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Nuclear and cytoplasmic WDR-
23 isoforms mediate differential
effects on GEN-1 and SKN-1

substrates

Brett N. Spatolal?, JacquelineY. Lo%23, Bin Wang* & Sean P. Curran’%>

Maintaining a healthy cellular environment requires the constant control of proteostasis. E3 ubiquitin
ligase complexes facilitate the post-translational addition of ubiquitin, which based on the quantity
and specific lysine linkages, results in different outcomes. Our studies reveal the CUL4-DDB1 substrate
receptor, WDR23, as both a positive and a negative regulator in cellular stress responses. These
opposing roles are mediated by two distinct isoforms: WDR-23A in the cytoplasm and WDR-23B in the
nucleus. C. elegans expressing only WDR-23A display activation of SKN-1 and enhanced survival to
oxidative stress, whereas animals with restricted WDR-23B expression do not. Additionally, we identify
GEN-1, a Holliday junction resolvase, as an evolutionarily conserved WDR-23 substrate and find that the
nuclear and cytoplasmic isoforms of WDR-23 differentially affect double-strand break repair. Our results
suggest that through differential ubiquitination, nuclear WDR-23B inhibits the activity of substrates,
most likely by promoting protein turnover, while cytoplasmic WDR-23A performs a proteasome-
independent role. Together, our results establish a cooperative role between two spatially distinct
isoforms of WDR-23 in ensuring proper regulation of WDR-23 substrates.

Proteostasis plays an integral part in ensuring organismal survival, and numerous diseases can arise when the
balance of the creation, maintenance, and degradation of proteins is dysregulated2. A major component of pro-
teostasis is the ubiquitin-proteasome system (UPS), which is the primary cellular degradation pathway. The most
critical player in the UPS is the E3 ubiquitin ligase complex, which assists in adding ubiquitin onto substrates
via concurrently binding the substrates and the ubiquitin bound-E2 conjugation enzyme. Additional ubiquit-
ins are attached via K48 linkage in order for the substrate to be presented to the proteasome for degradation.
Interestingly, the quantity of ubiquitins added and the type of inter-ubiquitin linkage can have different outcomes;
the attachment of multi- and/or mono-ubiquitination on proteins can trigger activation, translocation, and other
signaling cascades that can be beneficial to the cell**.

Over 600 E3 ubiquitin ligases have been identified in humans*°. One of the most abundant, yet complex,
group of E3 ubiquitin ligases are the cullin-RING ligases (CRLs), which form multi-protein complexes. Cullins
serve as the main platform of the CRL complex®, with the C-terminal portion bound by RING finger proteins and
the N-terminal domain bound to adaptor proteins, such as DDB1. Adaptor proteins form the bridge between the
cullin and the substrate receptor, which directly bind to substrates. Substrate receptors, or DDB1-CUL4 associ-
ated factors (DCAFs), are an important part of the CRL, but there is a gap in the identification of specific sub-
strates’. Approximately 90 receptors have been discovered?, but only a fraction of these have been associated with
specific substrates? . As many identified substrates have been linked in some form to cancer', this places CRLs
at the forefront of chemotherapeutic and pharmacological treatments.

WDR-23, the C. elegans homolog of mammalian DCAF11/WDR23, is a CRL substrate receptor that exists in
two spatially distinct isoforms, a cytoplasmic WDR-23A and nuclear WDR-23B'¢-!8, Identification of direct sub-
strates for WDR23 are emerging'”'*?°, but the interplay and specific functions of each have not been well-studied.
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Figure 1. Nuclear WDR-23B negatively impacts SKN-1 activity. (A) Defects in total brood size in the wdr-
23(tm1817) null mutant are partially restored in wdr-23(tm1817); +wdr-23(A) and wdr-23(tm1817); +wdr-
23(B) animals while expression of both WDR-23A and WDR-23B restores brood size to wild-type levels; n > 10
animals for each strain. SKN-1 target gene (B) gst-4 is significantly decreased in +wdr-23(B); wdr-23(tm1817)
compared to +wdr-23(A); wdr-23(tm1817) and wdr-23(tm1817) animals. (C) SKN-1 target gene gcs-1 is
significantly higher in +wdr-23(A); wdr-23(tm1817) compared to wdr-23(tm1817) worms. n=>5 plates of ~1000
animals for each strain. (D) Representative images of gst-4p::gfp expression in control (wdr-23(tm1817)), +wdr-
23(A); wdr-23(tm1817), and +wdr-23(B); wdr-23(tm1817) animals. Images were taken at 20 ms in L4 or later
worms. (E) Decreased survival percentage in +wdr-23(B); wdr-23(tm1817) when compared to wdr-23(tm1817)
and +wdr-23(A); wdr-23(tm1817) animals after exposure to 10 mM H,0,. n > 10 plates of >10 animals

for each strain. Data are mean = s.e.m.; one-way ANOVA with multiple comparisons. n.s. = not significant

*p < 0.05,%%p < 0.01, ¥**p < 0.001, ¥***p < 0.0001, *****p < 0.00001. (See Table S1 for more details).

