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Abstract

High-level folding of chromatin is a key determinant of the shape and functional state of chromosomes. During cell division, structural maintenance
of chromosome (SMC) complexes such as condensin and cohesin ensure large-scale folding of chromatin into visible chromosomes. In contrast,
the SMC5/6 complex plays more local and context-specific roles in the structural organization of interphase chromosomes with important
implications for health and disease. Recent advances in single-molecule biophysics and cryo-electron microscopy revealed key insights into the
architecture of the SMC5/6 complex and how interactions connecting the complex to chromatin components give rise to its unique repertoire
of interphase functions. In this review, we provide an integrative view of the features that differentiates the SMC5/6 complex from other SMC
enzymes and how these enable dramatic reorganization of DNA folding in space during DNA repair reactions and other genome transactions.
Finally, we explore the mechanistic basis for the dynamic targeting of the SMC5/6 complex to damaged chromatin and its crucial role in human

health.
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Introduction: chromatin organization and
SMC-family enzymes

The organization of chromatin in space is one of the key
determinants of the functional state of genes and genomes.
Several decades of research has revealed that open or acces-
sible chromatin generally promotes DNA transactions while
densely folded chromatin significantly limits enzyme mobil-
ity and access to DNA substrates (1,2). Eukaryotic organisms
take advantage of the ability to finely tune the organization of
chromatin in space to enhance the efficiency, fidelity, and reg-
ulation of vital cellular processes such as gene transcription,
DNA repair and genome segregation.

Changes in chromatin state is a complex affair typically re-
quiring multi-step processes that involve nucleosomes, post-
translational modifications (PTMs) of histones, as well as
chromatin remodeling enzymes (1,2). This paradigm repre-
sents the prevalent view of how chromatin organization is
regulated in interphase cells. However, recent research has re-
vealed that large-scale changes in genome organization can

be imparted through completely different processes, often in-
dependently of canonical chromatin/histone modifying en-
zymes. One of these new processes is based on the unique
capacity of a family of enzymes to create topological links
that connect distant regions of chromosomes, thus generating
DNA loops of varying sizes and complexity. The key enzymes
responsible for this level of chromatin organization are the
structural maintenance of chromosomes (SMC) family com-
plexes (3). While these complexes have well-documented roles
in mitosis, they also play crucial roles in interphase chromatin
folding and regulation. What makes these enzymes interesting
is their unique ability to regulate chromatin folding by them-
selves, independently of nucleosomes and most other enzymes
typically associated with chromatin compaction processes (4).
As such, SMC complexes represent a fascinating alternative
to canonical chromatin modification pathways to regulate the
repair and homeostasis of genes and genomes.

SMC family proteins are large ATPases known to play
paramount roles in the spatial and temporal organization of
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chromosomes in all domains of life. Eukaryotic genomes typi-
cally encode six evolutionarily conserved SMC proteins, while
prokaryotes usually express a single SMC family member. To
perform any of their designated roles, these SMC proteins
need to assemble into large holoenzyme complexes in two dis-
tinct steps. First, SMC monomers associate as pairs with cog-
nate partners (see example in Figure 1A) to create specific het-
erodimers: SMC1/SMC3, SMC2/SMC4 and SMC5/SMCeé.
Second, SMC heterodimers associate with additional non-
SMC elements (NSEs) to generate three different and fully
functional holoenzyme complexes: cohesin, condensin and the
SMC5/6 complex. The relative positioning of NSE elements
within SMC complexes together with multiple bivalent inter-
actions among complex subunits (Figure 1) generates the pro-
totypical ring-like architecture of SMC complexes and a func-
tional identity that is unique to each holoenzyme (reviewed in
(3,5,6)).

The SMC1 and SMC3 family members form the het-
erodimer at the core of the cohesin complex, and together with
additional NSEs, Scc1/Mcd1/RAD21 and Scc3/STAG/SA,
holds the replicated sister chromatids together. This process
ensures error free segregation of chromatids during mitosis
(7,8). Cohesin also participates in the establishment of com-
plex chromatin structures, called topologically associating do-
mains (TADs), to regulate gene expression and DNA repli-
cation during interphase (9-11). Likewise, SMC2 and SMC4
family members associate with CAP-D/G/H-family subunits
(Ycg4/Cnd1, Ycgl/Cnd3 and Brnl1/Cnd2 in yeast, respec-
tively) to form the condensin holoenzyme, the main effector
of chromosome condensation during mitosis (12).

The third and the most enigmatic SMC holoenzyme, the
SMCS5/6 complex, demonstrates a unique subunit composi-
tion and shape, thanks to an unusual number of NSE com-
ponents and atypical positions of some of its subunits within
the complex (13) (Figure 1). The non-SMC subunits of the
SMCS5/6 holoenzyme include Nse1-6 in yeasts and NSMCE1-
4 in mammals (note that Nse2 is also known as Mms21 in
budding yeast; (14-23)). Humans also co-express SMC5/6
complex localization factors 1 and 2 (SLF1 and SLF2), be-
lieved to be functional homologues of yeast Nse5 and Nse6
respectively, but it is unclear if these subunits are constitutive
members of the human complex (Figure 1C) (24). Therefore,
when it comes to non-SMC partners, the SMC5/6 complex
has a significantly greater number of non-SMC subunits than
cohesin or condensin complexes. For brevity and clarity, we
will use below the ‘NSE’ nomenclature when discussing non-
SMC subunits of the SMC5/6 complex, as well as the human
notation convention for all proteins discussed hereafter.

In a broad sense, eukaryotic SMC complexes are large
DNA binding/modulating ATPases that share several bio-
chemical activities. Cohesin, condensin and the SMC5/6 com-
plex have all been shown to form loops in DNA using an ATP
hydrolysis-dependant loop extrusion activity (3,25-27). The
mechanism of loop extrusion facilitated by the SMC5/6 com-
plex is similar to the process catalysed by cohesin, which per-
forms two-sided loop-extrusion as a dimeric complex. How-
ever, cohesin can also extrude DNA loops as a monomer sim-
ilar to condensin (28). Thus, in addition to the structural sim-
ilarities shared by all eukaryotic SMC complexes, DNA loop
extrusion is considered one of the unifying features of this
family of proteins. How this biochemical activity translates
into effective maintenance of chromosome integrity is a topic
of active investigation. An excellent discussion of loop extru-
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sion models relevant to SMC complexes and their impact on
chromatin structure can be found in several recent reviews
(3,25-27,29,30). While it is evident that the SMC5/6 com-
plex shares common features with its sister complexes, it is
equally clear that it diverges from other family members in
many ways, making it the most enigmatic of the three SMC
complexes.

Distinctive features of the SMC5/6 complex

The impact of SMC family proteins on chromosomes is often
perceived through the lens of cohesin and condensin’s role as
key effectors of global changes in chromosome morphology.
However, the scope of SMCS5/6 complex action is substan-
tially different from that of canonical SMC complexes. The
SMCS5/6 holoenzyme acts at a more local and targeted level
on chromosomes to promote DNA transactions essential for
DNA repair and genome stability (Figure 2). Until recently, the
exact nature of DNA transactions promoted by the SMC5/6
complex was not fully understood, but recent advances on
the structural organization, motor activity and biochemistry
of the SMC5/6 complex contributed crucial new insights into
the specific role of this holoenzyme in DNA repair and repli-
cation. We review below distinct features of the SMCS5/6 com-
plex that differentiates it from canonical SMC complexes and
how these promote the unique repertoire of functions of this
holoenzyme (Figure 2). For a more detailed review of the com-
mon features of SMC complexes, we direct readers to several
excellent reviews recently published on this topic (3,5,6).

