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Abstract: The multi-subunit structural maintenance of chromosomes (SMC) 5/6 complex includes
SMC6 and non-SMC element (NSE)3. SMC5/6 is essential for homologous recombination DNA repair
and functions as an antiviral factor during hepatitis B (HBV) and herpes simplex-1 (HSV-1) viral
infections. Intriguingly, SMC5/6 has been found to associate with high-risk human papillomavirus
(HPV) E2 regulatory proteins, but the functions of this interaction and its role during HPV infection
remain unclear. Here, we further characterize SMC5/6 interactions with HPV-31 E2 and its role in the
HPYV life cycle. Co-immunoprecipitation (co-IP) revealed that SMC6 interactions with HPV-31 E2
require the E2 transactivation domain, implying that SMC5/6 interacts with full-length E2. Using
chromatin immunoprecipitation, we found that SMC6 is present on HPV-31 episomes at E2 binding
sites. The depletion of SMC6 and NSE3 increased viral replication and transcription in keratinocytes
maintaining episomal HPV-31, indicating that SMC5/6 restricts the viral replicative program. SMC6
interactions with E2 were reduced in the presence of HPV-31 El, suggesting that SMC6 and E1
compete for E2 binding. Our findings demonstrate SMC5/6 functions as a repressor of the viral
replicative program and this may involve inhibiting the initiation of viral replication.

Keywords: papillomavirus; structural maintenance of chromosomes; SMC5/6; NSE3; E2;
replication; transcription

1. Introduction

Human papillomaviruses (HPVs) are non-enveloped, circular double-stranded DNA viruses
that infect basal keratinocytes of stratified squamous epithelia. Infection with certain “high-risk”
HPV types (e.g., HPV-16 and -31) causes nearly all cervical cancers and an increasing number of
oropharyngeal cancers [1]. While prophylactic vaccinations have reduced the incidence of HPV
infection and attributable cancers, there is currently no cure for pre-existing HPV infection. As such,
HPV remains a global health threat and a better understanding of HPV biology remains of significant
medical importance for the identification of novel therapeutic targets.

The HPV genome is roughly eight kilobases in length, encoding for eight proteins essential for
the viral life cycle that are classified as early (E1-E7) or late (L1 and L2), based upon their temporal
expression during HPV infection. The HPV replicative program can be divided into three hypothetical
phases: Establishment, maintenance, and amplification. During the initial establishment of infection,
HPV E1 and E2 proteins, together with the host replicative machinery, replicate HPV genomes to
low copy numbers in host cells. Following establishment, the HPV genome enters the maintenance
phase, whereby viral genome copy numbers are maintained and replication occurs in synchrony
with host cells. In the outer layers of the epithelium, the viral replicative program transitions from
maintenance to amplification, whereupon viral genomes are replicated to thousands of copies per
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cell and encapsidated by L1 and L2 viral proteins within the nucleus. Throughout the HPV life cycle,
the E2 protein is essential for regulating viral replication, transcription, and genome maintenance via
interactions with both viral and host factors. For example, E2 binds to multiple sites flanking the HPV
genome origin of replication to facilitate the recruitment of factors that either stimulate or repress viral
genome replication [2,3].

The structural maintenance of chromosomes (SMC) family of multi-subunit protein complexes
includes SMC1/3 (cohesin), SMC2/4 (condensin), and SMC5/6 [4]. The SMC5/6 complex is comprised
of two SMC subunits (SMC5 and SMC6) and four non-SMC elements (NSE1-4), which join to form a
ring-shaped structure used to topologically entrap DNA. Both SMC5 and SMC6 peptides fold back
upon a central hinge region that connects to N- and C-terminal globular domains via a long coiled-coil
arm. These SMC subunits form obligate heterodimers via the central hinge. Closure of the SMC5/6
complex into the ring-shape characteristic of all SMC protein complexes occurs by bridging SMC5 and
SMC6 N- and C-termini by the kleisin subunit NSE4. NSE1 and NSE3 bind NSE4, forming the NSE1/3/4
sub-complex that enables the NSE3-dependent DNA binding activity of SMC5/6 [5]. Amongst SMC
protein family members, SMC5/6 is unique in possessing intrinsic enzymatic activity via an NSE2
SP-RING SUMO ligase subunit that is bound to the coiled-coil arm of SMCS5 [6]. SMC5/6 is required
for multiple cellular functions, such as host DNA damage repair by homologous recombination [4],
and is essential for cell viability [7]. Recently, antiviral roles have been described for SMC5/6, whereby
SMC5/6 restricts transcription of hepatitis B [8-11] and herpes simplex-1 (HSV-1) viruses [11]. SMC5/6
has also been found to interact with both high- and low-risk HPV E2 proteins and is purportedly
involved in HPV genome maintenance [12], but the significance of SMC5/6 interactions with E2 and its
role during the HPV life cycle is not fully understood.

In this study, we examined interactions of the SMC5/6 complex subunits SMC6 and NSE3 with
HPV-31 E2 and E1 proteins, as well as their roles during the maintenance phase of the HPV-31 replicative
program. Previously reported antiviral functions of SMC5/6 during HBV and HSV-1 infections led us
to hypothesize that SMC5/6 would function as a repressor of the HPV-31 life cycle. We found that the
depletion of SMC6 and NSE3 resulted in increased HPV-31 replication and transcription, suggesting
that the SMC5/6 complex represses the replicative program of HPV-31. Our data demonstrate that
SMC6 is present on episomal HPV-31 genomes and associates with viral E2 proteins, but interactions
with E2 are reduced in the presence of E1, indicating that SMC6 competes with E1 for E2 binding.
This infers that SMC6 repression of the viral replicative program may involve inhibiting the initiation
of viral replication by disrupting E2 interactions with E1. Taken together, our results point to a novel
role for SMC5/6 as a repressor of the HPV-31 replicative program.