One previous study observed that extra-chromosomal expression of wdr-23A cDNA, but not wdr-23B cDNA, in
wdr-23(k1007) mutants suppresses fluorescence of a target gene of a known substrate that is negatively regulated
by WDR-23, SKN-1'8. However, the mosaic nature of extra-chromosomal arrays, their high copy number, their
silencing in some tissues like the germline, and/or the nature of the wdr-23(k1007) variant used in this study alone
or in combination likely impact WDR-23 and/or SKN-1 function. As such, a thorough examination on the effect
of stable and physiological rescue of the cytoplasmic (wdr-23A) or nuclear (wdr-23B) isoforms in a wdr-23 mutant
on SKN-1 and other substrates activity has not been pursued.

More recently, our lab discovered that NRF2 is a substrate of DCAF11'”. NRF2, the human ortholog of
SKN-1in C. elegans, is a transcription factor that activates cytoprotective genes upon cellular stress*?2. Results
from this study and others highlight DCAF11’s role in the degradation of proteins, organismal health, and
even lifespan!”1%%, However, the possibility of proteasome-independent functions have been documented for
DCAF11, as DCAFI11 was found to ensure histone supply during DNA replication via ubiquitination of its sub-
strate SLBP (stem-loop binding protein)?’. Additional studies must be conducted to further examine the diverse
roles of WDR23 in protein regulation.

With a combination of C. elegans genetics and mammalian cell culture, we present the spatially distinct mech-
anism of WDR-23-mediated regulation in two cellular pathways and identify GEN-1 as a new substrate of this
CRL complex.

Results

Nuclear WDR-23B, but not cytoplasmic WDR-23A, negatively regulates oxidative stress resist-
ance. To dissect the differential roles of the nuclear and cytoplasmic isoforms of WDR-23, we utilized a wdr-
23(tm1817) null mutant where WDR-23 is rescued with integrated single-copy transgenes of cytoplasmic wdr-23a
cDNA or nuclear wdr-23b cDNA'¢ (Fig. 1A). The null mutant wdr-23(tm1817) contains a 635bp deletion and is
known to have an extreme defect in fecundity?*; thus, we tested for the capacity of each isoform to restore brood
size back to wild type levels. Although rescue from either WDR-23 isoform increased brood size, neither was
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able to fully restore fertility (Fig. 1A), suggesting that both isoforms are needed for normal reproductive output
and importantly, that the nuclear and cytoplasmic versions of WDR-23 have distinct roles. Indeed, restoration of
both WDR-23A and WDR-23B in wdr-23(tm1817) mutants fully restored brood size to wild type levels (Fig. 1A).

We next investigated if WDR-23 isoforms differentially regulate SKN-1, a known substrate for WDR-23. SKN-
1, or NRF2 in mammals, is a cytoprotective transcription factor that activates upon cellular stresses, such as oxi-
dative stress*>. WDR-23 has been shown to negatively regulate SKN-1 stability; the null mutant wdr-23(tm1817)
has increased SKN-1 protein levels, resulting in an increase in oxidative stress resistance when compared to
wild type worms?!. To determine the role of each isoform, we first measured transcript levels of SKN-1 target
genes (gst-4 and ges-1) via qQPCR in the strains with isoform-specific rescue of WDR-23 (Fig. 1B,C). Consistent
with previous data®', wdr-23(tm1817) showed a significant increase (~40-fold) in gst-4 mRNA levels (Fig. 1B).
Interestingly, we observed that gst-4 mRNA levels were further increased, to a level of ~100 fold greater than wild
type animals, when only the cytoplasmic WDR-23A isoform is restored (Fig. 1B). The same synergistic effect was
observed when studying mRNA levels of gcs-1 (Fig. 1C). The increased expression of SKN-1 target genes in strains
solely expressing the cytoplasmic WDR-23 isoform suggests a positive role for WDR-23A on SKN-1 activity, a
surprising finding given the canonical role of WDR-23 mediating the proteasomal turnover of SKN-1. In contrast,
expression of the nuclear WDR-23B isoform reduced gst-4 mRNA levels as compared to the wdr-23(tm1817)
mutant (Fig. 1B), a result expected if the primary function of nuclear WDR-23B is to stimulate SKN-1 turnover.
The expression of gcs-1 was not restored in animals with expression of only WDR-23B; however, it is notable that
the impact of SKN-1 activation on gst-4 and gcs-1 differs by an order of magnitude, perhaps indicating differences
in the regulatory pathways that govern these genes beyond SKN-1. The isoform specific roles of WDR-23 on gst-4
activation were corroborated in vivo by measuring GFP expression from a SKN-1 target gene reporter, gst-4p::gfp,
in combination with each one of the WDR-23 isoforms rescuing wdr-23(tm1817), where we observed a significant
decrease of GFP fluorescence only in WDR-23B rescue worms (Figs 1D; S1A,B). Furthermore, gDNA rescue of
both WDR-23A and WDR-23B in wdr-23(tm1817) mutants fully restored gst-4::gfp expression levels to wild type
levels (Figs 1D, S1A,B).

