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Abstract

Structural maintenance of chromosomes (SMC) complexes are ubiquitous genome regulators with
a wide range of functions. Among the three types of SMC complexes in eukaryotes, cohesin

and condensin fold the genome into different domains and structures, while Smc5/6 plays direct
roles in promoting chromosomal replication and repair and in restraining pathogenic viral extra-
chromosomal DNA. The importance of Smc5/6 for growth, genotoxin resistance and host defense
across species is highlighted by its involvement in disease prevention in plants and animals.
Accelerated progress in recent years, including structural and single-molecule studies, has begun
to provide greater insights into the mechanisms underlying Smc5/6 functions. Here we integrate
a broad range of recent studies on Smc5/6 to identify emerging features of this unique SMC
complex and to explain its diverse cellular functions and roles in disease pathogenesis. We also
highlight many key areas requiring further investigation for achieving coherent views of Smc5/6-
driven mechanisms.

Structural maintenance of chromosomes (SMC) complexes are primordial DNA modulators
that are essential for genome maintenance in both prokaryotic and eukaryotic cells.
Prokaryotic SMCs include members such as Smc-ScpAB and MukBEF, whereas the
eukaryotic SMC complexes include cohesin, condensin and the Smc5/6 complex (Smc5/6).
Each SMC complex is composed of a pair of SMC subunits and a set of non-SMC subunits.
The coordination of DNA-binding and ATPase activities among these subunits underlies the
SMC-based modulation of DNA, such as DNA loop extrusionl. As one of the eukaryotic
SMCs, Smc5/6 directly regulates chromosomal replication and repair to prevent genome
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instability while limiting the functions of viral DNAZ2. Recent studies have shed light on

the attributes that Smc5/6 shares with other SMCs and those it holds uniquely. In addition,
new research in cell-based systems has contributed insight into the various roles played by
Smc5/6. We aim to summarize these recent advances in our understanding of this versatile
‘guardian of the genome’, connecting new information with earlier observations. We refer
readers to previous reviews for thorough surveys of earlier research that established Smc5/6
as a multi-functional genome maintenance factor.

Smc5/6 structure and biochemical activities

SMC proteins found in eukaryotic SMC complexes include Smcl and 3 in cohesin, Smc2
and 4 in condensin, and Smc5 and 6 in Smc5/6. All six proteins adopt tripartite filamentous
structures. Each of the SMC proteins folds back on itself at the middle ‘hinge’ region,
enabling its N- and C-terminal ATPase domains to associate into a “head’ region and its
two long coiled-coil domains to pair in an antiparallel fashion to form the “arm’ region
that connects the hinge and head regions! (Fig. 1a). The two SMC subunits then associate
with each other, forming the backbone of the SMC complex to which non-SMC subunits
attach. A non-SMC subunit found in all SMC complexes is kleisin, which can bridge the
head region of one SMC subunit with the head-proximal arm region (neck) of the other
SMC subunit. Cohesin and condensin further contain large HEAT-repeat subunits, whereas
Smc5/6 contains smaller non-SMC element (NSE) subunits (Fig. 1b). The complete set of
yeast Smc5/6 subunits includes Smc5, Smc6 and Nsel-6, with Nse4 as the kleisin. Their
homologs constitute the plant and animal Smc5/6 complexes.

Smc5/6 complex architecture

Recent studies examining the Smc5/6 architecture revealed that its arm configuration
diverges from those of cohesin and condensin3-7. Cohesin and condensin arm regions

bend sharply at the so-called elbow regions (arm-folding), bringing the hinge regions in
contact with the head-proximal arm regions and head-bound non-SMC proteins® (Fig. 1a).
In contrast, the arm regions of Smc5/6 show mild bending without folding back3-% (Fig. 1c).
Recent studies suggest that arm-folding facilitates dynamic behaviors of cohesin on DNA,
such as driving DNA loop extrusion8-10, so the absence of this feature in Smc5/6 suggests
possibly other means of enabling this reaction®Z.

Lack of folding in the Smc5/6 arm regions correlates with their association to non-SMC
subunits. The arm regions in cohesin and condensin are mostly free of non-SMC subunits
and serve as flexible head-hinge linkers capable of folding back on themselves®. However,
two thirds of the arm regions of Smc5/6 are occupied by NSEs3~7, which in principle can
reduce arm flexibility and/or sterically hinder arm-folding. Thus, the arm regions of Smc5/6
serve as protein—protein interaction platforms in addition to being head-hinge linkers. The
NSE subunits tethered to Smc5/6’s mid-arm regions were determined to be Nse2 and the
Nse5-Nse6 subcomplex, while the remaining three NSE subunits (Nsel, Nse3 and Nse4)
form a subcomplex that attaches to the Smc5 and Smc6 (Smc5-6) head and neck regions in
both the budding yeast and human complexes3#6:7:12.13 (Fig. 1b,c).
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Conformational changes are common for SMCs during their ATP and DNA-binding cycles®.
Indeed, changes in Smc5-6 interactions with NSE subunits upon DNA-binding, as well

as rod- and ring-shaped configurations of Smc5/6, have been reported*12. These data
suggest a great need for structural examination to reveal the full dynamic range of Smc5/6
configurations under various physiologically relevant conditions.

Nse2 subunit and Nse5-6 subcomplex

Three NSEs in Smc5/6—namely Nse2 (aka Mms21, a protein-modification enzyme,
discussed further below), Nse5 and Nse6—do not have counterparts in the other SMC
complexes. Thus, this trio represents a defining feature of Smc5/6. Nse2 uses its N-terminal
helix bundle to attach to the mid-arm of Smc5 (ref. 14) (Fig. 2a). Recent data showed Nse2
to be adjacent to a part of the Nse5—6 subcomplex, which also contacts the arm regions

of Smc5/63412 (Fig. 1b). Arm association by the trio is probably responsible for some of
Smc5/6’s unique architectural features and functions.

Yeast Nse5 and Nse6 and their homologs in other organisms form stable subcomplexes,
although their sequences are less conserved than those of other Smc5/6 subunits1>-18,
Crystal and cryo-EM structures of the budding yeast Nse5-6 subcomplex revealed
enrichment of helices and coils in both proteins, which dimerize in a clamped hand
configuration3# (Fig. 2b). Studies of the human Nse5-6 orthologs SLF1-SLF2 and SLF2

in complex with SIMC1 (an SLF1 paralog) suggest Nse5-6-like dimeric core structures

and association with Smc5-6; however, they have acquired domains to support additional
roles!218_ Structures of Nse5-6 and their homologs show differences from the U-shaped
structures adopted by the helix-rich HEAT-repeat subunits of cohesin and condensin, and the
yeast Nse5—6 subunits also diverge from the HEAT-repeat cohesin and condensin subunits

in their lack of DNA binding®. Thus, despite also being helix-rich, Nse5-6 and its human
counterparts appear to be distinct in structure and function from the HEAT-repeat subunits of
the other SMC complexes.

Instead of binding DNA, budding yeast Nse6 binds to another genome maintenance

factor, Rtt107 (ref. 19) (Fig. 2c). Functional studies suggest that Nse6 binding to either
Rtt107 or its fission yeast homolog Brcl helps to recruit Smc5/6 to chromatin, probably

at DNA replication and repair sites via Rtt107/Brc1-binding to DNA lesion marker -y-
H2A19-21 High-resolution microscopy data further revealed a second Nse6-dependent
but Brcl-independent pathway for Smcb/6-targeting to chromatin, suggesting multiple
roles for Nse5-6 in the association of Smc5/6 with chromatin22. Currently, the basis for
this second means of Smc5/6-targeting is unclear; however, Smc5/6°s interactions with
histone-modifying and chromatin-remodeling complexes implicate their involvement23-25,
In addition, SLF1 has acquired two BRCT domains for association with the DNA repair
protein Rad18, which helps recruit Smc5/6 to DNA damage sites’. Thus, the role that
Nse5-6 plays in recruiting Smc5/6 to chromatin appears to be conserved, although the
underlying mechanisms can vary among organisms. Interestingly, plant-specific mechanisms
of Smc5/6 recruitment to damaged chromatin were reported to also involve RNAs and
RNA-binding proteins25:26,
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Nsel-3—4 subcomplex

Like other kleisins, Nse4 can use its N-terminal helix-turn-helix (HTH) to bind to the neck
region of one SMC (Smc6) and its C-terminal winged helix (WH) to associate with the head
region of the other SMC (Smc5)~. Between these two Nse4 domains lies a less structured
region that interacts with the WH-containing KITE proteins, Nsel and Nse319:27.28 Nse1
was shown to further acquire a RING domain that can support ubiquitin E3 activity, with
Nse4 and RNA polymerase | among its reported targets?%-31, Structures of the human,
Xenopus and yeast Nsel-3, alone or with Nse4, are similar, supporting the conserved
nature of the Nse1-3-4 subcomplex!3:31-33 (Fig. 2d). This subcomplex can undergo large
positional changes when Smc5/6 engages with ATP and dsDNA: based on yeast Smc5/6
hexamer (lacking Nse5-6) structures, Nsel1-3 appears to move from a position proximal to
the Smc5-head in the absence of ligands to being sandwiched between the neck regions and
contacting DNA13:33 (Figs. 1c and 2e). Whether a similar positional change also occurs in
the presence of Nse5-6 requires further study.