The SMC5/6 complex is a post-translational
modification enzyme

The SMC5/6 complex distinguishes itself from other SMC
complexes by virtue of its unique role as a post-translational
modification (PTM) enzyme. The PTM activities of the
complex are mediated by two of its subunits, NSE1 and
NSE2/MMS21 (Figure 1B), that contain RING-like domains
known to stimulate ubiquitin and SUMO transfer on sub-
strates, respectively (20,22,31,32). The best characterized of
these two subunits, NSE2, is a major regulator of multiple
functions in eukaryotes, as outlined in Table 1 (33). No-
tably, substrates of NSE2-mediated SUMOylation include the
SMC5/6 complex itself (20,22,31,34-37) along with an im-
pressive number of proteins implicated in genome organisa-
tion, DNA replication and DNA repair (Table 1).

How are SMCS5/6-mediated SUMOylation reactions im-
pacting genome stability? One of the primary functions of
the SMCS5/6 complex is to limit the formation of toxic re-
combination intermediates or help resolve them when formed
at replication forks. In line with this, self-SUMOylation of
the SMC5/6 complex by NSE2, especially in the coiled-coil
domain of SMCS, is upregulated at sites of stalled replica-
tion forks (37). Also, NSE2-mediated SUMOylation of the
yeast RecQ-family helicase SGS1 and its binding partners
TOP3 and RMI1 (STR) allows the removal of recombina-
tion intermediates at DNA repair sites in a two-step process
(38,39), specifically: self-SUMOylation of the SMC5/6 com-
plex, an event that promotes STR loading at damaged sites,
followed by additional SUMOylation events on SGS1 and
TOP3 to increase the efficiency of the recombination func-
tion by STR. Similar patterns of SUMOylation are observed
with the human Bloom syndrome helicase (BLM), a SGS1
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Figure 1. (A) Schematic representation of the functional domains, folding, and dimerization states of SMC5 and SMC6 proteins. Shown on the left is a
cartoon representation of the domain organization of a typical SMC protein in its unfolded state. The middle section of the panel depicts the same SMC
monomer in its mature state. Specifically, the newly synthesized SMC protein initially fold back on itself (in a manner analogous to a conventional hairpin)
to create a functional coiled-coil arm and ATPase head domain. This allows the folded/mature protein to dimerize with another SMC family member
using their respective hinge domains. The right side of the panel shows the SMC5/6 dimer in cartoon and structural representations. (B) Cryo-EM
composite structure and molecular graphics representation of the SMC5/6 complex and its individual subunits (170) edited in UCFC ChimeraX. The
hinge, coiled-coil arm and ATPase head domains are labelled on the right-hand side of the SMC5 structure. Individual subunits/subcomplexes are shown
in different color schemes to facilitate visualization; SMC5, violet; SMC6, wheat/beige; NSE1, light green; NSE2, pink; NSE3, dark green; NSE4, blue;
NSE5, peach; and NSE6, maroon (170). The model shown in this panel corresponds to the Saccharomyces cerevisiae enzyme and is derived from data of
Hallett and collaborator (58), as deposited in the RCSB database (PDB: 7QCD). (C) Cryo-EM structure of the budding yeast SMC5/6 dimer and
NSE5/NSE6 subcomplex interacting with the SMC5/SMC6-head neck region. The lower portion of the panel is derived from the SMC5/6-8mer
complex structure of Li and colleagues (72), as deposited in the RCSB database (PDB: 8T8F).
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Figure 2. Landscape of the SMC5/6 complex functions and phenotypes. Each section of the figure depicts a distinct cellular function (DNA
repair/telomere) and/or disease state associated with the SMC5/6 holoenzyme (viral infection, rare genetic diseases, and cancer). Abbreviations: HR,
homologous recombination; RF, replication fork; ALT, alternative lengthening of telomeres; MV, mosaic variegated; LICS, lung disease immunodeficiency
and chromosome breakage syndrome; HBV, hepatitis B virus; HIV, human immunodeficiency virus. See text for a detailed description of the molecular

pathways and diseases presented in this figure.

homolog (40,41). Interestingly, binding of the SMCS5/6 com-
plex to collapsed forks or other damaged structures in chro-
mosomes can promote NSE2-mediated SUMOylation of re-
pair proteins, including Replication protein A (RPA) and
RADS59 (42), as well as other SMC complex components
(35,43,44). Altogether, proteins involved in DNA replication,
DSB repair, rDNA maintenance and telomeric length regula-
tion (Figure 2) have been shown to be direct targets of the
SUMOylation activity of NSE2 (see Table 1 for an extensive
list and ref. (24).

In contrast to the well-documented SUMO ligase activ-
ity of NSE2, much less is known regarding the ubiquitin
ligase/E3 activity of NSE1. This protein forms a subcom-
plex with NSE3—4 proteins and associates with the ATPase
head region of the SMCS5/6 complex (21,45,46). Interestingly,
NSE1 can promote the ubiquitination of NSE3 and NSE4, but
how this impacts the SMC5/6 complex function is still un-
der investigation (47,48). Advanced proteomics analysis has
identified Rpa190, Rpl24b, Cdc73, Yhb1, Erg9, Cdc48 and
Pol30/PCNA as putative targets for NSE1 for ubiquitination

(49). This repertoire of substrates suggests roles beyond DNA
repair for NSE1-mediated ubiquitination, notably in ribosome
biogenesis and metabolism (Table 1) (49). One of the known
functions of NSE1 E3 ligase activity is in RNA polymerase
I/RPA190 ubiquitination and subsequent RNA pol I degra-
dation. This process facilitates the SMCS5/6-dependent sepa-
ration of the ribosomal DNA locus in mitosis (49). Beyond
this, little is known on the role of NSE1 in substrate ubiquiti-
nation, outlining a clear area for future expansion of research
efforts.

The SMC5/6 complex is an unusual nucleic acid
binding machine

One of the fundamental activities of all SMC complexes
is DNA binding, but the DNA binding preference of the
SMC5/6 holoenzyme is quite distinct from that of other
SMC complexes. Specifically, components of the SMC5/6
complex demonstrate high affinity for structured DNA like
Holliday junctions (HJ) and splayed Y structures, including
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Table 1. Targets of the SMC5/6 complex SUMOylation, ubiquitination and interaction reactions

Targets Biological pathways References

SUMOylation by NSE2

SMCS5-SMCé6 MPH1-mediated fork regression, DNA repair (20,35,37,171)

NSE2-NSE3-NSE4 DNA damage response pathway (20,31,34)

Cohesin (SMC1/SMC3/SCC1) DSB repair/mitosis/rDNA maintenance (43,44,172).

