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ABSTRACT Capsid envelopment during assembly of the neurotropic herpesviruses
herpes simplex virus 1 (HSV-1) and pseudorabies virus (PRV) in the infected cell cyto-
plasm is thought to involve the late-acting cellular ESCRT (endosomal sorting com-
plex required for transport) components ESCRT-III and VPS4 (vacuolar protein sorting
4). However, HSV-1, unlike members of many other families of enveloped viruses,
does not appear to require the ESCRT-I subunit TSG101 or the Bro1 domain-
containing protein ALIX (Alg-2-interacting protein X) to recruit and activate ESCRT-III.
Alternative cellular factors that are known to be capable of regulating ESCRT-III func-
tion include the ESCRT-II complex and other members of the Bro1 family. We there-
fore used small interfering RNA (siRNA) to knock down the essential ESCRT-II subunit
EAP20/VPS25 (ELL-associated protein 20/vacuolar protein sorting 25) and the Bro1
proteins HD-PTP (His domain-containing protein tyrosine phosphatase) and BROX
(Bro1 domain and CAAX motif containing). We demonstrated reductions in levels of
the targeted proteins by Western blotting and used quantitative microscopic assays
to confirm loss of ESCRT-II and HD-PTP function. We found that in single-step repli-
cation experiments, the final yields of HSV-1 were unchanged following loss of
EAP20, HD-PTP, or BROX.

IMPORTANCE HSV-1 is a pathogen of the human nervous system that uses its own
virus-encoded proteins and the normal cellular ESCRT machinery to drive the con-
struction of its envelope. How HSV-1 structural proteins interact with ESCRT compo-
nents and which subsets of cellular ESCRT proteins are utilized by the virus remain
largely unknown. Here, we demonstrate that an essential component of the ESCRT-II
complex and two ESCRT-associated Bro1 proteins are dispensable for HSV-1 replica-
tion.
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Herpes simplex virus 1 (HSV-1) capsids are assembled and packaged with their DNA
genomes in the cell nucleus (1–3). The nucleocapsids subsequently undergo

primary envelopment at the inner nuclear membrane (INM), followed by delivery of
capsids to the cytoplasm via de-envelopment at the outer nuclear membrane (4–7). The
capsids subsequently undergo a final, secondary envelopment by budding into the
lumens of organelles in the cytoplasm (8–16). Primary envelopment at the INM and
secondary envelopment in the cytoplasm require the activities of multiple virus-
encoded proteins (5, 17, 18) in concert with the cellular ESCRT (endosomal sorting
complex required for transport) apparatus (19–21).

The ESCRT apparatus is a membrane-remodeling machine that is used to manipu-
late membrane bilayers during diverse cellular processes, including multivesicular body
(MVB) formation, cytokinesis, exosome and microvesicle formation, and repair of
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plasma and nuclear membranes (22–26). The multisubunit complexes ESCRT-0, -I, and
-II, along with additional accessory proteins (24, 25), control the location, timing, and
deposition of ESCRT-III (Fig. 1), a spring-like filament assembled by polymerization of
CHMP (charged multivesicular body protein) family members on the surface of the lipid
bilayer. The polymerized ESCRT-III filament drives the formation of vesicles, tubules, or
viral envelopes and then constricts the resulting structure at its neck to catalyze
scission, a process accompanied by disassembly and removal of ESCRT-III via the
hexameric AAA ATPase VPS4 (vacuolar protein sorting 4) (24, 25, 27).

The formation and deposition of the ESCRT-III filament are controlled by a number
of parallel cellular pathways. ESCRT-I directly binds the ESCRT-III subunit CHMP6 but
can also recruit it via association with the complex ESCRT-II (24). In both cases, CHMP6
then nucleates polymerization of the ESCRT-III filament major subunits, principally
CHMP4, but also the CHMP2 and CHMP3 subunits (24, 28) (Fig. 1). CHMP polymerization
can also be triggered by proteins containing the elongated banana-shaped Bro1
domain (24, 25, 29, 30) (Fig. 1). Humans express five known Bro1 domain family
members (described in more detail below), the best characterized of which is ALIX
(Alg-2-interacting protein X) (24, 25). ALIX, like ESCRT-II, can be recruited by ESCRT-I,
and the ALIX Bro1 domain then binds to CHMP4 (30, 31), activating it and inducing
conformational changes that drive its polymerization with itself and other CHMP
subunits (24, 25).

