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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a double-stranded DNA virus with the

capacity to establish life-long latent infection. During latent infection, the viral genome per-

sists as a circular episome that associates with cellular histones and exists as a noninte-

grated minichromosome in the nucleus of infected cells. Chromatin structure and epigenetic

programming are required for the proper control of viral gene expression and stable mainte-

nance of viral DNA. However, there is still limited knowledge regarding how the host regu-

lates the chromatin structure and maintenance of episomal DNA. Here, we found that the

cellular protein structural maintenance of chromosome (SMC) complex SMC5/6 recognizes

and associates with the KSHV genome to inhibit its replication. The SMC5/6 complex can

bind to the KSHV genome and suppress KSHV gene transcription by condensing the viral

chromatin and creating a repressive chromatin structure. Correspondingly, KSHV employs

an antagonistic strategy by utilizing the viral protein RTA to degrade the SMC5/6 complex

and antagonize the inhibitory effect of this complex on viral gene transcription. Interestingly,

this antagonistic mechanism of RTA is evolutionarily conserved among γ-herpesviruses.

Our work suggests that the SMC5/6 complex is a new host factor that restricts KSHV

replication.

Author summary

KSHV can establish life-long latent infection. During latency, the viral genome is main-

tained as an extrachromosomal episome in the infected cells. We demonstrated that the

host protein SMC5/6 complex associates with the KSHV genome and results in direct

transcriptional inhibition by creating a transcriptionally repressive chromatin structure of

the viral genome. RTA, the master switch protein of KSHV, can hijack the ubiquitin-pro-

teasome system to degrade the SMC5/6 complex to antagonize its inhibitory effect on
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viral gene transcription. Interestingly, this function of RTA is evolutionarily conserved

among γ-herpesviruses.

Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8, is the

major causative agent of several human malignancies, including Kaposi sarcoma (KS), primary

effusion lymphoma (PEL), and multicentric Castleman’s diseases (MCDs) [1]. Like other her-

pesviruses, KSHV employs two replication programs, the default latent replication and lytic

replication [2]. Latent infection is characterized by no detectable production of infectious viral

particles and expression of only a limited number of viral genes, including those encoding

ORF73 (latency-associated nuclear antigen, LANA), ORF72 (viral Cyclin, vCyclin), ORF71

(viral Fas-associated death domain-like IL-1-converting enzyme inhibitory protein, vFLIP),

kaposins, polyadenylated nuclear RNA (PAN RNA) and 25 mature microRNAs (miRNAs) [3].

During latency, multiple copies of the viral genome are maintained as circular episomes in the

nucleus of infected cells, which are regulated by host epigenetic factors, either by promoting

constitutive expression of latent genes or by blocking the expression of lytic genes [4,5]. Epige-

netic programming of the viral episome is important for the virus life cycle, including the

proper regulation of viral transcription during latency, cell cycle-regulated DNA replication,

protection and repair of the viral genome, and the ability to switch to lytic replication. LANA

is a dedicated episome maintenance protein (EMP) that plays a key role in viral episome main-

tenance and epigenetic programming. To date, studies have suggested that KSHV episomal

DNA is clearly tethered to cellular chromosomes by LANA and segregates evenly to daughter

cells during cell division. LANA binds to the terminal repeats (TRs) of the viral genome

through its carboxy-terminus and tethers the viral genome to the host chromatin through its

amino-terminus via interaction with histones [6–8]. The virus can emerge from latency in

response to various intracellular or extracellular stimuli, such as valproic acid (VPA), hypoxia,

12-O-tetradecanoylphorbol-13-acetate (TPA) and butyrate [9]. During the lytic phase, all viral

genes are expressed in a cascading fashion, and infectious virus particles are generated. Genes

expressed during the lytic cycle can be classified as immediate-early (IE), early (E) and late (L)

genes according to their timing of expression in response to protein synthesis or DNA replica-

tion inhibitors [10,11]. Replication and transcription activator (RTA), an immediate-early

gene encoded by ORF50, is the switch protein for reactivation of KSHV from latency. In addi-

tion to transcription activation, RTA can function as a ubiquitin E3 ligase. It has been shown

that RTA can specifically target IRF7, MyD88, TRIF, NF-κB and HLA-DRα for proteasomal

degradation as a mechanism to antagonize innate immunity [12–14]. In addition, RTA can

also recruit and stabilize the cellular ubiquitin ligase RAUL to target IRF3 and IRF7 for protea-

somal degradation [15]. Aside from its role in modulating the innate immune response, RTA

can also degrade a number of repressors such as Hairy/enhancer-of-split related to YRPW

motif protein 1 (Hey1), KSHV-RTA binding protein (K-RBP), as well as viral proteins such as

LANA, K8 and vFLIP [16–18]. However, the number of proteins degraded by RTA far exceed

those identified here.

The SMC5/6 complex, together with cohesion and condensin, is a member of the ring-

shaped structural maintenance of chromosome (SMC) complex found in eukaryotes [19,20].

The SMC5/6 complex contains two core proteins, SMC5 and SMC6, and four regulatory sub-

units, referred to as non-SMC elements (NSE1 to 4). Structurally, the SMC5 and SMC6 hetero-

dimers are folded into an unclosed ring-like structure containing an ATPase head domain at
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one end (“head”), an intramolecular coiled-coil region (“arm”), and a hinge domain at the

other end (“hinge”). The non-SMC subunit kleisin bridges the head domains of the SMC pro-

teins to form a ring-like structure. Additional components are docked into the core scaffold to

support and provide specific functions. Functionally, the SMC5/6 complex is best known for

DNA repair and sister chromatid recombination, and genome stability [21–23]. However,

recent work shows that the role of SMC5/6 goes far beyond DNA repair and genome stability.

A potential role in viral infection has been suggested for the SMC5/6 complex, including for

hepatitis B virus (HBV), human papillomavirus (HPV) and HIV-1 [24–27]. The SMC5/6 com-

plex is considered to be a restriction factor for HBV and HIV-1. During HBV infection, the

SMC5/6 complex induces the repression of extrachromosomal covalently closed circular DNA

(cccDNA) transcription [25]. During HIV-1 infection, SMC5-SMC6 complex localization fac-

tor 2 (SLF2) was identified as a Vpr target and is responsible for silencing the transcription of

unintegrated HIV-1 DNA [26]. However, the detailed mechanism of how transcription is sup-

pressed is unclear. Interestingly, during HPV infection, the SMC5/6 complex does not affect

E2 or other viral gene transcriptional activation, suggesting different roles of SMC5/6 in HBV,

HIV-1 and HPV infections [24].

In the present study, we demonstrated that the SMC5/6 complex is a novel binding protein

of the KSHV episome that can recognize and associate with KSHV genomic DNA and pose a

significant inhibitory effect on viral replication. In detail, the SMC5/6 complex suppresses

KSHV gene transcription by condensing viral chromatin and creating a repressive chromatin

structure. However, KSHV evolves an equally potent counterrestriction mechanism by utiliz-

ing RTA to degrade the SMC5/6 complex, and this antagonistic mechanism is evolutionarily

conserved among γ-herpesviruses. This evidence strongly suggests that the SMC5/6 complex is

a new host factor that can restrict the infection of herpesviruses.

Results

Ectopic expression of SMC5 and SMC6 inhibits KSHV lytic replication

To determine whether the SMC5/6 complex has an impact on KSHV replication, we overex-

pressed SMC5 or SMC6 in iSLK.RGB cell line, which was stably infected with a reporter virus

[28]. SMC5 and SMC6 mRNA were abundantly expressed in SMC5- and SMC6-overexpres-

sing cells (Fig 1A and 1E). Consistent with the mRNA levels, SMC5 and SMC6 proteins were

detected in overexpressing cells using FLAG tag antibody (Fig 1A and 1E) or antibodies

against SMC5 or SMC6 (S1A and S1B Fig). The results showed that ectopic expression of

SMC5 enhanced endogenous protein levels of SMC6, and overexpression of SMC6 also

enhanced endogenous protein levels of SMC5. To induce lytic replication of KSHV, these cell

lines were treated with doxycycline (Dox) and sodium butyrate (NaB). As shown in Fig 1B and

1F, we found that overexpression of SMC5 and SMC6 reduced the DNase-treated extracellular

viral loads by ~90% and ~30%, respectively. To further confirm the effect of SMC5/6 on the

infectivity of progeny viruses, we utilized the cell supernatants to reinfect naïve HEK293T cell

monolayers. First, we observed a significant decrease in green fluorescence in HEK293T cells

infected with viral supernatants of SMC5- and SMC6 overexpressing cells (Fig 1C and 1G, left

panels). Then, we quantified the percentage of GFP-positive cells by flow cytometry and found

that the percentage of GFP-positive cells in HEK293T cells infected with viral supernatants of

SMC5- or SMC6- overexpressing cells was decreased by ~90% or ~60% (Fig 1C and 1G, right

panels). Moreover, we analyzed the expression of latent, immediate-early, early and late genes

via qPCR and found that the expression of both the lytic and the latent genes of KSHV

decreased by ~60%-80% and ~30%-60% in the SMC5 and SMC6 stable expression cell lines,
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which was similar to the results of the viral loads (Fig 1D and 1H), indicating that ectopic

expression of SMC5 and SMC6 decreases KSHV replication.

Knockdown of SMC5 and SMC6 promotes KSHV lytic replication

To further confirm the effect of the SMC5/6 complex on KSHV lytic replication, we trans-

fected two siRNAs targeting human SMC5 and SMC6, respectively, in iSLK.RGB cells to

deplete the expression of SMC5 and SMC6 before induction with Dox and NaB. The knock-

down efficiency was measured via qPCR and western blots, and the results showed that the

two siRNAs against SMC5 reduced the SMC5 protein levels by 31% and 68% compared with

that of the nontargeting control (NC) (Fig 2A). Likewise, siRNAs against SMC6 reduced the

protein levels of SMC6 by 90% and 57% (Fig 2E). Importantly, we also found that knockdown

of SMC5 and SMC6 reduced the expression of endogenous SMC6 and endogenous SMC5,

respectively (S1C and S1D Fig).

As shown in Fig 2B and 2C, the DNase-treated extracellular viral load in SMC5-knockdown

cells was ~2-fold higher than that in the NC group, and the percentage of GFP-positive cells in

HEK293T cells infected with the viral supernatant of SMC5-knockdown cells increased by

~2-fold. Similarly, knockdown of SMC6 increased the DNase-treated extracellular viral load

and the percentage of GFP-positive cells in HEK293T cells by ~2-fold (Fig 2F and 2G). In addi-

tion, the expression of both the lytic-related and the latent genes of KSHV was ~1.5–3.4-fold

higher than that in the NC group (Fig 2D and 2H). Moreover, we depleted SMC5 or SMC6 in

KSHV-infected BCBL1 cells and detected the DNase-treated extracellular viral load. The

Fig 1. Ectopic expression of SMC5 and SMC6 inhibits KSHV lytic replication. (a) The expression of SMC5 was evaluated via qPCR and immunoblot. (b)

DNase-treated extracellular viral loads of SMC5 were quantified via qPCR. Left panel, DNA copy numbers of extracellular viruses were quantified by using K9

primers. Right panel, after DNase treatment, pGL3-luc plasmid DNA was added during viral DNAs extraction to ensure the quality of DNA extraction. Relative

DNA copy numbers were measured via qPCR using primers for K9 and pGL3. The values of control were set as 1. (c) Cell supernatants of

SMC5-overexpressing cells were collected and infected with HEK293T cells. 24h later, KSHV-infected GFP-positive cells were observed by fluorescence

microscope and analyzed by flow cytometry. (d) Viral genes and cellular genes expression were analyzed via qPCR. (e-h) Effect of SMC6 on KSHV lytic

replication, which is similar to (a-d). Representative results from three biological replicates are presented. Error bars indicate SD. Data were analyzed with

Student’s multiple t tests (�p< 0.05, ���p< 0.001, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1010744.g001
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results showed that knockdown of SMC5 or SMC6 in BCBL1 cells promoted KSHV replication

(S2 Fig). Taken together, these results convincingly suggest that knockdown of SMC5 or

SMC6 effectively enhances KSHV replication.