Condensin rDNA maintenance (35,172)

(SMC2/SMC4/BRN1/YCS4/YCG1)

RPA-RNA poll and RADS9 Homologous recombination (42,173)

STR (SGS1-TOP3-RMI1), BLM Double Holliday junction removal (38,39)

POL2, MCM6, RFA1,2,3 DNA replication (42,86,171)

TRAX DNA repair (20)

YKU70 DSB repair by non-homologous end joining (22)

RADS2 Recombinational repair in rDNA (103)

Shelterin complex Telomere length maintenance (106)

FOB1 rDNA maintenance (37)

Kinetochore proteins Recombination at centromere (174)

Zebularine induced MET1-DNA protein Repair process in Arabidopsis (175)

crosslink

Ubiquitination by NSE1

NSE3-NSE4 Replication stress (47,48)

RNA polymerase I - RPA190 Ribosomal DNA biosynthesis (49)

RPL24B, CDC73, YHB1, ERG9, CDC48 and Ribosome biosynthesis and metabolism (49)

POL30/PCNA

MMS19 Cytosolic iron-sulfur cluster assembly pathway (176)

Protein-protein interactions

MPHI1 helicase Replication fork remodeling (96)

STR (SGS1-TOP3-RMI1) Resolution of recombination product, Holliday junctions (39)

SRS2, MUS81-MMS4 Recombination intermediate formation and maturation, (39)
Holliday junctions

DNA topoisomerase II alpha (TOP2A) Resolution of DSB-repair intermediates (177)

POL2 Replication-S-phase checkpoint (87)

GPS1 (G-protein pathway suppressor 1) Signaling pathway (178)

Telomeric proteins Telomere maintenance (105)

FANCD2-1 Fanconi-anaemia pathway, repair interstrand crosslink (98)

Cohibin and CLIP rDNA stability (101)

ssDNA-dsDNA junctions and other types of recombination
intermediates (Figure 3, Step 1) (50-55). The higher affinity
of the holoenzyme for these substrates (compared to B-form
DNA) suggests that the SMCS5/6 complex can achieve differ-
ential association to chromosomes based on the nature of the
DNA lesion/intermediate present at specific positions of the
genome. Importantly, the higher abundance of conventional
DNA compared to sites of DNA damage iz vivo must be con-
sidered when assessing the impact of modest differences in
DNA binding affinities. It is interesting to note that the human
SMCS5/6 complex shows a clear affinity towards short RNA-
DNA hybrid structures that are common transcriptional in-
termediates known to stall replication fork progression (53).
In addition, both human and yeast SMC5/6 complexes can
bind and stabilize supercoiled/catenated DNA structures in
an ATP dependent manner (53,56). The binding affinity of the
SMCS5/6 complex towards unconventional nucleic acid struc-
tures is a defining property of this complex, consistent with
a function for the holoenzyme in the repair of DNA lesions
formed at specific sites on chromosomes.

The SMC5/6 complex adopts a distinctive
architecture

Recent advances in the structural characterization of SMCS5/6
complex components provided exciting new insights into the
global architecture of the holoenzyme and topology of its

subunits (53,56-62). These studies reveal how the SMC5/6
complex uses distinctive structural features associated with
its NSE subunits (Figure 1) to perform its unique repertoire
of cellular functions.

Unsurprisingly, the SMCS5 and SMC6 proteins at the core
of the complex share a general architecture similar to that
of other SMC family members, including long antiparallel
coiled-coil arms connecting the hinges and ATPase head do-
mains of each SMC subunit (Figure 1A) (53,63,64). Bio-
chemical experiments with purified human and budding yeast
SMCS5/6 complexes have shown that SMCS5 and SMC6 arms
align in close proximity to each other throughout most of their
lengths, adopting a rod-shaped architecture instead of the
open-ring configuration that historically has been attributed
to cohesin (Figure 1) (53,58,60,61). More recent small-angle
X-ray scattering experiments show that the yeast cohesin com-
plex can adopt —at least transiently— a rod-like structure
with juxtaposed coiled-coils, suggesting that this arm config-
uration is a conserved feature of all SMC complexes (65).
Importantly, the arm regions of cohesin and condensin are
longer than those of the SMC5/6 complex (53,66) and bend
sharply at so-called pseudo-elbow sites causing the hinge to
contact the head-proximal coiled-coil or head-bound non-
SMC proteins (26,66-70). In comparison, the arm region of
the SMC5/6 holoenzyme bends slightly (Figure 1B) but does
not appear to adopt a conventional elbow-bending configura-
tion (53,59,61,71).
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Figure 3. A 5-step model depicting the catalytic cycle of the SMC5/6 complex on chromosomal DNA substrates. Step 1 shows the differential nucleic
acid binding patterns of the SMC5/6 complex. Examples of relevant types of nucleic acid substrates (ssDNA, dsDNA, Holliday junctions, and branched
DNA structures) are shown. The schematic illustration of the SMC5/6 complex binding to DNA represents a generic association and no specific mode of
DNA binding should be inferred from the illustration (see text for more details). Step 2 illustrates the movement dynamics of the complex along DNA.
After its initial binding to DNA, the SMC5/6 complex translocates on double-stranded DNA to scan for a relevant substrate. The SMC5/6 complex is
enriched at junction DNA where it undergoes dimerization. Note that while dimerization of the complex has been established on undamaged DNA (28)
and appears likely at sites of DNA damage, it nevertheless remains to be formally demonstrated in the context of DNA lesions. Step 3 shows the nature
of DNA compaction carried out by the SMC5/6 complex. DNA compaction likely occurs through loop extrusion mediated by the dimeric complex. Step 4
proposes downstream effects of the SMC5/6 complex after DNA compaction is completed. Among these effects, we envision that the compacted DNA
creates a protective environment as well as an effective platform for the recruitment of downstream effectors for DNA repair. Step 5 depicts the
unloading of the SMC5/6 complex from the compacted chromatin. See main text for a more detailed explanation of this hypothetical model.

The central hinge regions of the SMCS5 and SMC6 subunits
are also diverged from the corresponding regions of canonical
SMCs. X-ray crystal structure of fission yeast SMC5/6 pro-
teins reveals that the hinge region forms a toroidal structure
much akin to that of the canonical SMCs. However, the hinge
region consists of an unusual ‘molecular latch’ in SMCS and
a functional ‘hub’ in SMC6, two conserved interfaces that are
absent in cohesin and condensin SMC components. Introduc-
tion of mutations in these interfaces affects the functionality
of the complex in vivo (52).

Whereas the SMC components of the SMC5/6 complex
show interesting differences with other family members, it
is clear that the distinctiveness of the SMC5/6 complex
arises mostly from the NSE components of the holoen-
zyme. Early biochemical studies indicated that the NSE el-
ements of the SMCS5/6 complex form three subcomplexes;
namely NSE1/NSE3/NSE4, NSE2/SMCS5 and NSE5/NSE6
(16-18,21,45,46) (Figure 1B, C). Human NSE4 has also been
found to exist in an alternate complex with E3 (TRIM31) and
MAGE-A1 proteins (47). Overall, the positioning of NSE sub-
complexes relative to the core SMC5-SMC6 heterodimer is

highly conserved across the eukaryotic kingdom (3,5,6). The
kleisin-family protein NSE4, through its N-terminal helix turn
helix (HTH) domain, binds to SMC6 neck region and also
connects to SMCS ATPase head domain using its C-terminal
winged helix (WH) region (Figure 1B)(45,72). Furthermore,
kleisin-interacting tandem winged-helix element (KITE) pro-
teins NSE1-NSE3 interact with NSE4 and bridge the en-
tire SMC5-SMC6 head domain area (Figure 1B) (45,58,62).
The NSE2/Mms21 subunit binds to the mid arm region
of SMC5 —an unconventional position for NSE binding—
where it can promote SUMO transfer on SMCS5 (and other
substrates; Table 1) (Figure 1B) using its RING-like domain
(20,22,31).

The NSES5-NSE6 dimer, was initially believed to associate
with the SMC5/SMC6 heterodimer via the SMC hinge re-
gion in early studies on the budding yeast enzyme (46). Some
studies, however, indicate that the NSE5-NSE6 dimer binds
to the SMC coiled-coil arm region closer to NSE2 and prox-
imal to the ATPase head of the holoenzyme. The proximity
of NSE2 and NSES5/6 on the SMC arms of the complex likely
reflects a functional link connecting these proteins since it was
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shown that NSES5/6 co-ordinates NSE2-mediated SMC35 and
SMC6 SUMOylation (61). The most recent cryo-EM struc-
ture of the yeast SMC5/6 complex clearly indicates that the
NSES5 /6 subcomplex associates with the ATPase head domain
and the adjacent coiled-coil neck region of SMC6 (Figure 1C).
Interestingly, NSE6 competes with NSE4 in its binding to the
neck region of SMC6 and thus regulates the ATPase activity
of the complex (72). This situation has additional implications
for DNA binding because the kleisin-SMC neck interaction is
generally considered a gateway for DNA entry into the ring
structure of all SMC complexes. In this context, alternative
binding of the kleisin/NSE4 and NSE6 subunits to the SMC
neck region of the SMC5/6 complex creates a process of ‘gate
switching’ that is a unique functional feature of this complex
(72). Together, the specialized topology and biochemical prop-
erties of NSE subunits within the SMC5/6 complex (Figure 1)
enable the diverse and context-specific roles of this enzyme in
the maintenance of genomic integrity. How this functional di-
versity is achieved is a key question addressed in the following
section of the review.