Based on the opposing expression levels of SKN-1 target gene mRNAs upon expression of the nuclear or cyto-
plasmic forms of WDR-23, we wondered if these animals would display differential resistance to oxidative stress.
To test this, worms were challenged with an acute exposure to hydrogen peroxide (H,0,), and survival rates were
measured 24 hours later'”?*?. Consistent with previous data?"?, wdr-23(tm1817) displayed enhanced survival
compared to wild type, a phenotype only suppressed by WDR-23B expression (Fig. 1E), further suggesting the
negative impact on the activity of SKN-1 by WDR-23B. WDR-23A expressing worms remained resistant to oxi-
dative stress to the same degree as the wdr-23(tm1817) (Fig. 1E). Furthermore, gDNA rescue of both WDR-23A
and WDR-23B in wdr-23(tm1817) mutants fully restored survival levels to wild type levels (Fig. 1E).

In summary, these results suggest the opposing functions of WDR-23 on SKN-1 activity is based on the cel-
lular localization of each isoform. Since the phenotypes stemming from the restoration of both WDR-23A and
WDR-23B resembles the rescue of WDR-23B alone, we suggest that WDR-23B activity follows the actions of
WDR-23A.

WDR-23 interacts with GEN-1. Given the unexpected finding that WDR-23 isoforms may play opposing
roles in the regulation of SKN-1 activity, we sought to identify new substrates for WDR-23. We conducted a yeast
two-hybrid screen, using wdr-23A as bait and a C. elegans cDNA library as prey®® (Fig. 2A). From a collection of
several candidate proteins, we identified GEN-1 (GEN1 in humans) as a potential interactor (Table S2). GEN1
functions as a conserved Holliday junction resolvase and participates in DNA damage signaling pathways across
species?**?, Our previous studies revealed that overexpression of human WDR23 in HEK293T cells decreased
cell viability and increased accumulation of DNA double strand breaks (DSBs) after exposure to DSB-inducing
chemotherapeutic drugs'”. Although these studies focused on WDR23-mediated NRF2 stability, the possibility
that WDR23 has other targets that could impact genome stability remained plausible. The regulation of GEN1
must be tightly controlled to avoid chromosomal abnormalities; yeast and human cells have developed measures
to restrict GEN1 localization away from the nucleus, thus prohibiting activity on chromatin, via phosphorylation
and a nuclear export signal, respectively’*2. Taken together, the activity of GEN1 is regulated by its subcellular
localization, and WDR-23 could potentially mediate this process.

To biochemically confirm the physical interaction between WDR-23 and GEN-1, we transiently expressed
GFP- and FLAG-tagged worm WDR-23 isoforms and GEN-1, respectively, in HEK293T cells and per-
formed co-IP (co-immunoprecipitation). We observed an enrichment of GEN-1-FLAG protein when either
GFP-WDR-23 isoform was immunoprecipitated (Fig. 2B), confirming the interaction between WDR-23
and GEN-1. The reciprocal co-IP experiment was performed by immunoprecipitating GEN-1-FLAG, and we
observed enrichment of either GFP-WDR-23 isoform, but no enrichment with GFP-(empty vector) (Fig. S2A).
This supports the conclusion that WDR-23 and GEN-1 interact biochemically. Furthermore, these data reveal
that the N-terminal domain of WDR-23B that mediates nuclear localization does not interfere with binding of
GEN-1 in vitro.