The SMC5/6 complex associates with the KSHV genome and suppresses

KSHV gene transcription

Previously, it was shown that the SMC5/6 complex can bind to DNA and plays an important

role in chromosome dynamics and stability [29]. To determine whether SMC6 can bind to

KSHV genomic DNA, we utilized BrdU to label the newly synthesized KSHV genome [30]. To

avoid BrdU incorporation into the cellular genome, the cells were fixed and stained with anti-

BrdU antibody and anti-SMC6 antibody 2 hours post-BrdU labeling. As shown in Fig 3A,

SMC6 was predominantly localized in the cell nuclei in both BCBL1 cells and TPA-treated

BCBL1 cells. Without TPA treatment, KSHV lytic replication could not be reactivated, and

BrdU could not be detected. However, in TPA-treated BCBL1 cells, BrdU-labeled viral DNA

was also observed in the nucleus, and most of it colocalized with SMC6. The results of colocali-

zation analysis showed that the Pearson’s correlation coefficient (PCC) was 0.69, indicating

that BrdU-labeled viral DNA colocalized with SMC6. Importantly, we also performed chroma-

tin immunoprecipitation (ChIP) in iSLK.RGB cells to validate the association of SMC6 with

the KSHV genome. ChIP assays were performed by using FLAG antibody or IgG antibody in

Fig 2. Knockdown of SMC5 and SMC6 promotes KSHV lytic replication. (a) iSLK.RGB cells were transfected with control siRNA and two siRNAs targeting

human SMC5. 48h post-transfection, the knockdown efficiency was determined via qPCR and western blots. (b) DNase-treated viral DNAs from culture

supernatants were analyzed via qPCR. Left panel, viral DNA copy numbers were quantified by using K9 primers. Right panel, pGL3-luc plasmid DNA was added

during viral DNAs extraction to ensure the quality of DNA extraction. Relative DNA copy numbers were measured via qPCR using primers for K9 and pGL3.

The values of control were set as 1. (c) Cell supernatants of SMC5-knockdown cells were collected and infected with HEK293T cells. 24h later, KSHV-infected

GFP-positive cells were observed by fluorescence microscope and analyzed by flow cytometry. (d) SMC5-knockdown and control cells were treated with Dox and

NaB for 48h, and KSHV gene transcription was analyzed via qPCR. (e-h) Effect of knockdown SMC6 on KSHV lytic replication, which is similar to (a-d).

Representative results from three biological replicates are presented. Error bars indicate SD. Data were analyzed with Student’s multiple t tests (�p< 0.05,
��p< 0.01, ���p< 0.001, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1010744.g002
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latently infected SMC6- overexpressing cells. As show in Fig 3B, the KSHV genome could be

enriched by FLAG antibody but not the IgG control, indicating that SMC6 can bind to the

KSHV genome. While our data showed that SMC5/6 can bind to the KSHV genome and

inhibit KSHV replication, we propose that the SMC5/6 complex may directly block viral gene

expression of KSHV. To test this hypothesis, we measured the mRNA expression of the latent

genes ORF71, ORF72 and ORF73 in SMC5 or SMC6 stable expression cell lines via qPCR and

found that overexpression of SMC5 and SMC6 significantly decreased the expression of latent

genes by ~30%-70% (Fig 3C). Interestingly, during lytic replication, overexpression of SMC5

and SMC6 inhibited the expression of immediate-early, early and late genes. This indicated

that the inhibitory effect of the SMC5/6 complex on KSHV gene transcription is not gene spe-

cific, but a pan effect may result from chromatin structure remodeling. To corroborate the

above result, we also investigated whether the SMC5/6 complex is involved in regulating the

gene expression of KSHV during the lytic cycle by using a luciferase reporter gene assay. The

results showed that SMC5 and SMC6 suppressed RTA-mediated RTA, PAN, and ORF57 pro-

moter activation (Fig 3D–3F).

Fig 3. The SMC5/6 complex associates with the KSHV genome and suppresses KSHV gene transcription. (a) The SMC5/6 complex colocalizes with KSHV

genomic DNA. BCBL1 cells were treated with TPA (20ng/ml) for 24h followed by incubating with BrdU for 2h, then immunofluorescence was performed to

observe the colocalization of endogenous SMC6 and KSHV genomic DNA. Colocalization analysis was performed using Image J software. (b) SMC6 binds to

the KSHV genome. ChIP experiments were performed in latently infected SMC6-overexpressing cells using anti-FLAG antibody and the episomal DNA of

KSHV was measured by qPCR. Data was calculated as the fold change in percentage of input DNA compared with control ChIP experiment. (c) Effect of

SMC5 and SMC6 on KSHV latent genes transcription (ORF71, ORF72 and ORF73). Total RNA extracted from latently infected SMC5- and

SMC6-overexpressing cells was evaluated via qPCR. (d-f) Effect of SMC5 and SMC6 on RTA-mediated RTA, PAN and ORF57 promoter activation. HEK293T

cells were transfected with 200ng RTA/PAN/ORF57-promoter and other plasmid DNA as indicated. 36h post-transfection, cells were lysed and luciferase

activities were analyzed. Lysates of cells were also subjected to western blot analysis. Representative results from three biological replicates are presented. Error

bars indicate SD. Data were analyzed with Student’s t tests (�p< 0.05, ��p< 0.01, ���p< 0.001, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1010744.g003
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The SMC5/6 complex suppresses gene transcription in ATPase- and DNA-

binding activity-dependent manners

The results above suggest that the SMC5/6 complex binds to KSHV genomic DNA and inhib-

its KSHV gene transcription. It has been demonstrated that all SMC complexes share a com-

mon property, which is to organize chromosomes by topologically embracing DNA inside

their ring-shaped structure [31]. To explore the mechanism by which the SMC5/6 complex

suppresses KSHV DNA transcription, we focused on the chromosome dynamics and organi-

zation functions of the SMC5/6 complex. It has been reported that SMC5/6 can bind to DNA

through different DNA-binding interfaces: the hinge, arms and ATPase head regions of SMC5

and SMC6 proteins, and the surface of the NSE1-NSE3 subcomplex. SMC5/6 and NSE1-NSE3

might be the initial DNA contact points [32–34]. By aligning the sequences of Homo sapiens,
Mus musculus, Saimiri boliviensis boliviensis and Schizosaccharomyces pombe, we mutated the

corresponding active sites of Homo sapiens according to sites reported in yeast (Fig 4A). To

compare the transcription-inhibiting activity between wild -type (WT) SMC5/6 and mutant

SMC5/6, we cotransfected DNA binding-defective mutants of NSE3 and SMC6 or WT with

the KSHV LANA promoter or cellular EF1α promoter and detected the activation of promot-

ers using a luciferase assay. In comparison with WTs, K220E mutation of NSE3, R229E muta-

tion of NSE3, and G103T mutation of SMC6 increased the activities of the LANA promoter

and EF1α promoter by ~2-fold, ~3-fold and ~7-fold, respectively (Fig 4B and 4C). This sug-

gests that an intact SMC5/6 complex is required for efficient loading onto episomal DNA.

After loading onto DNA, direct binding of DNA to SMC5 is sufficient for NSE2-dependent

SUMOylation [35]. The inactive SUMOylation mutations H187A and C215A of NSE2 render

human cells sensitive to DNA damage, highlighting their relevance in genome maintenance

[36]. By constructing SUMOylation inactive mutations and using a reporter assay, we found

that mutations H187A and C215A had no effect on the activation of the EF1α promoter, while

the mutation H187A increased the activity of the LANA promoter ~4-fold compared with that

of the WT (Fig 4D). This suggests that SUMOylation activity may not be necessary for tran-

scription silencing. More importantly, topologically embracing DNA requires ATPase activity

[29]. Therefore, we evaluated the effect of ATPase inactive mutations (the mutations K86I of

SMC5 and K66E of SMC6) in regulating KSHV transcription. We found that the activities of

the LANA promoter and EF1α promoter in the ATPase mutation group were ~4-fold higher

than those in the WT group and approximately 1.5-fold higher than those in the control group

(Fig 4C and 4E). Hence, we concluded that the SMC5/6 complex associates with KSHV geno-

mic DNA and suppresses KSHV gene transcription in ATPase- and DNA-binding activity-

dependent manners, revealing that the SMC5/6 complex topologically captures KSHV epi-

somes via energy produced by ATP hydrolysis.

The SMC5/6 complex leads to a loss of H3K27ac on KSHV chromatin

The above evidence demonstrated that the SMC5/6 complex restricts KSHV gene transcrip-

tion, and we speculated that this results from SMC5/6-mediated viral chromatin modification.

To test this hypothesis, we performed ChIP on SMC6-overexpressing cells and control cells to

assess the changes in several promoters of viral genes (including RTA, LANA and TR) via

qPCR. Since changes in H3 occupancy may affect the enrichment of histone and acetylation

modifications on the viral genome, we first examined the enrichment of total H3 on the viral

genome during latency. We found no change in total histone H3 levels; however, the level of

the acetylation mark H3K27ac, which is characteristic of active gene transcription, was consid-

erably decreased in SMC6-overexpressing cells (Fig 5A–5C). Reversely, we also performed

ChIP-qPCR in SMC5 or SMC6 knockdown cell line by using lentivirus-mediated shRNAs.
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Fig 4. The SMC5/6 complex suppresses gene transcription in ATPase- and DNA-binding activity-dependent manners. (a) Schematic diagram of

DNA-binding, SUMOylation and ATPase mutations of the SMC5/6 complex. Mutate the corresponding active sites of homo sapiens according to the

site mutations of yeast. (b) Effect of DNA binding-defective mutates of NSE3 on KSHV gene transcription. HEK293T cells were transfected with 200ng

LANA-promoter (left) or EF1αpromotor (right), inactive mutations and other plasmid DNA as indicated. 36h post-transfection, cells were lysed and

luciferase activities were analyzed. In addition, lysates of cells were subjected to western blot analysis. (c) Effect of inactive DNA-binding mutation and
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ATPase mutation of SMC6 on KSHV gene transcription. (d) Effect of inactive SUMOylation mutations of NSE2 on KSHV gene transcription. (e) Effect

of inactive ATPase mutation of SMC5 on KSHV gene transcription. Representative results from three biological replicates are presented. Error bars

indicate SD. Data were analyzed with Student’s multiple t tests (��p< 0.01, ���p< 0.001, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1010744.g004

Fig 5. The SMC5/6 complex leads to a loss of H3K27ac on KSHV chromatin. (a-c) Ectopic expression of SMC6 decreases the levels of H3K27ac

on KSHV genome. (a) H3K27ac on viral RTA was measured with ChIP-qPCR assay. ChIP was performed among latently infected control cells and

SMC6-overexpressing cells by using antibodies against total H3 or H3K27ac. The recruitment of H3 and H3K27ac on KSHV RTA were tested via

qPCR. Data was calculated as the fold change in percentage of input DNA compared with control ChIP experiment. (b) H3K27ac on viral LANA

was measured with ChIP-qPCR assay. (c) H3K27ac on viral TR was measured with ChIP-qPCR assay. (d-g) Knockdown of SMC6 increases the

levels of H3K27ac on KSHV genome. (d) iSLK.RGB cells were transduced with lentivirus expressing shRNA against SMC6. The knockdown

efficiency was determined by western blots. (e-g) H3K27ac on viral RTA, LANA and TR were measured with ChIP-qPCR assay. ChIP was

performed among latently infected control cells and SMC6 knockdown cells by using antibodies against H3 or H3K27ac. The recruitment of H3 and

H3K27ac on KSHV genome were tested via qPCR. Representative results from three biological replicates are presented. Error bars indicate SD. Data

were analyzed with Student’s t tests (��p< 0.01, ���p< 0.001).

https://doi.org/10.1371/journal.ppat.1010744.g005
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Our results showed that the protein levels of SMC5 and SMC6 were dramatically reduced,

compared to the control group (Figs 5D and S3A). Depletion of SMC5 or SMC6 increased

H3K27ac histone modifications on the promoter regions of KSHV, such as LANA, RTA and

TR, instead of total H3 level (Figs 5E–5G and S3B–S3D). Taken together, these results demon-

strated that the SMC5/6 complex leads to a loss of H3K27ac on KSHV chromatin and forms a

repressive chromatin environment.