Many families of enveloped viruses have evolved means to exploit the ESCRT
apparatus in order to gain access to ESCRT-III and VPS4 to drive terminal scission (23,
32, 33). In general, viruses acquire ESCRT-III by recruiting one or more earlier ESCRT
components, most commonly ALIX and the ESCRT-I complex (33). The best-understood
examples are the retroviral Gag proteins, where sequence motifs termed L domains
(late-budding domains) recruit ALIX via the motif YPXnL and the TSG101 subunit of
ESCRT-I via the sequence P(T/S)AP (23, 33). ALIX and ESCRT-I are then thought to

FIG 1 Alphaherpesvirus envelopment and candidate ESCRT components. ESCRT complexes are shown on
the left, with ESCRT-0 (composed of subunits STAM/HRS) in brown, ESCRT-I (composed of subunits
TSG101/MVB12/VPS37/VPS28) in red, and ESCRT-II (EAP30/EAP45/EAP202) in yellow. The ESCRT-III filament
is shown as a polymer of CHMP2/3/4 subunits (green) capped by nucleating CHMP6 subunits (cyan). The
ESCRT-I and ESCRT-II complex EAP20 subunits can each nucleate filament assembly through recruitment of
CHMP6. Members of the Bro1 family of proteins (dark-blue cylinder) are able to directly trigger CHMP4
polymerization. On the right is the generalized structure of an alphaherpesvirus cytoplasmic envelopment
intermediate, showing the presumed relationship between the ESCRT-III filament and the lipid bilayer
(brown line), the viral capsid (red sphere), the inner tegument (gray layer), and the outer tegument
(dark-blue ovals), some of which interact with membrane-embedded envelope glycoproteins (yellow bars).
Late in envelopment, ESCRT-III constricts to draw the membrane together, sealing the envelope and
pinching the enveloped virus into the organellar lumen (light-blue space). Constriction and ESCRT-III
disassembly are catalyzed by the ATPase VPS4 (purple spheres). The positioning of the ESCRT-0, -I, and -II
complexes and the Bro1 proteins is not meant to necessarily imply they play roles in alphaherpesvirus
envelopment.
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activate ESCRT-III assembly via their well-characterized direct interactions with (respec-
tively) CHMP4 and CHMP6, though ESCRT-I may also recruit ESCRT-II to the site of HIV-1
budding (34, 35). Other families of enveloped viruses use alternative recruitment
mechanisms but commonly target the same subset of ESCRT components (19, 33).

How the Alphaherpesvirinae recruit the ESCRT machinery for cytoplasmic envelop-
ment is poorly understood (19). ESCRT-III and VPS4 appear to be required for comple-
tion of cytoplasmic envelopment by HSV-1 (21, 36) and pseudorabies virus (PRV) (21)
and play a role during HSV-1 envelopment at the INM (7). However, expression of
dominant-negative forms of ALIX and TSG101 have no effect upon HSV-1 replication
(20). Similarly, small interfering RNA (siRNA) knockdown of ALIX and TSG101 do not
diminish HSV-1 titers or growth rates, even when they are depleted simultaneously to
exclude the possibility that they act redundantly (20). As we recently discussed (19),
lacking a role for ALIX and ESCRT-I, the most likely remaining cellular proteins that
HSV-1 might use to assemble the ESCRT-III apparatus are the ESCRT-II complex and Bro1
family members other than ALIX (Fig. 1).