2. Results

The SMC5/6 complex (Figure 1A) subunit SMC6 reportedly co-precipitates with several HPV E2
proteins [12-14], so we began our investigation by attempting to confirm this interaction with HPV-31 E2.
HEK293 cells were transfected with FLAG-SMC6, HPV-31 V5-E2, or both plasmids, and FLAG-SMC6
immunoprecipitation (IP) was then performed using the M2 anti-FLAG antibody. Both HPV-31 V5-E2
and the NSE3 positive control co-immunoprecipitated (co-IP) with SMC6 (Figure 1C). In the reciprocal
experiment, the antibody to the V5 epitope pulled-down FLAG-SMC6, but not the SMC5/6 subunit
NSE3 (Figure 1D). Structurally, HPV E2 is comprised of an N-terminal transactivation domain (TAD)
connected to a C-terminal DNA binding/dimerization domain (DBD) by a poorly conserved linker
region (Figure 1B). To identify the region of E2 required for these interactions, HEK293TT cells were
transfected with FLAG-SMC6, FLAG-tagged full-length E2, or FLAG-tagged truncated E2 expressing
the E2 hinge and DBD (Figure 1E). Co-IP was performed using the anti-SMC6 antibody and showed
full-length HPV-31 FLAG-E2 and NSE3 co-IP with SMC6, but not truncated E2 (Figure 1F). These data
demonstrate that SMC6, but not NSE3, associates with HPV-31 E2 and that these interactions require
the E2 transactivation domain.



Pathogens 2020, 9, 786 30f13

}hinge
A SMC5 B

SMC6

NSE2 E2 (full-length) .
Hinge

N | TAD | PBD

N i
( iNSE1)
NSE3 D

¢

c FLAGSMCE - + - + - + - +
VB2 L L+ o+ - -+ 4
VSED -+ -+ -+ -+ ,
FLAGSMC6 - - + + |;'§ q' — . _FLAGSMCE

- -+ 4
fo- . ' VSE2 - ---.' -SMC6
-

— H _FLAGSMC6 “ _NSE3
o e || " o | -NSE3 —— | =2
IP: FLAG INPUT IP: V5 INPUT
I
o o
rﬁ{@? $ &g\sp Q}Qk\?
E F 4 \yf’\Q/ Q/'l' Q‘j’)
o Oé Q\Yo Kt «\5’0\ \5”0\
FLAGSMC6H FLAGWED 6@0 c}“ 0@ &8 C,-é
‘8\(\90’ IP: 1gG SMC6 1gG SMC6 SMC6 SMC6 %é\ qu’ "OQ G}‘\
FLAG TAD DB — - -Eowt

FLAG-\,\Nom . | -E200

w——— | - |-SMCE

R -
P

INPUT

Figure 1. Structural maintenance of chromosomes (SMC) 6 co-immunoprecipitates human papillomavirus
(HPV)-31 E2 in HEK293/TT cells. (A) Schematic representation of the eukaryotic SMC5/6 complex.
(B) Diagram depicting the protein structure of full-length PV E2. The E2 N-terminal transactivation domain
(TAD) is connected by a central hinge to a C-terminal DNA-binding domain (DBD). (C) FLAG-tagged
SMC6 and HPV-31 V5-E2 were transfected into HEK293 cells. Forty-eight hours later, immunoprecipitation
was performed using mouse M2 anti-FLAG agarose beads, and immunoblotting was then performed
using mouse M2 anti-FLAG, mouse anti-V5, and rabbit anti-NSE3 (positive control) antibodies.
(D) FLAG-tagged SMC6 and HPV-31 V5-E2 were transfected into HEK293TT cells. Forty-eight hours
later, immunoprecipitation was performed using rabbit anti-V5 antibodies bound protein A/G sepharose
beads, and immunoblotting was then performed using mouse M2 anti-FLAG, rabbit anti-SMC6, rabbit
anti-V5, and rabbit anti-NSE3 antibodies. (E) Schematic of FLAG-tagged HR-HPV-31 full-length E2"t
(top) and truncated HPV-31 E2PBP (bottom). (F) FLAG-SMC6, full-length FLAG-tagged HPV-31 E2,
and FLAG-tagged HPV-31 truncated E2 were transfected into HEK293TT cells. Forty-eight hours later,
immunoprecipitation was performed using either rabbit IgG or rabbit anti-SMC6, and immunoblotting
was then performed using mouse M2 anti-FLAG, rabbit anti-SMC6, and rabbit anti-NSE3 antibodies.
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Previously, SMC5/6 has been shown to inhibit the transcription of HBV [8-11] and HSV-1 [11].
We questioned whether these antiviral functions of SMC6 and its interactions with HPV E2 indicated
that SMC5/6 functions as a repressor of HPV-31 replication or transcription. We began investigating
this using the siRNA knockdown of SMC6 and NSE3 in CIN612-9E cells (Figure 2A)—a cervical
keratinocyte cell line derived from a patient CIN I lesion that maintains low copy numbers of episomal
HPV-31 [15]. SMC6- and NSE3-depleted cells displayed an increased HPV-31 DNA content (Figure 2B)
and viral E8"E2 transcript abundance (Figure 2C). SMC6 knockdown using an alternative siRNA also
resulted in increased HPV-31 transcripts in CIN612-9E cells (Supplementary Figure S1). We performed
an analogous experiment in episomal maintaining NIKS/HPV-31 keratinocytes. Similar results were
found, as the depletion of either SMC6 or NSE3 resulted in an increased HPV-31 DNA content
in NIKS/HPV-31 (Figure 2D,E); however, only NSE3 knockdown increased E8"E2 viral transcripts
(Figure 2F). Taken together, these data show that the transient depletion of SMC6 and NSE3 in
CIN612-9E and NIKS/HPV-31 results in increased HPV-31 replication and transcription.
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Figure 2. SMC6 and non-SMC (NSE)3 repress HPV replication and transcription in CIN612-9E and
NIKS/HPV-31 cells. (A) Forty-eight hour siRNA knockdown of SMC6 and NSE3 resulted in a decreased
target protein abundance in CIN612-9E cells. (B) The transient depletion of SMC6 increased the HPV-31
DNA content in CIN612-9E cells following 48 h siRNA knockdown. C; values were normalized to
B-actin and fold change is shown relative to the control (set to 1; n = 3). (C) As in (B), with RNA
transcript abundance C; values normalized to (3-actin and fold change relative to the control (set to 1;
n =3). (D) As in (A), with NIKS/HPV-31 cells. (E) As in (B), with NIKS/HPV-31 cells. (F) As in (C),
with NIKS/HPV-31 cells. All experiments were performed in triplicate and statistical significance was
determined by a two-tailed Student’s t-test, where * = p < 0.05.
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SMC6 has been shown to associate with nuclear episomal HBV cccDNA [8] and HSV-1 DNA [11],
but how SMC5/6 localizes to viral DNA remains unclear. An SMC6 association with HPV genomes has
not been reported. Similar to HBV cccDNA and HSV-1, HPV genomes are maintained as episomes
adjacent to promyelocytic leukemia (PML) nuclear bodies [16], which are known sites of SMC5/6
localization [10]. The association of SMC6 with viral DNA and its interaction with HPV E2 led
us to question whether SMC6 is present on episomal HPV-31 genomes. To answer this, we first
validated our ability to immunoprecipitate SMC6 in episomal HPV-31 maintaining CIN612-9E cells
to determine the suitability of the cell line for subsequent chromatin immunoprecipitation (ChIP)
experiments. Total protein was isolated from CIN612-9E cells and SMC6 immunoprecipitation (IP) was
performed, followed by immunoblotting using the anti-SMC6 antibody. SMC6 was detectable in input
samples and IP samples where the anti-SMC6 antibody was used, but not negative control rabbit IgG
(Figure 3A). SMC5/6 is present on DNA during the S phase of the cell cycle to facilitate DNA damage
repair and restart stalled replication forks [17-19]. CIN612-9E cells were arrested in the S phase by a
double-thymidine block to enrich for SMC6’s association with DNA, and ChIP was then performed
using HPV-31 E2, SMC6, or rabbit IgG antibodies. HPV-31 E2 served as our positive control, as it is
well-established that E2 binds episomal HPV genomes and our lab has previously demonstrated that E2
binds to ChIP at various sites along the long control region (LCR) of HPV-31 episomes [2,3]. ChIP and
qPCR determined that HPV-31 E2 was at E2 binding sites within the HPV-31 LCR, but not the viral
L1 region (Figure 3C). SMC6 was also not present in the HPV-31 L1 region, but was detected near E2
binding sites located towards the LCR 5’ region and near the viral ori and early promoter (Figure 3D).
E2 is present on cellular DNA [20-22] and reportedly tethers HPV episomes to host common fragile
sites [23]. We questioned whether SMC6 is associated with a cellular replication origin (GM-CSF)
where E2 may be found. HPV-31 E2, but not SMC6, was present on the eukaryotic GM-CSF origin
of replication (Figure 3B). The absence of SMC6 at the GM-CSF origin led us to utilize the GM-CSF
locus as a negative control for SMC6 binding and to evaluate the enrichment of SMC6 on viral DNA.
These data show that SMC6 is present on HPV-31 episomes at E2 binding sites located within the LCR
in the 5’ region and near the viral ori and early promoter, but not the flanking L1 region.