The SMC5/6 complex condenses KSHV chromatin

It has been shown that cohesion and condensin can compact nucleosome-bound DNA by

loop extrusion [37]. We speculated that the SMC5/6 complex may also silence KSHV gene

transcription through chromatin compaction. We applied an assay for transposase accessible

chromatin with high-throughput sequencing (ATAC-seq) to assess KSHV chromatin accessi-

bility. The results showed that>1×105 sequencing reads mapped to the KSHV genome (S1

Table). To assess the effect of the SMC5/6 complex on viral chromatin accessibility, we per-

formed a differential analysis of the ATAC-seq peaks between the two groups mapped to the

entire length of the viral genome and found that ectopic expression of SMC6 caused a slight

reduction in chromatin accessibility of the whole viral genome compared with that in the con-

trol group (S4A Fig). This may be due to the ATAC-seq results, in which most cells were

latently infected by KSHV and in which most of the viral chromatin was in a silenced state.

Therefore, we further analyzed the difference in the ATAC-seq peaks mapped to the latent

genes and found the peaks of ORF71 in iSLK.RGB-SMC6 cells were reduced by 24% (S4B Fig),

the peak of ORF72 was reduced by 22% (S4C Fig), and the peak of ORF73 was reduced by 19%

(S4D Fig). This is consistent with the results that SMC6 decreases the mRNA expression of

latent genes in Fig 3C. These results suggest that SMC5/6 can compact the KSHV genome and

help establish a repressive chromatin structure to silence viral gene expression.

RTA targets the SMC5/6 complex for ubiquitination and proteasomal

degradation

To explore whether KSHV adopts some strategies to resist the transcriptional inhibition of the

SMC5/6 complex, we first analyzed the expression kinetics of SMC5 and SMC6 in iSLK.RGB

cells during lytic reactivation. Upon Dox induction, RTA expression was increased; however,

the levels of SMC5 and SMC6 were decreased (Fig 6A). We also measured the mRNA of

SMC5 and SMC6 during the induction of viral lytic reactivation and found a slight increase

for SMC5 but no significant change for SMC6 (Fig 6B). Therefore, we speculated that KSHV

may antagonize the function of SMC5/6 by destabilizing the complex. KSHV encodes two

RING-CH-containing (MARCH) family E3 ubiquitin ligases, K3 and K5, that have been

shown to decrease the accumulation a variety of proteins through proteasome-mediated degra-

dation [38–43]. In addition, the switch molecule RTA also has ubiquitin E3 ligase activity that

targets multiple proteins for proteosome-mediated degradation [12,14,17,44–47]. To identify

which E3 ligase of KSHV can decrease the SMC5/6 complex, we transfected plasmids express-

ing the SMC5/6 complex along with K3, K5 or RTA and found that K3 and K5 had no effect

on SMC5/6, while RTA significantly degraded the SMC5/6 complex (Figs 6C and 6D and S5).

To confirm the phenomenon of RTA-induced SMC5/6 reduction, we further analyzed the

kinetics of SMC5/6 expression in iSLK.Puro (KSHV-negative) cells that stably express Dox-

inducible RTA. Upon the induction of Dox, we found that with the increase in RTA, the

expression of SMC5 and SMC6 was also decreased (Fig 6E), while the mRNA of SMC5 and

SMC6 showed no significant change in iSLK.Puro cells (Fig 6F). Moreover, the cycloheximide

(CHX)-chase half-life results showed that RTA reduced the half-life of both SMC5 and SMC6
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Fig 6. RTA targets the SMC5/6 complex for ubiquitination and proteasomal degradation. (a-b) The kinetics of SMC5 and SMC6

expression in iSLK.RGB cells. (a) iSLK.RGB cells were induced with Dox for indicated times. Cells were collected and SMC5, SMC6 and RTA

expression were detected using western bolts. (b) The mRNA of SMC5 and SMC6 during the induction of lytic reactivation in iSLK.RGB cells

were analyzed via qPCR. (c) KSHV K3 and K5 do not alter the expression of SMC5 and SMC6. HEK293T cells were transfected with SMC5/6
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(Fig 6G and 6H). To further explore whether RTA degrades the SMC5/6 complex through the

proteasome or lysosomal pathways, we analyzed the effect of the proteasome inhibitor MG132

and lysosome inhibitor NH4Cl on rescuing the degradation of SMC5 or SMC6. As shown in

Fig 6I, in the presence of RTA, the expression of SMC5 and SMC6 was significantly decreased;

however, upon treatment with MG132, the levels of SMC5 and SMC6 displayed an obvious

increase. NH4Cl could not rescue the degradation of the SMC5/6 complex. These results sug-

gested that RTA degrades the SMC5/6 complex in a proteasome-dependent manner. Finally,

to determine whether RTA promotes SMC5/6 degradation by catalyzing their polyubiquityla-

tion, we assessed the effect of RTA on the ubiquitination of SMC5/6. The results showed that

coexpression of RTA with SMC5 or SMC6 led to a significant increase in the ubiquitin levels

of SMC5 and SMC6 compared with those in the control group (Fig 6J). Taken together, these

results demonstrated that RTA targets the SMC5/6 complex for ubiquitination and proteaso-

mal degradation.

RTA interacts with the SMC5/6 complex

To determine whether RTA degrades the SMC5/6 complex by directly binding to those pro-

teins, coimmunoprecipitation experiment was performed. The results showed that RTA was

coprecipitated by the SMC5/6 complex (SMC5, SMC6, and NSE1-4) (Fig 7A). Given that

SMC5 and SMC6 are the core heterodimers of the complex, the interactions between SMC5

and RTA and between SMC6 and RTA were further confirmed (Fig 7B and 7C). To confirm

the interaction between endogenous SMC5/6 and RTA, we performed Co-IP in iSLK.RGB

cells. After 24h induction by Dox to activate the expression of RTA, cell lysates were collected

and immunoprecipitated with anti-RTA antibody or IgG control. As expected, endogenous

SMC5 or SMC6 protein can be immunoprecipitated by RTA (Fig 7D and 7E). Since anti-

SMC5 antibody is not suitable for Co-IP experiment, we only performed this experiment by

using anti-SMC6 antibody. As shown in Fig 7F, RTA was associated with the endogenous

SMC6 protein. We also mapped the interaction domain of RTA with SMC5/6 (S6A and S6B

Fig) and determined the degradation of SMC5/6 by wild type RTA or RTA truncations (S6C

and S6D Fig). Moreover, the distribution and association of RTA with SMC5 and SMC6 were

examined via confocal microscopy. As shown in Fig 7G and 7H, exogenously transfected

SMC5, SMC6 and RTA were mainly located in the nucleus, and upon co-transfection, they dis-

played obvious colocalization there. In addition, the relevance of RTA and SMC5 or SMC6

were also quantified by colocalization analysis. These results revealed that RTA interacts with

the SMC5/6 complex.

alone or together with K3 and K5. After 36h transfection, the cells were lysed and analyzed by western blotting with indicated antibodies. (d)

RTA degrades SMC5 and SMC6. HEK293T cells were transfected SMC5/6 alone or together with RTA. After 36h transfection, the cells were

lysed and analyzed by western blots with indicated antibodies. (e-f) The kinetics of SMC5 and SMC6 expression in iSLK.Puro cells. (e) iSLK.

Puro cells were induced with Dox for indicated times. Cells were collected and SMC5, SMC6 and RTA expression were detected using

western bolts. (f) The mRNA of SMC5 and SMC6 during the induction of lytic reactivation in iSLK.Puro cells were analyzed via qPCR. (g-h)

RTA destabilizes the SMC5/6 complex. HEK293T cells were transfected with HA-SMC5/SMC6 alone or together with FLAG-RTA. 20h-post

transfection, the cells were incubated with 100μg/ml CHX for different time points, then lysed and analyzed by immunoblotting with

indicated antibodies. The relative protein abundances of RTA from immunoblots (g and h) were quantified by band intensities and

normalized to the GAPDH level. (i) RTA degrades the SMC5/6 complex in a proteasome-dependent manner. HEK293T cells were transfected

with HA-RTA alone or FLAG-SMC5/6 alone or HA-RTA together with FLAG-SMC5/6. 24h post-transfection, the cells transfected with

HA-RTA and FLAG-SMC5/6 were treated with DMSO, MG132 and NH4Cl respectively for another 10h followed by detecting with western

blots. (j) RTA promotes the SMC5/6 complex ubiquitination degradation. HEK293T cells were transiently transfected with FLAG-SMC5/6

alone or together with HA-RTA. After 30h transfection, the cells were treated with MG132 (10μM) for another 10h followed by

immunoprecipitated with anti-FLAG antibody and then analyzed by immunoblotting with anti-ubiquitin antibodies. Representative results

from three biological replicates are presented. Error bars indicate SD. Data were analyzed with Student’s multiple t tests (�p< 0.05, ��p< 0.01,
���p< 0.001, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1010744.g006
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Fig 7. RTA interacts with the SMC5/6 complex. (a) RTA interacts with the SMC5/6 complex. HEK293T cells were transfected with

HA-RTA along with FLAG-Vector or all proteins of the SMC5/6 complex. 40h post-transfection, cell lysates were collected and

immunoprecipitated with anti-FLAG antibody followed by analyzing with the indicated antibodies. (b) Interaction between SMC5

and RTA. Left panel, HEK293T cells were transfected with HA-RTA alone or FLAG-SMC5 alone or HA-RTA together with

FLAG-SMC5. 40h post-transfection, cell lysates were immunoprecipitated with anti-FLAG antibody and analyzed by indicated
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RTA-induced degradation of the SMC5/6 complex is evolutionarily

conserved in γ-herpesviruses

The RTA protein is conserved among γ-herpesviruses. This protein shares a common function

in transcriptional activation [48]. Through phylogenetic and positive selection analyses of the

SMC5/6 complex subunits, it was found that the complex is conserved in primates and mam-

mals [49]. To determine whether the capacity of RTA to degrade the SMC5/6 complex is a

conserved function of γ-herpesviruses, we performed an evolutionary analysis among RTA

proteins of the KSHV, human Epstein–Barr virus (EBV), nonhuman primate rhesus rhadino-

virus (RRV), herpesvirus saimiri (HVS), and murine γ-herpesvirus 68 (MHV68). EBV BZLF1

is another transcriptional activator of EBV lacking E3 ligase activity and served as a negative

control. As shown in Fig 8A, BZLF1 was evolutionarily distant from the other RTA proteins,

and the other proteins were highly homologous to each other. We next determined whether

these RTA homologs can degrade SMC5/6 and found that BZLF1 has no effect on SMC5 or

SMC6, while RTA proteins from human, monkey and mouse γ-herpesviruses could signifi-

cantly decrease SMC5 and SMC6 protein levels (Fig 8B–8F).

Discussion

Viral replication is determined by an interaction network consisting of several key players:

host factors, viral proteins and viral genomes. Although some host factors hindering KSHV

replication have been identified, such as chromatin-organizing factors CTCF and cohesion

[50,51], there are still many other important host factors that have not been discovered. This

study revealed a new host factor, the SMC5/6 complex, which causes a significant decrease in

KSHV gene transcription to hinder viral replication. Although the SMC5/6 complex is known

for its silencing ability in HBV transcription, a recent study revealed that SMC5/6 interacts

with the papillomavirus E2 protein and plays an essential role in viral genome maintenance

[24]. These observations suggest that the functions of the SMC5/6 might be different among

different viruses. Our data showed that the SMC5/6 complex inhibits KSHV replication by

silencing viral gene transcription. We further studied the regulatory mechanism of the SMC5/

6 complex for silencing KSHV gene transcription and found that SMC5/6 reduces the levels of

the active histone mark H3K27ac on the promoters of latent LANA and TR and lytic RTA and

therefore establishes a repressive chromatin structure. Recent studies have shown that lytic

KSHV gene expression is under the control of both activating and repressing histone modifica-

tions [52]. The chromatin bivalency of the RTA promoter ensures the repression of RTA dur-

ing latency and promotes its rapid activation upon reactivation [53]. The reduction of

H3K27ac on the RTA promoter by SMC6 promotes the repression of RTA during latency,

indicating that SMC5/6 may play an important role in maintaining latent infection. Histone

modifications are often associated with a distinct chromatin structure and function [54]. The

antibodies. Right panel, HEK293T cells were transfected with FLAG-RTA alone or HA-SMC5 alone or FLAG-RTA together with

HA-SMC5. 40h post-transfection, cell lysates were immunoprecipitated with anti-FLAG antibody followed by analyzing with the

indicated antibodies. (c) Interaction between SMC6 and RTA. HEK293T cells were transfected with HA-RTA alone or FLAG-SMC6

alone or HA-RTA together with FLAG-SMC6. 40h post-transfection, cell lysates were immunoprecipitated with anti-FLAG antibody

(left) or anti-HA antibody (right) and then analyzed by indicated antibodies. (d-f) Co-IP of RTA with endogenous SMC5/6 in iSLK.