Although ESCRT-II is most commonly recruited to sites of membrane remodeling via
TSG101/ESCRT-I, the core protein of hepatitis B virus has been reported to bind ESCRT-II
directly and to utilize it for pre-genomic-RNA trafficking, encapsidation, or stabilization
of replication-competent hepatitis B virus nucleocapsids (37). It therefore remains a
possibility that structural components of HSV-1 might directly bind ESCRT-II in order to
control ESCRT-III assembly (Fig. 1). Regarding Bro1 family members, in addition to ALIX,
the human proteome contains four Bro1 domain proteins with broad tissue expression
(24, 30, 38): RHPN1 (Rhophilin 1) and RHPN2, HD-PTP (His domain-containing protein
tyrosine phosphatase) (39–42), and BROX (Bro1 domain and CAAX motif containing)
(29, 30, 43). RHPN1 and RHPN2 are Rho-GTP binding proteins associated with the actin
cytoskeleton and have not been clearly linked to the ESCRT pathway (30). In contrast,
HD-PTP and BROX both participate in ESCRT-III assembly during endosomal cargo
sorting and MVB formation (40, 43), positioning them in an appropriate cellular location
for use by enveloping HSV-1 capsids (8, 9, 44). Although the normal physiological role
of BROX is unclear (43), its Bro1 domain appears to interact with both CHMP4B and
CHMP5 and to recruit CHMP5 to endosomes (29). This is in contrast to ALIX and HD-PTP,
both of which are considered to be CHMP4 specific (31, 41, 43), and is interesting, given
that dominant-negative alleles of CHMP4B and CHMP5 are two of the most potent
inhibitors of HSV-1 replication (20).

In this study, we used siRNA to knock down the essential ESCRT-II subunit EAP20/
VPS25 (ELL-associated protein 20/vacuolar protein sorting 25) (19, 24) and the Bro1
proteins HD-PTP and BROX. We found that substantial depletion of these polypeptides
could be shown to inhibit the normal cellular processes associated with their functions
(for EAP20 and HD-PTP, for which such assays exist) but had no effect upon the final
titers of HSV-1 replicating in knockdown cells. We conclude that under our conditions
none of these proteins are individually required for ESCRT-III recruitment and envel-
opment of HSV-1.

RESULTS
Knockdown of ESCRT-II complex function. ESCRT-II is a Y-shaped complex with a

stem consisting of the subunits EAP30 and EAP45 and two arms, each composed of a
copy of the protein EAP20/VPS25 (24). It is the EAP20 subunits that are capable of
binding and activating CHMP6 (24, 45) to nucleate ESCRT-III polymerization (28) (Fig. 1).
We knocked down the EAP20 subunit in HeLa cells using an siRNA directed against
exon 5 of the EAP20 transcript. Western blotting confirmed that the EAP20 protein level
was substantially reduced after knockdown in HSV-1-infected HeLa cells (Fig. 2B).

We next tested whether ESCRT-II was functionally inactivated by examining the
ability of EAP20 knockdown cells to degrade the epidermal growth factor receptor
(EGFR) in lysosomes, a process known to be partially dependent upon ESCRT-II function
(35, 46). HeLa cells were subjected to siRNA-mediated EAP20 knockdown or treated
with a control siRNA, infected with HSV-1, and then serum starved for 5 h to deplete
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epidermal growth factor (EGF) and thus accumulate EGFR at the cell surface. The cells
were then incubated with EGF (or with EGF omitted) for 2 h to induce EGFR internal-
ization and targeting to lysosomes for degradation. We then performed anti-EGFR
immunocytochemistry to visualize and quantitate EGFR fluorescence at the end of the
EGF chase period. As shown in Fig. 2A, when EGF was omitted (�EGF), EGFR was readily
detectable on the cell surface regardless of whether cells had been treated with a
control (Ctrl) siRNA or with EAP20 siRNA. However, in the presence of EGF (�EGF), EGFR
chased from the cell surface into endosomes, and in the presence of control siRNA,
some EGFR reached lysosomes, where it was degraded, resulting in a reduction in total
anti-EGFR fluorescence intensity (Fig. 2A, left). In contrast, upon EAP20 knockdown, the
ESCRT-II-dependent step of delivery to lysosomes was inhibited and EGFR accumulated
in bright intracellular puncta (Fig. 2A, right). These data are shown quantitatively in Fig.
2C. In siRNA control cells, approximately 33% of cellular EGFR was internalized and
degraded during the time course of the EGF chase (P � 0.0001). In contrast, although
EAP20 knockdown cells internalized EGFR (Fig. 2A), no significant EGFR degradation