HPV replication depends on E2-mediated recruitment of the viral E1 DNA helicase to the viral
origin of replication, during which a transient E1/E2-ori ternary complex is formed prior to the release
of E2 from the complex and viral genome [24-27]. The association of SMC6 with E2 and HPV-31
genomes, as well as its repression of viral replication, led us to speculate that SMC6 may interact
with HPV-31 E1/E2 replicative complexes. To explore this, HEK293TT cells were transfected with
FLAG-SMC6, HPV-31 V5-E2, and HPV-31 HA-E1 plasmids alone or in combination, and co-IP reactions
were performed using the anti-SMC6 antibody. We observed HPV-31 FLAG-E2 and NSE3 co-IP with
endogenous SMC6 (Figure 4A), but not HPV-31 HA-E1, when E1 was expressed alone or co-expressed
with E2, or when FLAG-SMC6 was co-transfected with E1 and E2. The co-expression of E1 with
FLAG-SMC6 and E2 reduced the amount of E2 pulled-down by SMC6. To confirm that SMC6 does
not co-IP HPV-31 E1/E2 complexes or E1 alone, we performed an analogous experiment using the
anti-HPV-31 E1 antibody for IP. The IP of HPV-31 HA-E1 pulled-down V5-E2, but not SMC6 or NSE3
(Figure 4B). The E1 co-IP of E2 was not influenced by the overexpression of FLAG-SMC6. Together,
these data demonstrate that neither SMC6 nor NSE3 associate with HPV-31 E1 or E1/E2 complexes, but
that E1 expression inhibits the SMC6 pulldown of E2.
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Figure 3. SMC6 associates with episomal HPV-31 genomes in CIN612-9E cells. (A) Total protein was
isolated from CIN612-9E cells and immunoprecipitation was performed overnight using either rabbit
anti-SMC6 or control rabbit IgG antibodies, and immunoblotting was then conducted using the rabbit
anti-SMC6 antibody. (B) CIN612-9E cells were synchronized in the S phase by a double-thymidine
block and chromatin immunoprecipitation (ChIP) was performed using rabbit anti-HPV-31 E2, rabbit
anti-SMC6, or control rabbit IgG antibodies. qPCR was conducted using primers to the cellular
replication origin (GM-CSF) of replication with primers listed in Table 1. (C) As in (B), but examining
E2’s presence in the viral L1 region, at the 5 LCR E2 binding site, and at the E2 binding site proximal to
the ori and early promoter (pE) of the HPV-31 genome. Approximate locations on the viral genome
and corresponding primers are shown below their respective sites on the horizontal axis. (D) As in (C),
with SMC6. C; values were normalized to the input with control IgG set to 1 and values are expressed
as the mean fold change over IgG +/— SEM. ChIP was performed at least four independent times
for all locations examined and statistical significance was determined by a one-tailed Student’s t-test
compared to control IgG, with * p < 0.05 and ** p < 0.005.
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Figure 4. SMC6 and NSE3 do not co-IP HPV-31 E1 or E2/E1 complexes. (A) FLAG-SMC6, HPV-31

FLAG-E2, and HPV-31 HA-E1 were transfected into HEK293TT cells.