RGB cells. Lytic replication of KSHV in iSLK.RGB cells was induced by Dox, and cell lysates were subjected to immunoprecipitation

with anti-RTA antibody or IgG controls (d and e), anti-SMC6 antibody or IgG control (f) and analyzed by western blotting with the

indicated antibodies. (g) Colocalization of SMC5 and RTA in HEK293T cells. After transfection with FLAG-RTA alone, HA-SMC5

alone or FLAG-RTA together with HA-SMC5, cells were fixed, permeated and stained with anti-HA and anti-FLAG antibody

followed by incubating with second antibodies-Alexa fluor 488 and Alexa fluor 555. Colocalization was viewed by a DM6000B

fluorescence microscope. Colocalization analysis was performed using Image J software. (h) Colocalization of SMC6 and RTA in

HEK293T cells.

https://doi.org/10.1371/journal.ppat.1010744.g007
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reduction of the active histone mark H3K27ac on KSHV genome indicates a repressive chro-

matin state. It has been suggested that purified human SMC5/6 complex can recognize DNA

with unusual features and is capable of local DNA compaction, uncovering a possible mode

for compacting extrachromosomal viral DNA [55]. However, the effect of the SMC5/6 com-

plex on the DNA virus genome is still unclear. Our ATAC-seq results suggest that SMC6 sig-

nificantly reduces the chromatin accessibility of the KSHV latent genome, indicating that

SMC5/6 condenses KSHV episomes in a way similar to that of chromosome compaction.

Moreover, changes in chromatin accessibility are consistent with a functionally relevant effect

on silencing latent gene transcription. Interestingly, there happens to be a similar study. SLF2

condenses and silences unintegrated HIV-1 DNA, and they suggest that SLF2 inhibits uninte-

grated HIV-1 DNA transcription by recruiting the SMC5/6 complex [26]. However, direct evi-

dence to show the relationship between SMC5/6 and compaction of unintegrated HIV-1 DNA

Fig 8. RTA-induced degradation of the SMC5/6 complex is evolutionarily conserved in γ-herpesviruses. (a) Phylogenetic analysis of the RTA

proteins of γ-herpesviruses and EBV transcription-activator BZLF1. Phylogenetic analysis was performed using all amino acid sequences alignment

obtained from ClustalX and the tree was built with MEGA_X_10.2.6. (b) MHV68-RTA degrades SMC5 (left) and SMC6 (right). HEK293T cells were

transfected with SMC5 or SMC6 alone, SMC5 or SMC6 together with KSHV-RTA, SMC5 or SMC6 together with MHV68-RTA. 36h post-

transfection, the cells were lysed and detected by western blots with indicated antibodies. (c) BRLF1 of EBV degrades SMC5 (left) and SMC6 (right).

(d) EBV transcription-activator BZLF1 does not degrades SMC5 (left) and SMC6 (right). (e) RTA of RRV degrades SMC5 (left) and SMC6 (right). (f)

RTA of HVS degrades SMC5 (left) and SMC6 (right).

https://doi.org/10.1371/journal.ppat.1010744.g008

PLOS PATHOGENS KSHV RTA and the SMC5/6 complex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010744 August 1, 2022 15 / 27

https://doi.org/10.1371/journal.ppat.1010744.g008
https://doi.org/10.1371/journal.ppat.1010744


is lacking. Our work reveals that the SMC5/6 complex can bind to the KSHV genome and

compact genomic chromatin, and a possible working model can be proposed: the SMC5/6

complex captures KSHV genomic DNA, loads the DNA into its ring structure and condenses

the genomic DNA in a way similar to that of the DNA-loop extrusion of condensin [56]. It has

been suggested that the SMC6 and NSE1/3/4 subcomplexes are critical for DNA binding, and

NSE3 DNA-binding mutants were shown to reduce the association of fission yeast SMC5/6

with chromatin [34,57]. Mutations in DNA binding (K220E and R229E of NSE3, G103T of

SMC6) significantly increased the activation of the LANA promoter and EF1α promoter.

These results convincingly suggest that the SMC5/6 complex directly associates with the

KSHV genome. Several studies suggest that ATPase activity is critical for the dynamic associ-

ation of SMC complexes with DNA [58]. After binding to ATP, the ATPase heads and the

arms display an open conformation; upon ATP hydrolysis, the conformation of the heads

change, resulting in the closure of the arm space between the two SMC subunits [59]. ATPase

activity promotes conformational changes of SMC complexes and thus enables the SMC

complexes to contact different DNA binding interfaces, gradually expand loops and drive

loop extrusion [60]. Mutations of ATPase of SMC5 (K86I) and SMC6 (K66E) promote the

activation of the KSHV LANA promoter and cellular EF1α promoter, suggesting that

ATPase activity is important for promoting the formation of KSHV chromatin loops and

driving loop extrusion. In addition, the SUMOylation activity of human NSE2 has been dem-

onstrated to target Top2α, and this modification is critical for Top2α’s role in chromosome

segregation [61]. It is unclear whether the SUMOylation activity of SMC5/6 is required for

inhibiting transcription. Mutations of SUMOylation of NSE2 (H187A and C215A) have no

effect on EF1α promoter activation. However, mutation H187A increases the activation of

the LANA promoter, indicating that SUMOylation activity may not be necessary for tran-

scription silencing. Overall, we present a model in which the SMC5/6 complex condenses

the KSHV genome in a manner similar to that of DNA-loop extrusion and establishes a

repressive chromatin structure by silencing viral gene expression. This work provides a new

perspective for understanding gene silencing and uncovers a new therapeutic clue for viruses

with episomal DNA genomes.

If a host restriction factor is a constant threat to virus replication, then the virus will inevita-

bly evolve an equally potent counterrestriction mechanism to survive. Viral antagonists can

overcome host restriction factors using various mechanisms, including coupling the restriction

factors on protein degradation pathways, causing the mis-localization of the restriction factor

and thus downregulating functional expression, or functioning as mimics of the restriction

factor substrate [62]. Our data show that RTA can interact with the SMC5/6 complex and

cause the degradation of the SMC5/6 complex through the proteasome pathway. It has been

proven that the Vpu protein of HIV-1 alters the normal subcellular structure of tetherin and

makes it unable to restrict viral budding, thereby antagonizing the restriction of tetherin [63].

However, the interaction between RTA and the SMC5/6 complex does not lead to mislocaliza-

tion of SMC5 or SMC6, indicating that KSHV antagonizes SMC5/6 restriction mainly through

the protein degradation pathway. Phylogenetic and positive selection analyses of the SMC5/6

complex indicate that the complex is conserved in primates and mammals [49]. This finding

reinforces that the SMC5/6 complex may have a broad-spectrum antiviral effect on γ-herpesvi-

ruses. Accordingly, we were interested in whether RTA proteins of γ-herpesviruses can antag-

onize the SMC5/6 complex like RTA does of KSHV. Our study reveals that RTA-induced

degradation of the SMC5/6 complex is evolutionarily conserved during γ-herpesvirus

infection.

However, our study still has some limitations. We only performed ChIP-qPCR in latently

infected iSLK.RGB cells to confirm the binding of SMC6 on KSHV genome, while the binding
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of SMC6 on KSHV genome during lytic replication has not been examined. It is important to

show biological relevance of SMC5/6 association with KSHV genome in the both latent and

lytic life cycles. It is worthwhile to further study in the future. In addition, it is also reasonable

to perform ChIP-qPCR in other KSHV-positive cell lines, such as BCBL1, to reveal whether

the binding of SMC6 on KSHV genome differs between cell lines. Importantly, the SMC5/6

complex is a dynamic machinery that undergoes conformational changes related to functions.

Therefore, structural analysis of dynamic states is helpful to understand how the SMC5/6 com-

plex binds to the KSHV genome and condenses episomes. Furthermore, future work may also

need to identify the ubiquitination sites of the SMC5/6 complex.

In summary, the current evidence supports a model for SMC5/6 complex restriction, in

which the complex is associated with the KSHV genome and causes a compaction on viral

chromatin, forming a repressive chromatin structure, which in turn silences viral gene expres-

sion. To counter this host defense, RTA degrades the SMC5/6 complex through the protea-

some pathway, thereby promoting KSHV reactivation (Fig 9). Our work proposes a model for

SMC5/6 compacting KSHV episomes and inhibiting gene transcription, which reveals a possi-

ble mechanism and provides an example for studying other extrachromosomal DNA viruses,

such as HBV.

Fig 9. Model for the role of the SMC5/6 complex in regulating KSHV latency and reactivation. During KSHV latent replication, the host

protein SMC5/6 complex binds to the KSHV episome and condenses viral chromatin, creating a repressive chromatin structure to silence

genome transcription. During KSHV lytic replication, the RTA protein interacts with the SMC5/6 complex and induces ubiquitin-proteasome-

mediated degradation of the SMC5/6 complex.

https://doi.org/10.1371/journal.ppat.1010744.g009
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Materials and methods

Cell culture

iSLK.RGB cells (a kind gift from Dr. Jae Jung) were cultured in Dulbecco’s modified Eagle’s

medium (DMEM, HyClone) supplemented with 10% FBS (Biological Industries), 1% antibiot-

ics (penicillin and streptomycin, Gibco), 10μg/ml puromycin (Sigma), 250μg/ml G418

(Sigma), and 250μg/ml hygromycin B (Roche). KSHV-positive B lymphoma cell lines (BCBL1)

were cultured in RPMI 1640 (HyClone) containing 10% FBS and 1% antibiotics. Human

embryonic kidney (HEK) 293T cell line was maintained in DMEM supplemented with 10%

FBS and 1% antibiotics. iSLK.RGB-SMC5, iSLK.RGB-SMC6, iSLK.RGB-Vector, iSLK.RGB-

shSMC6, iSLK.RGB-shSMC5, and iSLK.RGB-shControl were generated by lentivirus medi-

ated transduction according to the manufacturer’s instructions (System Bioscience, Palo Alto,

USA) and were maintained in selection media with blasticidin (50μg/ml). All cell lines were

grown at 37˚C and 5% CO2. iSLK.RGB cells were induced by Dox or Dox together with NaB,

and BCBL1 cells were induced by TPA or TPA together with NaB. Dox, TPA and NaB were

purchased from Sigma-Aldrich (St. Louis, MO).

Plasmid constructs and site-directed mutagenesis

The following plasmids were generated by PCR amplification and subcloned into the

pCDH-Flag vector at Xho I and BamH I sites: pCDH-Flag-NSE1, pCDH-Flag-NSE2,

pCDH-Flag-NSE3, pCDH-Flag-NSE4, pCDH-Flag-SMC5, pCDH-Flag-SMC6. The following

plasmids were produced by PCR amplification and subcloned into the pCMV-HA vector at

EcoR I and Xho I sites: pCMV-HA-SMC5, pCMV-HA-SMC6. Site-directed mutants

pCMV-HA-SMC5-K86I and pCMV-HA-SMC6-K66E containing ATPase activity, and

pCMV-HA-SMC6-G103T containing DNA binding activity were generated by PCR amplifica-

tion using specific mutation primers followed by Dpn I digestion. pCDH-Flag-NSE2-H187A,

pCDH-Flag-NSE2-C215A, pCDH-Flag-NSE3-K220E and pCDH-Flag-NSE3-R229E were pro-

duced by PCR amplification and Dpn I digestion. All the primers used for PCR amplification

are listed in S2 Table.