We wondered whether the interaction between WDR-23 and GEN-1 was conserved in humans. Similar
to worms, WDR23 isoforms are spatially distinct, with WDR23-I primarily expressed in the cytoplasm and
WDR23-1I primarily expressed in the nucleus'’. After expressing transgenic versions of GFP-WDR23 and
FLAG-GEN1 in HEK293T cells, we observed that immunoprecipitating both isoforms of GFP-WDR23 also
co-immunoprecipitated FLAG-GEN1 (Fig. 2C), suggesting that the interaction also exists in humans. The recip-
rocal co-IP experiment was performed by immunoprecipitating FLAG-GEN]1, and we observed enrichment of
either GFP-WDR23 isoform (Fig. S2B). Importantly, immunoprecipitating GFP-(empty vector) did not enrich for
FLAG-GENI, suggesting that the interaction between WDR23 and GENI is specific (Fig. S2C).
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Figure 2. WDR-23 interacts with GEN-1. (A) Identification of gen-1I as a potential interactor with wdr-23
through a yeast-2-hybrid screen. (B) GEN-1 co-immunoprecipitates with both WDR-23 isoforms in HEK293T
cells overexpressing tagged worm versions of GEN-1-FLAG and GFP-WDR-23. (C) The interaction between
GENT1 and both isoforms of WDR23 is conserved in HEK293T cells overexpressing tagged human versions of
FLAG-GEN1 and GFP-WDR?23. Blocked = blocked magnetic agarose GFP beads. GFP = magnetic agarose GFP
beads. Input =2.5% of whole-cell extract used for IP. U= unbound/flow through fraction. B=bound fraction.
oGFP probed for GFP-WDR-23/GFP-WDR23 isoforms. «FLAG for GEN-1-FLAG/FLAG-GENI1.

The GEN1 structure specific nuclease is one of the four nucleases of the XPG family*’. Another nuclease in
the XPG family is ERCC5, which is involved in the nucleotide excision repair pathway to mend UV-induced
damage. Interestingly, a BLAST search revealed that human ERCC5 shares the highest sequence similarity to C.
elegans GEN-1, and thus, we queried whether WDR23 and ERCCS5 interact (Table S2). However, after transfecting
GFP-WDR23 and FLAG-ERCCS5 in HEK293T cells, immunoprecipitation of GFP-WDR23 did not enrich for
FLAG-ERCCS5, suggesting no interaction between these two proteins and indicating that the WDR23 interaction
with GENI is specific (Fig. S2D). Additionally, we were able to co-IP other components of the E3 ubiquitin ligase
complex, as IP of either WDR23 isoforms also pulled down DDB1 and CUL4A (Fig. S2E). Based on the biochem-
ical analysis above, we conclude that GENT1 interacts with the WDR23 substrate receptor of the CUL4-DDB1 E3
ubiquitin ligase complex.

Nuclear WDR-23B, but not cytoplasmic WDR-23A, negatively regulates the DNA repair capac-
ity of GEN-1. Next, we wondered whether the levels of GEN-1 protein would be different in animals with
altered expression of the WDR-23 isoforms. We created transgenic worms expressing extra copies of either WDR-
23A or WDR-23B in a strain harboring a MosSCI integrated single copy of gen-Ip::gen-1::gfp. However, after
biochemical analysis of protein lysates, we did not see any significant changes with expression of either WDR-23
isoforms (Fig. S3A). We also examined protein lysates of GEN-1::GFP animals after RNAi-depletion of wdr-23
and did not observe a significant change in steady state level of GEN-1 protein (Fig. S3B), suggesting the pos-
sibility of additional layers of GEN-1 regulation beyond WDR-23 in the absence of DNA damage. Additionally,
in the study that identified the positive regulation of SLBP via WDR23, protein level of SLBP was not affected in
WDR23-depleted HeLa cells®. This adds further support to the model that WDR23 serves roles beyond protein
turnover.

To discover whether GEN-1 protein levels differentially change in WDR-23 isoform-specific rescue worms
in response to DNA damage, we monitored worms before and after exposure to MMS (Figs 3A,B; S3C,D). MMS
is an alkylating agent that creates DNA damage through replication fork collapse®***%. After biochemical anal-
ysis of protein lysates, we observed a slight increase (10-15%) in GEN-1 levels in wildtype worms after DNA
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Figure 3. Nuclear WDR-23B negatively impacts GEN-1 DNA repair activity. Quantification of the change

in GEN-1 protein abundance in response to DNA damage in animals expressing WDR-23A (A; Fig. S3C) or
WDR-23B (B; Fig. S3D). Western blot images were quantified using Image] after normalization to the actin
loading control. n = 3 independent biological replicates for each condition. (C) Experimental outline to
measure DNA repair capacity after treatment with 0.01% MMS to induce DNA damage. (D) Animals expressing
WDR-23B have decreased viable progeny after DNA damage, which phenocopies gen-1(tm2940) DNA repair
mutant animals. n > 8 plates of >50 animals for each strain. Data are mean + s.e.m.; one-way ANOVA with
multiple comparisons. *p < 0.05, **p < 0.01. (See Table S1 for more details).