Smc5/6 complex activities

A key activity of SMCs is DNA-binding, and this is mediated by multiple parts of Smc5/6,
including Nse1-3-4 and the head and hinge regions of Smc5-6 (ref. 2,32,34,35) (Fig. 1b).
A cryo-EM structure of the ATP- and dsDNA-bound yeast Smc5/6 hexamer revealed that
the complex forms a protein clamp to topologically entrap a single piece of dsDNA within
its central channel33 (Fig. 2e). Multiple positively charged residues from Nse3-4 and the
Smc5-6 head regions line the inner surface of the channel to contact the DNA backbone,
enabling nonspecific dsDNA trapping and possibly sliding33. This structure resembles
those of the ATP- and dsDNA-bound forms of other SMCs, providing a basis for their
dsDNA trapping abilities?. Recent single-molecule data suggest that Smc5/6 diffusion along
dsDNA can be facilitated by its topological DNA trapping!1:36:37. Smc5/6 also shows a
remarkable ability to associate with sSDNA-dsDNA junctions, which are commonly found
at stalled replication forks and DNA repair intermediates, and to stabilize both the junctions
and adjacent replication protein A (RPA)-ssDNA filaments36:37. These activities suggest
attractive mechanisms for Smc5/6-mediated regulation of genome functions. The ssSDNA-
binding ability observed for the hinge regions of Smcb and Smcé6 (ref. 34) (Fig. 2f) is
expected to aid these activities, a notion worth testing in the future.

The ATP binding and hydrolysis activities of SMCs are linked to their dsSDNA association.
The yeast Smc5/6 dsDNA clamping structure formed with ATP-mediated head dimerization
suggests that ATP binding favors dsDNA entrapment33. Conversely, dsDNA enhances the
ATPase activity of Smc5/6, suggesting that dsSDNA can be a factor promoting the ATPase
cycle*38, The ATPase and dsDNA-binding activities are also influenced by NSE subunits.
While Nsel1-3-4 positively affects both activities, Nse5-6 exhibits more complex effects:
inhibition of ATPase activity and DNA loop extrusion, but promotion of dsDNA segment
capture and entrapment#:>:11.35.37.39 The different effects of Nse5-6 will require further
studies to clarify and reconcile with overall Smc5/6 dynamics. Studies will also be needed to
understand how Smc5/6 associates with other forms of DNA and how this may be linked to
its ATP binding and hydrolysis cycle.
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Unlike other SMCs, Smc5/6 contains a highly conserved small ubiquitin-like modifier
(SUMO) ligase (E3) subunit, Nse240-42_ Although Nse2 SUMO E3 activity is not essential,
it is required for optimal fitness and coping with genotoxins, reflecting important Smc5/6
roles in DNA repair#0-42, Nse2’s substrates include Smc5/6 subunits and more than a
dozen other proteins involved in genome functions (examples are given below), and its
activity is regulated in multiple ways. A recent study revealed that Nse2 contains two
SUMO-interacting (SIM) motifs that facilitate its interaction with the SUMO E2 Ubc9 to
promote sumoylation in vitro3 (Fig. 2g). In vivo, two SIMs found in Nse5 can boost Nse2-
mediated Smc5 and Smc6 sumoylation3. Nse2-mediated sumoylation in yeasts can also be
promoted by the conserved Esc2 and its homolog Rad60 via their ability to bind Ubc94445,
Examination of the Nse2-Smc5 dimer suggested that its ATPase and DNA-binding activities
directly support sumoylation, and this can be further tested in the context of the Smc5/6
holo-complex#6:47,

In summary, recent studies have revealed that Smc5/6 resembles the other SMC complexes
in its adoption of a filamentous structure and possession of DNA loop extrusion and
entrapment as well as ATPase activities. However, Smc5/6 exhibits distinct arm features
and has additional activities. The trio of Nse2 and Nse5-6 seems to convert a canonical
DNA-organizing SMC to a specialized SMC targeted to sites of DNA replication, repair and
damage response (3R) and capable of sumoylating 3R proteins. Such a specialized 3R-SMC
probably benefits from its ability to bind ds-ssDNA junctions and stabilize protein-coated
ssDNA. Discovery of these attributes helps us begin to comprehend the mechanisms of
Smc5/6 actions. Future studies are required to elucidate Smc5/6 structural dynamics and
how the activities of its different subunits are integrated.

recombinational repair

Genetic studies of Smc5/6 mutants in different organisms have unveiled its multifaceted
roles in regulating homologous recombination (HR), a process key to the repair of DNA
breaks and gaps arising during mitotic and meiotic cell cycles. Some aspects of these roles
appear to be conserved, whereas others may be tailored to the needs of specific organisms.

Smcb5/6 regulates HR intermediates in mitotic cells

Early genetic studies found that the DNA damage sensitivities or growth defects of Smc5/6
mutants can be suppressed by removing upstream HR proteins such as the recombinase
Rad512. A plausible interpretation is that Smc5/6 limits and/or removes toxic HR
intermediates, and their accumulation has indeed been detected in yeast Smc5/6 mutants.
This function partially requires Nse2 SUMO ligase activity, and relevant sumoylation
targets include the Sgs1-Top3-Rmil (STR) Holliday junction (HJ) dissolution complex in
yeast*849 (Fig. 3a). STR and its mammalian counterpart BTR (BLM-Topollla-RMI11/2)
process HJ structures into non-crossover repair products. Smc5/6 associates with and
sumoylates STR, facilitating STR accumulation at DNA repair foci#84%. Human Smc5/6

is also required to sumoylate the Sgs1 homolog BLM (Bloom syndrome helicase) and

to promote BLM accumulation at repair foci, suggesting a conserved Smc5/6 role in
regulating these orthologous helicases®® (Fig. 3a). Furthermore, Nse2-haploinsufficient mice
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show increased sister chromatid exchange levels, a defect also seen with impaired BLM
function®L. Conditional Nse2 ablation in adult mice phenocopies some features of BLM null
mice, including premature aging, growth retardation, and abnormalities of fat distribution
and pigmentation®L. Collectively, these data support conserved interactions between Smc5/6
and BLM/Sgs1. However, it is worth noting that Smc5/6 and BLM or Sgs1 also have
non-overlapping functions; thus, their loss-of-function (LOF) mutants also show distinct
phenotypes and lack of epistasis®-52.

In addition to its roles in resolving HR intermediates, Smc5/6 helps limit their generation,
especially when they arise from replication fork reversal. This idea is supported by
observations that yeast Smc5/6 binds to the DNA helicase Mph1 to limit Mphl-mediated
fork reversal and toxic HR intermediate production®34 (Fig. 3b). Smc5/6 also influences
HR via other means, such as by regulating cohesin sumoylation in yeast and human cells to
impact sister chromatid recombination? (Fig. 3a). In higher eukaryotes, Smc5/6 associates
with the FANCD2 and FANCI proteins and shows epistasis with FANCC in sensitivity to
inter-strand crosslinking agents®® (Fig. 3a). Further examination of the interplay between
Smc5/6 and Fanconi anemia (FA) proteins can shed more light on how they collaborate in
DNA repair. In summary, although Smc5/6 appears to mainly control cellular levels of HR
intermediates in yeasts, it takes on broader repair roles in higher eukaryotes.

