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Guard the guardian: A CRL4 ligase stands watch over histone production
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ABSTRACT

Histones are evolutionarily conserved proteins that together with DNA constitute eukaryotic
chromatin in a defined stoichiometry. Core histones are dynamic scaffolding proteins that undergo
a myriad of post-translational modifications, which selectively engage chromosome condensation,
replication, transcription and DNA damage repair. Cullin4-RING ubiquitin E3 ligases are known to
hold pivotal roles in a wide spectrum of chromatin biology ranging from chromatin remodeling and
transcriptional repression, to sensing of cytotoxic DNA lesions. Our recent work uncovers an
unexpected function of a CRL4 ligase upstream of these processes in promoting histone biogenesis.
The CRL4"PR?3 ligase directly controls the activity of the stem-loop binding protein (SLBP), which
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orchestrates elemental steps of canonical histone transcript metabolism. We demonstrate that non-
proteolytic ubiquitination of SLBP ensures sufficient histone reservoirs during DNA replication and is

vital for genome integrity and cellular fitness.

Introduction

Canonical histones are the core building blocks of
eukaryotic chromosomes and de novo histone synthesis
is essential for chromosome packaging. A surplus of his-
tones is cytotoxic, and thus their expression is temporally
and quantitatively restricted according to the length and
rate of DNA replication.”® In metazoans, histone tran-
scripts originate from “replication-dependent” histone
genes, that are usually clustered at one or multiple geno-
mic loci.** Clustering may allow for a more precise tran-
scriptional regulation, securing “en-masse” histone
production exclusively during S-phase of the cell cycle.
Nascent histone transcripts lack poly(A)-tails but
instead contain a highly conserved stem-loop struc-
ture within their 3'UTR that undergoes a series of
unique modification steps primarily controlled by
SLBP (for stem-loop-binding protein) (Fig. 1A). SLBP
recognizes and physically associates with this con-
served RNA-element and remains tightly bound
throughout mRNA cleavage and export to the cyto-
plasm, where it is eventually required for efficient

translation of the mature transcript (** and references
therein). 3’-end cleavage demands the recruitment of
a ternary “core cleavage complex” (CCC) formed by
the proteins Symplekin, CPSF100 and CPSF73. While
the CCC participates in co-transcriptional 3’-end
processing of all pre-mRNAs, its specific role during
histone mRNA cleavage is dependent on the N-termi-
nal region of Symplekin.”* Adjacent to the cleavage
site, the histone downstream element (HDE) is bound
by the U7 snRNP via base pairing with the 5'-end of
the U7 snRNA.>**>* The U7 snRNP shares several
components with spliceosomal snRNPs; however, the
proteins Lsm10, Lsm11, and ZFP100, an extended
protein that physically links the U7 snRNP to SLBP,
are unique to this complex. Post-cleavage, SLBP-
bound mature histone transcripts are exported into
the cytoplasm, where SLBP again recruits several co-
factors accelerating translation.*> Histones fresh off
the production line are then taken on by their chaper-
ones coordinating DNA replication-coupled nucleo-
some assembly.
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Figure 1. The CRL4"P"3 |igase activates histone mRNA processing by monoubiquitinating SLBP. (A) Schematic illustration of the nuclear
histone mRNA processing pathway. SLBP binds the stem loop (SL) structure on the nascent transcript. Binding of SLBP to the hairpin is
required for the subsequent recruitment of the ternary Core Cleavage Complex (CCC), which is composed of the scaffolding protein
Symplekin and the endonucleases CPSF100/CPSF73. Together with the U7 snRNP complex, which basepairs with the Histone Down-
stream Element (HDE) and connects to SLBP via the Zn finger protein ZFP100, the CCC forms the heart of the histone pre-mRNA process-
ing machinery. The endonucleolytic activity is further increased by additional co-factors, driving maturation of histone transcripts and
subsequent SLBP-dependent export into the cytoplasm. The CRL4"PR* E3 ligase monoubiquitinates SLBP within its RNA binding
domain (RBD), and this regulation is critical for the efficiency of the histone mRNA cleavage process but not for nuclear export. (B)
Downregulation of the CRL4 adaptor protein WDR23 by siRNA causes a drop in canonical histone levels due to a defect in histone tran-
script maturation. Extracts from U20S cells treated with control or WDR23 siRNA were analyzed by SDS-PAGE. Total protein levels were

visualized by Coomassie staining.