damage when compared to untreated worms, suggesting an activating response to the threat of DNA damage
(Figs 3A,B; S3C,D). In animals expressing WDR-23B, we observed a less robust percent increase in GEN-1 levels
(~10% increase) as compared to wildtype animals after exposure to DNA damage (Figs 3B; S3D). Interestingly,
we observed a significantly larger percent increase in GEN-1 protein levels (~24%) in animals with additional
WDR-23A expression in response to DNA damage (Figs 3A; S3C). As such, we propose that the expression of
cytoplasmic WDR-23A has a positive effect on the response of GEN-1 to DNA damage.

Based on the changes in GEN-1 protein level observed from whole-animal lysates, we wondered whether
expression of either isoform of WDR-23 affected the activity of GEN-1. To test the DNA repair capacity of ani-
mals with isoform-specific WDR-23 expression, we challenged animals with MMS and measured sterility as
a surrogate of failed DNA repair in the germline® (Fig. 3C,D). As previously shown, the gen-1(tm2940) null
mutants are hypersensitive to DNA damage (Fig. 3D)*. We reasoned that if GEN-1 is regulated by WDR-23 iso-
forms, ablation of both isoforms might lead to MMS hypersensitivity. We found that neither the wdr-23(tm1817)
null mutant nor the strain solely expressing the WDR-23A isoform are hypersensitive to MMS (Fig. 3D); however,
this contrasted with WDR-23B-restricted expression, which did display MMS hypersensitivity (Fig. 3D), a result
that hints that the nuclear WDR-23B isoform might regulate GEN-1 by facilitating its turnover, akin to SKN-1
regulation by WDR-23B.

WDR23 isoforms differentially ubiquitinate GEN1. The number of ubiquitin moieties added onto a sub-
strate can affect its fate; poly-ubiquitination serves as the traditional signal for degradation via the proteasome, while
mono- and/or multi-mono-ubiquitination can have proteasome-independent outcomes***”. We wondered whether
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Figure 4. (WDR23) isoforms differentially ubiquitinate (GEN1). (A) In the presence of the necessary
components for a successful ubiquitination reaction (CUL4A-DDB1-WDR23 complex, UBE1, UBE2D1,
ubiquitin, and ATP) GENI receives the addition of ubiquitin in a time dependent manner. In the absence of
GEN1, less ubiquitination is observed, suggesting minor auto-ubiquitination of the CUL4A-DDB1-WDR23
complex or another unidentified substrate being modified. With the addition of FLAG-GENT1, an increase in
the “smear” of ubiquitin is observed over time. Immunoprecipitated samples of GFP-WDR23 isoforms and
FLAG-GENI1 were incubated in ubiquitin reaction mixtures and samples were collected at the given time points
(0-, 5-, 10-minutes). (B) Modified ubiquitin mutant with all lysine mutated to arginine to prevent the formation
of chains. (C) WDR-23A and WDR-23B differentially modify GEN-1 in vitro. Inmunoprecipitated samples of
GFP-WDR-23 isoforms and GEN-1-FLAG were incubated in ubiquitin reaction mixtures and samples were
collected at the given time points (0-, 5-, 10-minutes). «GFP probed for GFP-WDR-23/GFP-WDR23 isoforms.
oFLAG for GEN-1-FLAG/FLAG-GENI1. aUbiquitin for ubiquitinated-GEN1/GEN-1.