Transfection and RNAi interference, CHX and MG132 treatment

For transfection assays, HEK293T cells were plated to 70–80% confluency followed by trans-

fecting them with the indicated expression plasmids and PEI transfection reagent, mixing

thoroughly and incubating it for 15 minutes at room temperature. The mixtures were then

added onto HEK293T cells and incubated for 8 h at 37˚C with 5% CO2 before changing the

medium to remove PEI.

For RNAi interference, iSLK-RGB cells growing in a 12-well plate (2×105 cells/well) were

transfected with a negative control siRNA and two siRNAs targeting human SMC6, 24h post-

transfection, the second round of siRNA transfections were performed. Another 24h later, the

cells were induced for KSHV lytic infection with 4μg/ml Dox and 1mM sodium butyrate in 1

ml of DMEM medium. Then cell supernatants and cell pellets were collected for detection of

viral DNA copies and viral gene expression at indicated time points. The sequences of siRNAs

and shRNAs against human SMC5 and SMC6 were listed in S3 Table. All siRNA transfections

were performed using Lipo2000 transfection reagent (Invitrogen) according to the manufac-

ture’s instruction.

Proteasome inhibitor CHX was purchased from MedChemExpress and was used at the

concentration of 100 μg/ml, MG132 was from Beyotime biotechnology and was used at the

concentration of 10 μM, NH4Cl was purchased from Sigma and was used at the concentration
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of 10 mM. For CHX treatment, cells were transfected with the indicated plasmids and medium

plus proper concentrations of CHX were added 20h after transfection. At the indicated time

points after CHX treatment, cells were collected and subjected to immunoblot analysis. For

MG132 and NH4Cl treatment, cells were transfected and treated with DMSO or MG132,

NH4Cl 24h post-transfection. Cells were harvested 10h later and detected by immunoblot.

Western blot and immunoprecipitation

For immunoprecipitation assays, transfected cells were lysed after 40h post-transfection in

Western and IP lysis buffer (Beyotime Biotechnology) supplemented with 1 mM PMSF and

protease inhibitor cocktail for 30 min on ice. Cell debris were removed by centrifugation at

12,000g (15 min and 4˚C), and 10% of the lysates were saved for input control, and the remain-

ing lysate was immunoprecipitated using anti-Flag M2 affinity gel by rotating overnight at

4˚C. The beads were pelleted and washed once with lysis buffer, and twice with 1×PBS, and

resuspended in 30 μl 2×SDS loading dye. Input control and the immunoprecipitated com-

plexes were then resolved on SDS-PAGE and transferred onto nitrocellulose membrane (Bio-

Rad Laboratories). The membranes were incubated with appropriate antibodies followed by

detection with HRP-linked secondary antibodies and visualized with ECL reagents (GE).

RNA isolation and quantitative real-time PCR

RNA was isolated by RaPure total RNA Kit (Magen) following the manufacturer’s instructions.

One microgram of RNA was used for reverse transcription with gDNA wiper HiScript III RT

Super Mix (Vazyme). qPCR was performed using cDNA as template for amplifying the indi-

cated targets listed in S2 Table by using ChamQ SYBR qPCR Master Mix (Vazyme) according

to the manufacturer’s instructions. Transcript levels of each gene were quantitatively assessed

by comparative CT values and normalized with control groups. Fold changes were calculated

using 2−ΔΔCT method and the error bars represent standard deviation of three experiment

replicates.

Virion preparation, infection and flow cytometry

For KSHV virus production and infection assays, iSLK.RGB-overexpression cells and iSLK.

RGB-knockdown cells in a 12-well plate (2×105 cells/well) were treated with Dox (4μg/ml) and

NaB (1mM) for 72h, then the supernatant of each group was collected and used to infect

HEK293T cells, after centrifugal infection for 2h (37˚C, 2500rpm), the medium was removed

and replaced by fresh DMEM. The cells were cultured for another 24h and KSHV-infected

GFP-positive cells were observed by a fluorescent microscopy and analyzed by flow cytometry.

Confocal microscopy and BrdU

HEK293T cells were plated to coverslips in 24-well plates (1×105 cells/well), 24h later, cells

were transfected with the indicated expression plasmids. 36h after transfection, cells were fixed

in 4% paraformaldehyde overnight at 4˚C. After three washes of PBS containing 0.1%

Tween20 (PBST), cells were permeabilized with 0.1% Triton X-100 for 15 min at room temper-

ature. Subsequently, blocking was performed in 1×PBS containing 5% milk followed by wash-

ing (5 minutes each) with 1×PBST. Anti-FLAG and anti-HA antibody were diluted in primary

antibody dilution buffer (1:400) and were incubated overnight at 4˚C. Cells were washed with

1×PBST followed by incubated with Alexa 488 conjugated anti-mouse secondary antibody and

Alexa 555 conjugated anti-rabbit secondary antibody for 1h at room temperature. After three

washes of 1×PBST, DAPI staining was performed for 5 minutes at room temperature. Finally,
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the coverslips were washed with 1×PBST and fixed onto slides followed by visualizing and

photographing with a DM6000B fluorescence microscope (Leica, Inc., Solms, Germany).

To determine the localization of endogenous SMC6 and KSHV genomic DNA, we treated

BCBL1 cells with TPA for 24h followed by replacing culture medium with BrdU (BrdU,

5-bromo-2-deoxyuridine, thymidine analog, Thermo Fisher Scientific) labeling solution

(DMEM containing 10μM BrdU). After incubating with BrdU at 37˚C for 2 hours, cells were

washed three times with PBS and fixed with 4% formaldehyde for 15 min at room temperature.

Permeabilization was performed in PBS containing 0.1% Triton X-100 for 20 min at room

temperature. After removing permeabilization buffer, cells were incubated with 1M HCl for

10min on ice and 2M HCl for 10min at room temperature. Cells were washed with PBS for

three times and incubated with phosphate/citric acid buffer for 10min at room temperature.

After washing with Triton X-100 permeabilization buffer, anti-BrdU primary antibody and

anti-SMC6 primary antibody diluted in PBS were added onto the cells overnight at 4˚C. The

following procedures were the same as above.

Ubiquitination assay

HEK293T cells were transfected with plasmids expressing SMC5/SMC6 together with vector

or RTA, 30h post-transfection, cell culture medium was replaced with DMEM containing

MG132 (10μM) for another 10h. Then cells were lysed and immunoprecipitated using anti-

Flag M2 affinity gel. After incubating overnight, the pellets were subjected to SDS-PAGE and

detected by immunoblotting using an anti-ubiquitin rabbit antibody (ABclonal).

Luciferase assays

HEK293T cells were cultured in 24-well plates followed by transfecting with the indicated

expression plasmids when cells were plated to 70–80% confluency. 36h post-transfection, cells

were washed twice with 1× PBS and lysed with 100 μl 1× passive lysis buffer for 15min at room

temperature at a highest speed. 10 μl cell lysates were used to measure luminescence activity

according to the manufacture’s instruction of dual-luciferase reporter assay system (Promega),

and the remaining lysates were collected to detect protein expression.

Chromatin immunoprecipitation and quantitative real-time PCR

iSLK.RGB-SMC6-overexpressing cells, SMC5 knockdown cells or SMC6 knockdown cells

were cultured in 10cm plates (1×107 cells/dish), crosslinking was performed by using 0.9%

formaldehyde and rotating gently at room temperature for 10min. Stop the crosslinking by

adding 2.5 M glycine to a final concentration of 0.125M and continue to rock for 5min. Wash

cells twice with cold PBS and treat with trypsin for 10min. After neutralizing digestion with

DMEM containing 10% FBS, cells were spined down and rinsed with cold PBS. Resuspend the

nuclei in 2× 400μl nuclei lysis buffer (50 mM Tri-Cl (pH8.1), 10 mM EDTA, 1% SDS) and

incubate on ice for 10min, then chromatin fragmentation was performed by using sonication

(our sonicator, 30W, 5s ON, 6s OFF, 23min). Spin at 14,000 rpm for 10min at 4˚C and take a

small aliquot of supernatant to reverse crosslinks and save as input control, the remaining

supernatant was transferred to fresh tubes and diluted for 3 folds in ChIP dilution buffer (16.7

mM Tri-Cl (pH8.1), 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100) followed by incubat-

ing 5μg anti-Histone H3 antibody (Proteintech, 17168) and anti-histone H3K27ac antibody

(Active Motif, 39085) overnight at 4˚C. Add 30μl Protein A/G beads (Sigma) and rotate for 5h

at 4˚C. Pellet beads and wash once in low-salt buffer (20 mM Tri-Cl (pH8.1), 150 mM NaCl, 1

mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate), once in high-salt buffer (20

mM Tri-Cl (pH8.1), 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-
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deoxycholate), once in LiCl buffer (10 mM Tri-Cl (pH8.1), 250 mM LiCl, 1 mM EDTA, 0.5%

NP-40, 0.5% Na-Deoxycholic acid), and twice in TE buffer (10 mM Tri-Cl (pH8.1), 1 mM

EDTA). Finally, elute complex from the pellet beads in 200 μl elution buffer (1% SDS, 50 mM

Tris-Cl (pH 8.1), 1 mM EDTA) and perform reverse crosslinks and PCR purification. qPCR

was performed with SYBR and primers listed in S2 Table.

Assay for Transposase Accessible Chromatin with high-throughput

sequencing (ATAC-seq)

ATAC-seq was performed according to the previously described [64]. Briefly, 5×104 iSLK.RGB

cells were collected and immediately grinded in 2 ml of pre-chilled lysis buffer (15 mM Tris-

HCl (pH7.5), 20 mM NaCl, 80 mM KCl, 0.5 mM permine, 5mM 2-ME, 0.2% TritonX-100).

The total mixture was filtered with miracloth twice and then loaded on the surface of 2 ml

dense sucrose buffer (20mM Tris-HCl (pH 8.0), 2 mM MgCl2, 2 mM EDTA, 15 mM 2-ME,

1.7M sucrose, 0.2% TritonX-100) in a 10 ml falcon tube after grinding. The nuclei were centri-

fuged at 2200 g at 4˚C for 15 min and the pellets were resuspended in 500 μl pre-chilled lysis

buffer. Mix 25 μl of reaction buffer, 2.5 μl of Nextera Tn5 Transposase, and 22.5 μl of Nuclease

free H2O to make the transposition reaction mix. Crude nuclei were resuspended in the trans-

position reaction mix and incubated at 37˚C for 30 min. Using a MinElute PCR Purification

Kit (Qiagen,28006) to purify the DNA after transposition. The DNA was amplified using NEB-

Next High-Fidelity 2×PCR Master Mix for 10–15 cycles [65]. Amplified libraries were purified

by using MinElute PCR Purification Kit (Qiagen,28006). The library was eluted in 20 μl Elu-

tion Buffer (10 mM Tris Buffer, pH 8.0). The quality of purified libraries was assessed using

Bioanalyzer and Q-bit. The libraries were multiplexed and then sequenced using an Illumina

NovaSeq 6000 with PE 150 method. For ATAC-seq data analysis, the adapter and low-quality

reads were filtered out through Trimmomatic (version 0.38). Clean reads were mapped to the

KSHV BAC16 genome by Hisat2 (version 2.1.0), allowing up to two mis-matches [66]. Sam-

tools (version 1.3.1) was used to remove potential PCR duplicates, and MACS2 software (ver-

sion 2.1.1.20160309) was used to call peaks by default parameters (nomodel; shift -100; extsize

200; model fold, 5, 50; q value, 0.05) [67]. The diff-peak was identified using Diffbind (version

1.16.3) [68].

Statistical analysis

Statistical analyses were performed using Student’s t tests or multiple t tests performed in

GraphPad Prism v6. Error bars represent standard deviation from triplicate samples. ns, P

value >0.05; �, P value <0.05; ��, P value <0.01; ���, P value < 0.001; ����, P value<0.0001.