The cell division apparatus, and in particular tim-
ing and efficiency of DNA replication, DNA repair
mechanisms as well as mitotic checkpoint control,
rely on intricate cross-talk between numerous E3
ubiquitin ligases controlling the fate and/or half-life
of their substrates.”” Cullin4-RING E3 ubiquitin
ligases (CRL4s) are critical genome caretakers, exert-
ing prominent roles during DNA replication and
repair pathways.””*' The remarkable pleiotropy of
CRL4s can be explained by the modular design of
these E3 ligases, which is shared among all CRL fam-
ily members. Each Cullin (1, 2, 3, 4A, 4B and 5) tar-
gets multiple substrates by assembling into functional
ligases with one of many interchangeable substrate
recognition modules. For example, greater than 50

predicted substrate recognition proteins (DCAFs) are
associated with the Cul4A/B-Rbx1-Ddbl module
comprising CRL4s, while roughly 70 substrate recog-
nition (F-box) proteins join with Cull-Rbx1-Skpl to
assemble SCF complexes.’*® Together, CRLs form
roughly 200 distinct ubiquitin ligases, thus account-
ing for up to one third of the predicted human E3
pool.*>*® The impact of CRL4s on cellular fitness has
recently been highlighted in a human genome-wide
CRISPR/Cas9 knockout screen in which the constitu-
tive CRL4 component Ddbl scored as an essential
gene.’! At present only a handful of CRL4s have
been mechanistically and structurally analyzed (see
below for more details on the function of selected
complexes), and thus the bulk of forecasted DCAFs
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are still “orphan” receptors that await substrate
identification.

Here we will highlight our recent findings showing
that the CRL4"P** ligase regulates key steps of histone
mRNA processing by targeting its master regulator
SLBP. We speculate about the molecular consequences
resulting from SLBP ubiquitination for the assembly
and/or processivity of the cleavage complex. Moreover,
we summarize available evidence that SLBP is targeted
for proteasomal degradation in G2 phase of the cell cycle
by another CRL, SCF¥™™ ¥, thereby restricting SLBP
function to S-phase. Finally, we briefly review the mani-
fold roles of CRL4 in chromatin biology, in particular
during DNA replication and repair.

A CRL4 ligase promotes histone mRNA
processing by regulating SLBP

WDR23 was previously identified as a Ddbl-and-
Cul4-associated factor (DCAF) that upon depletion
provokes an S-phase delay accompanied by an
increased frequency of DNA breaks.””* Together,
these results inferred a functional role of the protein
during either DNA replication or repair. Consistent
with these findings, WDR23 indeed assembles into an
active, stoichiometric CRL4 complex in vitro and cel-
lular phenotypes resulting from WDR23 depletion are
caused by the lack of this particular E3 ligase activity.”
Upon close examination, cells deprived of CRL4"PR*?
typically presented with lagging replication forks along
with an activated replication stress (intra-S) check-
point. Limited stocks of nucleotides, histones, histone
chaperones, and components of the replication
machinery all adversely affect replication fork speed.”
While CRL4"P*** depletion has no obvious impact
on nucleotides,” cells do gradually lose their canonical
histones as a consequence of a shortage of mature his-
tone transcripts (Fig. 1B).

This phenotype is reminiscent of activated DNA
damage pathways, which both trigger a reduction in
the steady-state levels of histone mRNA by effectively
repressing the transcription of core histones** and
activate the histone mRNA decay machinery to coun-
teract cytotoxicity.”>** Likewise, ectopic stabilization
of the CRL4“P"? target Set8b, a histone methyltrans-
ferase, results in an analogous drop in histone levels
due to suspended histone mRNA expression.” In the
case of CRL4"P®** however, initial transcription of
histone mRNA 1is unaffected. On the contrary,

unprocessed histone transcripts accumulate upon
WDR23 depletion, pointing toward a specific block or
slowdown of histone mRNA 3’-end processing in the
absence of this specific E3 ligase. This hypothesis was
confirmed by ablating the histone mRNA-processing
factor SLBP, which binds and audits nascent histone
transcripts before their cleavage until their translation
in the cytoplasm. Remarkably, lack of SLBP in cells
phenocopies hallmarks of WDR23 depletion, includ-
ing a decline in mature histone mRNA and protein
levels, a slowdown of DNA replication as well as
increased checkpoint activity with none of these being
further aggravated upon simultaneous depletion of
both factors. Together, these findings imply a tight
functional relationship between SLBP and CRL4""***
and raise the question of whether SLBP might be a
candidate substrate for this particular ubiquitin ligase.

