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The CRISPR/Cas9 system has revolutionized molecular biology and gene
editing, yet key aspects of its regulation, especially within eukaryotic envi-
ronments, remain enigmatic. In this Viewpoint article, I will speculate on
and explore the provocative hypothesis that Cas9 may possess previously
unrecognized effector-like functions when expressed in host cells, poten-
tially shaped by host-mediated post-translational modifications (PTMs). Of
particular interest is SUMOylation at lysine 848, a key residue for DNA
binding within the catalytic site, raising the possibility that this modifica-
tion is not incidental, but functionally significant and precisely regulated.
SUMOylation, a eukaryotic PTM, is increasingly recognized as a mecha-
nism that also targets bacterial and viral effector proteins and virulence
factors during infection, exerting context-dependent effects that may either
enhance or hinder pathogen replication. Could Cas9, beyond its canonical
role in bacterial CRISPR immunity, act as a host-modulating effector dur-
ing infection, akin to known bacterial nucleomodulins such as transcription
activator-like (TAL) effectors? If so, this would imply that certain patho-
genic bacteria may have evolved Cas9 variants capable of exploiting host
PTM machinery and targeting the host genome—an adaptation with
potential implications for microbial virulence, host-pathogen interactions,
and co-evolutionary dynamics. This perspective underscores the importance
of systematically mapping Cas9 PTMs and examining their evolutionary
conservation, functional significance, and pharmacological tunability, not
only for basic biological insight and to deepen our understanding of micro-
bial strategies, but also to refine the precision and safety of Cas9-based
therapeutic platforms.

Introduction

CRISPR arrays are specialized regions found on pro-
karyotic and archaeal chromosomes, composed of short
repetitive sequences intercalated with short, unique,
and variable spacer sequences, initially discovered in
Escherichia coli [1-4]. Together with CRISPR-

Abbreviations

associated proteins (Cas proteins), these arrays com-
prise an intriguing adaptive immune mechanism that
defends against foreign invaders, such as phages and
plasmids [5]. This fascinating defense mechanism oper-
ates through three distinct stages (Fig. 1). In the

Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; crRNA, CRISPR RNA; HIV-1, human
immunodeficiency virus 1; HTLV-1, human T-cell lymphotrophic virus 1; NLS, nuclear localization signal; PTM, post-translational modification;
Pup, prokaryotic ubiquitin-like protein; SaCas9, Staphylococcus aureus Cas9; sgRNA, single guide RNA; SLO, Streptolysin O; SpCas9,

Streptococcus pyogenes Cas9; STUbL, SUMO-targeted ubiquitin ligase; SUMO, small ubiquitin-like modifier; TAL, transcription activator-like;

TALEN, TAL effector nuclease; tracrRNA, trans-activating CRISPR RNA.
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adaptation stage, sequences from foreign genetic ele-
ments are incorporated (or memorized) into the
CRISPR array which then become the abovementioned
spacer regions, resulting in acquired immunity that
kicks in during subsequent infections. During this time
(expression stage), the entire CRISPR array gets tran-
scribed into a precursor CRISPR RNA transcript (pre-
crRNA) from which mature crRNA’s are excised
through processing by Cas endonucleases. Finally, dur-
ing the interference stage, crRNAs form a duplex with
trans-activating CRISPR RNA (tracrRNA), creating a
platform for the binding of Cas nucleases, which are
subsequently guided to complementary sequences on
invading nucleic acids, resulting in their cleavage and
neutralization [5-7]. As a result, the system confers
immunity and protection during infection in these uni-
cellular organisms, mirroring the adaptive immune
response seen in higher eukaryotes.