FIG 2 Inhibition of EGFR degradation following knockdown of the ESCRT-II subunit EAP20. HeLa cells were
transfected with control siRNA (Ctrl) or an siRNA targeting EAP20. After 24 h, the transfections were
repeated, and then the cells were immediately infected with HSV-1. At 13 h postinfection, the cells
were serum starved for 5 h; incubated with (�) or without (�) EGF for 2 h, as indicated; and then fixed for
DAPI staining and anti-EGFR immunocytochemistry or collected for Western blotting. (A) Fields of cells
immunostained for EGFR (green), exhibiting UL25-mCherry fluorescence (red), or in which EGFR and UL25
fluorescence images were merged with DAPI-stained images (Merge). (B) Western blot showing levels of
EAP20 or the cell recovery/loading control GAPDH protein at the time of cell recovery. (C) Mean EGFR
immunofluorescence intensities from 50 microscopic fields similar to those in panel A were quantitated
using NIH ImageJ software (3 to 5 cells were scored per field). Mean EGFR fluorescence intensities and
standard deviations from the mean are plotted in arbitrary units (a.u.). ns, not significant (P � 0.59); ****, P
� 0.0001.
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was seen (P � 0.59). These experimental and control data resemble those seen for EGFR
turnover following EAP20 knockdown in HEK293 cells (46) and HIV-infected HeLa cells
(35).

HSV-1-infected EAP20 knockdown cells similar to those examined above were
prepared and then collected immediately after infection or at 20 h postinfection (hpi).
The cells were scraped up into their medium, and extracts were prepared and then
either Western blotted for EAP20 and GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) (Fig. 3A) or subjected to plaque assay to determine yields of virus. As seen in
Fig. 3B, the final yield of HSV-1 in EAP20 knockdown cells at 20 hpi was similar to that
in cells treated with a control siRNA, demonstrating that under these conditions,
EAP20/VPS25, and therefore the normal function of the ESCRT-II complex, is not
necessary for HSV-1 replication.

As a positive control for the effect of siRNA knockdown on HSV-1 replication, we
targeted the spliceosomal subunit PRPF8 (pre-mRNA processing factor 8) (47), because
its knockdown in HeLa cells is known to inhibit HSV-1 replication without causing
cytotoxicity (48). Under infection and replication conditions identical to those used in
our EAP20 knockdown experiments, the depletion of PRPF8 (Fig. 3C) resulted in an
�37-fold reduction in the titer of progeny HSV-1 (Fig. 3D). These results compare well
with knockdown of other cellular proteins known to be important for HSV-1 replication
in HeLa cells when infected at a multiplicity of infection (MOI) of 1 to 10; HSV-1 progeny

FIG 3 siRNA knockdown of EAP20 or PRPF8 and effects on HSV-1 replication. (A and B) Cells were treated
with control (Ctrl) siRNA or EAP20 siRNA exactly as for Fig. 2. They were infected with HSV-1 and acid
washed to inactivate unpenetrated virus, and cell extracts were prepared immediately (T0) and after 20 h
(T20). (A) Cell extracts were subjected to Western blotting for EAP20 and control GAPDH. (B) Plaque assays
to determine PFU yields in cell extracts. The plotted values are means and standard deviations from the
mean for 6 independent replicates. (C and D) Cells were treated with control (Ctrl) siRNA or PRPF8 siRNA,
and the transfections were repeated after 48 h. After a further 24 h, the cells were infected with HSV-1,
and extracts were prepared exactly as for the EAP20 knockdown. (C) Cell extracts were subjected to
Western blotting for PRPF8 and control GAPDH. (D) Plaque assays to determine PFU yields in cell extracts.
The plotted values are means and standard deviations from the mean for four independent replicates.
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titers were reduced 3- to 4-fold by knockdown of nucleolin (49), 2.5- to 5-fold upon
knockdown of Rab1a or Rab43 (50), and 4-fold following knockdown of SRSF2 (serine/
arginine-rich splicing factor 2) (51).