SLBP was previously found to be ubiquitinated and
degraded right after DNA replication by an unknown
E3 ligase®**° (see also below for more details on SLBP
degradation). Notably, a recent report suggested that
CRL4"YP®?* may also target SLBP for proteasomal
degradation.11 Our results, however, demonstrate that
CRL4"YP®** directly governs SLBP function rather
than protein levels. First, there is no evidence that cells
lacking WDR23 stockpile excess SLBP. Moreover, the
primary phenotype of WDR23 depletion lies in the
accumulation of unprocessed histone mRNA tran-
scripts, emphasizing that the ligase acts upstream of
SLBP proteolysis. In line with this, reconstituted
CRL4"YPR?*  complexes rapidly monoubiquitinate
recombinant and cell-extract-derived SLBP. Further-
more, mass-spectrometry based ubiquitin-remnant-
profiling in cells revealed that SLBP was modified at
multiple lysine residues, and at least one of them is
regulated by WDR23 in vivo. The functional relevance
of CRL4"P***_mediated monoubiquitination of SLBP
was further underscored by the expression of a triple
SLBP*® mutant that mimics the depletion phenotypes
observed for WDR23 and SLBP with respect to
impaired histone mRNA processing.” Collectively,
these data identify SLBP, the central regulator of his-
tone mRNA metabolism, as a novel substrate of
CRL4"P®?? Monoubiquitination of SLBP is critical
for the conversion from premature to translation-
competent histone transcripts. If defective, unpro-
cessed histone mRNA accumulates and histone
protein levels drop, ultimately leading to a roadblock
for DNA replication and elevated DNA damage.



Mechanistic consequences of non-proteolytic
SLBP monoubiquitination

Substrate monoubiquitination typically results in func-
tional consequences for the modified protein such as
modulating its intra- or intermolecular architecture,
interaction partner, localization or activity.”! While
our work established SLBP as a bona fide substrate of
CRL4WPR required for core histone expression dur-
ing S-phase, the underlying mechanism of when and
how ubiquitination is required to activate histone pre-
mRNA processing remains elusive. The first step in
the pathway involves the recruitment of SLBP itself to
the characteristic stem-loop (SL) within the 3’-end of
histone transcripts. Considering the severe nature of
WDR23 depletion on histone homeostasis it is con-
ceivable that monoubiquitination of SLBP in cells is
critical to initially liberate and/or significantly enhance
its RNA-binding properties (Fig. 2). Indeed, this step
is subject to post-translational regulation as demon-
strated in Drosophila, where C-terminal phosphoryla-
tion of SLBP significantly increases its affinity for the
SL.>* Likewise, phosphorylation of T171 within
the RNA-binding domain (RBP) of hSLBP stabilizes
the RNA:protein complex.'>'*** Since CRL4""*** in
vivo targets the exposed lysine residue K156 right in
the center of the RBD,” ubiquitin moieties possibly
configure SLBP to enhance SL-association. While the
single non-ubiquitinatable K156R point mutant par-
tially rescued the siRNA-depletion phenotype of
SLBP, a triple mutant, which in addition to K156R
harbors arginine substitutions at the neighboring
lysine residues (K146R, K170R), is significantly
impaired in histone mRNA processing. However, the
precise number of CRL4"’**’-dependent ubiquitin
sites within SLBP and their relative contribution to SL-
binding remain to be determined. This becomes par-
ticularly important in light of the available crystal
structure of phosphorylated SLBP bound to the SL, in
which the positively charged K146 along with phos-
phorylated T171 and other residues contribute to the
stabilization of the complex by bringing together 3
a-helices and a loop of the RBD.>* Although the
SLBP-K146R mutant used in our study preserves its
positive charge and full RNA-binding activity,'* the
accessibility of this site in vivo clearly requires experi-
mental validation. Notably, in vitro, cell extract-
derived SLBP-3KR mutant protein is still a substrate
for recombinant CRL4"P®??, suggesting that there are
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additional ubiquitin acceptor sites within SLBP
(unpublished results). Nevertheless, it is unlikely that
SLBP ubiquitination merely regulates RNA-binding,
as unmodified hSLBP has a basal ability to bind the SL
in the co-crystal structure.*® Interestingly, abrogation
of WDR23 function in cells results in subcellular redis-
tribution of SLBP from the nucleus to the cytoplasm
indicating that SLBP is exported along with the unpro-
cessed histone transcripts.” This is consistent with pre-
vious observations indicating that in contrast to the
SLBP-SL interaction, histone pre-mRNA metabolism
per se contributes little to the consecutive export
step.15 45 Alternative to RN A-association, lack of SLBP
ubiquitination might compromise the catalytic activity
of the endonucleolytic cleavage machinery either due
to the poor recruitment of the downstream effector
complexes or forestalled catalysis. To probe the proc-
essing efficiency, several assays were developed in the
past that allow monitoring the maturation of labeled
histone pre-mRNA substrates in nuclear extracts
depleted for SLBP. Restoration of pathway activity can
then be probed using different versions of recombi-
nant SLBP. In such an experimental setup our current
model would make a strong prediction: if cell extracts
lacking endogenous SLBP are supplemented with
recombinant pre-ubiquitinated SLBP, substrate cleav-
age should bypass the requirement for the adaptor
protein WDR23. Furthermore, to disentangle defects
in downstream effector complex assembly versus enzy-
matic activity, immunoprecipitated S-phase SLBP- and
non-ubiquitinatable SLBP*® mutant complexes might
reveal the relative presence of individual CCC and U7
snRNP components (Fig. 2). In wild-type SLBP com-
plexes, we readily detected the U2 snRNP spliceosome
components SF3b155 along with hPrp43/DHX15, a
DEAH-box helicase.” Both proteins have been previ-
ously reported to bind to an RNA element upstream of
the SL, suggesting that intronless histone transcripts
borrow parts of the spliceosome machinery to boost
U7-snRNP-dependent catalysis.'” Finally, parallels
between histone mRNA cleavage and general pre-
mRNA splicing allow for venturing into a more mech-
anistic model of how (reversible) ubiquitination might
drive histone metabolism (Fig. 2). Spliceosome
dynamics integrate a series of inputs derived from
non-proteolytic ubiquitination events that trigger sub-
unit assembly, reordering, disassembly as well as liber-
ation of various catalytic cores.® Thus, it is tempting to
speculate that in the final step of SLBP-initiated
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Figure 2. Different models of how loss of SLBP monoubiquitination by CRL4"P%23 may lower histone mRNA processing activity. Given