Smc5/6 regulates HR and other processes during meiosis

Smc5/6 is required for meiotic progression via HR-dependent and HR-independent roles.
Like the mitotic situation, Smc5/6 defects increase levels of meiotic HR intermediates in
yeast?. This was attributed to its regulation of both the STR- and Mus81/Mms4 nuclease-
mediated HJ cleavage pathways (Fig. 3a), restraining the formation of inappropriate meiotic
HR intermediates and regulating their spacing. Smc5/6 is also found along chromosome
arms in a similar distribution as cohesin, and cohesin depletion reduces Smc5/6 enrichment
on DNA, suggesting a functional link between the two SMC complexes®.

A requirement for Smc5/6 in the completion of meiotic HR has also been reported in
Caenorhabditis elegans®’->8. For example, CeSMC5] 6 deficiency leads to accumulation

of inter-chromosomal bridges that can be rescued by removing the upstream HR factor
BRCA1>7. However, the mammalian situation is more complex, as Smc5/6 appears to both
prevent aberrant HR processes and help generate segregation-competent bivalents5%-60, The
mechanisms underlying these effects await further elucidation, but the conserved role of
Smc5/6 in controlling HR intermediate accumulation can partly explain these effects.

Spatial control of heterochromatin break repair by Smc5/6

When heterochromatin suffers breaks, the broken DNA is often translocated outside this
chromatin domain for repair. Smc5/6 plays important roles in this movement. Following
early observations in yeast, a role for Smc5/6 in targeting heterochromatic breaks to the
nuclear envelope in Drosophila and human cells was discovered and found to involve
collaboration with myosin and nuclear actin?61 (Fig. 3a).

Smc5/6 also plays a role in the maintenance of telomeric heterochromatin. This has
been best studied in the context of alternative lengthening of telomeres (ALT), a
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recombination-dependent and telomerase-independent mechanism to maintain telomeres

in cancer cells. Smc5/6 co-localizes with ALT-associated promyelocytic leukemia bodies
(APBs) and is required for telomere clustering as well as recombination-mediated telomere
lengthening?:62:63_ Some of these functions rely on Nse2-mediated sumoylation of telomere-
binding proteins and the Rad51AP1 protein, which are important for ALT (Fig. 3a).
Currently, it is unclear whether additional Smc5/6 activities besides sumoylation are
required to modulate telomere localization and function.

In summary, studies in model organisms and human cells have uncovered the multi-
functional nature of Smc5/6 in HR regulation (Fig. 3a). One important and conserved role is
the suppression and elimination of HR intermediates. Depending on the organism, cell-cycle
context and chromatin state, Smc5/6 also carries out additional roles during HR repair, such
as regulating events further upstream or aiding relocation to more favorable environments
for repair. How Smc5/6 executes such a wide range of functions during HR is a fascinating
question that requires more detailed examination.

Smc5/6 promotes genome replication

Multiple lines of evidence suggest a conserved requirement for Smc5/6 in genome
replication. Deeper insights into the replication functions of Smc5/6 have recently been
provided from studies in yeast systems. Mammalian studies further suggest the possibility of
cell-type specific functions for Smc5/6 depending on the systems used. The multiple roles
played by Smc5/6 in genome replication can partly account for its requirement in curbing
chromosomal rearrangements:64,

Smcb5/6 facilitates the duplication of rDNA and non-rDNA regions in yeast

Degron-based acute Smc5/6 depletion in yeast suggests that Smc5/6 facilitates replication at
the replication fork barrier (RFB) sites of the rDNA locus®°. Smc5/6 may maintain stability
of arrested forks in this repetitive region by preventing fork reversal catalyzed by the Mphl
DNA helicase®® (Fig. 3b). Additional studies suggest that Smc5/6 also affects rDNA stability
via other means, including interactions with the cohibin and CLIP complexes that tether
rDNA to the nuclear envelope and regulation of RNA polymerase | (refs. 29,66) (Fig. 3b).
As rDNA serves as a nexus for multiple essential cellular events and affects replicative
lifespan, Smc5/6°s rDNA-related roles potentially exert a profound effect on organismal
physiology, as discussed in later sections.

Accumulating evidence in yeasts suggest roles for Smc5/6 in replicating non-rDNA
regions2. More recently, EM studies revealed increased levels of reversed replication forks,
hemicatenanes and dHJs in Smc5/6 mutants, resembling sgsZ and fop3 mutants8’. Both
Smc5/6 and STR are present at replication termination regions, and smc6 mutants reduce
Top3 localization at these sites®’ (Fig. 3b). As Smc5/6 interacts with STR and favors
Top3-Rmil localization to DNA repair foci“8, there appears to be a convergent function for
Smc5/6 and STR in both HR repair and replication termination. Future evaluation of this
model can shed light on fundamental principles involved in replication and HR intermediate
processing.
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SUMO-dependent and SUMO-independent roles of Smc5/6 in replication progression

Smc5/6-based regulation of DNA replication partially requires its sumoylation activity (Fig.
3¢). In yeast, Smcb/6 aids sumoylation of the ssDNA binding complex RPA, enabling
collapsed replication forks to be targeted to nuclear pore complexes for repair68.69,
Sumoylation of Smc5 itself has also been implicated in fork regulation’®. In addition,
Smc5/6 sumoylates the leading-strand polymerase subunit Pol2 during S phase’%:72. Smc5/6
also regulates replication in SUMO-independent ways. For example, Smc5/6’s interaction
with topoisomerase Il has been implicated in helping the replicative machinery manage
topological stress38.

Smc5/6 also affects genome replication in mammals, but the underlying mechanisms are
less clear. Knocking down Smc5/6 impaired replication in cell lines, causing accumulation
of ultra-fine DNA bridges and Rad51 foci at newly synthesized sites’3~"° (Fig. 4a). Acute
Smc5/6 loss in human cells also prominently affects rDNA replication and/or repair, echoing
yeast data and suggesting a conserved role for Smc5/6 in rDNA integrity’6. Smc5 depletion
in mouse cells is associated with increased replication fork stalling, which partly explains
the increased apoptosis seen in central cortical tissues along with reduced cortex sizes’”.
Although these studies all point to a role for Smc5/6 in genome replication, some different
findings have been reported in different systems and may be attributable to tissue- and cell-
type-specific differences in the requirement for Smc5/6, an important topic to be explored in
the future.

In summary, recent progress has revealed important roles for Smc5/6 in genome replication,
wherein it regulates multiple replication factors, affects repetitive and non-repetitive regions,
and uses SUMO and non-SUMO-based strategies. An outstanding question is whether these
functions are linked by a common underlying mechanism that could also explain Smc5/6’s
multifaceted roles in other processes. Addressing this question will help us begin to generate
a coherent model for Smc5/6-based regulation of the genome.

Plant Smc5/6 contributes to DNA repair, checkpoint, immunity and
reproduction

Studies in plants suggest that Smc5/6 plays multiple roles during the mitotic and meiotic
cell cycles. Some of these roles recapitulate those seen in yeast and animals, such as
HR-mediated DNA repair. Others appear to be plant-specific, such as coping with plant
pathogens and ploidy changes, with important agricultural implications. Plant-specific roles
were recently reviewed’879, and are thus not elaborated here. Rather, we focus on recent
studies that have provided mechanistic insight into a subset of Smc5/6 functions in plants.