INITIAL INFECTION:
spacer acquisition -
immune memory
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This remarkable evolutionary innovation, which
enables bacteria to defend themselves against invading
genetic elements, was soon recognized as a powerful
tool for genome editing in higher eukaryotes, achieved
by programming bacterial Cas9 enzymes with match-
ing guide RNA sequences to precisely target and
cleave eukaryotic DNA [8-10]. In recent years, the
CRISPR-Cas9 system has become the gene editing
platform of choice in laboratories across the globe,
thanks to its versatility, simplicity, and remarkable
efficiency. It has been widely applied across various
systems, including cell lines, primary cells, and induced
pluripotent stem cells, and has facilitated the develop-
ment of new animal disease models [11-13]. Impor-
tantly, it has opened new avenues for therapeutic
interventions in the clinical management of various
diseases, as recently demonstrated in the treatment of
sickle cell disease and beta-thalassemia [14].
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Fig. 1. Mechanism of CRISPR-mediated immunity in bacteria. The CRISPR system provides bacteria with adaptive immunity against phage
infections and functions through three distinct stages. During the adaptation stage, a fragment of foreign DNA (S0) is incorporated as a
spacer into the CRISPR locus, becoming the most recent entry in the array—effectively ‘memorizing’ the invader for future defense. The
locus also contains genes encoding Cas proteins and trans-activating CRISPR RNA (tracrBNA). In the expression stage, the CRISPR array is
transcribed into a long pre-CRISPR RNA (pre-crRNA), which is then processed into individual mature crRNAs. Finally, in the interference
stage, if the bacterium is reinfected, the Cas9:crRNA:tracrRNA complex identifies and disables the matching foreign DNA.
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The widespread adoption of the CRISPR/Cas9 sys-
tem as a technological platform, along with its promis-
ing clinical applications, and its remarkable and
elegant molecular design—from both scientific
and evolutionary perspectives—highlights the need for
a deeper understanding of the mechanisms that poten-
tially regulate it. These regulatory processes could
operate in natural environments, such as within bacte-
ria, or during bacterial infections of eukaryotic cells.
They could also have important implications in
research and clinical contexts, particularly when Cas9
is artificially introduced into eukaryotic cells for gene
editing applications. While the development of
CRISPR-based gene editing technology has advanced
rapidly, our understanding of the regulatory networks
that govern this system remains limited. Importantly,
these mechanisms may significantly influence both
on-target and off-target cleavage activities. Under-
standing these regulatory pathways could also provide
valuable insights into host—pathogen interactions and
the co-evolutionary dynamics between them, as out-
lined below.

The Cas9 enzyme

Cas enzymes are the catalytic engines that carry out
CRISPR-associated functions. While some Cas
enzymes, such as Casl and Cas2, function as part of
the adaptation module, aiding spacer sequence acquisi-
tion, others (i.e., Cas9) serve as effector proteins of the
interference module and cleave the target DNA.

While some bacteria such as Escherichia coli have
sophisticated CRISPR/Cas toolkit (classified as class |
CRISPR/Cas systems) containing multi-subunit effec-
tor complexes among other players, others have a
rather simple, single multi-domain endonuclease (i.e.,
Cas9, Casl2a) that takes part in the interference stage
[15,16]. These class I CRISPR/Cas systems, defined
by a single endonuclease protein, can then be further
engineered to provide modularity where the target
specificity is determined by a nuclease-independent sin-
gle guide RNA sequence (sgRNA), in which crRNA
and tractrRNA are synthetically linked [10,17]. In this
way, the system provides both simplicity and flexibility
for researchers, and when combined with its efficiency,
it has emerged as a preferred platform for
genome-editing  strategies. Among the various
CRISPR-associated proteins, Cas9 from Streptococcus
pyogenes (SpCas9), and to a lesser extent from Staphy-
lococcus aureus (SaCas9), have gained particular
popularity.

Cas9 has a bilobular shape, a feature also shared by
Casl2a, containing a DNA recognition lobe (REC)
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and a nuclease lobe (NUC) (Fig. 2) [17,18]. The recog-
nition lobe is formed by majority of the N-terminal
residues and responsible for recognizing the target
nucleotide sequences. The C-terminal nuclease lobe
contains two catalytic cores with distinct endonuclease
activities. The HNH core (also referred to as the HNH
domain) cleaves the target DNA strand with which the
sgRNA initially base pairs. On the other hand, the
RuvC core, formed by 3 distinct RuvC domains,
cleaves the complementary nontarget DNA strand.
The combined actions of the HNH and RuvC catalytic
cores ultimately create a double-strand break at the
target site [18-21]. In addition to these 3 key structures
(HNH core and RuvC core, together forming the
NUC lobe; as well as the REC lobe), Cas9 also con-
tains additional regions critical to its function. A heli-
cal region rich in positively charged residues that
bridges the first RuvC domain to the REC lobe (thus
named as bridge helix) helps stabilize the negatively
charged sgRNA:target DNA duplex which is formed
upon binding to target sequence. In parallel, the dis-
placed nontarget DNA strand is also stabilized by the
positively charged residues in the linker regions (L1
and L2) flanking the HNH domain [17].