that CRL4"P"% targets the RBD of SLBP, it is conceivable that ubiquitination positively influences SL binding by lowering the dissocia-
tion rate of SLBP for the SL (i.). Although SLBP has an intrinsic affinity for the SL, reinforcement of this interaction might stabilize SLBP-
mRNA association until the histone transcripts are translated in the cytoplasm. Alternatively, exposed ubiquitin moieties on SLBP might
create binding sites for the components of the endonucleotytic machinery, in particular the CCC (ii.) and/or U7 snRNP (jii.). In each case,
poor recruitment of one or both complexes would cause a severe block to mRNA cleavage. It is also conceivable that the lack of SLBP
monoubiquitination leaves the initial assembly of the endonucleolytic machinery unperturbed, but has effects on its processivity. In
cells, the cleavage of histone pre-mRNA is greatly enhanced by the recruitment of the spliceosomal U2 snRNP complex upstream of the
SL. Ubiquitinated SLBP might thus contribute to this step, either by exposing an additional binding site for U2 snRNP or by together
configuring an overall architecture that favors CCC/U7 snRNP-dependent histone mRNA cleavage (iv.). Lastly, the U2 snRNP complex
contains the DEAH box helicase hPrp43, and its RNA helicase activity was previously suggested to facilitate the disassembly of the cleav-
age machinery before the export of the mature histone transcript. Ubiquitinated SLBP might block the catalytic activity of hPrp43 to
allow completion of the cleavage reaction. Hence, a defect in SLBP ubiquitination would lead to constitutive hPrp43 helicase activity
and the premature release of individual subcomplexes from the mRNA (v.).

complex assembly, an ubiquitination event creates or
exposes a binding-site for U2 snRNP to fuel U7-
snRNP-dependent cleavage. This is consistent with
our observation that immature histone transcripts
accumulate upon WDR23 depletion. Alternatively,
SLBP ubiquitination obstructs precocious hPrp43
activity, which is believed to release the majority of
protein-RNA interactions after cleavage.'” In this sce-
nario, a sudden imbalance in complex association and
dissociation rates would likewise result in a poor his-
tone mRNA maturation process.