Cellular functions of the SMC5/6 complex: a
DNA repair factor with a twist

Genes encoding components of the SMC5/6 complex have
first been identified in genetic screens for mutants affecting
the resistance of yeast to DNA damaging agents, consistent
with an important role for the complex in the DNA damage
response (73-75). Whereas the involvement of the SMCS5/6
complex in DNA repair cannot be overstated, it is equally
important to recognize that the cellular roles of the holoen-
zyme exceed the realm of DNA repair as it also participates
in biochemical transactions involving undamaged DNA dur-
ing interphase and controls effective segregation of chromatin
in mitosis. Hence, unlike canonical SMC complexes which
have primary roles in the global organization of chromosomes
at specific stages of the cell cycle, the SMC5/6 complex acts
at a more local level to regulate or otherwise promote vari-
ous DNA repair and non-repair transactions throughout the
cell cycle (76,77) (Figure 2). As such, the primary roles of the
SMC5/6 complex appear more diverse than those of canon-
ical SMC complexes, which raises the question of whether
the SMC5/6 complex acts in those multiple pathways using
a unified/single mode of action or by taking advantage of se-
lected activities residing within the complex to achieve func-
tional diversity. We discuss these possibilities in detail in the
next two sections of this review.

Roles in repair of damaged DNA by homologous
recombination

One of the most important roles of the SMCS5/6 complex in
vivo is the promotion of DNA double strand break (DSB) re-
pair by homologous recombination (HR; Figure 2) (75,76,78—
80). The SMCS5/6 complex facilitates recombination between
sister chromatids by recruiting cohesin in the area surround-
ing damaged DNA, thus allowing it to hold sister chromatids
in close proximity. During this process, the SMC5/6 com-
plex SUMOylate the subunits of cohesin and promotes error-
free progression of HR repair. In support of this notion, de-
pletion of human NSE2 lead to a decrease in the loading
of cohesin to DSB sites (80). Also, in presence of the de-
fective SMCS5/6 complex and cohesin, sister chromatids are
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misaligned prior to recombination, thereby restricting DNA
strand invasion (77,80-82). Additionally, the SMC5/6 com-
plex can act in conjunction with proteins like MUS81/MMS4
or STR/BTR (BLM-TOPHIx-RMI1/2) in stimulating the res-
olution of complex recombination intermediates generated in
the late stages of HR. As is the case for cohesin, the SUMO-
ligase activity of the SMC5/6 complex plays a vital role in
the SUMOylation of several proteins involved in the dissolu-
tion of HR intermediates (as discussed earlier; see full list in
Table 1) (39,76,78,83).

Roles in the promotion of error-free DNA
replication across the genome

Multiple lines of evidence support a conserved role for the
SMCS5/6 complex in the promotion of proper genome replica-
tion, both in the presence and absence of DNA damage (Figure
2). In buddying yeast, the SMCS5/6 complex binds to chro-
matin at replication initiation sites in early S phase (84,85).
The SMCS5/6 complex is also directly involved in SUMO-
based regulation of multiple important factors in the repli-
some, one of the most important among them being POL2, the
catalytic subunit of DNA polymerase ¢ crucial for the initia-
tion of DNA replication (86,87). Moreover, SMC5/6 works
together with proteins such as STR to facilitate replication
completion (39).

Interestingly, the SMC5/6 complex exhibits an important
role in the maintenance of proper chromosome topology dur-
ing DNA replication which allows faithful completion of
replication and prevents chromosome fragmentation during
mitosis. Indeed, the separation of the two parental strands
during DNA replication creates positively supercoiled DNA
ahead of advancing replication forks, a situation that can hin-
der replication fork progression if not addressed. The main
players involved in the removal of replication-induced topo-
logical stress are topoisomerases TOP1 and TOP2 (88) along
with the SMC5/6 complex itself (82). In yeast, the SMCS5/6
complex associates with chromosome during S-phase in a
length-dependent manner to decrease topological stress dur-
ing replication especially when TOP2 activity is impaired (82).
The impact of positive supercoils formed at replication forks
can also be mitigated by rotating replication forks, which cre-
ates sister chromatids intertwinements (SCI) or catenation be-
hind advancing forks. The SMC5/6 complex sequesters these
SClIs behind the replication fork by facilitating fork rotation, a
process that ultimately promotes normal replication progres-
sion (76,85,89,90). Hence, these observations point out to a
conserved prerequisite for the SMCS5/6 complex in successful
completion of genome replication.

The SMCS5/6 complex also promotes stabilization of repli-
cation forks at sites of DNA lesion to prevent fork collapse,
mainly by limiting the formation and/or helping in the res-
olution of recombination intermediates at stalled replication
forks (91). The SMC5/6 complex maintains the integrity of
stalled replication forks by loading and SUMOylating RPA
and RADS52 proteins, thus keeping forks in a recombination-
competent configuration (42,91). Advancing replication fork
can also bypass a DNA lesion in a HR-dependant template
switch mechanism where SMC5/6 complex along with STR
can participate in the resolution of recombination intermedi-
ates formed after the template switch (92-95).

In yeast, the SMCS5/6 complex physically interacts with the
MPHI1 helicase, a homolog of Fanconi anemia protein M, in
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a manner that prevents replication fork reversal by MPH1
(96,97). Genetic data in fission yeast also suggest that the
NSES5/6 subunits, as a part of the SMC5/6 complex, play a
crucial role in preventing the accumulation of Holliday junc-
tions when replication forks encounter DNA lesions (18). Fur-
thermore, mutagenesis data from a recent study reveals that
the NSE5/6-SMC6 interaction promotes resolution of DNA
repair intermediates but not replication termination (72). In
higher eukaryotes, the SMCS5/6 complex has been shown to
associate with the FANCD2 and FANCI proteins of the Fan-
coni Anaemia pathway to promote recombination repair at
stalled replication forks (98). Consistent with the observa-
tion that the SMCS5/6 complex plays crucial roles during
DNA replication, SMCS5 depletion in mouse cells resulted in
increased replication fork stalling that was associated with
higher apoptosis in central cortical tissues along with reduced
cortex sizes (99).

Promoting replication at hard-to-replicate genomic
loci

Natural sites on chromosomes that act as replication barriers
or that are otherwise difficult to replicate represent a unique
type of challenge for genome stability, one whose effective res-
olution is especially dependent on SMCS5/6 complex activity.
This situation is well exemplified by the role of the SMC5/6
complex at replication fork barrier (RFB) sites in the riboso-
mal DNA (rDNA) array of yeast (34,100,101). Chromatin im-
munoprecipitation studies have shown that the SMCS5 /6 com-
plex associates with chromosomal DNA across the genome,
but is particularly enriched at the rDNA array on budding
yeast chromosome XII during S phase (78,84,102). Because
of its highly repetitive and heterochromatic nature, the rDNA
array often experiences a higher frequency of defective repli-
cation relative to other regions of the genome. This is com-
pounded by the unidirectional nature of DNA replication at
this locus, which prevents the rescue of stalled replication
forks by forks converging from the other side of the chromo-
some. As expected, rDNA replication delay and instability are
prevalent in smc5/6 mutants, reflecting the special contribu-
tion of the SMC5/6 complex to the maintenance of rDNA
stability. Importantly, defects in rDNA replication in smc5/6
mutants can cause subsequent chromosome non-disjunction
and a higher frequency of Holliday junctions, thus impairing
chromosomal segregation in mitosis (102-104).