Knockdown and functional assay of the Bro1 protein HD-PTP. We next knocked
down the Bro1 family member HD-PTP (Fig. 1), using a pool of two siRNAs targeting
exons 1 and 2 and exon 8. Western blotting confirmed that HD-PTP levels were
substantially reduced in HSV-1-infected HeLa cells (Fig. 4B). HD-PTP is required to
efficiently localize the survival motor neuron (SMN) complex to nuclear Cajal bodies
(52), so as a functional test for HD-PTP depletion, we examined the accumulation of
SMN-positive nuclear puncta. As shown in Fig. 4A, nuclei accumulated substantially
fewer SMN-positive puncta in HD-PTP knockdown cells than in controls. Quantitation
revealed that loss of HD-PTP resulted in a 57% decrease in the mean number of

FIG 4 siRNA knockdown of HD-PTP and its consequences for accumulation of SMN puncta in nuclei. HeLa
cells were transfected with control siRNA (Ctrl) or a mixture of two HD-PTP siRNAs, and the transfections
were repeated 24 h and 48 h later. Cells were then collected for immunostaining or Western blotting. (A)
Fields of cells fixed, stained with DAPI, and immunostained for SMN. (Bottom row) SMN immunostaining
alone. The white arrowhead indicates a nuclear SMN punctum. (Top row) Merge of SMN and DAPI channels.
(B) Western blot showing levels of HD-PTP or control GAPDH protein in the cells at the time of their
recovery. (C) SMN puncta in nuclei were counted and plotted as the mean number of puncta seen per 150
cells (left graph) and the mean number of punctum-free nuclei per 150 cells (right graph). The plotted
values are means and standard deviations from the mean for 3 independent experiments, with 150 cells
scored per experiment ****, P � 0.0001.
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SMN-positive puncta per nucleus (Fig. 4C, left) (P � 0.0001) and a 49% increase in the
number of nuclei that completely lacked such puncta (Fig. 4C, right) (P � 0.0001).

HSV-1-infected HD-PTP knockdown cells similar to those examined above were
prepared and then collected immediately after infection or at 20 hpi. Extracts were
prepared exactly as for Fig. 3 and then either Western blotted for HD-PTP and GAPDH
(Fig. 5A) or subjected to plaque assay to determine the yields of virus. As seen in Fig.
5B, the final yield of HSV-1 in HD-PTP knockdown cells at 20 hpi was similar to that in
cells treated with a control siRNA, demonstrating that under these conditions, the Bro1
domain protein HD-PTP is not necessary for HSV-1 replication.

Knockdown of the Bro1 protein BROX. Finally, we knocked down the Bro1 protein
BROX using a pool of two siRNAs targeting exon 4 and exons 11 and 12. We found this
molecule to be rather refractory to siRNA-mediated knockdown, and indeed, to our
knowledge, successful knockdown of BROX in mammalian cells has not previously been
reported. Nevertheless, following the establishment of a suitable knockdown protocol,
we confirmed by Western blotting that BROX levels could be substantially reduced in
HSV-1-infected HeLa cells (Fig. 6A). We were unable to independently test the cellular
consequences of this BROX knockdown, since there is no known assay to measure
BROX function (43).

FIG 5 Titers of HSV-1 grown on HD-PTP-depleted HeLa cells. The cells were treated with control siRNA
(Ctrl) or HD-PTP siRNAs exactly as for Fig. 4, infected with HSV-1, and then acid washed to inactivate
unpenetrated virus. Samples were collected immediately (T0) and after 20 h (T20). (A) Cell extracts were
subjected to Western blotting for HD-PTP and control GAPDH. (B) Plaque assays to determine PFU yields
in cell extracts. The plotted values are means and standard deviations from the mean for 6 independent
replicates.