The elucidation of the three-dimensional structure of
Streptococcus pyogenes Cas9 at atomic resolution has
provided critical insights into its conformational
dynamics and the complex interactions it forms with
both sgRNA and target DNA throughout different
stages of the CRISPR pathway. These structural
insights have contributed to our understanding of tar-
get recognition, binding, and catalysis [17-22]. While
certain residues are directly involved in catalysis and
endonucleolytic cleavage, many others, originating
from various domains and linker regions, participate
in sequence-specific or sequence-independent DNA
binding. This structural complexity, coupled with its
relatively large size, renders Cas9 highly susceptible to
regulation by post-translational modifications (PTMs),
which may influence its binding affinity to nucleic
acids, enzymatic activity, stability, subcellular localiza-
tion, and, critically, its on-target and off-target cleav-
age efficiencies.

Post-translational modifications
of Cas9

Post-translational modifications play a crucial role in
rapidly, dynamically, and often reversibly regulating
protein function. They have evolved to expand the
functional diversity of the proteome and meet
the increasing complexity of organisms over time.
While PTMs are commonly linked to ecukaryotic
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Fig. 2. Structural features of Cas9 highlighting lysine 848, the primary SUMOZ2/3 conjugation site. (A) The domain architecture of the
Streptococcus pyogenes Cas9 enzyme is illustrated, highlighting the N-terminal recognition (REC) lobe, which includes the bridge helix, and
the C-terminal nuclease (NUC) lobe, which houses the catalytic HNH and RuvC domains. The NUC lobe also contains the PAM-interacting
domain, responsible for recognizing the protospacer adjacent motif (PAM), a short DNA sequence located just downstream of the target
DNA cleavage site, a crucial step for DNA cutting. Lysine 848, the residue targeted for SUMOylation within the HNH catalytic domain, is
marked on the 3D structure shown from two different perspectives (PDB: 4CMP). (B) A close-up view of lysine 848 is provided, showing its
position relative to the DNA:RNA hybrid (red ribbon) within the catalytic core. Its solvent accessibility suggests it is readily accessible to
SUMOylation enzymes (PDB: 4008). All structural images were generated using JsmoL.

systems, many bacterial species also employ a diverse
array of modifications, including phosphorylation,
acetylation, glycosylation, and even ubiquitin-like
modifications such as pupylation, to control essential
cellular processes such as cell division and virulence,
and to adapt to environmental stresses [23].

Given its substantial size, comprising 1368 amino
acids, it would be surprising if SpCas9 were not sub-
ject to a diverse array of PTMs, whether in its native
bacterial context or upon introduction into eukaryotic
systems, either through natural infection or artificial
expression. Remarkably, despite this enzyme’s
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biological significance and the pressing need to under-
stand its regulatory landscape, current knowledge on
Cas9-associated PTMs remains limited.

As briefly touched upon earlier, PTMs may modu-
late Cas9 function under three distinct scenarios: (a)
within its native bacterial context; (b) upon transloca-
tion into a eukaryotic host during infection, where it
may be subject to host-mediated modifications; and (c)
during heterologous expression in eukaryotic systems
for genome-editing purposes (Fig. 3). In both eukary-
otic settings, Cas9 has the potential to interface with
host PTM pathways, including the SUMOylation
machinery, which will be discussed further below.

Initial evidence suggesting that the CRISPR/Cas9
system may be subject to regulation by PTMs emerged
from studies in which ubiquitin was artificially fused
to the N terminus of Cas9 [24]. This modification led
to enhanced proteasomal degradation and a reduced
half-life of the enzyme when expressed in HEK293
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cells or introduced into nonhuman primate embryos
via. mRNA injection. Notably, the authors demon-
strated that this controlled destabilization of Cas9
effectively minimized the emergence of mosaic muta-
tions, a frequent outcome of prolonged Cas9 expres-
sion and activity. This study not only underscored the
critical role of temporal control in enhancing the speci-
ficity and clinical applicability of CRISPR-based
genome editing, but also implicated a PTM as a modi-
fiable regulatory mechanism with potential to fine-tune
Cas9 activity for desired outcomes.