Forty-eight hours later,

immunoprecipitation was performed using either rabbit IgG or rabbit anti-SMC6, and immunoblotting
was then performed using anti-SMC6, rabbit anti-NSE3, mouse M2 anti-FLAG, or rat anti-HPV-31

E1 antibodies.

(B) FLAG-SMC6, HPV-31 V5-E2, and HPV-31 HA-E1 were transfected into

HEK293TT cells. Forty-eight hours later, immunoprecipitation was performed using rat anti-HPV-31
El, and immunoblotting was then performed using anti-SMC6, rabbit anti-NSE3, mouse M2
anti-FLAG, rabbit anti-V5, or rat anti-HPV-31 E1 antibodies. All experiments were performed

three independent times.

HPV E2 proteins have been found to influence the host factor stability and transcriptional
activity [28,29]. Having validated E2/SMC6 interactions led us to question whether E2 influenced the
SMC6 abundance. To explore this, we generated HaCaT cells stably expressing HPV-31 FLAG-E2 or a
control vector by G418 selection (Figure 5A). We observed no change in SMC6 protein levels in response
to HPV-31 E2 expression. To confirm this, we examined the SMC6 protein expression in parental
N/TERT cells and N/TERT/E2 cells stably expressing the HPV-16 E2 protein (Figure 5B). Similarly,
no effect on SMC6 levels was found in N/TERT cells with HPV-16 E2 compared to control cells.
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Figure 5. HPV-31/-16 E2 do not affect the SMC6 stability. (A) Total protein was isolated from the control
and HPV-31 FLAG-E2 expressing HaCaT cells, and immunoblotting was then performed using mouse
M2 anti-FLAG, rabbit anti-SMC6, and mouse DM1A anti-x-tubulin antibodies. (B) As in (A), but in
parental N/TERT and N/TERT cells stably expressing HPV-16 E2 with immunoblotting using the mouse
TVG-261 anti-HPV-16 E2 antibody. All experiments were performed in triplicate.

3. Discussion

In this study, we investigated SMC6 interactions with HPV proteins and explored the role of
SMC5/6 during the maintenance phase of the HPV-31 life cycle. We observed SMC6 co-IP HPV-31 E2
and further identified that this interaction requires the E2 transactivation domain. While we cannot rule
out a contribution of the E2 DNA-binding domain, these data infer that SMC6 interacts with full-length
HPV-31 E2. Importantly, we found that the knockdown of SMC6 and NSE3 results in increased HPV-31
replication and transcription, implying that SMC5/6 represses these processes. We had speculated
that the SMC5/6-mediated repression of HPV replication may occur through interactions of SMC6
with E1/E2 complexes as a mechanism utilized by E2 to prevent over-replication of viral genomes.
This is unlikely as we did not co-immunoprecipitate SMC6 or NSE3 subunits with either HPV-31
E1/E2 complexes or E1. The association of SMC6 with E2 appeared to be reduced in the presence of
El and together, these data imply that SMC6/E2 and E1/E2 complexes are exclusive. This suggests
that SMC6 repression of the viral replicative program may involve inhibiting E2 recruitment of E1 to
viral genomes for the initiation of replication. Our observations that viral replication increased in cells
following the depletion of SMC6 and NSE3 support this explanation, as more E2 would be available
to recruit E1 to viral genomes for initiating replication. Together, our study supports a role for the
SMC5/6 complex as an endogenous antiviral factor and repressor of the HPV-31 replicative program.

SMC5/6 associates with host chromatin to mediate homologous recombination DNA repair, rescue
stalled replication forks [30], and topologically entrap extrachromosomal DNA [31]. Additionally,
SMC5/6 has been shown to associate with hepatitis B [8,11] and herpes simplex-1 [11] viral episomes.
The purported localization of SMC6 to viral DNA and its association with E2 led us to speculate that
SMC6 may be present on episomal HPV-31 genomes. Indeed, we found SMC6 on episomal HPV-31
genomes at E2 binding sites located towards the LCR 5’ region and proximal to the viral ori and early
promoter, but not the L1 region or GM-CSF origin of replication. These data demonstrate that SMC6
localization on the viral genome is specific to the LCR, inferring that SMC5/6 repressor functions may
occur at the viral genome. Mechanistically, the repression of HPV-31 replication and transcription could
involve SMC5/6 influencing the accessibility of viral DNA through steric hindrance, the recruitment
of histone modifying proteins, or interactions with E2 at the viral genome. It is also possible that E2
recruits SMC5/6 to viral episomes to regulate transcription and replication, as this is an established
function of E2 [32].

The absence of NSE3 in the complex with E2 suggests that E2 may alter SMC5/6 complex formation
by excluding NSE3. While this possibility accounts for the observed absence of NSE3, we believe it
to be unlikely. SMC5/6 is comprised of a core SMC5/6 heterodimer and several non-SMC elements
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(NSE1-4). [4]. With the exception of NSE2, failure of any one subunit to join results in proteasomal
degradation of the complex [6]. Should E2 interactions with SMC6 disrupt the association of NSE3 with
the SMC5/6 complex, NSE3 would be degraded. We did not find the NSE3 abundance to be altered in
any experiment where cells were co-transfected with E2. This implies that the SMC5/6 complex was
intact and NSE3 was not degraded. Furthermore, the amount of NSE3 pulled down by SMC6 co-IP
was unchanged when E2 was present, inferring that SMC6 interactions with NSE3 were not disrupted
by E2. However, without internal loading controls, we cannot exclude the possibility that low levels of
NSE3 were degraded and E2 sequesters a fraction of SMC6 to form a separate complex that does not
include NSE3.