FIG 6 Titers of HSV-1 grown on BROX-depleted HeLa cells. Cells were treated with control siRNA (Ctrl) or
a mixture of two BROX siRNAs. The transfection was then repeated 48 h and 96 h after the start of the
experiment. After an additional 4 h, the cells were infected with HSV-1 and then acid washed to
inactivate unpenetrated virus. Samples were collected immediately (T0) and after 20 h (T20). (A) Cell
extracts were subjected to Western blotting for BROX and control GAPDH. (B) Plaque assays to determine
PFU yields in cell extracts. The plotted values are means and ranges for 2 independent duplicate
experiments.
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HSV-1-infected BROX knockdown cells were collected immediately after infection or
at 20 hpi, and extracts were prepared as for Fig. 3 and then subjected to plaque assay.
As shown in Fig. 6B, the final yield of HSV-1 in BROX knockdown cells at 20 hpi was
similar to that in cells treated with a control siRNA, demonstrating that under these
conditions, loss of most cellular BROX protein had no effect on HSV-1 replication.

DISCUSSION

The cellular ESCRT apparatus is an ancient and versatile membrane-remodeling
machine (24, 25, 32) that has been used by many families of viruses to help construct
their envelopes (23, 32, 33). The Alphaherpesvirinae are no exception, as ESCRT-III and
VPS4 functions appear to be required for completion of cytoplasmic envelopment by
HSV-1 (21, 36) and PRV (21) and for the maturation of these cytoplasmic virions to a
form able to traffic along microtubules in vitro (21). However, two major questions
remain unresolved: which cellular ESCRT components are utilized by Alphaherpesvirinae
during cytoplasmic envelopment, and which viral structural proteins recruit them.

Motifs resembling retroviral YPXnL and P(T/S)AP Gag L domains (known to mediate
ALIX and TSG101 binding, respectively) have been identified by sequence inspection of
a number of HSV-1 proteins (20). However, siRNA knockdown of ALIX and TSG101, or
expression of dominant-negative forms of the proteins, had no effect upon HSV-1
replication (20). Alternatively, the large inner-tegument protein UL36p has long been a
strong candidate for ESCRT recruitment due to its essential role in envelopment (53).
We showed that although UL36p is not essential for capsid-organelle docking (44), it is
required to efficiently couple HSV-1 capsids to sites of VPS4-driven envelopment (54).
However, UL36p is required for the assembly of multiple outer-tegument and envelope
proteins into the enveloping particle (55–60), and its role in capsid/ESCRT-III/VPS4
assembly may well be indirect (54).

In this study, we tested three cellular candidates that we hypothesized might be
used by HSV-1 to recruit and control deposition of the ESCRT-III filament: ESCRT-II and
the Bro1 proteins HD-PTP and BROX (Fig. 1). We used siRNA to substantially reduce the
levels of the essential ESCRT-II subunit EAP20/VPS25 (Fig. 2 and 3), HD-PTP (Fig. 4 and
5), and BROX (Fig. 6) and confirmed impairment of their normal cellular functions where
assays are available (lack of a known role for BROX precluded such a functional assay).
In each case, we found that loss of the polypeptide had no significant effect upon the
final yields of HSV-1 after 20 h of replication.

In these experiments, we examined only endpoint PFU yields in a single-step growth
curve. It is possible that loss of these proteins could result in differences in rates of viral
replication earlier in infection or defects that are visible only after multiple cycles of
replication. However, it might be difficult to distinguish such modest effects from those
arising due to the pleiotropic consequences of ESCRT component knockdown for
general cellular health. We also cannot exclude the possibility that HSV-1 might utilize
two or more of these polypeptides in a redundant fashion with each other, with the
ESCRT-I complex, or with the Bro1 protein ALIX. Given the large number of cellular
proteins and complexes that are now known to control ESCRT-III localization and
activity, it would be a significant technical challenge to knock down all possible
combinations of these molecules, even if the cells were capable of surviving such
treatment.