The numerical data used in all figures are included in S1 Data.

Supporting information

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data and

statistical analysis for Fig 1A, 1B, 1C, 1D, 1E, 1F, Fig 1G, 1H, 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H,

3B, 3C, 3D–3F, 4B–4E, 5A–5C, 5E–5G, 6A, 6B, 6E, 6F, 6G and 6H, S2B, S2D, S3B–S3D Figs.

(XLSX)

S1 Fig. Expression of SMC5 or SMC6 in SMC5/6- overexpressing cells and knockdown

cells. (a-b) Expression of SMC5 or SMC6 in SMC5/6- overexpressing cells. iSLK.RGB cells

overexpressing SMC5 or SMC6 were collected and the protein levels of SMC5 and SMC6 were

detected by immunoblotting using antibodies against SMC5 or SMC6. (c-d) Endogenous

expression of SMC5 or SMC6 in SMC5/6 knockdown cells. After 48h transfection of siRNAs,
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iSLK.RGB cells were collected and subjected to immunoblotting using antibodies against

SMC5 or SMC6 to detect the endogenous expression of SMC5 or SMC6.

(TIF)

S2 Fig. Depletion of SMC5 and SMC6 promotes KSHV replication in BCBL1 cells. (a) The

knockdown efficiency of SMC5 was determined via western blots. BCBL1 cells were trans-

fected with control siRNA and two siRNAs targeting human SMC5 for 48h post-transfection,

(b) After 48h transfection of siRNAs, BCBL1 cells were induced with TPA (20ng/ml) and NaB

(0.3mM) for another 36h. Then, DNase-treated viral DNAs from culture supernatants were

analyzed via qPCR. Left panel, viral DNA copy numbers were quantified by using K9 primers.

Right panel, pGL3-luc plasmid DNA was added during viral DNAs extraction to ensure the

quality of DNA extraction. Relative DNA copy numbers were measured via qPCR using prim-

ers for K9 and pGL3. The values of control were set as 1. (c-d) Effect of knockdown SMC6 on

KSHV lytic replication in BCBL1 cells, which is similar to (a-b).

(TIF)

S3 Fig. Depletion of SMC5 increases H3K27ac levels on KSHV genome. (a) iSLK.RGB cells

were transduced with lentivirus expressing shRNA against SMC5. The knockdown efficiency

was determined by western blots. (b-d) H3K27ac on viral RTA, LANA and TR were measured

with ChIP-qPCR assay. ChIP was performed among latently infected control cells and SMC5

knockdown cells by using antibodies against total H3 or H3K27ac. The recruitment of H3 and

H3K27ac on KSHV genome were tested via qPCR. Data was calculated as the fold change in

percentage of input DNA compared with control ChIP experiment.

(TIF)

S4 Fig. The SMC5/6 complex condenses KSHV chromatin. (a) Comparing data of ATAC-

seq peaks for control group with SMC6-overexpressing group. ATAC-seq was performed in

latently infected control cells or SMC6-overexpressing cells. Reads were aligned to KSHV

BAC-16 reference genome. To analyze the effect on chromatin accessibility, ATAC-seq peaks

mapped to the entire length of the viral genome were analyzed. Reads density for the viral

genome is displayed. The control group (blue) and the SMC6-overexpressing group (red) are

highlighted for comparison. (b) ATAC-seq peaks mapped on latency transcript ORF71 (Gene

annotation: QFU18872.1). (c) ATAC-seq peaks mapped on latency transcript ORF72 (Gene

annotation: QFU18873.1). (d) ATAC-seq peaks mapped on latency transcript ORF73 (Gene

annotation: QFU18874.1).

(TIF)

S5 Fig. RTA degrades the SMC5/6 complex. (a) KSHV K3 and K5 do not degrade subunits

NSE1-NSE4 of the SMC5/6 complex. HEK293T cells were transfected with K3 or K5 together

with NSE1-NSE4. 36h post-transfection, cells were collected and western blots were performed

with indicated antibodies. (b) KSHV RTA degrades subunits NSE1-NSE4 of the SMC5/6 com-

plex. HEK293T cells were transfected with RTA together with NSE1-NSE4. 36h post-transfec-

tion, cells were collected and western blots were performed with indicated antibodies.

(TIF)

S6 Fig. Mapping the interaction domain of RTA with SMC5 or SMC6. (a) Mapping the

interaction domain of RTA with SMC5. Co-IP and western blotting of 293T cells transfected

with HA-tagged SMC5 along with Flag-tagged RTA truncations or full-length RTA. An empty

vector was used as a negative control. (b) Mapping the interaction domain of RTA with SMC6.

(c) Defining the activity of RTA truncations and the full-length RTA in degradation of SMC5.

HA-SMC5 and full-length RTA or RTA truncations were transfected 293T cells. 48h after
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transfection, cell lysates were collected and analyzed by western blot assays. (d) Defining the

activity of RTA truncations and the full-length RTA in degradation of SMC6.

(TIF)

S1 Table. Reads for ATAC-seq libraries.

(DOCX)

S2 Table. Primers for PCR amplification, qPCR and ChIP-qPCR analysis.

(DOCX)

S3 Table. Sequences of siRNAs and shRNAs.

(DOCX)

Acknowledgments

We are grateful to Drs. Erle Robertson (University of Pennsylvania, USA), Jae Jung (Lerner

Research Institute, USA), Fanxiu Zhu (Florida State University, USA), Pinghui Feng (Univer-

sity of Southern California, USA), Xiaozhen Liang (Institute Pasteur of Shanghai, China) for

reagents.

Author Contributions

Conceptualization: Chunyan Han, Ke Lan.

Data curation: Chunyan Han.

Formal analysis: Chunyan Han.

Funding acquisition: Ke Lan.

Investigation: Dun Zhang, Chenwu Gui, Liang Huang, Sijia Chang.

Methodology: Chunyan Han, Dun Zhang.

Project administration: Ke Lan.

Resources: Dun Zhang, Lianghui Dong, Lei Bai, Shuwen Wu.

Supervision: Ke Lan.

Validation: Chenwu Gui, Liang Huang, Sijia Chang.

Writing – original draft: Chunyan Han.

Writing – review & editing: Chunyan Han, Ke Lan.

References
1. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, et al. Identification of herpesvi-

rus-like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science (New York, NY). 1994; 266

(5192):1865–9. Epub 1994/12/16. https://doi.org/10.1126/science.7997879 PMID: 7997879.

2. Ye Fengchun, Lei Xiufen, Gao S-J. Mechanisms of Kaposi’s Sarcoma-Associated Herpesvirus Latency

and Reactivation. Advances in Virology.2011. 19 p. https://doi.org/10.1155/2011/193860 PMID:

21625290

3. Mesri EA, Cesarman E, Boshoff C. Kaposi’s sarcoma and its associated herpesvirus. Nature reviews

Cancer. 2010; 10(10):707–19. Epub 2010/09/25. https://doi.org/10.1038/nrc2888 PMID: 20865011;

PubMed Central PMCID: PMC4721662.

4. Toth Z, Brulois K, Jung JU. The chromatin landscape of Kaposi’s sarcoma-associated herpesvirus.

Viruses. 2013; 5(5):1346–73. Epub 2013/05/24. https://doi.org/10.3390/v5051346 PMID: 23698402;

PubMed Central PMCID: PMC3712311.

PLOS PATHOGENS KSHV RTA and the SMC5/6 complex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010744 August 1, 2022 23 / 27

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010744.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010744.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010744.s010
https://doi.org/10.1126/science.7997879
http://www.ncbi.nlm.nih.gov/pubmed/7997879
https://doi.org/10.1155/2011/193860
http://www.ncbi.nlm.nih.gov/pubmed/21625290
https://doi.org/10.1038/nrc2888
http://www.ncbi.nlm.nih.gov/pubmed/20865011
https://doi.org/10.3390/v5051346
http://www.ncbi.nlm.nih.gov/pubmed/23698402
https://doi.org/10.1371/journal.ppat.1010744


5. Tempera I, Lieberman PM. Chromatin organization of gammaherpesvirus latent genomes. Biochimica

et biophysica acta. 2010; 1799(3–4):236–45. Epub 2009/10/27. https://doi.org/10.1016/j.bbagrm.2009.

10.004 PMID: 19853673; PubMed Central PMCID: PMC2839031.

6. Cotter MA 2nd, Robertson ES. The latency-associated nuclear antigen tethers the Kaposi’s sarcoma-

associated herpesvirus genome to host chromosomes in body cavity-based lymphoma cells. Virology.

1999; 264(2):254–64. Epub 1999/11/24. https://doi.org/10.1006/viro.1999.9999 PMID: 10562490.

7. Juillard F, De León Vázquez E, Tan M, Li S, Kaye KM. Kaposi’s Sarcoma-Associated Herpesvirus

LANA-Adjacent Regions with Distinct Functions in Episome Segregation or Maintenance. Journal of

virology. 2019; 93(6). Epub 2019/01/11. https://doi.org/10.1128/JVI.02158-18 PMID: 30626680;

PubMed Central PMCID: PMC6401465.

8. Barbera AJ, Chodaparambil JV, Kelley-Clarke B, Joukov V, Walter JC, Luger K, et al. The nucleosomal

surface as a docking station for Kaposi’s sarcoma herpesvirus LANA. Science (New York, NY). 2006;

311(5762):856–61. Epub 2006/02/14. https://doi.org/10.1126/science.1120541 PMID: 16469929.

9. Davis DA, Rinderknecht AS, Zoeteweij JP, Aoki Y, Read-Connole EL, Tosato G, et al. Hypoxia induces

lytic replication of Kaposi sarcoma-associated herpesvirus. Blood. 2001; 97(10):3244–50. Epub 2001/

05/09. https://doi.org/10.1182/blood.v97.10.3244 PMID: 11342455.

10. Saveliev A, Zhu F, Yuan Y. Transcription mapping and expression patterns of genes in the major imme-

diate-early region of Kaposi’s sarcoma-associated herpesvirus. Virology. 2002; 299(2):301–14. Epub

2002/08/31. https://doi.org/10.1006/viro.2002.1561 PMID: 12202233.

11. Zhu FX, Cusano T, Yuan Y. Identification of the immediate-early transcripts of Kaposi’s sarcoma-asso-

ciated herpesvirus. Journal of virology. 1999; 73(7):5556–67. Epub 1999/06/11. https://doi.org/10.1128/

JVI.73.7.5556-5567.1999 PMID: 10364304; PubMed Central PMCID: PMC112613.

12. Yu Y, Wang SE, Hayward GS. The KSHV immediate-early transcription factor RTA encodes ubiquitin

E3 ligase activity that targets IRF7 for proteosome-mediated degradation. Immunity. 2005; 22(1):59–

70. Epub 2005/01/25. https://doi.org/10.1016/j.immuni.2004.11.011 PMID: 15664159.

13. Ahmad H, Gubbels R, Ehlers E, Meyer F, Waterbury T, Lin R, et al. Kaposi sarcoma-associated herpes-

virus degrades cellular Toll-interleukin-1 receptor domain-containing adaptor-inducing beta-interferon

(TRIF). The Journal of biological chemistry. 2011; 286(10):7865–72. Epub 2011/01/08. https://doi.org/

10.1074/jbc.M110.191452 PMID: 21212282; PubMed Central PMCID: PMC3048673.

14. Zhao Q, Liang D, Sun R, Jia B, Xia T, Xiao H, et al. Kaposi’s sarcoma-associated herpesvirus-encoded

replication and transcription activator impairs innate immunity via ubiquitin-mediated degradation of

myeloid differentiation factor 88. Journal of virology. 2015; 89(1):415–27. https://doi.org/10.1128/JVI.

02591-14 PMID: 25320320; PubMed Central PMCID: PMC4301122.

15. Yu Y, Hayward GS. The ubiquitin E3 ligase RAUL negatively regulates type i interferon through ubiquiti-

nation of the transcription factors IRF7 and IRF3. Immunity. 2010; 33(6):863–77. Epub 2010/12/21.

https://doi.org/10.1016/j.immuni.2010.11.027 PMID: 21167755; PubMed Central PMCID:

PMC3012379.