SMC5/6 has previously been reported to inhibit the life cycle of hepatitis B (HBV) by repressing
transcription of the non-replicating, covalently closed circular DNA (cccHBV) intermediate form of
HBYV [8-11]. Our data support an antiviral function for SMC5/6 that extends to repression of the
HPV-31 replicative program, as SMC6 and NSE3 depletion enhanced viral replication and transcription.
However, how SMC5/6 represses the replicative program of HPV-31 is less clear. Unlike cccHBYV,
HPYV episomes are actively transcribed and replicated throughout the viral life cycle. We found that
both processes were increased in response to SMC6 and NSE3 loss, suggesting that SMC5/6 represses
one, or both, processes. For example, it is possible that SMC5/6 functions as a repressor of HPV
transcription and that the observed increase in HPV replication was due to increased transcription.
Conversely, SMC5/6 may repress HPV replication, but not transcription. If SMC5/6 functions as a
repressor of HPV replication alone, then the knockdown of SMC6 and NSE3 would result in increased
replication and thus more viral DNA would be available to be transcribed. Consequently, the observed
increase in the viral transcript abundance would not be resultant from an increase in the rate of viral
gene transcription, but due to more viral genomes being transcribed. Future studies are needed to
discern if the repressive functions of SMC5 and NSE3 during the life cycle of HPV are specific to
replication, transcription, or both.

While our findings are in agreement with others describing an antiviral function for SMC5/6 [8-11],
they contrast with a previous report in which SMC5/6 was not found to repress HPV-31 replication or
transcription, but was instead necessary for the maintenance of viral genomes [12]. This discrepancy
has several possible explanations. For example, our experiments relied upon the transient depletion
of SMC5/6 subunits SMC6 and NSE3, as the sustained depletion of SMC5/6 subunits has been found
to result in spontaneous DNA damage and chromosomal abnormalities and to be lethal in both
non-cancerous and cancerous cell types [7]. It is conceivable that all of these factors contributed to the
reported loss of HPV episomes over time in cells with a near complete reduction of SMC6. However,
we cannot dismiss the possibility that SMC5/6 may also be involved in the maintenance of genomes.

HPV E2 proteins have been reported to influence the gene expression and protein stability of host
factors [28,29]. Neither HPV-31 nor HPV-16 E2 proteins altered SMC6 levels in human keratinocytes.
While this finding agrees with another reporting that HPV-5/-18 and BPV-1 E2 proteins do not
influence the SMC6 abundance [12], it contrasts with studies of hepatitis B virus (HBV) wherein the
master regulatory protein of HBV—HBx—was found to target SMC5/6 for degradation shortly after
infection [8,9]. It is possible that this is due to differences in the cell type infected and differing roles
of SMC5/6 in the life cycles of these viruses. The replicative program of HPV is dependent upon
maintaining the actively dividing state of infected basal keratinocytes and therefore, while the loss of
SMC5/6 may be tolerable in non-dividing HBV-infected hepatocytes, actively dividing HPV-infected
keratinocytes would require a functional SMC5/6 complex for sustaining cell viability.

In conclusion, our study has identified a novel role for the SMC5/6 subunits SMC6 and NSE3 in
the life cycle of HPV-31. Our observation that transient SMC6 and NSE3 depletion results in increased
HPV-31 replication and transcription implies that SMC5/6 represses the replicative program of HPV-31.
The function of SMC5/6 in hepatitis B virus and herpes simplex-1 viral infections appears to be the
repression of viral DNA transcription; however, we have not determined whether the antiviral functions
of SMC6 and NSE3 during HPV infection are specific to transcription, replication, or both. While we
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have demonstrated that SMC6 is present on episomal HPV-31 genomes and interacts with HPV E2
proteins, the mechanism by which SMC5/6 represses the viral replicative program remains unclear.
SMC5/6-mediated repression may involve inhibiting the E2 recruitment of E1 or other replication
factors to the viral ori.

4. Materials and Methods

Plasmids, siRNA, and Antibodies. The plasmids used were FLAG-SMC6/pcDNA3 (GenScript,
Piscataway, NJ, USA), HPV-31 FLAG-E2/pcDNA3, HPV-31 FLAG-E2™ (residues 205-372; [33]),
HPV-31 V5-E2/pcDNA3, HPV-31 HA-E1/pcDNA3, and pcDNA3. The siRNA depletion of SMC5/6
subunits used siScramble DsiRNA (IDT; 51-01-19-08), siSMC6 (IDT; hs.Ri.SM(C6.13.2), and siNSE3 (IDT;
hs.Ri.NDNL2.13.1). Supplementary Figure S1 SMC6 siRNA knockdown used esiGFP (Sigma-Aldrich,
St. Louis, MO, USA; EHUEGFP) and esiSMC6 (Sigma-Aldrich, St. Louis, MO, USA; EHU026931).
Antibodies included mouse M2 anti-FLAG (Sigma-Aldrich, St. Louis, MO, USA), mouse anti-V5
(Invitrogen, Waltham, MA, USA), rabbit anti-V5 (Cell Signal Technologies, Danvers, MA, USA),
rabbit anti-NSE3 (Abcam, Cambridge, UK), mouse anti-SMC6 (Abgent, San Diego, CA, USA), rabbit
anti-SMC6 (Bethyl, Montgomery, TX, USA), rat anti-HPV-31 E1 ([2]), mouse DM1a anti-o-tubulin
(Sigma-Aldrich, St. Louis, MO, USA), mouse anti-B-actin (Sigma-Aldrich, St. Louis, MO, USA),
mouse TVG-261 anti-HPV-16 E2 (Abcam, Cambridge, UK), sheep anti-HPV-16 E2 ([34]), and rabbit IgG
(Jackson, Lansing, MI, USA). Chromatin immunoprecipitation (ChIP) experiments employed rabbit
anti-HPV-31 E2 ([2]; 10008), rabbit anti-SMC6 (Bethyl, Montgomery, TX, USA), rat anti-HPV-31 E1,
and rabbit IgG (Jackson, Lansing, MI, USA) antibodies.