We conclude that either HSV-1 uses multiple cellular ESCRT components in a
redundant manner to recruit ESCRT-III or, alternatively, the virus bypasses the need for
Bro1 domain proteins, ESCRT-I and ESCRT-II, completely. In the latter case, structural
proteins within the HSV-1 particle, perhaps in the inner or outer tegument (18, 19), may
have evolved to directly recruit and trigger assembly of ESCRT-III subunits at the site of
envelope constriction and scission.

MATERIALS AND METHODS
Cells and viruses. HeLa cells were maintained in Dulbecco modified Eagle’s medium (DMEM)

supplemented with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin (Gibco Laboratories).
HSV-1 GS6807 mimics a previously described HSV-1 strain F recombinant that encodes a UL25/mCherry
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capsid fusion, HSV1-GS4553 (61), but is derived from an improved self-recombining HSV-1 strain F
infectious clone (62). HSV-1 GS6807 was a kind gift from Gregory A. Smith.

RNA interference and HSV-1 infections. All knockdowns were performed with Ambion Silencer
Select siRNAs (ThermoFisher Scientific) transfected into HeLa cells using Lipofectamine RNAiMax
(ThermoFisher Scientific) in DMEM containing 10% FCS but lacking antibiotics. For all knockdown
experiments, Silencer Select negative control no. 1 siRNA (ThermoFisher Scientific; catalog number
AM4611) was used as a control. In none of the siRNA knockdown regimens described below was there
any apparent cytopathic effect compared to negative-control siRNA.

For EAP20 knockdown, Silencer Select siRNA s38894 (5=-CGUCUUUACCCUGUAUGAAtt-3= and 5=-UU
CAUACAGGGUAAAGACGga-3=; nucleotides in lowercase correspond to single-stranded overhanging
ends [here and in next 3 paragraphs]) targeting EAP20 exon 5 at a concentration of 25 nM was
transfected into HeLa cells at the start of the experiment and again 24 h later. Four hours after the second
transfection, the cells were infected with HSV-1 GS6807 at an MOI of 10. After 1 h of infection, residual
input virus was inactivated by a 30-s wash with glycine-buffered saline (GBS) (136 mM NaCl, 5 mM KCl,
100 mM glycine [pH 2.8]) and then overlaid with fresh antibiotic-free DMEM-10% FCS. Samples were
collected immediately (T0) and at 20 hpi (T20) by freezing, thawing, and then scraping cells up into their
overlying medium. After two more freeze-thaw cycles, the cell-medium mixture was sonicated and
titrated for PFU on Vero cell monolayers.

PRPF8 knockdown used 25 nM Silencer Select siRNA s20798 (5=-GGACAUGAACCAUACGAAUtt-3= and
5=-AUUCGUAUGGUUCAUGUCCtt-3=) targeting PRPF8 exons 20 and 21. Transfections were performed as
described for EAP20, except that cells were transfected at the start of the experiment and again after
48 h. After an additional 24 hours, the cells were infected with HSV-1 strain GS6807 at an MOI of 10, and
then samples were collected exactly as described above.

HD-PTP knockdowns made use of a mixture containing 25 nM (each) Silencer Select siRNAs s24775
(5=-AGUUUGUCCUGAAGAAUUAtt-3= and 5=-UAAUUCUUCAGGACAAACUtc-3=) and s24777 (5=-GGAAGAA
ACUUGUGCAGAUtt-3= and 5=-AUCUGCACAAGUUUCUUCCag-3=) targeting HD-PTP exons 1 and 2 and
exon 8, respectively. Transfections were performed as described for EAP20 above, except that the cells
were transfected at the start of the experiment, after 24 h, and again after 48 h. After an additional 4 h,
the cells were infected with HSV-1 strain GS6807 at an MOI of 10, and then samples were collected
exactly as described above.