Smc5/6 affects HR repair and checkpoint functions

Examination of Smc5/6 subunit mutants, particularly those of Nse2 and the plant Nse6
counterpart SNI1, suggests that the complex helps the development of multiple plant
tissues’®. Mutant phenotypes feature increased DNA lesions combined with failed DNA
damage checkpoint activation8%. Removing upstream HR proteins such as RAD51 and
BRCAZ2 can mitigate these defects, implying that Smc5/6 may help complete HR repair, as
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seen in yeast and animals’8. Unique to plant systems is the additional control exerted by
Smc5/6 on the E2F-mediated G1/S checkpoint89:8L, Specifically, NSE2 and SNI1 inhibit the
E2F transcriptional activator required for cell-cycle progression, and loss of such inhibition
permits inappropriate cell-cycle progression in the presence of unresolved damage. Of note,
these defects in plant sn/Z and nse2 mutants echo observations made in yeast—wherein
smc5l 6 mutant cells continue to progress through the cell cycle despite accumulation of
DNA lesions, leading to cell death?. The mechanism by which Smc5/6 affects genome stress
checkpoints in yeast remains to be elucidated but has recently been linked to the DNA
helicase Sgs1’s homolog Rgh1 in fission yeast®2. A direct role for Smc5/6 in regulating
cell-cycle progression factors has yet to be reported for other systems, suggesting that this
role may have evolved in certain organisms to accommaodate the unique properties of their
cell cycles and stress response.

Smc5/6 in plant innate immune response

The plant DNA damage response is closely linked to immunity, as infection-associated DNA
damage is generated as a consequence of plant responses to pathogens. A main activator

of this response is NPR1, which upregulates pathogenesis-related genes. Interestingly, SNI1
loss suppresses the immune defects of nprZ mutants by increasing transcription of NPR1-
dependent genes’8. Mutations in sn7i1 alone are associated with dysregulated immunity and
DNA lesion accumulation as well83. Whether SNI1 and Smc5/6 play a direct role in plant
immune responses or trigger such responses indirectly by altering levels of nucleic-acid
intermediates remains to be clarified. It is interesting to note that other HR proteins, such

as RAD51 and BRCAZ2, have also been implicated in the plant immune response and, at
least in some cases, may act by turning on gene expression’8. Consequently, the increased
pathogenesis-related gene expression seen in s7/1 mutants can be suppressed by mutating
either RAD51 or BRCAZ2.

Smc5/6 in plant reproduction

Smc5/6 is also key for meiosis and gamete formation, and thus crop fertility, as recently
reviewed’®. An Smc5/6 role early in the process appears to be inhibition of meiotic
recombinase DMC184, although it remains unclear whether this also occurs in other

species. A downstream role involves regulation of crossover frequency and distribution8®. In
addition, Smc5/6 affects plant gametophytic ploidy via HR-dependent and HR-independent
means, the latter of which may involve its spindle and kinetochore functions®. Interestingly,
Smc5/6 also mediates sumoylation of a subset of yeast kinetochore proteins and localizes

to spindle poles in mouse embryonic stem cells’#87. It remains to be seen if plant Smc5/6
shares conserved spindle and kinetochore functions with other organisms or invokes its own
unique mechanisms.

In summary, studies of Smc5/6 in plants have shed light on its evolutionarily conserved and
plant-specific functions. As we move on to thinking about potentially similar paradigms in
human cells, it is intriguing to consider that some of the latter functions, such as suppression
of immunity-related gene expression, might arise from adaptation of the former functions to
address organism-specific challenges.
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SMC5/6 in human disease

In view of its importance for multiple aspects of genome regulation, it is not surprising that
SMC5/6 subunits have been found mutated in several genome instability syndromes sharing
phenotypes with diverse Smc5/6 LOF models. Recent studies have also identified SMC5/6
as a host restriction factor against a variety of viruses, many harboring oncogenic potential,
while emerging tumor suppressive role(s) for the complex are also suggested by recurrent
somatic mutations in cancers.

SMC5/6 and genome instability syndromes

Individuals bearing germline SMC5/6 mutations reported thus far show diverse features
that clinically and molecularly overlap those of other genome instability syndromes (Fig.
4a,b). Compound heterozygous NSMCEZ (Nse2) mutations leading to severe loss of the
protein and its sumoylation activity, with mild destabilization of SMC5-6, were identified
in patients with primordial dwarfism, microcephaly, developmental delays, and metabolic
and endocrine abnormalities88. Patient-derived cells showed impaired S phase progression
and recovery from replication stress, suggesting that the multi-organ phenotypes seen
may partially stem from abnormalities in cellular proliferation across lineages. Defective
recovery from replication stress was also reported for cells from children with biallelic
germline NSMCE3 (Nse3) mutations presenting with adaptive immunodeficiency and early
demise from rapidly progressive lung disease®®. Phenotypic differences from NSMCE2-
deficient individuals may be explained by the stronger impact of NSMCE3 mutations

on overall SMC5/6 stability and functions, distinctions between SUMO-dependent and
SUMO-independent functions, and/or early mortality limiting appreciation of later-onset
phenotypes.

Most recently, individuals with SMC5 or SLF2 (Nse6 ortholog) mutations were described
with growth, cardiovascular and endocrine findings similar to those of NSMCE2-deficient
individuals, as well as skin, immune and hematopoietic findings similar to those of
NSMCE3-deficient individuals®. Cells derived from these patients with ‘Atelis syndrome
also showed mosaic variegated hyperploidy. This was partly attributed to loss of sister
chromatid cohesion, along with increased spontaneous replication fork stalling from
impaired replication through DNA secondary structures.

The clinical and cellular features of SMC5/6-deficient individuals described thus far
resemble those arising from mutations in the BTR complex®1-93 and replisome proteins,
such as the leading-strand polymerase POLE subunits®, FA% and ribosomopathies®, the
last echoing Smc5/6’s conserved roles in rDNA stability (Fig. 4b). The phenotypic overlap
also supports the conserved genetic and functional interactions that Smc5/6 has with these
complexes, as described above.

SMC5/6 as a viral restriction factor

Mammalian Smc5/6 functions have recently expanded from regulating host genomes
to control of viral DNA. Human SMC5/6 suppresses transcription and replication
of unintegrated hepatitis B virus (HBV) and other viral pathogens, including human
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immunodeficiency virus (HIV), human papillomavirus (HPV), and herpesviruses®” (Table
1). Ubiquitin-proteasome pathways play key conserved roles in virus— SMC5/6 antagonism.
For example, viral proteins such as HBx hijack host ubiquitin ligases to target SMC5/6

for degradation, while host ubiquitin ligases like TRIM21 degrade HBx and rescue
SMC5/697-99. HIV-1 hijacks CRL4 host ubiquitin ligase using its accessory protein Vpr

to remove SMC5/6-dependent inhibition of extra-chromosomal lentiviral DNA, yet the
Epstein—Barr virus (EBV) BNRF1 protein and Kaposi’s sarcoma-associated herpesvirus
(KSHV) RTA ubiquitin ligase target SMC5/6-dependent inhibition of EBV and KSHV lytic
replication and expression, respectively®7:100-102,

SMC5/6 preferentially localizes to viral episomes rather than integrated viral DNA,
providing a first line of defense against viral propagation after viral entry. We highlight
several mechanisms by which SMC5/6 could restrict viral DNA. SMC5/6 suppresses

HIV-1 and KSHV transcription partly via compaction of unintegrated viral DNA and
sumoylation of HIV-1 proviral chromatin, but is thought to recruit HBV DNA to SUMO-rich
ND10 or promyelocytic leukemia bodies to engender silencing®7:100.102-104 et another
mechanism entails direct competition—in the case of HPV, between SMC5/6 and viral
regulatory protein E2 for binding to the viral E1 protein required for viral replication and
transcription105. We anticipate that additional mechanisms employed by Smc5/6 to achieve
viral restriction may yet emerge for viruses with other architectures and life cycles.

The recruitment of SMC5/6 to viral episomes also involves virus-specific strategies. Its
SLF2 subunit targets the complex to unintegrated lentiviruses, while the Nsel-like host
ubiquitin ligase PJA1 promotes association of SMC5/6 with the HSV episome100.106,

This suggests an interesting paradigm whereby paralogs of canonical Smc5/6 subunits

are swapped in to redirect the complex’s activities from endogenous genome maintenance

to other cell type- or species-specific genome protective functions such as viral defense.
Indeed, although Nse5 ortholog SLF1 recruits SMC5/6 to sites of DNA damage, its paralog
SIMC1 recruits the complex to polyomavirus replication centers8. Further investigation is
required to understand whether and how distinct host protein intermediaries target Smc5/6 to
different viruses.