Cell Culture. HEK293 and HEK293TT cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Life-Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(FBS) (Atlas Biologicals, Fort Collins, CO, USA) and 1X penicillin/streptomycin (Life-Technologies,
Carlsbad, CA, USA) at 37 °C and 5% CO,. HaCaT/HPV-31 FLAG-E2 and HaCaT/pcDNA3 were
cultured in DMEM/10% FBS and 200 pug/mL G418 (Life-Technologies, Carlsbad, CA, USA). CIN612-9E
cells (maintaining episomal HPV-31b) were cultured in E-media (3:1 [v/v] DMEM/Ham’s F-12/5%
FBS/0.4 ng/mL hydrocortisone/0.1 nM cholera toxin/5 pg/mL transferrin/5 ng/mL hEGF/5 ng/mL
insulin/adenine ug/mL/1X penicillin/streptomycin) with mitomycin C-treated ]2 3T3 fibroblast feeders
(J2s). NIKS/HPV-31 (episomal HPV-31) were cultured in F-media (3:1 [v/v] Ham’s F-12/DMEM/5%
FBS/0.4 pg/mL hydrocortisone/0.1 nM cholera toxin/5 ng/mL hEGF/5 ug/mL insulin/24.3 ng/mL
adenine/1X penicillin/streptomycin) with 250 ug/mL G418 and mitomycin C-treated J2s. N/TERT and
N/TERT/HPV-16 E2 cells were cultured in KSFM supplemented with bovine pituitary extract, hREGF,
and 4 pug/mL hygromycin B (Sigma-Aldrich, St. Louis, MO, USA).

Co-IP and immunoblotting. HEK293 or HEK293TT cells were transfected using polyethylenimine
(PEL 2 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) and then lysed 48 h later in low-salt NP-40 lysis
buffer (0.5% NP-40/150 mM NaCl/50 mM Tris-HCI (pH 8)/10% glycerol) and protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). Lysates were rotated for 1 h at 4 °C with benzonase (Millipore)
and spun and the supernatant was then collected. For FLAG co-IP experiments, samples were rotated
overnight at 4 °C with M2 agarose bead slurry (Sigma-Aldrich, St. Louis, MO, USA). SMC6 co-IPs were
performed as in V5 and E1 co-IPs, but using either rabbit anti-SMC6 (Bethyl, Montgomery, TX, USA) or
rabbit IgG control (Jackson, Lansing, MI, USA) antibodies. Beads were washed four times, alternating
high-salt (0.5 M) and low-salt (150 mM) NP-40 lysis buffer washes, and boiled, and SDS-PAGE with the
semi-dry transfer of proteins to PVDF membranes was then performed. Membranes were blocked in
5% milk/1X PBS/Tween-20 (0.1%) and then probed overnight at 4 °C with primary antibodies. Protein
detection was performed using HRP-conjugated 2° antibodies and chemiluminescence substrates (GE).
Total protein was isolated by lysis in 10% SDS/150 mM NaCl lysis buffer, samples were boiled, and
Western blot analysis was performed as described above.

Chromatin immunoprecipitation (ChIP). ChIP was performed using the ChIP-IT Express Enzymatic kit
(Active Motif, Carlsbad, CA, USA), according to the manufacturer’s protocols. qPCR was performed
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using SsoFast Evagreen Mastermix (Bio-Rad, Hercules, CA, USA) with primers listed in Table 1.
Data were analyzed using BioRad CFX with C; values normalized to input samples and fold change
calculated relative to control IgG samples (set to 1). Statistical significance was determined by a
comparison of fold change values against negative DNA binding sequences or control IgG using a
one-tailed Student’s t-test.

gPCR DNA replication assay. The transient depletion of SMC5/6 subunits was performed using
CIN612-9E and NIKS/HPV-31 cells reverse-transfected with 15 or 20 nM siRNA, respectively, using
Lipofectamine 2000 (Life-Technologies, Carlsbad, CA, USA), as per the manufacturer’s protocol.
The following day, media were changed and cells returned to incubation for an additional 24 h.
DNA was then isolated by phenol/chloroform extraction and qPCR performed as described above with
C; values normalized to (3-actin and fold change calculated relative to control groups. All experiments
were performed in triplicate and statistical significance was determined by a two-tailed Student’s ¢-test.

RT-qPCR. RNA was isolated using PureLink RNA Micro kits (Invitrogen, Waltham, MA, USA).
RQ1 DNase (Promega, Madison, WI, USA) was used to remove genomic DNA contaminants. Reverse
transcription was performed using SuperScript III reverse transcriptase (Invitrogen, Waltham, MA,
USA), qPCR was performed as described above with C; values normalized to GAPDH or (-actin,
and fold change was calculated relative to control groups and primers listed in Table 1. All experiments
were performed in triplicate and statistical significance was determined by a two-tailed Student’s t-test.

Table 1. HPV-31 ChIP and qPCR primers used in Figures 2 and 3 and Supplementary Figure S1.

Primer Set sf;,l:;r,l)c ¢ Reference
eV R oy o
HPV:51 ESBS (5) R sasccagtocanit 5
HPGITEBS ) et n/a
rrvaigona F s o
mcsr [ - =
HPV-31 B2 [ —— n/a
e
HPV-31 E1 'R gt n/a
mrvaiern s o
SMCe R gt na
pact e 5
GAPDH F: cgcaggccggatgtgttc n/a

R: acgaccaaatccgttgactcc

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/10/786/s1,
Figure S1: SMC6 knockdown increases HPV-31 transcript abundance in CIN612-9E cells.


http://www.mdpi.com/2076-0817/9/10/786/s1

Pathogens 2020, 9, 786 12 of 13

Author Contributions: R.T.G. and E.J.A. conceptualized the study. R.T.G. performed experiments and statistical
analysis of the data. This manuscript was prepared by R.T.G. and E.J.A. E.J.A. acquired funding for this study.
Both authors have read and agreed to the published version of this manuscript.