Building on this earlier work involving artificial ubi-
quitin fusion to Cas9, my group presented the first
direct biochemical evidence of endogenous Cas9 ubi-
quitylation in 2022 [25]. In this study, we demon-
strated that Cas9 undergoes extensive ubiquitin
modification at multiple lysine residues upon either
transient overexpression or stable expression in diverse
eukaryotic cell systems. These ubiquitylated forms

{(C) eukaryotic PTMs targeting Cas9
(upon ectopic Cas9 expression)

bacterium

[ ]

\"33) Eukaryotic cell

translocation to
nucleus and PTMs

. nucleus

Fig. 3. Three distinct scenarios in which post-translational modifications (PTMs) may target Cas9 and influence its activity include (A) Cas9
undergoing prokaryotic PTMs within its native bacterial environment; (B) Cas9 being transferred to a eukaryotic host during infection, where
it is modulated by host-derived PTMs such as SUMOylation; (C) Cas9 being subject to eukaryotic PTMs when heterologously expressed for
CRISPR-based genome-editing applications. Ac, acetyl; Me, methyl; P, phosphate; Pup, prokaryotic ubiquitin-like protein; Ub, ubiquitin. With
the exception of ubiguitination and SUMOylation, the post-translational modifications depicted on Cas9 are currently hypothetical.
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Fig. 4. The SUMO conjugation pathway and biochemical effects of SUMOylation. The SUMO protein is first activated by a heterodimeric E1
enzyme complex (SAE1/UBA2) in an energy-dependent manner. It is then transferred to the central E2 conjugating enzyme, UBC9. UBC9
can directly mediate the covalent attachment of SUMO to substrate proteins, such as Cas9, a process that can be further enhanced by
SUMO ES3 ligases (not depicted here). SUMOylation is a highly dynamic and reversible modification, regulated by SUMO-specific proteases
(also known as SENPs), which remove SUMO from target proteins. The right side of the figure illustrates the biochemical and molecular
consequences of SUMO modification. Cas9 features impacted by SUMOylation as supported by experimental evidence are highlighted in
bold. Both SUMO1 (PDB: 2N1V) and SUMO2 (PDB: 2N1W) proteins are conjugated to lysine residues on substrate proteins via their C-
terminal glycine residues, which are located on the upper side of the 3D structures shown in the inset. The structures were generated

using the JsmoL molecular viewer.

accumulated in response to proteasome inhibition, and
we further showed that Cas9 physically associated with
proteasomal complexes. Collectively, these findings
established ubiquitylation as a key PTM, negatively
regulating Cas9 stability via targeted proteasomal deg-
radation, a mechanism that had previously been over-
looked in the context of heterologous Cas9 expression
in eukaryotic systems.

Among the many lysine residues identified as ubiqui-
tylation sites on spCas9 via mass spectrometry, one in
particular, lysine 848, stands out, as it is also targeted
by another PTM: the small ubiquitin-like modifier
(SUMO) [25]. Like ubiquitin, SUMO is covalently
conjugated to lysine residues on substrate proteins
through a dedicated enzymatic cascade in a process

known as SUMOylation (Fig. 4) [26,27]. SUMOylation
is a highly versatile PTM, capable of modulating a
wide range of protein properties, including enzymatic
activity, conformation, stability, solubility, subcellular
localization, and interaction capacity with proteins or
nucleic acids, depending highly on the biological con-
text (Fig. 4) [26]. While some bacteria employ a
ubiquitin-like system involving Pup (prokaryotic
ubiquitin-like protein) to tag substrates for proteaso-
mal degradation via pupylation, SUMOylation
appears to be a strictly eukaryotic modification, with
no known functional or evolutionary equivalents in
prokaryotes [23]. Consequently, although the ubiquity-
lation of Cas9 can be conceptually aligned with bacte-
rial systems such as pupylation, the observation that
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Cas9 is also subject to a uniquely eukaryotic PTM,
SUMOylation, raises compelling and complex ques-
tions about relevance, contexts and consequences of
this modification—especially during natural infections
or in engineered eukaryotic environments.