SMC5/6 in cancer

Somatic SMC5/6 mutations have been seen in many cancers, although the ‘driver’

versus ‘passenger’ status of these changes remains unexplored97. Malignancy has rarely
been reported in SMC5/6-deficient individuals thus far, although the potential for cancer
predisposition is difficult to assess given disease rarity and early mortality from other
complications®8-90. Many of the viruses targeted by SMC5/6 are also well-known for their
oncogenic potential, and SMC5/6 degradation by HBx can cause DNA break accumulation
in HBV-infected liver cells, potentially predisposing to tumorigenesist®. Thus, SMC5/6
may be important for averting malignancy through dual roles in restricting viral infection
and maintaining host genome stability.
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Conclusion

The past few years have witnessed a rapid expansion in Smc5/6 biology, from structures

and activities to roles in human disease. As some puzzles are solved, additional mysteries
arise, some of which we have explored in the above sections. For example, there remains

a need to understand how the myriad Smc5/6 functions are supported by its individual
subunits, subcomplexes and their various activities. Studies across diverse systems have
begun to reconcile highly conserved Smc5/6 functions, such as regulating HR intermediates,
but mechanistic details remain outstanding. Our understanding of how Smc5/6 engages

with and manipulates different types of DNA structure remain limited, making it difficult

to propose a coherent molecular model for how the complex achieves specific functional
outcomes. Moreover, when considering Smc5/6 in the evolutionary context of its many roles
across species, diverse partner proteins, and divergence from other SMC complexes, we may
need to embrace plurality of context-specific mechanisms as a central paradigm of Smc5/6
function. Addressing these issues with additional studies will substantially propel Smc5/6
biology forward towards a better molecular appreciation of its diverse roles.

Further inquiry is also needed to explain Smc5/6-associated pathophysiology at cellular and
organismal levels. Detailed studies of how Smc5/6 interacts with other genome maintenance
pathways across cell types and species will be informative. Although genome protection
appears to be a theme unifying Smc5/6 functions across organisms, we know little about
how Smc5/6 evolved from its host genome maintenance role to defending against foreign
genetic material. This ability to adapt anciently conserved functions to increasingly complex
multicellular needs may prove a general evolutionary paradigm. Finally, elucidation of the
Smc5/6-dependent mechanisms leading to human disease prevention will inform potentially
novel strategies for immunomodulation and treating malignancy.

Acknowledgements

We acknowledge NIGMS grant no. R35GM145260 (awarded to X.Z.). Due to space restrictions, references to early
studies of Smc5/6 are not thoroughly included.

References

1. Hoencamp C & Rowland BD Genome control by SMC complexes. Nat. Rev. Mol. Cell Biol
10.1038/541580-023-00609-8 (2023).

2. Aragén L The Smc5/6 Complex: new and old functions of the enigmatic long-distance relative.
Annu. Rev. Genet 52, 89-107 (2018). [PubMed: 30476445]

3.YuY etal. Integrative analysis reveals unique structural and functional features of the Smc5/6
complex. Proc. Natl Acad. Sci. USA 118, e2026844118 (2021). [PubMed: 33941673]

4. Taschner M et al. Nse5/6 inhibits the Smc5/6 ATPase and modulates DNA substrate binding. EMBO
J 40, 107807 (2021). [PubMed: 34191293]

5. Hallett ST et al. Nse5/6 is a negative regulator of the ATPase activity of the Smc5/6 complex.
Nucleic Acids Res 49, 4534-4549 (2021). [PubMed: 33849072]

6. Serrano D et al. The Smc5/6 core complex is a structure-specific DNA binding and compacting
machine. Mol. Cell 80, 1025-1038 (2020). [PubMed: 33301731]

7. Gutierrez-Escribano P et al. Purified Smc5/6 complex exhibits DNA substrate recognition and
compaction. Mol. Cell 80, 1039-1054 (2020). [PubMed: 33301732]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng and Zhao

Page 13

8. Higashi TL, Pobegalov G, Tang M, Molodtsov MI & Uhlmann F A Brownian ratchet model for

DNA loop extrusion by the cohesin complex. eLife 10, e67530 (2021). [PubMed: 34309513]

9. Bauer BW et al. Cohesin mediates DNA loop extrusion by a ‘swing and clamp’ mechanism. Cell

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

184, 5448-5464 (2021). [PubMed: 34624221]
10.

Petela NJ et al. Folding of cohesin’s coiled coil is important for Scc2/4-induced association with
chromosomes. eLife 10, e67268 (2021). [PubMed: 34259632]

Pradhan B et al. The Smc5/6 complex is a DNA loop-extruding motor. Nature 616, 843-848
(2023). [PubMed: 37076626]

Adamus M et al. Molecular insights into the architecture of the human SMC5/6 complex. J. Mol.
Biol 432, 3820-3837 (2020). [PubMed: 32389690]

Hallett ST et al. Cryo-EM structure of the Smc5/6 holo-complex. Nucleic Acids Res 50, 9505—
9520 (2022). [PubMed: 35993814]

Duan X et al. Structural and functional insights into the roles of the Mms21 subunit of the Smc5/6
complex. Mol. Cell 35, 657-668 (2009). [PubMed: 19748359]

Duan X et al. Architecture of the Smc5/6 complex of Saccharomyces cerevisiae reveals a unique
interaction between the Nse5-6 subcomplex and the hinge regions of Smc5 and Smcé6. J. Biol.
Chem 284, 8507-8515 (2009). [PubMed: 19141609]

Pebernard S, Wohlschlegel J, McDonald WH, Yates JR 111 & Boddy MN The Nse5-Nse6 dimer
mediates DNA repair roles of the Smc5-Smc6 complex. Mol. Cell. Biol 26, 1617-1630 (2006).
[PubMed: 16478984]

Réschle M et al. Proteomics reveals dynamic assembly of repair complexes during bypass of DNA
cross-links. Science 348, 1253671 (2015). [PubMed: 25931565]

Oravcova M et al. The Nse5/6-like SIMC1-SLF2 complex localizes SMC5/6 to viral replication
centers. eLife 11, e79676 (2022). [PubMed: 36373674]

Wan B, Wu J, Meng X, Lei M & Zhao X Molecular basis for control of diverse genome stability
factors by the multi-BRCT scaffold Rtt107. Mol. Cell 75, 2690-2699 (2016).

Oravcova M et al. Brcl promotes the focal accumulation and SUMO ligase activity of Smc5-Smc6
during replication stress. Mol. Cell. Biol 39, €00271-18 (2019).

Leung GP, Lee L, Schmidt T, Shirahige K & Kobor MS Rtt107 is required for recruitment of

the SMC5/6 complex to DNA double strand breaks. J. Biol. Chem 286, 26250-26257 (2011).
[PubMed: 21642432]

Etheridge TJ et al. Live-cell single-molecule tracking highlights requirements for stable Smc5/6
chromatin association in vivo. eLife 10, e68579 (2021). [PubMed: 33860765]

Lai J et al. The transcriptional coactivator ADA2b recruits a structural maintenance protein

to double-strand breaks during DNA repair in plants. Plant Physiol 176, 2613-2622 (2018).
[PubMed: 29463775]

Mahrik L et al. The SAGA histone acetyltransferase module targets SMC5/6 to specific genes.
Epigenetics Chromatin 16, 6 (2023). [PubMed: 36793083]

Jiang J et al. A SWI/SNF subunit regulates chromosomal dissociation of structural maintenance
complex 5 during DNA repair in plant cells. Proc. Natl Acad. Sci. USA 116, 15288-15296 (2019).
[PubMed: 31285327]

Jiang J et al. A diRNA-protein scaffold module mediates SMC5/6 recruitment in plant DNA repair.
Plant Cell 34, 3899-3914 (2022). [PubMed: 35775944]

Hudson JJR et al. Interactions between the Nse3 and Nse4 components of the SMC5-6 complex
identify evolutionarily conserved interactions between MAGE and EID families. PLoS ONE 6,
e17270 (2011). [PubMed: 21364888]

Palecek JJ & Gruber S Kite proteins: a superfamily of SMC/Kleisin partners conserved across
bacteria, archaea and eukaryotes. Structure 23, 2183-2190 (2015). [PubMed: 26585514]