the nuclear and cytoplasmic localized species of human WDR23 would add ubiquitin to human GENT1 in an equiv-
alent manner. As such, we immunoprecipitated both isoforms of GFP-WDR23 in complex with CUL4A and DDB1
(Fig. S2E) and incubated these samples in a reaction mixture containing affinity purified FLAG-GEN1 and the
necessary components for efficient ubiquitination'”?. After obtaining samples from 0-, 5-, and 10-minute reaction
time points, we observed that both isoforms of WDR23 are competent for ubiquitination of GEN1 as a substrate,
as indicated by an observed increase in the of ubiquitination signal or “smear” with the addition of FLAG-GEN1
substrate and a corresponding depletion of unmodified GEN1 over the reaction time course (10-minutes) (Figs 4A;
S4A). Additional unidentified substrates could co-purify with the IP of GFP-WDR23 in complex with CUL4A and
DDBI, as evidenced by the polyubiquitin signal observed in the reaction mix when the GEN1 substrate is excluded
(Fig. 4A). However, the increase in polyubiquitin signal observed with the addition of the GEN1 substrate suggests
WDR23 facilitates the addition of ubiquitin to GEN1. We noticed that the distribution of ubiquitinated substrates
was different between the two isoforms (Fig. S4A), suggestive of a change in pattern of ubiquitin conjugates. Thus,
we modified this assay by capitalizing on an ubiquitin mutant where all lysines were mutagenized to arginines (R&D
Systems), preventing poly-linkage of ubiquitin, but still allowing for mono-ubiquitination (Fig. 4B). With this para-
digm, the ubiquitination pattern of GEN1 was markedly different between the two isoforms of WDR23 (Fig. S4A).
We noted a shift in the number of mono-ubiquitin moieties onto GEN1 depending on which of the WDR23 iso-
forms was utilized; specifically, the cytoplasmic WDR23-I facilitated the addition of more mono-ubiquitin modifi-
cations to GEN1 when compared to nuclear WDR23-11, as evidenced by the higher molecular weight species in the
presence of WDR23-I (Fig. S4A). These data suggest that the cytoplasmic WDR23-I-CUL4-DDB1 complex could
have a preference for adding mono-ubiquitin onto multiple lysines in GEN1.
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Figure 5. WDR-23 isoforms regulate GEN-1 and/or SKN-1 stability and activity. Model for the coordination
between the nuclear and cytoplasmic isoforms of WDR-23-mediated regulation of its substrates. Cytoplasmic
WDR-23A activity results in activation of substrates, while nuclear WDR-23B drives turnover of substrates to
the proteasome. The activity of cytoplasmic (activating) and nuclear (repressive) WDR-23 on its substrates may
be linked to mono- or poly-ubiquitination, respectively.

As an alternative method to quantify the ability of each isoform of WDR-23 to ubiquitinate a substrate, we
measured the change in unmodified GEN-1-FLAG over the reaction time course (10-minutes). We applied the
same ubiquitin assay, but instead used immunoprecipitation samples from GEN-1-FLAG and GFP-WDR-23
isoforms in the incubation ubiquitin reaction mixture. We observed that both isoforms could modify GEN-1
substrate in the presence of the wild type ubiquitin since unmodified GEN-1 decreases over time (Figs 4C, S4B).
With the addition of the ubiquitin mutant, WDR-23A could continue to readily modify GEN-1 throughout the
time course (0- to 10-minute time points), as evidenced by the decrease in unmodified GEN-1 (Figs 4C; S4B).
In contrast, with the addition of the ubiquitin mutant, WDR-23B could not modify GEN-1 over the same time
period since unmodified GEN-1 remains unchanged over time (Figs 4C; S4B). These data highlight the possible
function of cytoplasmic WDR-23A to multi-mono-ubiquitinate substrates, while suggesting a reduced ability
of nuclear WDR-23B to attach ubiquitin moieties onto multiple sites on GEN-1. Future understanding of the
differential mechanisms employed by WDR-23A and WDR-23B for decorating substrates will be of great interest.

Discussion

CRL complexes are rapidly becoming an attractive option in the treatment of patients with cancer and other
age-related diseases*”*3, However, there is a discrepancy between the number of complexes and their spe-
cific ubiquitination substrate(s). Here, we expand the list of known CRL substrates involved in genome stability
by identifying a protein critical for DNA repair success as a regulatory target for the CRL substrate receptor
WDR23. Specifically, WDR23 was found to interact with and ubiquitinate GEN1, and this interaction was con-
served between C. elegans and human proteins. The activity and localization of GEN1 must be closely monitored,
as unregulated nuclear GEN1 can cause chromosomal abnormalities****!, and loss of GEN1 has been observed
in ovarian and colon cancer cell lines*>. We suggest that WDR23 participates in the regulation of GEN1 to avoid
these dysfunctional processes, thus allowing cells to maintain a proper response system to DNA damage.