The human genome encodes five SUMO paralogs,
SUMO1 through SUMOS, of which SUMOI,
SUMO?2, and SUMO3 are ubiquitously expressed and
have been the subject of extensive functional character-
ization over the past three decades [26,28]. Due to
their high-sequence identity (~ 95%), SUMO2 and
SUMO3 are often collectively referred to as SUMO2/3
(Fig. 4). Notably, SUMO?2/3 is highly responsive to
cellular stressors such as heat shock, oxidative stress,
infection, and DNA damage, all of which typically
trigger its conjugation to target proteins, thereby mod-
ulating their functions and stability. Unlike SUMOI,
SUMO2/3 harbors an internal SUMOylation consen-
sus site, enabling the formation of poly-SUMO2/3
chains on substrates, a feature analogous to poly-
ubiquitin chains. These poly-SUMO modifications are
instrumental in orchestrating diverse downstream pro-
cesses, including recruitment of SUMO-targeted ubi-
quitin ligases (STUbLs) in some cases, resulting in
proteasomal degradation [26,27,29-31].

Several observations indicate that spCas9 undergoes
SUMOylation with remarkable specificity and preci-
sion, making it unlikely that this modification arises as
a random or artifactual consequence of ectopic expres-
sion in eukaryotic cells, but may rather be deliberate
and functionally meaningful. Despite the presence of
numerous lysine residues within the enzyme, 10
of which are located within a canonical SUMOylation
consensus motif, only a single residue, Lys 848, is
modified by the specific SUMO paralog, SUMO?2/3,
when Cas9 is expressed in various eukaryotic systems,
whether transiently or stably. Furthermore, Lys 848 is
particularly interesting because it resides within the
catalytic site of the HNH nuclease core and stands out
as one of the key positively charged residues that facil-
itates Cas9’s sequence-independent interaction with the
DNA molecule on both target and off-target sites
(Fig. 2) [22,25]. Indeed, disruption of this nonspecific
interaction between Cas9 and DNA through neutrali-
zation of the positive charge on Lys 848 effectively
reduces the rate of off-target cleavage events [32].

The highly specific SUMOylation of spCas9 at Lys
848 by SUMO2/3 introduces a previously unrecognized
regulatory layer for this widely used genome-editing
enzyme. This observation also raises intriguing questions
about the evolutionary significance of this modification,
particularly if it occurs naturally during infections in
eukaryotic cells by Cas9-harboring bacteria.

© 2025 Federation of European Biochemical Societies.
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To date, it remains unclear whether Cas9 undergoes
additional post-translational modifications beyond ubi-
quitylation and SUMOylation. However, given its
large size and central role in Class II CRISPR systems
in bacteria, it is likely that Cas9 is regulated by a vari-
ety of PTMs, such as phosphorylation, acetylation, or
pupylation, which have yet to be identified. For the
purpose of this review, I will focus on the potential
implications and significance of SUMOylation.

Why is Cas9 subject to SUMOylation?
An unexpected modification with big
implications

Studies have confirmed the biochemical impact of
Cas9 SUMOylation. Disruption of SUMO2/3 conjuga-
tion at Lys 848, either by substituting this residue with
arginine, thereby preserving the positive charge while
preventing SUMOylation, or by eliminating the adja-
cent aspartic acid residue at position 850, which is
essential for efficient SUMOylation of Lys 848, results
in reduced enzyme stability and impaired sequence-
specific DNA binding when guided by sgRNAs [25]. A
comparable phenotype was also observed upon phar-
macological inhibition of Cas9 SUMOylation, despite
Lys 848 remaining intact [25]. While it remains to be
established whether SUMOylation also influences
Cas9’s enzymatic activity, this modification, which is
strikingly situated at the catalytic site of the HNH
domain clearly exerts notable biochemical effects, sug-
gesting that it is unlikely to be a random occurrence.
However, further studies are required to determine
whether this represents an evolutionarily selected regu-
latory mechanism.