Roles as a regulator of the DNA transactions in
heterochromatin

Apart from the rDNA locus discussed above, localization
analyses of the SMCS5/6 complex have revealed that the com-
plex is enriched within heterochromatic-like regions at telom-
eres (34,101,105). This enrichment appears to be function-
ally important for the maintenance of telomere length (Fig-
ure 2). In telomerase negative cancer cells, the NSE2 subunit
SUMOylates multiple telomere binding proteins to promote
telomeric HR and lengthening by alternative lengthening of
telomeres (ALT) (Figure 2; Table 1) (106). In budding yeast,
loss of the SMC5/6 complex activity in cells lacking telom-
erase enhances senescence via a HR independent pathway
(107). Together, these studies suggest that the maintenance
of telomeres by the SMCS5/6 complex is evolutionary con-
served. Furthermore, the SMC5/6 complex stabilizes telom-
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eres through its involvement in the processing of recombina-
tion intermediates at chromosome ends (34,105).

Repair of DSB within heterochromatic regions of the
genome is surprisingly different from that of DSBs in euchro-
matin. Late events of HR involving RADS51-mediated strand
invasion occurs usually outside of the heterochromatin do-
main in Drosophila (108). Similarly in yeast, HR of DSBs
in the heterochromatin-like rDNA requires re-localization of
damaged DNA to extranucleolar sites before it can be repaired
(103,109). HR is supressed at the rDNA locus through the
SUMOylation of RADS52 by the SMC5/6 complex in yeast,
an event that prevents RADS52 foci formation in the nucleo-
lus (103). Importantly, this event supresses recombinational
loss of rDNA repeats on chromosome XII, thus ensuring copy
number stability at this locus (103). Likewise, in metazoans
like flies and mice, the SMCS5/6 complex and its SUMO-ligase
activity are essential for recruiting and co-ordinating nuclear
actin and myosin proteins to relocate heterochromatic DSBs
to the nuclear periphery before strand invasion (110,111).
This phenomenon allows error-free progression of HR repair
within heterochromatin and limits ectopic recombination be-
tween repeated regions of the genome (77,110,111).

Despite substantial progress in recent years, the mechanis-
tic basis for SMCS5/6 complex-dependent movement of DNA
damage across specific nuclear compartments is not fully un-
derstood. It is interesting to note that SMC5 and SMCé6 both
show significant affinity for microtubules (112) and micro-
tubules can promote non-linear/directional motion of dam-
aged chromatin in cells (113). It is therefore tempting to spec-
ulate that the SMC5/6 complex might act as a bridge con-
necting DNA damage to microtubules during DNA repair re-
actions. More work is required to shed light on this exciting,
but putative mode of action.

Roles as a master silencer of episomal and viral
DNA

Silencing of episomal DNA templates is an unexpected func-
tion specifically attributed to the SMC5/6 holoenzyme and
does not appear to extend to other eukaryotic SMC com-
plexes (Figure 2). Interestingly, the bacterial Wadjet defence
system —where three Wadjet subunits form an SMC-family
complex— recognizes and protects bacterial hosts from ex-
ternal plasmid transformation in an ATP hydrolysis depen-
dant manner (114). Multiple recent studies have reported that
the SMC5/6 complex can epigenetically silence extrachromo-
somal viral DNA, helping to defend cells against infections
from hepatitis B virus (HBV), human immunodeficiency virus
(HIV), herpes simplex virus and papillomavirus (115-119).
The SMCS5/6 complex restricts HBV by entrapment of the
viral episome DNA inside the complex (Figure 2). This is
followed by recruitment of the episomal DNA-protein com-
plex to promyelocytic leukemia nuclear bodies (PML-NB) for
subsequent transcriptional repression of viral DNA by NSE2
(120,121). The recruitment step depends on SIMC1, a para-
log of SLF1 that forms a NSE5/NSE6-like complex with SLF2
and behave similarly to its yeast counterpart in the localiza-
tion of the SMCS5/6 complex to specific regions of chromo-
somes. The virus silencing function of the SMC5/6 complex
is not limited to HBV since it can also silence HIV1 DNA
provirus before integration into the host cell chromosomes
by inhibitory epigenetic modification (Figure 2). This pro-
cess is mediated mainly by NSE2-dependent SUMOylation
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(119,122). Furthermore, the SMC5/6 complex appears to act
as a global guardian against virus infection because several
recent studies reported similar virus-restriction roles of the
SMC5/6 complex in epigenetic silencing and/or inhibition of
DNA replication of Epstein—Barr virus (EBV) (123), Kaposi’s
sarcoma herpesvirus (KSHV) (118), human papilloma virus
(HPV) (117), and herpes simplex virus 1 (124).

The role of the SMCS5/6 complex in episome silencing ap-
pear to exceed the domain of viral genomes since a recent
study has revealed a potential role for the budding yeast
SMCS5/6 complex —specifically the NSE2 subunit— in re-
stricting the parasitic 2 plasmid (125). It will be interesting
for future studies to define the full repertoire of episomes tar-
geted by the SMCS5/6 complex in vivo and whether it achieves
silencing of extrachromosomal DNA by a universal mech-
anism applicable to all episome types across the eukaryotic
kingdom.

The mode of action of the SMC5/6 complex:
recognition of DNA substrates and
subsequent activation

The involvement of the SMC5/6 complex in wide range of cel-
lular functions implies its activity must be precisely controlled
in different chromosomal contexts. How context-specific ac-
tivation of the SMC5/6 complex is achieved is unclear, but
the consequences of allowing unrestricted activation of the
SMCS5/6 complex are likely to be very toxic, highlighting the
crucial importance of this issue for cell homeostasis. We dis-
cuss in the next section how the SMCS5/6 complex precisely
and dynamically recognize its substrates iz vivo and what im-
pact it has on chromosomal DNA once the holoenzyme is
activated.

Basal DNA binding activity of the SMC5/6 complex:
who does what?

The SMCS5/6 complex associates with DNA via at least three
general types of intrinsic DNA binding activities which are not
mutually exclusive and often rely on each other for the execu-
tion of specific cellular function. The different modes of bind-
ing include topological DNA entrapment by the SMC5/6-
NSE1/3/4 ring (56,126,127), conventional/direct (usually
electrostatic) DNA binding, and a specific form of DNA loop
entrapment (usually called pseudo-topological entrapment)
mediated by selective subunits/domains within the complex
(50,56,127-129). The DNA binding domains of the SMC5/6
complex can mediate direct interaction with diverse types of
DNA repair and recombination intermediates as evidenced
from biochemical analyses (50,51,128,129) as well as from
in vivo experiments (51,130).

The core components of the SMCS5/6 complex, the SMCS5-
SMCé6 dimer, has its independent DNA binding properties
apart from the holocomplex. For instance, structural and bio-
chemical assays show that the hSMC5-SMCé6 heterodimer
has higher binding affinity towards ssDNA compared to ds-
DNA (53). In-depth DNA binding assays with a series of
functional domain fragments revealed that SMC5 and SMCé6
monomers can interact with their DNA substrates via two dis-
tinct DNA-binding domains on each SMC molecule, one lo-
cated in the hinge domain and adjacent coiled-coil sequences,
and the second one in the ATPase head domain of the pro-
tein (50,52). Interestingly, formation of the SMC5-SMC6 het-
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erodimer (Figure 1A) improves affinity for dsSDNA substrates
relative to that observed with either of the SMC components
in their monomeric forms (50). Overall, these observations in-
dicate that the basal DNA binding activity of the SMC5/6
complex comes at least in part from the intrinsic ability of
SMCS5 and SMC6 monomers to associate with nucleic acid
substates (128,129).