Ibars E et al. Ubiquitin proteomics identifies RNA polymerase | as a target of the Smc5/6 complex.
Cell Rep 42, 112463 (2023). [PubMed: 37141096]

Kolesar P, Stejskal K, Potesil D, Murray JM & Palecek JJ Role of Nsel subunit of SMC5/6
complex as a ubiquitin ligase. Cells 11, 165 (2022). [PubMed: 35011726]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng and Zhao

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Page 14

Doyle JM, Gao J, Wang J, Yang M & Potts PR MAGE-RING protein complexes comprise a family
of E3 ubiquitin ligases. Mol. Cell 39, 963-974 (2010). [PubMed: 20864041]

Jo A, Li S, Shin JW, Zhao X & Cho Y Structure basis for shaping the Nse4 protein by the

Nsel and Nse3 dimer within the Smc5/6 complex. J. Mol. Biol 433, 166910 (2021). [PubMed:
33676928]

Yu Y et al. Cryo-EM structure of DNA-bound Smc5/6 reveals DNA clamping enabled by multi-
subunit conformational changes. Proc. Natl Acad. Sci. USA 119, e2202799119 (2022). [PubMed:
35648833]

Alt A et al. Specialized interfaces of Smcb/6 control hinge stability and DNA association. Nat.
Commun 8, 14011 (2017). [PubMed: 28134253]

Zabrady K et al. Chromatin association of the SMC5/6 complex is dependent on binding of its
NSE3 subunit to DNA. Nucleic Acids Res 44, 1064-1079 (2016). [PubMed: 26446992]

Tanasie NL, Gutierrez-Escribano P, Jaklin S, Aragon L & Stigler J Stabilization of DNA fork
junctions by Smc5/6 complexes revealed by single-molecule imaging. Cell Rep 41, 111778
(2022). [PubMed: 36476856]

Chang JT et al. Smc5/6°s multifaceted DNA binding capacities stabilize branched DNA structures.
Nat. Commun 13, 7179 (2022). [PubMed: 36418314]

Kanno T, Berta DG & Sjogren C The Smc5/6 complex is an ATP-dependent intermolecular DNA
linker. Cell Rep 12, 1471-1482 (2015). [PubMed: 26299966]

Taschner M & Gruber S DNA segment capture by Smc5/6 holo-complexes. Nat. Struct. Mol. Biol
30, 619-628 (2023). [PubMed: 37012407]

Zhao X & Blobel G A SUMO ligase is part of a nuclear multiprotein complex that affects

DNA repair and chromosomal organization. Proc. Natl Acad. Sci. USA 102, 4777-4782 (2005).
[PubMed: 15738391]

Andrews EA et al. Nse2, a component of the Smc5-6 complex, is a SUMO ligase required for the
response to DNA damage. Mol. Cell. Biol 25, 185-196 (2005). [PubMed: 15601841]

Potts PR & Yu H Human MMS21/NSE2 is a SUMO ligase required for DNA repair. Mol. Cell.
Biol 25, 7021-7032 (2005). [PubMed: 16055714]

Varejdo N et al. Structural basis for the E3 ligase activity enhancement of yeast Nse2 by SUMO-
interacting motifs. Nat. Commun 12, 7013 (2021). [PubMed: 34853311]

Li S et al. Esc2 orchestrates substrate-specific sumoylation by acting as a SUMO E2 cofactor in
genome maintenance. Genes Dev 35, 261-272 (2021). [PubMed: 33446573]

Prudden J et al. DNA repair and global sumoylation are regulated by distinct Ubc9 noncovalent
complexes. Mol. Cell. Biol 31, 2299-2310 (2011). [PubMed: 21444718]

Bermudez-L6pez M et al. ATPase-dependent control of the Mms21 SUMO ligase during DNA
repair. PLoS Biol 13, €1002089 (2015). [PubMed: 25764370]

Varejdo N et al. DNA activates the Nse2/Mms21 SUMO E3 ligase in the Smc5/6 complex. EMBO
J 37, 98306 (2018). [PubMed: 29769404]

Bonner JN et al. Smc5/6 mediated sumoylation of the Sgs1-Top3-Rmil complex promotes removal
of recombination intermediates. Cell Rep 16, 368-378 (2016). [PubMed: 27373152]
Bermudez-L6pez M et al. Sgs1’s roles in DNA end resection, HJ dissolution, and crossover
suppression require a two-step SUMO regulation dependent on Smc5/6. Genes Dev 30, 1339-1356
(2016). [PubMed: 27298337]

Pond KW, de Renty C, Yagle MK & Ellis NA Rescue of collapsed replication forks is dependent
on NSMCE2 to prevent mitotic DNA damage. PL0S Genet 15, €1007942 (2019). [PubMed:
30735491]

Jacome A et al. NSMCE2 suppresses cancer and aging in mice independently of its SUMO ligase
activity. EMBO J 34, 2604-2619 (2015). [PubMed: 26443207]

Sollier J et al. The Saccharomyces cerevisiae Esc2 and Smc5-6 proteins promote sister chromatid
junction-mediated intra-S repair. Mol. Biol. Cell 20, 1671-1682 (2009). [PubMed: 19158389]
Xue X et al. Restriction of replication fork regression activities by a conserved SMC complex.
Mol. Cell 56, 436-445 (2014). [PubMed: 25439736]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng and Zhao

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 15

Yu-Hung C et al. Interplay between the Smc5/6 complex and the Mph1 helicase in recombinational
repair. Proc. Natl Acad. Sci. USA 106, 21252-21257 (2009). [PubMed: 19995966]

Rossi F et al. SMC5/6 acts jointly with Fanconi anemia factors to support DNA repair and genome
stability. EMBO Rep 21, 48222 (2020). [PubMed: 31867888]

Jeppsson K, Kanno T, Shirahige K & Sjogren C The maintenance of chromosome structure:
positioning and functioning of SMC complexes. Nat. Rev. Mol. Cell Biol 15, 601-614 (2014).
[PubMed: 25145851]

Hong Y et al. The SMC-5/6 complex and the HIM-6 (BLM) helicase synergistically promote
meiotic recombination intermediate processing and chromosome maturation during Caenorhabditis
elegans meiosis. PL0S Genet 12, €1005872 (2016). [PubMed: 27010650]

Toraason E, Salagean A, Almanzar DE, Rog O & Libuda DE BRCA1/BRC-1 and SMC-5/6
regulate DNA repair pathway engagement during C. elegans meiosis. Preprint at bioRxiv
10.1101/2022.06.12.495837 (2022).

Hwang G et al. SMC5/6 is required for the formation of segregation-competent bivalent
chromosomes during meiosis | in mouse oocytes. Development 144, 1648-1660 (2017). [PubMed:
28302748]

Verver DE, van Pelt AMM, Repping S & Hamer G Role for rodent Smc6 in pericentromeric
heterochromatin domains during spermatogonial differentiation and meiosis. Cell Death Dis 4,
€749 (2013). [PubMed: 23907463]

Caridi CP et al. Nuclear F-actin and myosins drive relocalization of heterochromatic breaks. Nature
559, 54-60 (2018). [PubMed: 29925946]

Barroso-Gonzalez J et al. RAD51AP1 is an essential mediator of alternative lengthening of
telomeres. Mol. Cell 76, 11-26 (2019). [PubMed: 31400850]

Potts PR & Yu H The SMC5/6 complex maintains telomere length in ALT cancer cells through
SUMOylation of telomere-binding proteins. Nat. Struct. Mol. Biol 14, 581-590 (2007). [PubMed:
17589526]

Liang J et al. SUMO E3 ligase Mms21 prevents spontaneous DNA damage induced genome
rearrangements. PLoS Genet 14, e1007250 (2018). [PubMed: 29505562]

Peng XP et al. Acute Smc5/6 depletion reveals its primary role in rDNA replication by restraining
recombination at fork pausing sites. PLoS Genet 14, €1007129 (2018). [PubMed: 29360860]
Moradi-Fard S, Mojumdar A, Chan M, Harkness TAA & Cobb JA Smc5/6 in the rDNA modulates
lifespan independently of Fobl. Aging Cell 20, e13373 (2021). [PubMed: 33979898]