As discussed above, in nature, Cas9 is a bacterial
protein and is part of the prokaryotic adaptive
immune system. Whether it is introduced into eukary-
otic cells during infection in the native biological con-
text is unknown. There are many examples of bacterial
effectors being secreted into eukaryotic host cells via
secretion systems, such as Type III or Type IV secre-
tion systems, though this has not been shown for Cas9
[33]. Although Streptococcus pyogenes does not have
the classical secretion systems like Type III or Type IV
that are common in many Gram-negative pathogens,
as a QGram-positive bacterium, it uses various other
mechanisms to secrete its effector proteins into the
host, such as Streptolysin O (SLO)-Dependent Trans-
location where SLO forms pores in host cell mem-
branes through which bacterial effectors are
translocated into host [34-38]. Streptococcus pyogenes
indeed employs multiple secretion mechanisms for its
effectors, such as the general secretion pathway (Sec
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Pathway), Sortase-mediated anchoring, as well as the
nonclassical secretion pathway that involves vesicles
[39]; however, the presence of the SLO-dependent
translocation system particularly makes it worth specu-
lating whether Cas9 could be co-opted into transloca-
tion into the host via such a system, as this process
does not require specific recognition motifs or signal
peptides being present on the effector.

If during infection Cas9 were ever delivered to a
host cell, even at low levels or via membrane disrup-
tion, retained long enough in the cytoplasm or
nucleus, and structured appropriately, as it clearly is,
it is also highly plausible that it would become a target
of the eukaryotic SUMOylation machinery. Naturally,
this raises the intriguing question of the physiological
significance of a bacterial protein being subjected to a
eukaryotic PTM. Countless studies have so far shown
that noneukaryotic proteins, once introduced into
eukaryotic cells, can be modified by host post-
translational modification systems, including SUMOy-
lation, ubiquitination, and phosphorylation [40-42]. In
some instances, this benefits the invading pathogen,
which hijacks the host’s PTM machinery to enhance
the function of its effector proteins. In other cases,
however, such modifications may act as a host defense
strategy, neutralizing the pathogen’s virulence factors
through specific PTMs. Both of these scenarios are rel-
evant in the context of SUMOylation during host—
pathogen interactions. SUMO peptides play a pivotal
role in eukaryotic innate immunity. Beyond acting as
key downstream effectors of interferon-mediated anti-
viral responses that limit pathogen replication, they
can also directly hinder bacterial and viral propagation
by modifying essential virulence factors [26,43-45]. For
instance, SUMOylation of the HTLV-1 Tax oncopro-
tein decreases its stability by facilitating its ubiquityla-
tion [46]. On the other hand, as an example of
SUMOylation benefiting the pathogen, the SUMOyla-
tion of HIV-1 integrase, an enzyme essential for the
integration of viral DNA into the host genome and
for the progression of the viral life cycle, is necessary
for the efficient execution of early stages of HIV-1 rep-
lication and plays a regulatory role in viral infectivity
[47]. Tt is now widely recognized that SUMOylation of
either the host’s own proteins or bacterial/viral effector
proteins during infection can have context-dependent,
either agonistic or antagonistic, biochemical effects.

Is Cas9 a bacterial effector?

The precise targeting of Lys 848, which plays a critical
role in DNA binding, by a specific SUMO paralog
(SUMO2/3), makes it plausible to propose that Cas9
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could also function as a bacterial effector with previ-
ously uncharacterized roles in eukaryotic hosts.

Cas9, while originally identified for its role in the
bacterial adaptive immune system, has several charac-
teristics that could align with those of bacterial effector
proteins. Firstly, the enzyme has cross-species functional
potency, meaning that it is capable of interacting with
and cleaving eukaryotic DNA. This makes it function-
ally similar to other bacterial effector proteins that are
capable of manipulating host cellular mechanisms. Sec-
ondly, as discussed extensively above, it is subjected to
a eukaryotic PTM, as many other bacterial effectors,
and this modification seems to occur in a very precise
and specific manner. Thirdly, given its biochemical
function, Cas9 has the potential to contribute to bacte-
rial virulence by affecting a plethora of host genes
involved in immune response or other key cellular pro-
cesses: Cas9 could potentially target key immune-related
genes, or it can interfere with host cell apoptosis path-
ways allowing the pathogen to evade host cell death to
ensure its own survival. Alternatively, by introducing
double-strand breaks, it can overwhelm the host DNA
repair pathways. Cas9’s ability to modify DNA cer-
tainly makes it an interesting candidate for effector-like
activity in the context of infection, and this could be
fine-tuned by SUMOylation.