Association of the SMC5/6 holoenzyme to chromoso-
mal DNA is also regulated by the NSE subunits of the
complex. Additionally, the NSE1/NSE3/NSE4 trimer (Fig-
ure 1B) demonstrates intrinsic DNA binding activity with
higher affinity towards short dsDNA than ssDNA, an activ-
ity mainly attributed to the NSE3 subunit (51). The cryo-
EM structure of DNA-bound yeast Smc5/6 complex re-
veals that the NSE1/NSE3/NSE4 subcomplex connects the
SMCS5/6 ATPase-head domain and locks the SMCS5/6 com-
plex encircling the DNA double helix by forming a clamp
(62). Interestingly, dsDNA entrapment into the ring struc-
ture made of SMC5/6-NSE1/3/4 (i.e. clamp formation) re-
quires ATP hydrolysis, pointing towards a contribution of
the ATPase head domains of SMC subunits in this process
(51,54,58,59,71,130,131). During DNA clamp formation, the
complex configuration created when the SMC5-SMC6 het-
erodimer associates with NSE3-NSE4 gives rise to a positively
charged central tunnel that stabilizes the negatively charged
DNA backbone (62). Using cryo-EM approach, it was possi-
ble to generate a detailed view of the critical DNA binding
patches/residues in each of the complex subunit that guide
DNA binding and/or clamp formation (62). Consistent with
this view, alterations of individual domains/subunits are met
with varied effects on growth and cellular response to DNA
damage (62).

The NSE5-NSE6 subcomplex is another important con-
tributor to the DNA binding activity of the SMCS5/6 holoen-
zyme. Recent studies have revealed that the use of alternative
subunits as binding partners for the SMC6 neck region (i.e.
NSE4 or NSE6) can potentially gate or otherwise influence
DNA entry into the SMCS5/6 complex (72). The switch from
NSE4 to NSE6 as binding partner for SMC6 neck region also
modulates the engagement of the SMC6 head domain with
that of SMCS head domain, ultimately regulating the ATPase
activity of the complex (72).

Overall, the ATP hydrolysis cycle involves three main struc-
tural conformation of the SMC5/6 complex. First, the ‘ATP-
engaged state’ that includes two ATP molecules ‘sandwiched’
between the residues of the SMCS5-SMC6 head domains main-
tains adjacent SMC arms at a distance, thus opening the SMC
compartment. Second, the ‘juxtaposed state’ where the heads
are disengaged promotes co-alignment of SMC5 and SMC6
arms, yielding a closed SMC compartment. And finally, the ‘in-
hibited state’ where NSE5/6 interacts with the arm and heads
of the SMC5/6 complex prevents head engagement and ATP
hydrolysis (127). This inhibition is counteracted by the bind-
ing of a suitable DNA substrate, an event that promotes more
stable DNA clamping by the SMC5/6 complex (62). Overall,
the NSE5/6 complex interacts with the SMC5/6 head and
arm domains through both stable and dynamic interactions
to allow intricate regulation of ATP hydrolysis, DNA segment
capture and DNA entrapment/clamping.

Apart from the above-mentioned configurations, another
model proposes a pseudo-topological entrapment of DNA in
two SMC sub-compartments The SMC5-SMC6 head engage-
ment creates an SMC (‘S’) and a kleisin (‘K’) compartment
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(60,127). Additionally, cryo-EM structure revealed that the
NSE3 subunit may link the SMCS5 and the SMC6 coiled-coil
to separate the S compartment into two halves, the upper and
the lower SMC compartments (62). Most up to date cystine
crosslinking experiments show that a DNA segment is often
effectively held as a loop with (at least) one dsDNA passing
through the lower S compartment and another one (or more)
through the upper S compartment. This mode of binding is re-
ferred to as DNA segment capture and the conformation taken
by the SMC5/6 complex during this capture is an important
intermediate that connects initial DNA loading to subsequent
biochemical activities of the SMC5/6 complex (72,127).

The contribution of several subunits of the SMC5/6 com-
plex to its DNA binding activity combined with the intricate
pattern of association of these subunits to chromosomal DNA
have important implications for the mechanism of action of
the enzyme. During DNA loop extrusion, the multiple DNA
binding sites within the SMC5/6 complex might trigger the
reeling of DNA while simultaneously holding onto both arms
of the forming loop. Also, SMC complexes do not necessarily
entrap DNA topologically during the extrusion process (72). It
is therefore possible that in the execution of different cellular
functions, the SMCS5/6 complex might use different modes of
DNA interaction to create DNA loops in the genome (72,127).
Indeed, the array of different DNA binding sites within the
complex and conformational changes associated with DNA
binding are likely to support different loop extrusion mod-
els, as observed with cohesin and condensin (25). Taken to-
gether, these observations indicate that the SMCS5/6 complex
uses multiple distinct DNA binding domains/modes to affect
functional changes in chromatin/DNA configuration.

Context matters: when and how the SMC5/6
complex binds to chromosomes in vivo?

As previously discussed, binding of the SMCS5/6 complex to
damaged DNA does not appear to impact chromatin at the
level of entire chromosomes because genome-level condensa-
tion or cohesion are not observed as a direct consequence of
SMCS5/6 holoenzyme activation. How the complex achieves
selectivity in DNA substrate binding and modification in vivo
is a highly relevant issue for the mode of action of the SMC5/6
holoenzyme. This is accomplished through context-specific ac-
tivation during DNA transactions combined with a mecha-
nism of proactive inhibition of the complex in non-targeted
regions of the genome.

We now know that several proteins play a concerted role
to facilitate the loading of the SMC5/6 complex at specific
sites of repair during the DNA damage response. For ex-
ample, fission yeast BRCT domain-containing protein BRC1,
and its buddying yeast homologue RTT107 are important re-
cruiters of the complex to chromosomes. Non-SMC elements
such as NSES and NSE6 also perform an important role in
the loading of the SMC5/6 complex on chromatin in vivo
(57,60,61,130,132,133). In yeast, BRC1/RTT107 recruits the
SMCS5/6 complex to lesioned/yH2A-covered DNA via the
NSES5-NSE6 sub-complex (130,132,134). Similarly, human
SLF1 (NSES-like) and SLF2 (NSE6-like) act as a SMCS5/6
complex loader through RAD18-mediated binding to dam-
aged DNA sites (24). In budding yeast, the NSES/6 complex
also promote loading of the SMCS5/6 complex at stalled repli-
cation forks (135). Interestingly, during viral infection a par-
alog of SLF1, SIMC1, forms a complex with SLF2 to local-
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ize the SMC5/6 complex to virus DNA to restrict virus DNA
replication (120), although it is not clear yet whether SIMC1
has roles in other cellular contexts. The NSES/6-complex is
not only essential for directly loading the complex at sites of
DNA damage, but also for the stabilization of its binding to
dsDNA when the complex bind nucleic acids initially by itself
(130).