Clearly, additional experimentation will be required,
ideally using a fully reconstituted system and single-
molecule analysis, to obtain a comprehensive view of
how CRL4“P**_mediated SLBP monoubiquitination
activates downstream histone mRNA processing events
either by enhancing the affinity of SLBP for the histone
pre-mRNA stem-loop, gathering crucial downstream

factors, or by tweaking the enzymatic activity of these
effector proteins. Moreover, it would be interesting to
test whether WDR23-mediated monoubiquitination on
SLBP persists, or if a deubiquitination step is critical to
facilitate release of complex components before the
export of the mature transcript. If so, is there a specific
deubiquitinase (DUB) involved? Alternatively, removal
of ubiquitin from SLBP may liberate the protein itself
from translation-competent histone transcripts, thereby
closing the regulatory circuit of histone mRNA process-
ing by decommissioning SLBP.

Coordinated histone biogenesis is likely
mediated by cross-regulation of SLBP by
multiple CRL complexes

As described earlier, the rate and completion of DNA
synthesis is strictly dependent on sufficient stocks of



canonical histones during S-phase. Thus, not surpris-
ingly, swift histone production is synchronized with a
drastic increase in SLBP protein levels during late G1/
S-phase. Shortly after completion of DNA replication,
SLBP is degraded during early G2 phase in mamma-
lian cells (Fig. 3). Two previous studies mapped SLBP
phospho-sites that in combination trigger destruction
of the protein.***° In addition, the identification of an
adjacent consensus cyclin A/F binding motif and sub-
sequent biochemical reconstitution of SLBP phos-
suggested  that
degradation requires cyclin A/Cdkl. However, until
recently the relevant E3 ligase targeting SLBP for pro-
teasomal degradation remained elusive, despite a
growing body of evidence strongly pointed toward
another CRL. For example, SLBP has been isolated
repeatedly in proteomic screens evaluating changes in

phorylation priming of SLBP

protein abundance in the presence and absence of the
general CRL-activity inhibitor MLN4924."*** Consis-
tently, we also found SLBP stabilized upon MLN4924
treatment along with the CRL4 core components
Ddbl, Ddal and the characterized proteolytic CRL
substrate p21 by western blotting, whereas we did not
observe an increase in total SLBP levels upon WDR23
depletion” (Fig. 3). Furthermore, SLBP is stabilized
upon overexpression of dominant-negative cullinl but
not cullin4,"* suggesting that SLBP is a SCF substrate.
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Indeed, recent work identified the F-box-containing
substrate adaptor cyclin F to efficiently target SLBP
for degradation after S-phase'® (Fig. 3B). In this ele-
gant study a series of experiments were conducted to
first identify and then substantiate a physical interac-
tion between cyclin F, core SCF components and
SLBP in cells. Subsequently, the authors probed the
dependence of SLBP degradation in G2 on the pres-
ence and relative levels of cyclin F, and demonstrated
increased in vivo ubiquitination of SLBP upon ectopic
expression of the adaptor protein. Conversely, the
study defined a specific SLBP “degron” mutant (RL97/
99AA), which was no longer degraded in G2, in agree-
ment with the inability of this mutant to bind cyclin F.
Importantly, while impaired proteolytic destruction of
SLBP had no obvious effect on core histone mRNA
and protein levels, it is critical for balanced cellular
H2A.X levels and genome maintenance upon geno-
toxic stress. Notably, proteasomal degradation of
SLBP in G2 is restricted to vertebrates and evolution-
ary correlates with the occurrence of SCF¥™" F
plexes.'” As mentioned earlier, SLBP degradation in
G2 was also attributed to the activity of CRL4"PR*? 1!
The discrepancy between these 2 studies might arise
from the fact that Djakbarova and colleagues used a
bacterially produced short GST-SLBP fragment to iso-
late interaction partners in cell extracts. While they

com-
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Figure 3. SLBP is targeted by the SCF¥“I" Fcomplex for proteasomal degradation in G2. (A) Western blot analysis of asynchronous Hela
Kyoto cells treated with inhibitor MLN4924, which interferes with the conjugation of Nedd8 to the cullin protein. As expected, MLN4924
treatment leads to a loss of CRL activity, which is reflected in the accumulation of the CRL4 core components Ddb1 and Dda1 as well as
the shared CRL4/SCF substrate p21. While downregulation of WDR23 in cells does not affect SLBP protein levels, MLN4924 treatment
leads to SLBP stabilization, implying that another CRL targets SLBP for proteasomal degradation. (B) Model depicting the sequential reg-