Within this speculative context of Cas9’s potential
role as a bacterial effector in eukaryotic hosts, one
might envision multiple ways by which the enzyme tar-
gets the host DNA. Bacteria might release guide RNA
molecules in vesicles or through pores, which could
then associate with Cas9 once inside the cell. Alterna-
tively, preformed guide RNA-Cas9 complexes may
directly be released into the host through the secretion
systems. RNA molecules that mimic guide RNA struc-
tures may also be synthesized by the host genome.
Cas9 could also target genomic DNA directly without
the need for a guide RNA, in this case acting as a
sequence-independent effector or a nuclease that
induces double-strand breaks at random locations.
Cas9’s endonucleolytic activity, especially if untethered
from guide RNA specificity, raises parallels to DNA-
targeting toxins or nucleases such as colicins [48,49].
Here, the breakages could lead to genomic instability,
which might be leveraged by the pathogen to disrupt
host cell functions or evade immune responses. In light
of the recent findings that SUMO interacts with DNA
in a sequence-independent manner, these nonspecific
interactions between Cas9 and host DNA may indeed
be mediated by the enzyme’s SUMOylation [50].

In CRISPR/Cas9 genome-editing platforms, spCas9
is routinely engineered with one or more nuclear local-
ization signals (NLS) at the N- or C terminus to
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ensure its efficient nuclear localization. Native Cas9
proteins typically lack canonical NLSs; however, dur-
ing infection, it is plausible that bacteria may hijack
host cellular pathways to promote Cas9 nuclear trans-
location [51]. Indeed, bacterial pathogens can exploit
host cellular mechanisms to transport certain effector
proteins directly into the nucleus, employing strategies
such as endosomal-lysosomal trafficking or retrograde
transport. Certain bacterial effectors are also known
to target proteins of the nuclear pore complex (e.g.,
nucleoporins) to modulate nuclear import/export. One
can also easily imagine that SUMOylation (or other
PTMs) could unmask cryptic NLSs or generate novel
interfaces for interaction with importins, thereby
enhancing the nuclear entry of Cas9 [51].

Notably, Cas9 expression is not exclusive to Strepto-
coccus pyogenes, an extracellular pathogen. A wide
range of other bacteria, including various Gram-
positive and Gram-negative pathogenic species with
distinct secretion systems, also encode Cas9 enzymes.
Taken together, considering the various potential
routes through which Cas9 could be secreted into
eukaryotic host cells and its capacity to interact with
host DNA in both guide RNA-dependent and RNA-
independent manners, it is plausible that Cas9’s func-
tion extends beyond its canonical role in bacterial
CRISPR immunity. Instead, it may be co-opted during
infection to influence host immune responses, compro-
mise cellular integrity, or disrupt DNA repair path-
ways. In this context, the broad and seemingly
nonspecific ubiquitylation of Cas9 on multiple lysine
residues, leading to its degradation by the proteasome,
could reflect an evolved host surveillance mechanism
aimed at limiting the persistence or neutralizing the
toxicity of this bacterial protein [25]. This observation,
however, also underscores a potential limitation of the
Cas9 effector hypothesis. The SUMOylation of Cas9
at Lys 848 could represent a host defense mechanism
—a form of quality control targeting foreign proteins
for degradation or sequestration, similar to how ubi-
quitylation operates. The apparent specificity for Lys
848 might result from structural accessibility or a coin-
cidental match to the SUMOylation consensus motif.
However, this seems unlikely: if it were merely due to
motif availability, one would expect Lys 848 to be
modified not only by SUMO2/3 but also by SUMOI.
Furthermore, Cas9 contains nine other lysines that fall
within canonical SUMOylation consensus motifs, most
of which are solvent-exposed, yet none of these
undergo SUMOylation. This suggests a level of selec-
tivity that is unlikely to be incidental.