Funding: This research was funded by NCI/NIH RO1 CA058376. The content is solely the responsibility of the
authors and does not necessarily represent the official views of NIH or Indiana University School of Medicine.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

De Martel, C.; Plummer, M.; Vignat, J.; Franceschi, S. Worldwide burden of cancer attributable to HPV by
site, country and HPV type. Int. ]. Cancer 2017, 141, 664-670. [CrossRef] [PubMed]

DeSmet, M.; Kanginakudru, S.; Rietz, A.; Wu, W.-H.; Roden, R.; Androphy, E.]. The replicative consequences
of papillomavirus E2 protein binding to the origin replication factor ORC2. PLoS Pathog. 2016, 12, €1005934.
[CrossRef] [PubMed]

Thomas, Y.; Androphy, E.J. Acetylation of E2 by P300 mediates topoisomerase entry at the papillomavirus
replicon. J. Virol. 2019, 93. [CrossRef] [PubMed]

Aragon, L. The Smc5/6 Complex: New and old functions of the enigmatic long-distance relative.
Annu. Rev. Genet. 2018, 52, 89-107. [CrossRef]

Zabrady, K.; Adamus, M.; Vondrova, L.; Liao, C.; Skoupilova, H.; Novakova, M.; Jurcisinova, L.; Alt, A.;
Oliver, A.W.; Lehmann, A.R;; et al. Chromatin association of the SMC5/6 complex is dependent on binding
of its NSE3 subunit to DNA. Nucleic Acids Res. 2016, 44, 1064-1079. [CrossRef]

Taylor, EM.; Copsey, A.C.; Hudson, ].J.R.; Vidot, S.; Lehmann, A.R. Identification of the proteins, including
MAGEG], that make up the human SMC5-6 protein complex. Mol. Cell. Biol. 2008, 28, 1197-1206. [CrossRef]
Venegas, A.B.; Natsume, T.; Kanemaki, M.; Hickson, I.D. Inducible degradation of the human SMC5/6
complex reveals an essential role only during interphase. Cell. Rep. 2020, 31, 107533. [CrossRef]
Decorsiere, A.; Mueller, H.; van Breugel, P.C.; Abdul, F; Gerossier, L.; Beran, R.K; Livingston, C.M.; Niu, C;
Fletcher, S.P.; Hantz, O.; et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction
factor. Nature 2016, 531, 386-389. [CrossRef]

Murphy, C.M.; Xu, Y,; Li, E; Nio, K.; Reszka-Blanco, N.; Li, X.; Wu, Y,; Yu, Y,; Xiong, Y.; Su, L. Hepatitis B
virus X protein promotes degradation of SMC5/6 to enhance HBV replication. Cell. Rep. 2016, 16, 2846-2854.
[CrossRef]

Niu, C,; Lingston, C.M.; Li, L.; Beran, R K,; Daffis, S.; Ramakrishnan, D.; Burdette, D.; Peiser, L.; Salas, E.;
Ramos, H.; et al. The Smc5/6 complex. restricts HBV when localized to ND10 without inducing an innate
immune response and is counteracted by the HBV X protein shortly after infection. PLoS ONE 2017,
12, €0169648. [CrossRef]

Xu, W.; Ma, C.; Zhang, Q.; Zhao, R.; Hu, D.; Zhang, X.; Chen, J.; Liu, F.; Wu, K,; Liu, Y,; et al. PJA1 coordinates
with the SMC5/6 complex to restrict DNA viruses and episomal genes in an interferon-independent manner.
J. Virol. 2018, 92, e00825-18. [CrossRef] [PubMed]

Bentley, P.; Tan, M.].A.; McBride, A.A.; White, E.A.; Howley, PM. The SMC5/6 complex interacts with the
papillomavirus E2 protein and influences maintenance of viral episomal DNA. J. Virol. 2018, 92. [CrossRef]
[PubMed]

Wu, S.Y,; Lee, A.-Y,; Hou, S.Y.; Kemper, ] K.; Erdjument-Bromage, H.; Tempst, P.; Chiang, C.-M. Brd4 links
chromatin targeting to HPV transcriptional silencing. Genes Dev. 2006, 20, 2383-2396. [CrossRef]

Jang, M.K,; Anderson, D.E.; Van Doorslaer, K.; McBride, A.A. A proteomic approach to discover and compare
interacting partners of papillomavirus E2 proteins from diverse phylogenetic groups. Proteomics 2015,
15,2038-2050. [CrossRef] [PubMed]

Hummel, M.; Hudson, J.B.; Laimins, L.A. Differentiation-induced and constitutive transcription of human
papillomavirus type 31b in cell lines containing viral episomes. J. Virol. 1992, 66, 6070-6080. [CrossRef]
McKinney, C.C.; Hussmann, K.L.; McBride, A.A. The role of the DNA damage response throughout the
papillomavirus life cycle. Viruses 2015, 7, 2450-2469. [CrossRef]

Gallego-Paez, L.M.; Tanaka, H.; Bando, M.; Takahashi, M.; Nozaki, N.; Nakato, R.; Shirahige, K.; Hirota, T.
Smc5/6-mediated regulation of replication progression contributes to chromosome assembly during mitosis
in human cells. Mol. Biol. Cell. 2014, 25, 302-317. [CrossRef]


http://dx.doi.org/10.1002/ijc.30716
http://www.ncbi.nlm.nih.gov/pubmed/28369882
http://dx.doi.org/10.1371/journal.ppat.1005934
http://www.ncbi.nlm.nih.gov/pubmed/27701460
http://dx.doi.org/10.1128/JVI.02224-18
http://www.ncbi.nlm.nih.gov/pubmed/30651357
http://dx.doi.org/10.1146/annurev-genet-120417-031353
http://dx.doi.org/10.1093/nar/gkv1021
http://dx.doi.org/10.1128/MCB.00767-07
http://dx.doi.org/10.1016/j.celrep.2020.107533
http://dx.doi.org/10.1038/nature17170
http://dx.doi.org/10.1016/j.celrep.2016.08.026
http://dx.doi.org/10.1371/journal.pone.0169648
http://dx.doi.org/10.1128/JVI.00825-18
http://www.ncbi.nlm.nih.gov/pubmed/30185588
http://dx.doi.org/10.1128/JVI.00356-18
http://www.ncbi.nlm.nih.gov/pubmed/29848583
http://dx.doi.org/10.1101/gad.1448206
http://dx.doi.org/10.1002/pmic.201400613
http://www.ncbi.nlm.nih.gov/pubmed/25758368
http://dx.doi.org/10.1128/JVI.66.10.6070-6080.1992
http://dx.doi.org/10.3390/v7052450
http://dx.doi.org/10.1091/mbc.e13-01-0020

Pathogens 2020, 9, 786 13 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kegel, A.; Lindroos, H.B.; Kanno, T.; Jeppsson, K.; Strom, L.; Katou, Y.; Itoh, T.; Shirahige, K.; Sjogren, C.;
Bjorkegren, C. Chromosome length influences replication-induced topological stress. Nature 2011,
471, 392-396. [CrossRef]