Previously, WDR23 was identified as a key component during DNA replication by enhancing histone biogen-
esis through controlling the activity of its substrate, called stem-loop binding protein (SLBP)*. Mutating multiple
lysines on SLBP impaired histone levels, while single ubiquitin attachments were detected in an ubiquitin assay
in combination with WDR23, positing mono-ubiquitination rather than poly-ubiquitination via WDR23. This
could be attributed to the primary function of cytoplasmic WDR23-I as a positive regulator of its substrates. On
the other hand, depletion of WDR23 led to the accumulation of p21'°, while WDR23 overexpression decreased
NREF2 protein levels'’, suggesting a role for WDR23 in regulating protein stability. We attribute this phenomenon
to nuclear WDR23-1I activity in ensuring efficient protein turnover.

The isoforms of WDR-23 share similar sequences that vary only in the N-terminal region. Interestingly, cyto-
plasmic WDR-23A is predicted to encode two nuclear export signals (NES) in the N-terminal region that are
not found in nuclear WDR-23B. This hypothetical NES in cytoplasmic WDR-23A could help explain its locali-
zation primarily in the cytoplasm, but future studies are needed to validate this claim. Furthermore, identifying
any nuclear localization signal(s) present in nuclear WDR-23B would be advantageous in clarifying the model
describing the differences in protein regulation between isoforms of WDR-23.

Our data supports a spatially-dependent model of regulation where cytoplasmic or nuclear WDR-23 differen-
tially affects substrates. The interplay between these two WDR-23 isoforms will require further study, as the data
suggest that cytoplasmic WDR-23A activity may occur before nuclear WDR-23B activity. Our proposed model
suggests that cytoplasmic WDR23 can prime or activate substrate(s) by adding multi-mono-ubiquitin onto sev-
eral lysines. Through an unknown and possibly unrelated mechanism of nuclear localization, these activated sub-
strates become targets of nuclear WDR-23 for proteasomal degradation via poly-ubiquitin linkage (Fig. 5). Our
data provide an explanation to the multi-functional role of WDR23. However, we cannot rule out the possibility
that either isoform is capable of serving both functions, dependent on the cellular state.

Additionally, the variation in activation of SKN-1 target genes gst-4 and gcs-1 observed in the wdr-23(tm1817)
null mutant could be attributed to the dynamics and localization of the isoforms of WDR-23 present in different
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gene Fwd primer (5’-3') Rev primer (5’-3")

snb-1 CCGGATAAGACCATCTTGACG GACGACTTCATCAACCTGAGC
gst-4 GCTGAGCCAATCCGTATCAT CCGAATTGTTCTCCATCGAC
ges-1 CCAATCGATTCCTTTGGAGA TCGACAATGTTGAAGCAAGC

tissues. We lose this valuable information from whole-animal lysis, and thus the functional differences in each
isoform of WDR-23 between tissues is still unknown. Future studies could examine SKN-1 activity via target gene
expression with restoration of either isoform of WDR-23 in specific tissues, such as muscle, intestine, or hypo-
dermis. Furthermore, a previous study observed WDR-23A expression localized to mitochondria'é, suggesting
functional differences between isoforms of WDR-23.

This is not the first discovery of an E3 ubiquitin ligase complex having both proteasome and
proteasome-independent functions*~*>. A CRL complex was observed to negatively regulate the oncogenic tran-
scription factor FOXM1, while the substrate receptor (DCAF1) was shown to be required for FOXM1 activa-
tion**. Additionally, another E3 ubiquitin ligase component (SKP2) was shown to regulate both the stability and
activity of its substrate (c-MYC)**>. However, a substrate’s fate has not been shown to be dependent on the spatial
localization of the CRL complex, as DCAFI and SKP2 are not strictly confined to either the cytoplasm or nuclear
compartments. We believe a “cross-talk” exists between WDR23 isoforms that facilitates the regulation of its sub-
strates in times of cellular stress (i.e. DNA damage and/or oxidative stress).

Maintaining protein regulation in response to oxidative stress and DNA damage inducing agents is critical to
ensure a healthy cellular environment. Our findings highlight the functional differences between the two isoforms
of WDR23 in order to maintain efficient and accurate regulation of both the oxidative stress and DNA repair
pathways. The discovery of additional ubiquitination substrates for nuclear and cytoplasmic forms of WDR23
will be of great interest.