ulation of SLBP by CRL4"°f?% and SCF¥“" F through the cell cycle.
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recover the CRL4 adaptor protein WDR23 as a spe-
cific binding partner, they do not find cyclin F or other
SCF components. This is somewhat surprising since
the SLBP truncation (aa 51-108) used in this study
encompasses the minimal cyclin F binding motif (aa
R97/199). However, SLBP lacking a large proportion
of its N-terminus including the NLS might not be cor-
rectly folded or too short for cyclin F binding whereas
a SLBP construct spanning aa 1-99 preserves cyclin F
binding.'® Further, the authors demonstrate that SLBP
levels increase or decline depending on the siRNA-
mediated depletion or transient overexpression of
WDR23.!! However, given that SLBP levels fluctuate
throughout the cell cycle, cell synchronization experi-
ments in combination with inducible cell lines and
siRNA resistant constructs are necessary to clarify
whether WDR23 may contribute to SLBP degradation.
Considering our own results and the mechanism
described in Dankert et al., we currently advocate a
model of sequential interaction and ubiquitination of
SLBP by CRL4"“P** and SCF¥™™ ¥ It is also possible
that CRL4"P*** _mediated monoubiquitination dur-
ing S-phase may serve as a priming step for subse-
quent chain formation by SCF¥™™ ¥ during G2.
Intriguingly, substrate “sharing” between CRL4 and
SCF complexes is an emerging concept™’ and here
used to temporally regulate the activity of SLBP
through the cell cycle.

Concluding remarks

The dynamics of chromatin, starting from its coordi-
nated assembly to its active part in DNA replication,
transcription and DNA repair, demand elaborate and
synchronized regulatory mechanisms. A growing
body of evidence suggests that the highly polymorphic
family of CRL4 E3 ligases is critically involved in cellu-
lar DNA homeostasis by controlling the fate and life-
time of histones, chromatin remodelers, transcription
factors, and repair proteins. Indeed, based on our find-
ings CRL4“P** joins the ranks of several CRL4
ligases that watch over cell cycle progression and
genome stability by selectively moderating chromatin-
related processes in a proteolytic and regulatory fash-
ion. While CRL4"P*** ensures histone supply during
S-phase, in S. cerevisiae CRL4 in complex with an
unknown adaptor is required to convey newly synthe-
sized H3-H4 dimers bound to the histone chaperone
Asfl to downstream chaperones for nucleosome

assembly."” Likewise, CRLA""®"” was shown to aid
timely deposition of the centromere-specific histone
variant CENP-A during S-phase.’® Furthermore,
CRL4s at multiple steps coordinate timely cell cycle
progression with DNA damage repair. Most promi-
nently, CRL4““? manages the coordinated destruction
of its targets Cdtl, p21 and Set8b upon entry into
S-phase, thereby thwarting re-initiation of DNA repli-
cation. CRL4“? also participates in the UV-induced
degradation of Cdtl, p21 and Set8 irrespective of the
cell cycle stage.">* ** Downstream of DNA replica-
tion, CRL4PPB2 and CRL4A“ are among the first res-
ponders that track down DNA lesions.'®*** Ddb2
ubiquitinates histones to weaken DNA-protein inter-
actions thereby creating space for effector proteins of
the global nucleotide excision repair (NER) pathway.
CSA is involved in transcription-coupled NER and
ubiquitinates the repair factor CSB. Other CRL4
ligases have been implicated in directly and indirectly
mediating histone modification events, or in degrada-
tion of transcription factors, both altering the tran-
scriptional landscape of a cell>'®**>* Additionally,
CRL4s have recently received special attention as they
are prone to reprogramming by exogenous factors
such as drugs or viruses, thereby creating de novo
ubiquitination substrates, many of which are disease-
relevant transcription factors.”>***® In summary,
cullin4-RING E3 ubiquitin ligases are guardians of vir-
tually all chromatin-relevant processes and our recent
findings” have now expanded their target range to his-
tone production. Besides the functional characteriza-
tion of the remaining CRL4 adaptor proteins, future
work will increasingly aim to zoom in on non-proteo-
lytic ubiquitination events, and mechanistically dissect
the functional consequences for the target protein as
well as the activity of the respective pathway.
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