Lindroos, H.B.; Strom, L.; Itoh, T.; Katou, Y.; Shirahige, K.; Sjogren, C. Chromosomal association of the Smc5/6
complex reveals that it functions in differently regulated pathways. Mol. Cell. 2006, 22, 755-767. [CrossRef]
Vosa, L.; Sudakov, A.; Remm, M.; Ustav, M.; Kurg, R. Identification and analysis of papillomavirus E2 protein
binding sites in the human genome. J. Virol. 2012, 86, 348-357. [CrossRef]

Jang, M.K.; Kwon, D.; McBride, A.A. Papillomavirus E2 proteins and the host BRD4 protein associate with
transcriptionally active cellular chromatin. J. Virol. 2009, 83, 2592-2600. [CrossRef] [PubMed]

Bastien, N.; McBride, A.A. Interaction of the papillomavirus E2 protein with mitotic chromosomes. Virology
2000, 270, 124-134. [CrossRef] [PubMed]

Jang, M.K.; Shen, K.; McBride, A.A. Papillomavirus genomes associate with BRD4 to replicate at fragile sites
in the host genome. PLoS Pathog. 2014, 10, €1004117. [CrossRef]

Lusky, M.; Hurwitz, J.; Seo, Y.S. Cooperative assembly of the bovine papilloma virus E1 and E2 proteins on
the replication origin requires an intact E2 binding site. J. Biol. Chem. 1993, 268, 15795-15803. [PubMed]
Lusky, M.; Hurwitz, J.; Seo, Y.S. The bovine papillomavirus E2 protein modulates the assembly of but is not
stably maintained in a replication-competent multimeric E1-replication origin complex. Proc. Natl. Acad.
Sci. USA 1994, 91, 8895-8899. [CrossRef]

Chen, G.; Stenlund, A. Characterization of the DNA-binding domain of the bovine papillomavirus replication
initiator E1. J. Virol. 1998, 72, 2567-2576. [CrossRef]

Sanders, C.M.; Stenlund, A. Recruitment and loading of the E1 initiator protein: An ATP-dependent process
catalysed by a transcription factor. EMBO J. 1998, 17, 7044-7055. [CrossRef]

McBride, A.A. The papillomavirus E2 proteins. Virology 2013, 445, 57-79. [CrossRef]

Ramirez-Salazar, E.; Centeno, E.; Nieto, K.; Valencia-Hernandez, A.; Salcedo, M.; Garrido, E. HPV16 E2 could
act as down-regulator in cellular genes implicated in apoptosis, proliferation and cell differentiation. Virol. J.
2011, 8, 247. [CrossRef]

Wu, N.; Yu, H. The Smc complexes in DNA damage response. Cell. Biosci. 2012, 2, 5. [CrossRef]

Kanno, T.; Berta, D.G.; Sjogren, C. The Smc5/6 complex is an ATP-dependent Intermolecular DNA linker.
Cell. Rep. 2015, 12, 1471-1482. [CrossRef]

Laanevali, A.; Ustav, M.; Ustav, E.; Piirsoo, M. E2 protein is the major determinant of specificity at the human
papillomavirus origin of replication. PLoS ONE 2019, 14, €0224334. [CrossRef]

DeSmet, M,; Jose, L.; Isaq, N.; Androphy, E.J. Phosphorylation of a conserved tyrosine in the papillomavirus
E2 protein regulates brd4 binding and viral replication. J. Virol. 2019, 93. [CrossRef] [PubMed]

Paris, C.; Pentland, I.; Groves, 1.]J.; Roberts, D.C.; Powis, S.J.; Coleman, N.; Roberts, S.; Parish, J.L.
CCCTC-binding factor recruitment to the early region of the human papillomavirus 18 genome regulates
viral oncogene expression. |. Virol. 2015, 89, 4770-4785. [CrossRef] [PubMed]

Mendoza-Maldonado, R.; Paolinelli, R.; Galbiati, L.; Giadrossi, S.; Giacca, M. Interaction of the retinoblastoma
protein with Orcl and its recruitment to human origins of DNA replication. PLoS ONE 2010, 5, e13720.
[CrossRef] [PubMed]

Dreer, M.; Fertey, ].; Van De Poel, S.; Straub, E.; Madlung, J.; Macek, B.; Iftner, T.; Stubenrauch, F. Interaction
of NCOR/SMRT Repressor Complexes with Papillomavirus E§"E2C Proteins Inhibits Viral Replication.
PLoS Pathog. 2016, 12, €1005556. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nature09791
http://dx.doi.org/10.1016/j.molcel.2006.05.014
http://dx.doi.org/10.1128/JVI.05606-11
http://dx.doi.org/10.1128/JVI.02275-08
http://www.ncbi.nlm.nih.gov/pubmed/19129460
http://dx.doi.org/10.1006/viro.2000.0265
http://www.ncbi.nlm.nih.gov/pubmed/10772985
http://dx.doi.org/10.1371/journal.ppat.1004117
http://www.ncbi.nlm.nih.gov/pubmed/8393453
http://dx.doi.org/10.1073/pnas.91.19.8895
http://dx.doi.org/10.1128/JVI.72.4.2567-2576.1998
http://dx.doi.org/10.1093/emboj/17.23.7044
http://dx.doi.org/10.1016/j.virol.2013.06.006
http://dx.doi.org/10.1186/1743-422X-8-247
http://dx.doi.org/10.1186/2045-3701-2-5
http://dx.doi.org/10.1016/j.celrep.2015.07.048
http://dx.doi.org/10.1371/journal.pone.0224334
http://dx.doi.org/10.1128/JVI.01801-18
http://www.ncbi.nlm.nih.gov/pubmed/30842331
http://dx.doi.org/10.1128/JVI.00097-15
http://www.ncbi.nlm.nih.gov/pubmed/25694598
http://dx.doi.org/10.1371/journal.pone.0013720
http://www.ncbi.nlm.nih.gov/pubmed/21085491
http://dx.doi.org/10.1371/journal.ppat.1005556
http://www.ncbi.nlm.nih.gov/pubmed/27064408
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	References