BROX knockdowns were carried out as follows. At the start of the experiment, HeLa cells were
transfected with 25 nM (each) Silencer Select siRNAs s45175 (5=-CAAGAAAGCAAGUUACGAUtt-3= and
5=-AUCGUAACUUGCUUUCUUGgg-3=) and s45176 (5=-CAAGGAUGACAGUACUAAAtt-3= and 5=-UUUAGUA
CUGUCAUCCUUGgg-3=) targeting BROX exon 4 and exons 11 and 12, respectively. The transfection was
then repeated 48 h and 96 h after the start of the experiment. After an additional 4 h, the cells were
infected with HSV-1 strain GS6807 at an MOI of 10, and then samples were collected exactly as described
above.

Immunostaining and Western blotting. When intended for immunostaining experiments, HeLa
cells were plated onto glass coverslips precoated with 10 �g/ml poly-L-lysine (Sigma). Following the
appropriate experimental treatments, the cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) for 15 min at
room temperature, and all subsequent steps were performed at room temperature. The cells were
washed with PBS, permeabilized with 0.1% Triton X-100 in PBS for 15 min, washed in PBS, and blocked
with 20% newborn calf serum (NCS) in PBS for 1 h. They were then incubated for 1 h with the mouse
monoclonal antibody anti-EGFR 528 or anti-SMN F-5 (Santa Cruz Biotechnology) as appropriate. After
washing in PBS, they were incubated with Alexa Fluor 488-labeled donkey anti-mouse IgG (Invitrogen),
washed, and mounted for imaging using ProLong Gold Antifade with DAPI (4=,6-diamidino-2-
phenylindole) (Invitrogen).

For Western blotting, whole-cell extracts were subjected to SDS-PAGE on 7.5% gels and then
transferred to a polyvinylidene difluoride membrane (Bio-Rad), blocked using a solution of 5% dry milk
in Tris-buffered saline-Tween (TBST) (137 mM NaCl, 0.1% [wt/vol] Tween 20, 20 mM Tris-Cl, pH 7.4), and
then incubated with the appropriate primary antibody, as follows: anti-EAP20/VPS25, mouse monoclonal
antibody B-4 (Santa Cruz Biotechnology); anti-PRPF8, rabbit polyclonal A303-922A (Bethyl Laboratories
Inc.); anti-HD-PTP, rabbit polyclonal A304-585A-1 (Bethyl Laboratories Inc.); anti-BROX, rabbit polyclonal
PA5-56748 (ThermoFisher Scientific); or anti-GAPDH, mouse monoclonal GA1R (ThermoFisher Scientific).
After washing, the membranes were incubated with peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibodies (Millipore Sigma), and bound antibody was detected with an enhanced chemilu-
minescence (ECL) substrate (PerkinElmer).

EGFR degradation assay. HeLa cells were seeded onto glass coverslips, and then EAP20 was
knocked down and the cells were infected as described above. At 13 hpi, the cells were serum starved
for 5 h (to deplete EGF), and then 1 �g/ml EGF was added or omitted for 2 h. The cells were then fixed
and processed for immunocytochemistry as described above. EGFR fluorescence intensities were quan-
tified using NIH ImageJ software.

Accumulation of SMN puncta in nuclei. HeLa cells were seeded onto glass coverslips, and then
HD-PTP was knocked down as described above. The cells were fixed 72 h after the beginning of the
experiment and immunostained for SMN as described above. SMN accumulations in Cajal bodies (nuclear
puncta) were counted in 150 cells per experiment in three independent experiments.

Image recording and analysis. Imaging was performed in the Analytical Imaging Facility (AIF) of the
Albert Einstein College of Medicine. All fluorescence images were collected on a Zeiss Axio Observer
CLEM inverted microscope with a 63�, 1.4-numerical-aperture oil immersion objective. All images were
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saved in Zeiss AxioVision ZVI (Zeiss vision image) format using AxioVision release 4.8.2 image acquisition
and management software. NIH ImageJ software was used for image analysis.
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