Agashe S et al. Smc5/6 functions with Sgs1-Top3—-Rmil to complete chromosome replication at
natural pause sites. Nat. Commun 12, 2111 (2021). [PubMed: 33833229]

Dhingra N, Wei L & Zhao X Replication protein A (RPA) sumoylation positively influences the
DNA damage checkpoint response in yeast. J. Biol. Chem 294, 2690-2699 (2019). [PubMed:
30591583]

Whalen JM, Dhingra N, Wei L, Zhao X & Freudenreich CH Relocation of collapsed forks to

the nuclear pore complex depends on sumoylation of DNA repair proteins and permits Rad51
association. Cell Rep 31, 107635 (2020). [PubMed: 32402281]

Zapatka M et al. Sumoylation of Smcb promotes error-free bypass at damaged replication forks.
Cell Rep 29, 3160-3172 (2019). [PubMed: 31801080]

Meng X, Wei L, Peng XP & Zhao X Sumoylation of the DNA polymerase e by the Smc5/6
complex contributes to DNA replication. PLoS Genet 15, €1008426 (2019). [PubMed: 31765372]
Winczura A, Appanah R, Tatham MH, Hay RT & De Piccoli G The S phase checkpoint promotes
the Smc5/6 complex dependent SUMOylation of Pol2, the catalytic subunit of DNA polymerase e.
PLoS Genet 15, €1008427 (2019). [PubMed: 31765407]

Gallego-Paez LM et al. Smc5/6-mediated regulation of replication progression contributes to
chromosome assembly during mitosis in human cells. Mol. Biol. Cell 25, 302-317 (2014).
[PubMed: 24258023]

Pryzhkova MV & Jordan PW Conditional mutation of Smc5 in mouse embryonic stem cells
perturbs condensin localization and mitotic progression. Development 143, e1.2—e1.2 (2016).
Gaddipati H, Pryzhkova MV & Jordan PW Conditional mutation of SMC5 in mouse embryonic
fibroblasts. Methods Mol. Biol 2004, 35-46 (2019). [PubMed: 31147908]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng and Zhao

Page 16

76. Venegas AB, Natsume T, Kanemaki M & Hickson ID Inducible degradation of the human SMC5/6
complex reveals an essential role only during interphase. Cell Rep 31, 107533 (2020). [PubMed:
32320646]

77. Atkins A et al. SMC5/6 is required for replication fork stability and faithful chromosome
segregation during neurogenesis. eLife 9, 61171 (2020). [PubMed: 33200984]

78. Diaz M & Pecinka A Scaffolding for repair: understanding molecular functions of the SMC5/6
complex. Genes 9, 36 (2018). [PubMed: 29329249]

79. Yang F & Pecinka A Multiple roles of SMC5/6 complex during plant sexual reproduction. Int. J.
Mol. Sci 23, 4503 (2022). [PubMed: 35562893]

80. Wang L, Chen H, Wang C, Hu Z & Yan S Negative regulator of E2F transcription factors links cell
cycle checkpoint and DNA damage repair. Proc. Natl Acad. Sci. USA 115, E3837-E3845 (2018).
[PubMed: 29610335]

81. Liu Y et al. The Arabidopsis SUMO E3 Ligase AtMMS21 dissociates the E2Fa/DPa complex in
cell cycle regulation. Plant Cell 28, 2225-2237 (2016). [PubMed: 27492969]

82. Khan S, Ahamad N, Bhadra S, Xu Z & Xu YJ Smcb/6 complex promotes Rad3(ATR) checkpoint
signaling at the perturbed replication fork through sumoylation of the RecQ helicase Rghl. Mol.
Cell. Biol 42, 0004522 (2022). [PubMed: 35612306]

83. Rodriguez E et al. DNA damage as a consequence of NLR activation. PLoS Genet 14, 1007235
(2018). [PubMed: 29462140]

84. Chen H et al. RAD51 supports DMCL by inhibiting the SMC5/6 complex during meiosis. Plant
Cell 33, 2869-2882 (2021). [PubMed: 34009315]

85. Zhu L et al. Natural variation identifies SNI1, the SMC5/6 component, as a modifier of meiotic
crossover in Arabidopsis. Proc. Natl Acad. Sci. USA 118, €2021970118 (2021). [PubMed:
34385313]

86. Yang F et al. Defects in meiotic chromosome segregation lead to unreduced male gametes in
Arabidopsis SMC5/6 complex mutants. Plant Cell 33, 3104-3119 (2021). [PubMed: 34240187]

87. Yong-Gonzales V, Hang LE, Castellucci F, Branzei D & Zhao X The Smc5-Smc6 complex
regulates recombination at centromeric regions and affects kinetochore protein sumoylation during
normal growth. PLoS ONE 7, e51540 (2012). [PubMed: 23284708]

88. Payne F et al. Hypomorphism in human NSMCE?2 linked to primordial dwarfism and insulin
resistance. J. Clin. Invest 124, 4028-4038 (2014). [PubMed: 25105364]

89. van der Crabben SN et al. Destabilized SMC5/6 complex leads to chromosome breakage syndrome
with severe lung disease. J. Clin. Invest 126, 2881-2892 (2016). [PubMed: 27427983]

90. Grange LJ et al. Pathogenic variants in SLF2 and SMC5 cause segmented chromosomes and
mosaic variegated hyperploidy. Nat. Commun 13, 6664 (2022). [PubMed: 36333305]

91. Martin CA et al. Mutations in TOP3A cause a Bloom Syndrome-like disorder. Am. J. Hum. Genet
103, 221-231 (2018). [PubMed: 30057030]

92. Cunniff C, Bassetti JA & Ellis NA Bloom’s syndrome: clinical spectrum, molecular pathogenesis
and cancer predisposition. Mol. Syndromol 8, 4-23 (2017). [PubMed: 28232778]

93. Hudson DF et al. Loss of RMI2 increases genome instability and causes a Bloom-like syndrome.
PLo0S Genet 12, €1006483 (2016). [PubMed: 27977684]

94. Bellelli R & Boulton SJ Spotlight on the replisome: aetiology of DNA replication-associated
genetic diseases. Trends Genet 37, 317-336 (2021). [PubMed: 33041047]

95. Taylor AMR et al. Chromosome instability syndromes. Nat. Rev. Dis. Primers 5, 64 (2019).
[PubMed: 31537806]

96. Kampen KR, Sulima SO, Vereecke S & De Keersmaecker K Hallmarks of ribosomopathies.
Nucleic Acids Res 48, 1013-1028 (2020). [PubMed: 31350888]

97. Irwan 1D & Cullen BR The SMC5/6 complex: an emerging antiviral restriction factor that can
silence episomal DNA. PLoS Pathog 19, €1011180 (2023). [PubMed: 36862666]

98. Decorsiére A et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction
factor. Nature 531, 386—389 (2016). [PubMed: 26983541]

99. Murphy CM et al. Hepatitis B Virus X protein promotes degradation of SMC5/6 to enhance HBV
replication. Cell Rep 16, 2846-2854 (2016). [PubMed: 27626656]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng and Zhao

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Page 17

Dupont L et al. The SMC5/6 complex compacts and silences unintegrated HIV-1 DNA and is
antagonized by Vpr. Cell Host Microbe 29, 792-805.e6 (2021). [PubMed: 33811831]

Yiu SPT, Guo R, Zerbe C, Weekes MP & Gewurz BE Epstein-Barr virus BNRF1 destabilizes
SMC5/6 cohesin complexes to evade its restriction of replication compartments. Cell Rep 38,
110411 (2022). [PubMed: 35263599]

Han C et al. KSHV RTA antagonizes SMC5/6 complex-induced viral chromatin compaction

by hijacking the ubiquitin-proteasome system. PLoS Pathog 18, €1010744 (2022). [PubMed:
35914008]

Niu C et al. The Smc5/6 complex restricts HBV when localized to ND10 without inducing an
innate immune response and is counteracted by the HBV X protein shortly after infection. PL0S
ONE 12, e0169648 (2017). [PubMed: 28095508]

Irwan ID, Bogerd HP & Cullen BR Epigenetic silencing by the SMC5/6 complex mediates HIV-1
latency. Nat. Microbiol 7, 2101-2113 (2022). [PubMed: 36376394]