Chromatin marks such as histone modifications can also
act as a cue for the recruitment of the SMC5/6 complex
to specific chromosomal regions. For instance, the recruit-
ment of BRCA1 —an important HR promoting factor— re-
quires the recognition of histone H4 unmethylated at lysine
20 (K20me0) through the ankyrin repeat domain of BRCA1-
associated RING domain protein 1 (BARD1). The SLF1/SLF2
complex can also specifically recognize and bind histone H4-
K20meO (136). Hence, this provides an intriguing putative
mechanism for the selective recruitment of the SMC5/6 com-
plex to newly replicated DNA, an event that may be impor-
tant for the promotion of HR. Consistent with this observa-
tion, the ankyrin repeat domain (ARD) responsible for histone
H4-K20me0 recognition of BARD1 is conserved in SLF1 and
several other proteins involved in DNA repair and replication,
such as TONSL (Tonsoku-like protein) (136). Whether this
ARD-dependent recruitment mechanism is operational across
the genome for the SMC5/6 complex is unclear. Interestingly,
it has been established that enrichment of the SMCS5/6 com-
plex at undamaged regions of the genome, such as centromere
and intergenic regions, requires the cohesin loading factor
SCC2, which indicates that alternative modes of recruitment
likely operate in the absence of DNA damage (84).

Once the SMC5/6 complex is recruited to genomic DNA
by chromatin loaders, the first level of regulation of DNA-
binding occurs at the level of ATP binding and hydroly-
sis by the holoenzyme. The SMCS5/6 complex interacts with
ssDNA in an ATP-independent manner and binding to ds-
DNA occurs through predominantly ATP-dependent mech-
anisms especially during clamp formation (55,62,126). The
ATP-dependent remodelling of the SMCS5/6 complex and sub-
sequent binding to DNA also promotes the SUMO-E3 lig-
ase activity of NSE2 (83,137). The NSE2 subunit lacks DNA
binding domains, but its DNA repair functions require stable
docking onto the SMCS protein (137). Specifically, an elec-
trostatic interaction between DNA and a positively charged
patch in the ARM domain of SMCS activates the E3-SUMO-
ligase activity of NSE2, which further impacts the loading of
the complex on chromatin by self-SUMOylation of the core
SMC proteins (61,137). Furthermore, NSES5 /6-mediated load-
ing of the SMC5/6 complex on DNA can promote the SUMO-
ligase activity of NSE2 (61,134).

Recent evidence suggests the existence of additional layers
of functional interplay connecting the various subunits and
substrates of the SMCS5/6 complex. For instance, we now
know that the proximity of NSE2 (in addition to NSES and
NSE6 subunits) to the ATPase head domain of the SMC com-
ponents (61,72,127) can potentially regulate DNA entry into
the ring structure of the complex (28). Also interestingly, the
NSES5/6 subcomplex compete with high amounts of dsDNA
structures to negatively modulate the binding efficiency of the
complex to DNA duplex structures (57), thus showing both
negative and positive impacts on the DNA binding activity of
the SMC5/6 complex. This dual impact of NSE5/6 may pro-
vide a regulatory mechanism to limit SMCS5/6 complex activ-
ity to specific regions of chromosomes and allows the complex
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to adapt to diverse requirements of its ATPase activity during
DNA replication and repair actions.

What happens after the SMC5/6 complex binds its
DNA substrates in vivo?

Recent biochemical and biophysical advances on the mecha-
nism of the SMC5/6 complex suggest a multi-step catalytic
cycle on DNA substrates. One of the earliest steps likely
involves SMC5/6 complex translocation along dsDNA by
one-dimensional diffusion either as monomeric or oligomeric
complex (28,55). Its dynamic interaction with chromatin in-
creases scanning for probable lesions on DNA molecules, es-
pecially enriched at ssDNA-dsDNA interfaces (53-56). Sliding
on dsDNA may not be a pre-requisite for binding to ssDNA-
dsDNA junction site as the complex can also bind this type of
DNA structures directly (Figure 3) (54).

Translocation on DNA is subsequently accompanied by lo-
cal DNA compaction at sites of DNA lesion, likely involving
dimerization of the holoenzyme (55) (Figure 3). DNA com-
paction by the SMC5/6 complex uses the energy of ATP hy-
drolysis and proceeds through loop extrusion of chromatin
(28) (Figure 3), as seen with other SMC proteins. The complex
performs symmetrical DNA loop extrusion in a dimer con-
figuration very similar to that of cohesin. The loop-extrusion
based DNA compaction activity of the SMC5/6 complex is
consistent with its originally assigned role as an intermolec-
ular DNA linker. This is because during compaction, the
SMCS5/6 complex can link and load multiple molecules of
DNA in trans while performing its cellular functions (55,126).
Recently, the loop extrusion activity of SMC5/6 complex
has also been observed during transcription. Single-molecule
imaging and Hi-C analyses show that SMC5/6 complex
dimers can recognize and link chromosomal regions contain-
ing positively supercoiled DNA especially during transcrip-
tion, and initiate loop extrusion to fold the supercoiled DNA
into large plectonemic loops for three-dimensional organiza-
tion of chromosomes (138,139).

As the SMC5/6 complex engages in loop extrusion, its dif-
ferent subunits play distinct and sometimes antagonistic con-
tributions to the overall activity of the enzyme. For instance,
the NSE2 subunit is essential for the loop extrusion activ-
ity of the SMC5/6 complex, which is a unique property of
this enzyme as other SMC complexes do not require an ad-
ditional subunit to be bound to the coiled-coil arms of SMC
proteins to allow loop extrusion. In contrast, the NSES /6 sub-
units may act as negative regulators of loop extrusion by the
SMC5/6 complex since they seem to reduce loop initiation
rate and loop persistence. The NSES5/6 subcomplex can also
prevent the dimerization of the holoenzyme, which is essential
for loop extrusion (28). Interestingly, the NSES5 /6 subcomplex
does not affect loop extrusion dynamics after loop initiation
has occurred. At first glance, NSES5/6 inhibiting loop extru-
sion might seem conflicting with the fact that this subcomplex
is also a primary loader of the SMC5/6 holoenzyme on chro-
matin, a precondition for topological loading of DNA into
the complex (60,127). However, SMCS5/6 complex-mediated
loop extrusion is known to occur independently of topolog-
ical entrapment of DNA. The SMCS5/6 complex can extrude
loops in the absence of NSES5/6 but cannot topologically bind
to DNA without NSE5/6 (28).

Overall, the catalytic cycle of the SMC5/6 complex will re-
sult in local DNA /chromatin compaction and looping at spe-
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cific sites of the genome. We hypothesize that this localised
compaction of chromatin will create a phenomenon of steric
hindrance that diminishes DNA mobility in the vicinity of re-
pair sites, likely shielding fragile DNA intermediates from the
action of undesirable modifying enzymes and acting as a cue
for the loading of specific DNA repair enzymes (Figure 3).
Such local restriction of DNA mobility is expected to be tran-
sient and not extend beyond the initial recruitment of early
DNA repair effectors, consistent with the in vivo observed de-
crease in the mobility of newly-formed DNA lesions followed
by a distinct increase at later stages of the DNA repair pro-
cess (140-143). Finally, we anticipate that DNA looping by
the SMCS5/6 complex will have other impacts on chromatin
dynamics. For instance, based on what is observed for cohesin,
SMCS5/6 complex-mediated chromosome looping might fa-
cilitate DNA repair by controlled distribution of the histone
phosphorylation mark YH2AX (144).

Completing the catalytic cycle: releasing the
SMC5/6 complex from compacted DNA

Similar to the loading of the SMCS5/6 complex on damaged
DNA, its effective unloading from densely compacted chro-
matin is critically important to enable effective turnover of
the holoenzyme in vivo (Figure 3), as previously observed with
condensin and other chromatin-binding enzymes (145-148).
Previous studies suggest that the unloading of the SMC5/6
complex in late mitosis is important for effective chromo-
some segregation since misregulation of the SMC5/6 com-
plex can lead to the formation of anaphase bridges (149,150).
Despite extensive knowledge of the mechanisms underpin-
ning SMC5/6 complex loading onto chromatids, very little
is known about the mechanism responsible for unloading the
holoenzyme from chromosomal substrates once its catalytic
cycle is completed.