16. Yang Z, Yan Z, Wood C. Kaposi’s sarcoma-associated herpesvirus transactivator RTA promotes degra-

dation of the repressors to regulate viral lytic replication. Journal of virology. 2008; 82(7):3590–603.

Epub 2008/01/25. https://doi.org/10.1128/JVI.02229-07 PMID: 18216089; PubMed Central PMCID:

PMC2268447.

17. Ehrlich ES, Chmura JC, Smith JC, Kalu NN, Hayward GS. KSHV RTA abolishes NFκB responsive

gene expression during lytic reactivation by targeting vFLIP for degradation via the proteasome. PloS

one. 2014; 9(3):e91359. Epub 2014/03/13. https://doi.org/10.1371/journal.pone.0091359 PMID:

24614587; PubMed Central PMCID: PMC3948842.

18. Gould F, Harrison SM, Hewitt EW, Whitehouse A. Kaposi’s sarcoma-associated herpesvirus RTA pro-

motes degradation of the Hey1 repressor protein through the ubiquitin proteasome pathway. Journal of

virology. 2009; 83(13):6727–38. Epub 2009/04/17. https://doi.org/10.1128/JVI.00351-09 PMID:

19369342; PubMed Central PMCID: PMC2698570.

19. Hirano T. SMC proteins and chromosome mechanics: from bacteria to humans. Philosophical transac-

tions of the Royal Society of London Series B, Biological sciences. 2005; 360(1455):507–14. Epub

2005/05/18. https://doi.org/10.1098/rstb.2004.1606 PMID: 15897176; PubMed Central PMCID:

PMC1569466.

20. Nasmyth K, Haering CH. The structure and function of SMC and kleisin complexes. Annual review of

biochemistry. 2005; 74:595–648. Epub 2005/06/15. https://doi.org/10.1146/annurev.biochem.74.

082803.133219 PMID: 15952899.

21. Fousteri MI, Lehmann AR. A novel SMC protein complex in Schizosaccharomyces pombe contains the

Rad18 DNA repair protein. The EMBO journal. 2000; 19(7):1691–702. Epub 2000/04/04. https://doi.

org/10.1093/emboj/19.7.1691 PMID: 10747036; PubMed Central PMCID: PMC310237.

PLOS PATHOGENS KSHV RTA and the SMC5/6 complex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010744 August 1, 2022 24 / 27

https://doi.org/10.1016/j.bbagrm.2009.10.004
https://doi.org/10.1016/j.bbagrm.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19853673
https://doi.org/10.1006/viro.1999.9999
http://www.ncbi.nlm.nih.gov/pubmed/10562490
https://doi.org/10.1128/JVI.02158-18
http://www.ncbi.nlm.nih.gov/pubmed/30626680
https://doi.org/10.1126/science.1120541
http://www.ncbi.nlm.nih.gov/pubmed/16469929
https://doi.org/10.1182/blood.v97.10.3244
http://www.ncbi.nlm.nih.gov/pubmed/11342455
https://doi.org/10.1006/viro.2002.1561
http://www.ncbi.nlm.nih.gov/pubmed/12202233
https://doi.org/10.1128/JVI.73.7.5556-5567.1999
https://doi.org/10.1128/JVI.73.7.5556-5567.1999
http://www.ncbi.nlm.nih.gov/pubmed/10364304
https://doi.org/10.1016/j.immuni.2004.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15664159
https://doi.org/10.1074/jbc.M110.191452
https://doi.org/10.1074/jbc.M110.191452
http://www.ncbi.nlm.nih.gov/pubmed/21212282
https://doi.org/10.1128/JVI.02591-14
https://doi.org/10.1128/JVI.02591-14
http://www.ncbi.nlm.nih.gov/pubmed/25320320
https://doi.org/10.1016/j.immuni.2010.11.027
http://www.ncbi.nlm.nih.gov/pubmed/21167755
https://doi.org/10.1128/JVI.02229-07
http://www.ncbi.nlm.nih.gov/pubmed/18216089
https://doi.org/10.1371/journal.pone.0091359
http://www.ncbi.nlm.nih.gov/pubmed/24614587
https://doi.org/10.1128/JVI.00351-09
http://www.ncbi.nlm.nih.gov/pubmed/19369342
https://doi.org/10.1098/rstb.2004.1606
http://www.ncbi.nlm.nih.gov/pubmed/15897176
https://doi.org/10.1146/annurev.biochem.74.082803.133219
https://doi.org/10.1146/annurev.biochem.74.082803.133219
http://www.ncbi.nlm.nih.gov/pubmed/15952899
https://doi.org/10.1093/emboj/19.7.1691
https://doi.org/10.1093/emboj/19.7.1691
http://www.ncbi.nlm.nih.gov/pubmed/10747036
https://doi.org/10.1371/journal.ppat.1010744


22. Sergeant J, Taylor E, Palecek J, Fousteri M, Andrews EA, Sweeney S, et al. Composition and architec-

ture of the Schizosaccharomyces pombe Rad18 (Smc5-6) complex. Molecular and cellular biology.

2005; 25(1):172–84. Epub 2004/12/17. https://doi.org/10.1128/MCB.25.1.172-184.2005 PMID:

15601840; PubMed Central PMCID: PMC538765.

23. Zhao X, Blobel G. A SUMO ligase is part of a nuclear multiprotein complex that affects DNA repair and

chromosomal organization. Proceedings of the National Academy of Sciences of the United States of

America. 2005; 102(13):4777–82. Epub 2005/03/02. https://doi.org/10.1073/pnas.0500537102 PMID:

15738391; PubMed Central PMCID: PMC555716.

24. Bentley P, Tan MJA, McBride AA, White EA, Howley PM. The SMC5/6 Complex Interacts with the Pap-

illomavirus E2 Protein and Influences Maintenance of Viral Episomal DNA. Journal of virology. 2018; 92

(15). Epub 2018/06/01. https://doi.org/10.1128/JVI.00356-18 PMID: 29848583; PubMed Central

PMCID: PMC6052296.

25. Decorsière A, Mueller H, van Breugel PC, Abdul F, Gerossier L, Beran RK, et al. Hepatitis B virus X pro-

tein identifies the Smc5/6 complex as a host restriction factor. Nature. 2016; 531(7594):386–9. Epub

2016/03/18. https://doi.org/10.1038/nature17170 PMID: 26983541.

26. Dupont L, Bloor S, Williamson JC, Cuesta SM, Shah R, Teixeira-Silva A, et al. The SMC5/6 complex

compacts and silences unintegrated HIV-1 DNA and is antagonized by Vpr. Cell host & microbe. 2021;

29(5):792–805.e6. Epub 2021/04/04. https://doi.org/10.1016/j.chom.2021.03.001 PMID: 33811831;

PubMed Central PMCID: PMC8118623.

27. Gibson RT, Androphy EJ. The SMC5/6 Complex Represses the Replicative Program of High-Risk

Human Papillomavirus Type 31. Pathogens (Basel, Switzerland). 2020; 9(10). https://doi.org/10.3390/

pathogens9100786 PMID: 32992873.

28. Brulois K, Toth Z, Wong LY, Feng P, Gao SJ, Ensser A, et al. Kaposi’s sarcoma-associated herpesvirus

K3 and K5 ubiquitin E3 ligases have stage-specific immune evasion roles during lytic replication. Jour-

nal of virology. 2014; 88(16):9335–49. Epub 2014/06/06. https://doi.org/10.1128/JVI.00873-14 PMID:

24899205; PubMed Central PMCID: PMC4136276.

29. Kanno T, Berta DG, Sjögren C. The Smc5/6 Complex Is an ATP-Dependent Intermolecular DNA Linker.

Cell reports. 2015; 12(9):1471–82. Epub 2015/08/25. https://doi.org/10.1016/j.celrep.2015.07.048

PMID: 26299966.

30. Ansari MA, Dutta S, Veettil MV, Dutta D, Iqbal J, Kumar B, et al. Herpesvirus Genome Recognition

Induced Acetylation of Nuclear IFI16 Is Essential for Its Cytoplasmic Translocation, Inflammasome and

IFN-βResponses. PLoS pathogens. 2015; 11(7):e1005019. Epub 2015/07/03. https://doi.org/10.1371/

journal.ppat.1005019 PMID: 26134128; PubMed Central PMCID: PMC4489722.

31. Murayama Y, Samora CP, Kurokawa Y, Iwasaki H, Uhlmann F. Establishment of DNA-DNA Interac-

tions by the Cohesin Ring. Cell. 2018; 172(3):465–77.e15. Epub 2018/01/24. https://doi.org/10.1016/j.

cell.2017.12.021 PMID: 29358048; PubMed Central PMCID: PMC5786502.

32. Alt A, Dang HQ, Wells OS, Polo LM, Smith MA, McGregor GA, et al. Specialized interfaces of Smc5/6

control hinge stability and DNA association. Nature communications. 2017; 8:14011. https://doi.org/10.

1038/ncomms14011 PMID: 28134253.

33. Roy MA, Dhanaraman T, D’Amours D. The Smc5-Smc6 heterodimer associates with DNA through sev-

eral independent binding domains. Scientific reports. 2015; 5:9797. Epub 2015/05/20. https://doi.org/

10.1038/srep09797 PMID: 25984708; PubMed Central PMCID: PMC4434891.

34. Zabrady K, Adamus M, Vondrova L, Liao C, Skoupilova H, Novakova M, et al. Chromatin association of

the SMC5/6 complex is dependent on binding of its NSE3 subunit to DNA. 2016; 44(3):1064–79. https://

doi.org/10.1093/nar/gkv1021 PMID: 26446992.

35. Varejão N, Ibars E, Lascorz J, Colomina N, Torres-Rosell J. DNA activates the Nse2/Mms21 SUMO E3

ligase in the Smc5/6 complex. 2018; 37(12). https://doi.org/10.15252/embj.201798306 PMID:

29769404.

36. Potts PR, Yu H. Human MMS21/NSE2 is a SUMO ligase required for DNA repair. Molecular and cellular

biology. 2005; 25(16):7021–32. Epub 2005/08/02. https://doi.org/10.1128/MCB.25.16.7021-7032.2005

PMID: 16055714; PubMed Central PMCID: PMC1190242.

37. Kong M, Cutts EE, Pan D, Beuron F, Kaliyappan T, Xue C, et al. Human Condensin I and II Drive Exten-

sive ATP-Dependent Compaction of Nucleosome-Bound DNA. Molecular cell. 2020; 79(1):99–114.e9.

Epub 2020/05/24. https://doi.org/10.1016/j.molcel.2020.04.026 PMID: 32445620; PubMed Central

PMCID: PMC7335352.

38. Coscoy L, Ganem D. Kaposi’s sarcoma-associated herpesvirus encodes two proteins that block cell

surface display of MHC class I chains by enhancing their endocytosis. Proceedings of the National

Academy of Sciences of the United States of America. 2000; 97(14):8051–6. Epub 2000/06/22. https://

doi.org/10.1073/pnas.140129797 PMID: 10859362; PubMed Central PMCID: PMC16668.