Gibson RT & Androphy EJ The SMC5/6 complex represses the replicative program of high-risk
human papillomavirus type 31. Pathogens 9, 786 (2020). [PubMed: 32992873]

Xu W et al. PJAL coordinates with the SMC5/6 complex to restrict DNA viruses and episomal
genes in an interferon-independent manner. J. Virol 92, e00825-18 (2018). [PubMed: 30185588]
Cerami E et al. The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discov 2, 401-404 (2012). [PubMed: 22588877]
Sekiba K et al. HBx-induced degradation of Smc5/6 complex impairs homologous
recombination-mediated repair of damaged DNA. J. Hepatol 76, 53-62 (2021). [PubMed:
34478763]

Bentley P, Tan MJA, McBride AA, White EA & Howley PM The SMC5/6 complex interacts with
the papillomavirus E2 protein and influences maintenance of viral episomal DNA. J. Virol 92,
e00356-18 (2018). [PubMed: 29848583]

Saribas S & Safak M A comprehensive proteomics analysis of the JC Virus (JCV) large and

small tumor antigen interacting proteins: large T primarily targets the host protein complexes
with V-ATPase and ubiquitin ligase activities while small t mostly associates with those having
phosphatase and chromatin-remodeling functions. Viruses 12, 1192 (2020). [PubMed: 33092197]

Nat Struct Mol Biol. Author manuscript; available in PMC 2024 June 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Peng and Zhao Page 18
a b
SMC Smc6 Smcbh
/

N-head N-coiled-coil Hinge C-coiled-coil C-head —> ssDNA

Protein NN\

folds at

hinge

/"\‘ v
(hinge | [ Am  Head | LMW [T ead
/ Hinge .

(4

Hinge #

Arm-folding

Elbow HSUMO-E3

Nse

Nse5-6
subcomplex

Nsel-3-4 | Nsed R dsDNA W W)°

Fig. 1|. Architecture of the Smc5/6 complex.
a, Diagrams showing the SMC protein domains and folding mechanisms. See main text for

details. b, Diagrams showing a model of the budding yeast Smc5/6 architecture and subunit
activities. See main text for details. Subunit colors are used consistently in all panels: Smc5,
light gray; Smc6, dark gray; Nsel, gold; Nse2, cyan; Nse3, orange; Nse4, pink; Nse5, dark
purple; Nse6, dark blue. As detailed in the text, Nse2 and Nsel exhibit SUMO and ubiquitin
(Ub) E3 activities, respectively, while Nse4 is the Kleisin subunit. ¢, A medium-resolution
cryo-EM structure of the budding yeast Smc5/6 hexamer complex, which contains Smc5-6
and Nsel-4, but lacks Nse5-6. Panel ¢ adapted under a Creative Commons license CC BY
4.0 from Hallett et al 13,
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Fig. 2|. Structures of different subunits and subcomplexes of the Smc5/6 complex.
a, Crystal structure of the budding yeast SUMO E3 subunit Nse2 (cyan) bound to a

region of the Smc5 arm (light gray) (PDB 3HTK). Spheres indicate zinc ions in the

SUMO E3 domain. b, Cryo-EM structure of the budding yeast Nse5-6 subcomplex (PDB
7SDE), showing the Nse5 (dark purple) and Nse6 (dark blue) dimerization domains. c,
Crystal structure of the Rtt107 tetra-BRCT domain (green, transparent) bound to the Rtt107
interaction motif (RIM, dark blue) of Nse6 (PDB 6J0W). d, Crystal structure of the Xenopus
Nsel-3-4 complex, with Nsel shown in gold, Nse3 orange and Nse4 pink (PDB 7DG2).
Spheres indicate zinc ions incorporated in the Nsel ubiquitin E3 domain. e, Cryo-EM
structure of the budding yeast Smc5/6 hexamer bound to ATP and dsDNA (yellow) (PDB
7TVE). Colors of proteins are as in Fig. 1b,c. f, Crystal structure of the hinge regions of
fission yeast Smc5-6 (PDB 5MGS8). g, Crystal structure of the Nse2 SUMO E3 subunit
(cyan) bound to the Smc5 arm (light gray) and SUMO E2 Ubc9 (light green). Ubc9

is conjugated with a donor SUMO (SUMOp, purple) and binds to a backside SUMO
(SUMOg, purple) (PDB 7P47). Figures adapted with permission from: a, Duan et al.14,
Elsevier; b, Yu et al.3, PNAS; ¢, Wan et al.19, Elsevier; d, Jo et al.32, Elsevier; e, Yu et al.33,
PNAS; f, Alt et al.34, Springer Nature; g, Varejao et al.#3, Springer Nature.
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Fig. 3|. Multifaceted roles of Smc5/6 in recombinational repair and DNA replication.
a, The multiple roles played by Smc5/6 during recombinational repair. See main text for

details. b, Smc5/6°s effects on DNA replication based on studies in budding yeast. Left:
Smc5/6 has at least two roles in helping rDNA replication and stability: (i) negative
regulation of Mphl-mediated replication fork reversal at replication fork pausing sites
marked by the Fobl protein and (ii) collaboration with the Cohibin and CLIP complexes.
Right: Smc5/6 cooperates with the STR complex for proper replication termination. c,
Examples of SUMO-based regulation of DNA replication by the yeast Smc5/6 complex.
Smc5/6 promotes sumoylation of the sSDNA binding complex RPA, the leading-strand
DNA polymerase subunit Pol2, and Smc5 itself. The consequence of each modification is

indicated and explained in the text.
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Fig. 4 |. Summary of phenotypes caused by defective Smc5/6 in mammalian systems.
a, Cellular defects reported for SMC5/6 LOF in mammalian systems. SMC5/6 deficiencies

lead to increased levels of replication stress markers and abnormal chromosome structures8®
(arrows) (top), as well as impairments in growth, telomere maintenance, and survival

of replication stress and radiation (bottom)>1.63.73.74,76,77.88-90 |y Clinical phenotypes of
SMC5/6-deficient individuals overlap those of other genome instability syndromes caused
by mutations in genes encoding BTR and FA proteins and leading-strand DNA polymerases
(POLEIand POLE?). Individual features are shown for germline mutations in NSMCEZ2S,
NSMCEF®, SMC5% and SLF20 and other genes whose functional interactions with
Smc5/6 are discussed in the text, including BTR genes (BLAMP2, TOP3A%, RMI1/23,
POLE1/2*) and FA genes®. Images in a reproduced under a Creative Commons license
CC BY 4.0 from Payne et al.88 (top) and Atkins et al.”” (bottom). Image in b adapted from
Wikimedia (https://commons.wikimedia.org/wiki/Human_body_diagrams).
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Table 1 |

Reported roles of SMC5/6 in regulating pathogenic viruses
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Virus

Smc5/6 effects

Viral antagonist

Hepatitis B virus (HBV)%.9°

Reduces gene expression and replication of unintegrated
viral genomes

HBx hijacks host Cullin-4 ubiquitin
E3 to target SMC5/6 for degradation

Human immunodeficiency virus
(HIV)100

Compacts and silences unintegrated viral DNA to restrict
viral gene expression

Vpr collaborates with host Cullin-4
ubiquitin E3 to degrade SLF2

Herpes simplex virus 1 (HSV-1)106

Represses expression from extra-chromosomal viral DNA

Not identified

Kaposi’s sarcoma-associated
herpesvirus (KSHV)102

Reduces viral gene expression and replication; compacts
and represses viral chromatin

RTA ubiquitin E3 degrades SMC5/6

Epstein-Barr virus (EBV)10t

Interferes with viral replication compartment formation
and encapsidation

BNRF1 targets SMC5/6 for Cullin-7
ubiquitin E3-mediated degradation

Human papillomavirus (HP\/)105.109

Interacts with viral E2 and affects levels of viral episomal
DNA in host cells

Not identified

Polyomavirus — JC virus (JCV)10 and
SV4018

Interacts with oncogenic JCV LT-Ag; targets
polyomavirus replication centers

Not identified

Additional references and details are provided in a review by Irwan and Cullen¥7.
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