medium was removed from the monolayer and the cells fixed with 220°C cold 100%
methanol. The methanol was removed, and a 0.1% crystal violet solution was then added to the fixed
cells for staining. Taking into account the dilution and the volume used, the initial viral titer was calcu-
lated using the number of PFU produced by the virus in each sample.

FACS sorting and analysis. 143B inducible cell lines were induced or not with DOX at a concentra-
tion of 1 mg/mL for 24 h. Inducible 143B cell lines, or RK13 cell lines, were washed twice with cold phos-
phate-buffered saline (PBS), trypsinized, and centrifuged at 500 � g for 5 min at 4°C. For sorting, the cell
pellet was washed twice with cold PBS and resuspended in sorting buffer (0.2-mm filtered 1� PBS, 1 mM
EDTA, 25 mM HEPES pH 7.0, 1% FBS). GFP-positive cells were collected at the cytometry platform of the
CHU Sainte-Justine Research Centre (CHUSJRC) or the Department of Microbiology, Immunology, and
Infectiology of the Université de Montréal and used immediately or recultured.

For FACS analyses, the cell pellet was washed twice with ice-cold PBS and resuspended in PBS-1% FBS.
Data collection was performed in Canto II FACS or Fortessa LSR at the CHUSJRC cytometry platform, and data
were analyzed with FlowJo software version 10.6.1. The graphs (see results) show the fluorescence intensity
on the x axes, and the percentage of cells with the corresponding intensity on the y axes.

Immunofluorescence. 143B or RK13 cells seeded on slides were fixed with 3% paraformaldehyde
for 20 min at 4°C and permeabilized with 0.1% triton for 4 min at room temperature. The slides were
subsequently incubated at room temperature for 30 min in a blocking solution containing 10% fetal calf
serum (FCS) in PBS to block nonspecific binding and then incubated for 1 h with the primary antibody
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(anti-ICP4; 1:200) diluted in the same blocking solution. After three washes with PBS, the cells were incu-
bated for 45 min with the secondary antibody, goat anti-mouse Alexa 568 (1:1,000) diluted in PBS. The
slides were assembled with Dako (Dako) containing 10 mg/mL Hoechst 33342 (Sigma-Aldrich) overnight
on a microscope slide. Images of the cells were captured with a confocal laser scanning microscope
(Leica TCS SP8) from the CHUSJRC microscopy platform and analyzed with LAS X software version
3.7.0.20979.

Western blotting. 143B or RK13 cells were collected with radioimmunoprecipitation assay (RIPA)
buffer (20% SDS, 1% NP-40, 1% deoxycholic acid, 150 mM NaCl, 10 mM Tris-HCl pH 7.4, freshly supple-
mented with a cocktail of protease inhibitors). Sample concentrations were quantified using the Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) and measured with a ClarioStar plate
reader from the CHUSJRC's molecular biology platform. Samples were separated on 5 to 20% SDS-PAGE
gradient gels and proteins then transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad).
The membranes were blocked for 1 h at room temperature in a 5% milk solution in Tris-buffered saline-
Tween 20 (TBST) (13.7 mM NaCl, 0.27 mM KCl, 0.2 mM KH2PO4, 1 mM Na2HPO4, 0.1% Tween 20). Primary
antibody diluted in 5% BSA-TBST was added to the membrane for an overnight incubation at 4°C.
Membranes were then washed three times for 5 min with TBST and incubated for 1 h at room tempera-
ture (RT) with the appropriate secondary antibodies conjugated to horseradish peroxidase diluted in 5%
milk TBST. Proteins were revealed using the ChemiDoc (Bio-Rad) system after addition of the enhanced
chemiluminescence (ECL) (Bio-Rad) substrate.

Electron microscopy. 143B WT and RK13 cells were seeded in 6-well plates. 143B WT cells were
transfected with RNAi reagents targeting SUN1 or SUN2 for 72 h and then infected for 12 h. Next, both
cell types were fixed in a solution of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate
buffer pH 7.2 overnight and then stored in fresh cacodylate buffer. Cells were next resuspended in 0.1%
osmium tetroxide prepared in cacodylate buffer at 4°C for an hour and gradually dehydrated with etha-
nol. Finally, cells were treated with propylene oxide for permeabilization and embedded on Epon.
Samples were then cut with a Leica (MZ6) Ultracut UCT ultramicrotome and analyzed with a Philips
Tecnai 12 transmission electron microscope from the Electron Microscopy Facility of the Université de
Montréal. To analyze the distance between nuclear membranes, between 5 to 15 measures were taken
for each cell for 20 to 30 cells per condition. The average measures for a given cell were considered sin-
gle data points. Alternatively, to quantify viral egress, all viral particles were counted in 20 cells per con-
dition from two independent experiments (i.e., 3,000 to 4,300 viral particles per condition). Table 1
shows the average number of particles per cell along with the standard errors of the mean (SEM).
Numbers in parentheses reflect the proportion of all particles in the cell (%). Statistics were done both
on average particles and on normalized percentages.

Statistics. One-way analysis of variance (ANOVA) with Dunnett multiple comparisons were used to
determine the significance of the data using GraphPad Prism software version 8.2.1. The difference
between the control conditions and the experimental conditions was considered statistically significant
when the P value was less than 0.05.
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