To rigorously address this limitation, a comparative
analysis of SUMOylation at Lys 848—or an analogous
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residue with similar structural and functional proper-
ties—across Cas9 orthologs from both pathogenic and
nonpathogenic bacteria will be critical, as discussed in
the next section.

More broadly, several key pieces of biological evi-
dence that would strengthen the effector hypothesis
are currently lacking. These include the following: (a)
demonstration of Cas9 secretion or delivery into host
cells, then to nucleus, during natural infection; (b)
identification of bacterial or host-derived guide RNAs
within host cells; and (c) evidence of Cas9-dependent
virulence or modulation of host processes. While their
absence does not invalidate the effector hypothesis,
they do represent some limitations. Nonetheless, each
of these aspects can be systematically explored and
addressed, both conceptually and experimentally, as
outlined and proposed throughout this article.

Conclusion: evolutionary insights and
future prospects

While not all bacteria harbor class II CRISPR systems
and Cas9 proteins, among those that do possess them,
a compelling question arises as to whether Cas9
SUMOylation is a conserved phenomenon across phy-
logenetically distinct species, particularly in pathogenic
strains that infect eukaryotic cells and therefore have
the opportunity to interact with the host SUMOyla-
tion machinery. If Cas9 SUMOylation, in particular,
on a residue homologous to Streptococcus pyogenes’
Lys 848 in the catalytic site is found to be an evolu-
tionarily conserved process, it would have far-reaching
implications in microbiology, host—pathogen interac-
tions, evolutionary biology, and also biotechnology,
resulting in a paradigm shift in our understanding of
Cas9 functions.

As mentioned above, traditionally, Cas9 is viewed as
a bacterial defense protein, central to CRISPR-based
adaptive immunity. Conservation of SUMOylation
would imply selective pressure to retain host-
interfacing capability and suggests that Cas9 interacts
broadly with eukaryotic hosts, potentially redefining
this protein as a host-modulating effector during infec-
tion. Nucleomodulins are a class of bacterial effectors
that target and modulate host nuclear processes,
including transcription, mRNA splicing, and chroma-
tin remodeling, and are secreted by pathogenic bacte-
ria such as Listeria monocytogenes, Shigella flexneri,
and Legionella pneumophila [52,53]. Notably, some of
these pathogens actively manipulate the host SUMOy-
lation machinery to enhance their survival or replica-
tion, underscoring a functional interface between
pathogen-derived effectors and host post-translational
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modifications [42,54,55]. In this context, it will be
important to investigate whether Cas9 qualifies as a
nucleomodulin, with SUMOylation acting as a regula-
tory switch that modulates or repurposes its activity
within the host nucleus.

It is also noteworthy that a specific class of bacterial
nucleomodulins, known as Transcription activator-like
(TAL) effectors, is secreted by pathogens into plant
cells, where they induce the expression of host genes
that facilitate infection. These proteins were later engi-
neered into TAL effector nucleases (TALENSs), which
served as early tools for genome editing prior to the
emergence of the CRISPR/Cas9 platform [56,57].

In conclusion, additional phylogenetic and biochemi-
cal studies will be crucial to determine whether Cas9
SUMOylation is an evolutionarily conserved feature
and if this modification occurs under physiological con-
ditions during natural host—pathogen interactions. Con-
served Cas9 SUMOylation across species, particularly
at sites homologous to SpCas9 Lys 848, mediating
interactions with the DNA in the HNH catalytic core,
would imply functional relevance, rather than random
modification or artifact, and may redefine Cas9 more
than just a genome editor and potentially as a virulence
factor, and finally link bacterial immunity and host
immunity in very unexpected ways. Furthermore, it will
be vital to systematically investigate and document
other PTMs that might act on Cas9, both in bacteria
and during ectopic expression in eukaryotic systems.
This will not only provide insights into the regulatory
mechanisms influencing this essential enzyme but could
also have therapeutic implications for optimizing
CRISPR/Cas9-based precision genome editing. Engi-
neered Cas9 variants could unintentionally retain or
even amplify effector-like properties, contributing to
off-target effects or immune responses in clinical set-
tings. Mapping and eliminating PTM sites or motifs
involved in host interactions may be essential for refin-
ing the safety of Cas9-based therapies and may offer
means to fine-tune its activity, thereby improving con-
trol over both on-target and off-target effects.
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