PLOS PATHOGENS KSHV RTA and the SMC5/6 complex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010744 August 1, 2022 25 / 27

https://doi.org/10.1128/MCB.25.1.172-184.2005
http://www.ncbi.nlm.nih.gov/pubmed/15601840
https://doi.org/10.1073/pnas.0500537102
http://www.ncbi.nlm.nih.gov/pubmed/15738391
https://doi.org/10.1128/JVI.00356-18
http://www.ncbi.nlm.nih.gov/pubmed/29848583
https://doi.org/10.1038/nature17170
http://www.ncbi.nlm.nih.gov/pubmed/26983541
https://doi.org/10.1016/j.chom.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/33811831
https://doi.org/10.3390/pathogens9100786
https://doi.org/10.3390/pathogens9100786
http://www.ncbi.nlm.nih.gov/pubmed/32992873
https://doi.org/10.1128/JVI.00873-14
http://www.ncbi.nlm.nih.gov/pubmed/24899205
https://doi.org/10.1016/j.celrep.2015.07.048
http://www.ncbi.nlm.nih.gov/pubmed/26299966
https://doi.org/10.1371/journal.ppat.1005019
https://doi.org/10.1371/journal.ppat.1005019
http://www.ncbi.nlm.nih.gov/pubmed/26134128
https://doi.org/10.1016/j.cell.2017.12.021
https://doi.org/10.1016/j.cell.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29358048
https://doi.org/10.1038/ncomms14011
https://doi.org/10.1038/ncomms14011
http://www.ncbi.nlm.nih.gov/pubmed/28134253
https://doi.org/10.1038/srep09797
https://doi.org/10.1038/srep09797
http://www.ncbi.nlm.nih.gov/pubmed/25984708
https://doi.org/10.1093/nar/gkv1021
https://doi.org/10.1093/nar/gkv1021
http://www.ncbi.nlm.nih.gov/pubmed/26446992
https://doi.org/10.15252/embj.201798306
http://www.ncbi.nlm.nih.gov/pubmed/29769404
https://doi.org/10.1128/MCB.25.16.7021-7032.2005
http://www.ncbi.nlm.nih.gov/pubmed/16055714
https://doi.org/10.1016/j.molcel.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32445620
https://doi.org/10.1073/pnas.140129797
https://doi.org/10.1073/pnas.140129797
http://www.ncbi.nlm.nih.gov/pubmed/10859362
https://doi.org/10.1371/journal.ppat.1010744


39. Ishido S, Wang C, Lee BS, Cohen GB, Jung JU. Downregulation of major histocompatibility complex

class I molecules by Kaposi’s sarcoma-associated herpesvirus K3 and K5 proteins. Journal of virology.

2000; 74(11):5300–9. Epub 2000/05/09. https://doi.org/10.1128/jvi.74.11.5300-5309.2000 PMID:

10799607; PubMed Central PMCID: PMC110885.

40. Stevenson PG, Efstathiou S, Doherty PC, Lehner PJ. Inhibition of MHC class I-restricted antigen pre-

sentation by gamma 2-herpesviruses. Proceedings of the National Academy of Sciences of the United

States of America. 2000; 97(15):8455–60. Epub 2000/07/13. https://doi.org/10.1073/pnas.150240097

PMID: 10890918; PubMed Central PMCID: PMC26969.

41. Coscoy L, Ganem D. A viral protein that selectively downregulates ICAM-1 and B7-2 and modulates T

cell costimulation. The Journal of clinical investigation. 2001; 107(12):1599–606. Epub 2001/06/20.

https://doi.org/10.1172/JCI12432 PMID: 11413168; PubMed Central PMCID: PMC200195.

42. Mansouri M, Douglas J, Rose PP, Gouveia K, Thomas G, Means RE, et al. Kaposi sarcoma herpesvirus

K5 removes CD31/PECAM from endothelial cells. Blood. 2006; 108(6):1932–40. Epub 2006/04/08.

https://doi.org/10.1182/blood-2005-11-4404 PMID: 16601245; PubMed Central PMCID: PMC1635550.

43. Thomas M, Boname JM, Field S, Nejentsev S, Salio M, Cerundolo V, et al. Down-regulation of NKG2D

and NKp80 ligands by Kaposi’s sarcoma-associated herpesvirus K5 protects against NK cell cytotoxic-

ity. Proceedings of the National Academy of Sciences of the United States of America. 2008; 105

(5):1656–61. Epub 2008/01/31. https://doi.org/10.1073/pnas.0707883105 PMID: 18230726; PubMed

Central PMCID: PMC2234200.

44. Chmura JC, Herold K, Ruffin A, Atuobi T, Fabiyi Y, Mitchell AE, et al. The Itch ubiquitin ligase is required

for KSHV RTA induced vFLIP degradation. Virology. 2017; 501:119–26. Epub 2016/12/03. https://doi.

org/10.1016/j.virol.2016.11.016 PMID: 27912080; PubMed Central PMCID: PMC5271570.

45. Sun Z, Jha HC, Pei YG, Robertson ES. Major Histocompatibility Complex Class II HLA-DRα Is Downre-

gulated by Kaposi’s Sarcoma-Associated Herpesvirus-Encoded Lytic Transactivator RTA and

MARCH8. Journal of virology. 2016; 90(18):8047–58. Epub 2016/07/01. https://doi.org/10.1128/JVI.

01079-16 PMID: 27356905; PubMed Central PMCID: PMC5008100.

46. Li Q, Means R, Lang S, Jung JU. Downregulation of gamma interferon receptor 1 by Kaposi’s sarcoma-

associated herpesvirus K3 and K5. Journal of virology. 2007; 81(5):2117–27. Epub 2006/12/15. https://

doi.org/10.1128/JVI.01961-06 PMID: 17166914; PubMed Central PMCID: PMC1865953.

47. Pardieu C, Vigan R, Wilson SJ, Calvi A, Zang T, Bieniasz P, et al. The RING-CH ligase K5 antagonizes

restriction of KSHV and HIV-1 particle release by mediating ubiquitin-dependent endosomal degrada-

tion of tetherin. PLoS pathogens. 2010; 6(4):e1000843. Epub 2010/04/27. https://doi.org/10.1371/

journal.ppat.1000843 PMID: 20419159; PubMed Central PMCID: PMC2855335.

48. Damania B, Jeong JH, Bowser BS, DeWire SM, Staudt MR, Dittmer DP. Comparison of the Rta/Orf50

transactivator proteins of gamma-2-herpesviruses. Journal of virology. 2004; 78(10):5491–9. Epub

2004/04/29. https://doi.org/10.1128/jvi.78.10.5491-5499.2004 PMID: 15113928; PubMed Central

PMCID: PMC400334.

49. Abdul F, Filleton F, Gerossier L, Paturel A, Hall J, Strubin M, et al. Smc5/6 Antagonism by HBx Is an

Evolutionarily Conserved Function of Hepatitis B Virus Infection in Mammals. 2018; 92(16). https://doi.

org/10.1128/jvi.00769-18 PMID: 29848586.

50. Li DJ, Verma D, Mosbruger T, Swaminathan S. CTCF and Rad21 act as host cell restriction factors for

Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic replication by modulating viral gene transcrip-

tion. PLoS pathogens. 2014; 10(1):e1003880. Epub 2014/01/15. https://doi.org/10.1371/journal.ppat.

1003880 PMID: 24415941; PubMed Central PMCID: PMC3887114.

51. Chen HS, Wikramasinghe P, Showe L, Lieberman PM. Cohesins repress Kaposi’s sarcoma-associated

herpesvirus immediate early gene transcription during latency. Journal of virology. 2012; 86(17):9454–

64. Epub 2012/06/29. https://doi.org/10.1128/JVI.00787-12 PMID: 22740398; PubMed Central PMCID:

PMC3416178.

52. Toth Z, Maglinte DT, Lee SH, Lee HR, Wong LY, Brulois KF, et al. Epigenetic analysis of KSHV latent

and lytic genomes. PLoS pathogens. 2010; 6(7):e1001013. Epub 2010/07/28. https://doi.org/10.1371/

journal.ppat.1001013 PMID: 20661424; PubMed Central PMCID: PMC2908616.

53. Kang H, Wiedmer A, Yuan Y, Robertson E, Lieberman PM. Coordination of KSHV latent and lytic gene

control by CTCF-cohesin mediated chromosome conformation. PLoS pathogens. 2011; 7(8):

e1002140. Epub 2011/08/31. https://doi.org/10.1371/journal.ppat.1002140 PMID: 21876668; PubMed

Central PMCID: PMC3158054.

54. Gelato KA, Fischle W. Role of histone modifications in defining chromatin structure and function. Biolog-

ical chemistry. 2008; 389(4):353–63. Epub 2008/01/30. https://doi.org/10.1515/BC.2008.048 PMID:

18225984.

55. Serrano D, Cordero G, Kawamura R, Sverzhinsky A, Sarker M, Roy S, et al. The Smc5/6 Core Complex

Is a Structure-Specific DNA Binding and Compacting Machine. Molecular cell. 2020; 80(6):1025–38.e5.

PLOS PATHOGENS KSHV RTA and the SMC5/6 complex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010744 August 1, 2022 26 / 27

https://doi.org/10.1128/jvi.74.11.5300-5309.2000
http://www.ncbi.nlm.nih.gov/pubmed/10799607
https://doi.org/10.1073/pnas.150240097
http://www.ncbi.nlm.nih.gov/pubmed/10890918
https://doi.org/10.1172/JCI12432
http://www.ncbi.nlm.nih.gov/pubmed/11413168
https://doi.org/10.1182/blood-2005-11-4404
http://www.ncbi.nlm.nih.gov/pubmed/16601245
https://doi.org/10.1073/pnas.0707883105
http://www.ncbi.nlm.nih.gov/pubmed/18230726
https://doi.org/10.1016/j.virol.2016.11.016
https://doi.org/10.1016/j.virol.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27912080
https://doi.org/10.1128/JVI.01079-16
https://doi.org/10.1128/JVI.01079-16
http://www.ncbi.nlm.nih.gov/pubmed/27356905
https://doi.org/10.1128/JVI.01961-06
https://doi.org/10.1128/JVI.01961-06
http://www.ncbi.nlm.nih.gov/pubmed/17166914
https://doi.org/10.1371/journal.ppat.1000843
https://doi.org/10.1371/journal.ppat.1000843
http://www.ncbi.nlm.nih.gov/pubmed/20419159
https://doi.org/10.1128/jvi.78.10.5491-5499.2004
http://www.ncbi.nlm.nih.gov/pubmed/15113928
https://doi.org/10.1128/jvi.00769-18
https://doi.org/10.1128/jvi.00769-18
http://www.ncbi.nlm.nih.gov/pubmed/29848586
https://doi.org/10.1371/journal.ppat.1003880
https://doi.org/10.1371/journal.ppat.1003880
http://www.ncbi.nlm.nih.gov/pubmed/24415941
https://doi.org/10.1128/JVI.00787-12
http://www.ncbi.nlm.nih.gov/pubmed/22740398
https://doi.org/10.1371/journal.ppat.1001013
https://doi.org/10.1371/journal.ppat.1001013
http://www.ncbi.nlm.nih.gov/pubmed/20661424
https://doi.org/10.1371/journal.ppat.1002140
http://www.ncbi.nlm.nih.gov/pubmed/21876668
https://doi.org/10.1515/BC.2008.048
http://www.ncbi.nlm.nih.gov/pubmed/18225984
https://doi.org/10.1371/journal.ppat.1010744


Epub 2020/12/11. https://doi.org/10.1016/j.molcel.2020.11.011 PMID: 33301731; PubMed Central

PMCID: PMC8224240.

56. Kim E, Kerssemakers J, Shaltiel IA, Haering CH, Dekker C. DNA-loop extruding condensin complexes

can traverse one another. Nature. 2020; 579(7799):438–42. Epub 2020/03/07. https://doi.org/10.1038/

s41586-020-2067-5 PMID: 32132705.

57. Roy MA, D’Amours D. DNA-binding properties of Smc6, a core component of the Smc5-6 DNA repair

complex. Biochemical and biophysical research communications. 2011; 416(1–2):80–5. Epub 2011/11/

17. https://doi.org/10.1016/j.bbrc.2011.10.149 PMID: 22086171.

58. Hassler M, Shaltiel IA, Haering CH. Towards a Unified Model of SMC Complex Function. Current biol-

ogy: CB. 2018; 28(21):R1266–r81. Epub 2018/11/07. https://doi.org/10.1016/j.cub.2018.08.034 PMID:

30399354; PubMed Central PMCID: PMC6850909.

59. Diebold-Durand ML, Lee H, Ruiz Avila LB, Noh H, Shin HC, Im H, et al. Structure of Full-Length SMC

and Rearrangements Required for Chromosome Organization. Molecular cell. 2017; 67(2):334–47.e5.

Epub 2017/07/12. https://doi.org/10.1016/j.molcel.2017.06.010 PMID: 28689660; PubMed Central

PMCID: PMC5526789.
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