What mechanism might be responsible for SMC5/6 com-
plex release from compacted chromatin? The unloading of the
SMCS5/6 complex might be similar to its sister SMC com-
plexes since they share some structural and functional fea-
tures. In the case of condensin, a chromatin rescue factor
known as the CDC48 segregase (together with its ubiquitin-
adaptor complex UFD1-NPL4) is recruited onto condensin
and extracts the trapped enzyme from its compacted product
(145). Whether the Cdc48 segregase or a similar enzyme fa-
cilitates unloading of the SMCS5/6 complex from compacted
chromatin remains to be established. However, it is notewor-
thy that CDC48 has been identified as a target for ubiqui-
tination by the NSE1 subunit of the SMC5/6 complex (49),
suggesting a likely functional link between these two proteins.

More direct/intrinsic mechanisms for the release of the
SMCS5/6 complex from chromatin may be involved in its cat-
alytic cycle. For instance, it is possible that the ATPase ac-
tivities of the complex might generate sufficient mechanical
force to promote its release from compacted chromatin (131).
Finally, it is conceivable that compacted DNA itself might
trigger the dissociation of some subunits from the SMC5/6
complex, thus enabling a reduction in its affinity for chro-
mosomal DNA or otherwise opening the ring structure nec-
essary for topological entrapment (50,53). Consistent with
this view, analysis of nuclear extracts by size exclusion chro-
matography reveals that the interaction connecting SMCS5 and
SMC6 is weakened or lost specifically during mitosis in human
cells (151), suggesting a possible disassembly of the complex
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under conditions of generalized chromatin compaction. While
the unloading of cohesin and condensin from genomic DNA
is often regulated by post-translational modification (PTM), it
is important to recognize that non-PTM mechanisms can also
promote chromatin unloading of these complexes (145,152).
Similar mechanisms might also contribute to the release of the
SMCS5/6 complex from its genomic substrates.

Taken together, extensive progress in deciphering the struc-
ture and function of the SMCS5/6 complex suggests a 5-step
model to explain the catalytic cycle of the holoenzyme on
DNA and how it stimulates DNA repair. Chronologically, the
first step involves a basal association of the SMC5/6 complex
to undamaged DNA using both ATP-dependent and indepen-
dent mechanisms (step 1; Figure 3). This is followed by one-
dimensional translocation of the complex on dsDNA, which
leads to dimerization of the holoenzyme at sites of DNA dam-
age (step 2; Figure 3). Subsequently, the complex would en-
gage in DNA loop extrusion leading to chromatin compaction
(step 3; Figure 3). We propose that chromatin compaction at
sites of DNA damage will stabilize and protect fragile DNA re-
pair intermediates. Either concomitantly or subsequently with
the previous step, the SMCS5/6 holoenzyme would recruit and
activate DNA repair factors at sites of DNA damage through
its post-translational modification activities, thereby promot-
ing downstream steps in the DNA repair process (step 4; Fig-
ure 3). Completion of repair would finally lead to chromo-
some unloading of the SMC5/6 holoenzyme, which would
then be free to initiate a new catalytic cycle (step 5; Figure 3).

What happens when the SMC5/6 complex
fails?

Rare genetic disorders

Systematic identification of de novo and inherited muta-
tions in subunits of the SMC5/6 complex have revealed its
causative role in three rare genetic diseases. Notably, bi-allelic
missense mutations in the human NSMCE3 gene (encod-
ing NSE3) have been associated with a fatal genetic disor-
der named lung disease immunodeficiency and chromosome
breakage syndrome (LICS) (153). NSE3 mutations disrupt the
inter-subunit interactions within the complex ultimately lead-
ing to faulty HR, sensitivity to DNA replication stress, chro-
mosomal rearrangements, and micronuclei formation (153)
(Figure 2).

Another report identified compound heterozygous
frameshift mutations in the NSMCE2 gene leading to re-
duced NSE2 protein abundance in patients with primordial
dwarfism, extreme insulin resistance and gonadal failure
(154). Alterations in NSMCE2 correlated with increased
frequency of micronuclei, nucleoplasmic bridge formation,
and DNA replication delay in patients (154) (Figure 2).
Patients carrying mutations in the genes encoding SMCS5
and its targeting factor SLF2 experience multiple mitotic
abnormalities that give rise to a prognostic genome instability
phenotype consisting of segmented, dicentric and rail-road
chromosomes associated with mosaic variegated hyperploidy
(MVH), a disorder known as the Atelis syndrome (155)
(Figure 2).

The types of cellular phenotypes observed in the three syn-
dromes listed above are fully consistent with the known func-
tions of the SMC5/6 complex in DNA replication and repair
processes. We anticipate that the hypomorphic mutations af-
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fecting other subunits of the complex are likely to occur at a
low frequency in humans and would give rise to similar but
still undiscovered inherited disorders in patients.

Cancer

Mutations in DNA repair enzymes have historically been as-
sociated with increased rates of cancer formation in humans
(156-159). Consistent with this view, studies have reported
the presence of gene alterations affecting SMC5/6 complex
components in a number of human cancers, including: hep-
atocellular carcinoma (160,161), sarcoma (162), breast can-
cer (163), colorectal cancer (164) and brain metastasis (165)
(Figure 2). Whether those alterations act as passenger muta-
tions or driver of cancer formation remained unknown until
recently. Experiments using a murine model of cancer have re-
vealed that haplo-insufficiency of NSMCE?2 is associated with
tumor formation and overall poor survival (166), supporting
the notion that loss of SMCS5/6 complex function can pro-
mote oncogenesis.

A very recent phenogenomic analysis of cancer genomes
suggests a direct link connecting SMCS5/6 complex mutations
to cancer development (167). This study evaluated the pres-
ence, frequency and nature of SMC5/6 gene alterations across
a vast range of tumor types in a dataset comprising ~65 000
cancer genomes. This systematic analysis revealed that com-
ponents of the human SMC5/6 complex are frequently al-
tered in several types of cancers, including breast, prostate
and ovarian cancers. Patients carrying genetic alterations in
the subunits of the SMCS5/6 complex experience strong phe-
notypic effects involving changes in genome ploidy and re-
duced overall survival compared to patients carrying a wild-
type SMCS5/6 complex (Figure 2).

In closing, we note that virus infections associated with
degradation and/or inactivation of the SMC5/6 complex
might also lead to tumorigenic conditions. This notion finds
support in human cases of hepatitis B virus (HBV) infection
where the viral regulatory protein X (HBx) induces the degra-
dation of the SMCS5/6 complex (115), leading to a reduced
DNA repair capacity and accumulation of DNA damage in
liver cells. Not surprisingly, this situation is associated with
increased tumorigenesis in HBV-associated hepatocellular car-
cinoma (168,169).

Conclusion

Taken together, research over the last few years has revealed
that the SMC5/6 complex promotes the repair of eukaryotic
genomes using a sequence of multimodal interactions that re-
configures chromosomal DNA in space. This mode of action is
distinct from canonical pathways of chromatin modification
that act at the level of histones, PTMs and chromatin remod-
eling enzymes. Recent structural and biophysical studies have
provided a clear outline of the steps involved in the catalytic
cycle of the SMC5/6 complex, but it will be important for fu-
ture research to focus on revealing how the reorganization of
chromatin through looping and compaction can specifically
enhance DNA repair reactions as well as other genome trans-
actions. Given the multifarious impact of the SMC5/6 com-
plex on genome stability, future research on this topic is likely
to provide remarkable mechanistic advances on DNA repair
pathways and their health-related impacts in oncology, virol-
ogy and aging.
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