Materials and Methods

C. elegans strains and maintenance. C. elegans were maintained using standard techniques®®. Strains
used include: wildtype N2 Bristol, CL2166(gst-4p::gfp), wdr-23(tm1817) I, gen-1(tm2940) III, OJ1507: vjEx594
genomic wdr-23, OJ1678: wdr-23(tm1817 I); wdr-23p::wdr-23A II'®, OJ1679: wdr-23(tm1817) I; wdr-23p::wdr-23B
I1'S, TG2511: gen-1(tm2940) 111, gtSi02[Pgen-1::GEN-1::GFP::gen-1; cb-unc-119(+ )] IT; unc-119(ed3) I11. Double
mutants were generated by standard genetic techniques. OJ1678 was crossed to OJ1679 to generate trans-het-
erozygous wdr-23(tm1817) I;[wdr-23p::wdr-23A I1]/[wdr-23p::wdr-23B] II animals for reproduction assays.
Similarly, OJ1678 or OJ1679 was crossed to TG2511 to generate overexpression of WDR-23 isoforms with the

gen-1p::gen-1::gfp reporter.

Reproduction assays. L4 stage animals of each strain were moved to their own respective experimental
plate, and their reproductive output was tracked, twice daily, by moving each animal to a fresh plate every twelve
hours until reproduction ceased. To ensure accurate counts of progeny number, each plate was assessed at least
twice, 24- to 48-hrs after the hermaphrodite mother was moved from the plate.

Yeast two-hybrid screen. Yeast two-hybrid screen was performed according to the manufacturer’s
protocol (Clonetech). Y2H gold cells were combined with bait plasmid DNA (C. elegans wdr-23A cDNA in
pLexA) and prey plasmid DNA (C. elegans cDNA library in pACT2.2). ~200,000 colonies were screened for
both X-a-galactosidase activity and Aureobasidin A resistance. Positive clones were retested with the additional
requirement of growth in the absence of histidine. Plasmids were isolated for positive colonies and sequenced to
identify potential interactors using primers supplied by the vendor that anneal to the multiple cloning site where
cDNAs were inserted. Sequenced confirm clones were retested for interaction with the wdr-23A bait plasmid.

Fluorescence assays. L4-staged or later animals expressing gst-4p::gfp were placed on microscopic slides
and imaged using a Zeiss Axio Imager.M2m microscope, Axio Cam MRm camera, and Zen Blue software. All
images were taken with a GFP-filter set to 20 ms exposures.

Fluorescent measurements were made using ImageJ and normalized to body size. The “straighten” and “col-
lage” functions in Image] were used for presentation.

DNA damage and oxidative stress assays. For DNA damage assessment, L4 worms were incubated
with 0.01% MMS in M9 for 18-hrs. 24-hrs later, adults were placed on new agar plates and allowed to lay eggs
overnight. Then, adults were removed and progeny were counted. 24-hrs later, the number of viable progeny were
counted and viable progeny percentages were calculated.

For oxidative stress assessment, L4 worms were incubated with 10 mM H202 in M9 for 30 mins. 24-hrs later,
the number of living adults were counted and survival percentages were calculated.

RNAitreatment. NGM plates containing 5mM IPTG and 100 ug/ml carbenicillin were seeded with cultures
from double-stranded RNAi-expressing HT115 bacteria.

RNA extraction and quantitative PCR. Quantitative PCR was performed as previously described?’. RNA
was extracted according to the manufacturer’s protocol (Zymo Research). RNA was reverse-transcribed to com-
plementary DNA using qScript cDNA Supermix (Quanta Biosciences).
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Cell culture maintenance and techniques. Cell cultures were maintained as previously described*.
HEK-293T cells were cultured at 37 degrees Celsius (5% CO2) in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 1% antibiotic/antimycotic (Thermo Fisher). Transfections were per-
formed according to the manufacturer’s protocol with Lipofectamine 3000 (Thermo Fisher). Full-length cDNA
sequence of human WDR23 isoforms I and II, and C. elegans WDR-23 isoforms A and B were cloned into pcDNA
6.2/N-EmGFP/TOPO (Thermo Fisher). Human 3XFLAG:GENT1 and C. elegans GEN-1-3XFLAG were purchased
from GeneCopeia.

Co-immunoprecipitation. Co-IP via GFP trap beads (Chromotek) were performed as previously
described'”. Additionally, co-IP via FLAG-M2 affinity resin (Sigma) were completed according to the manu-
facturer’s protocol (Sigma). Briefly, HEK-293T cells were lysed in 0.5% CHAPS buffer (10 mM Tris/Cl pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.5% CHAPS) containing Halt protease inhibitor (Thermo Fisher). A small aliquot
of cell lysates were saved for “input whole-cell extract” analysis later — 2.5% of the total lysate was loaded as input
to assess enrichment following IP. Cell lysates were incubated with magnetic FLAG beads for 2hours at 4 degrees
Celsius. Before the washing step, a small aliquot of unbound/flow through cell lysate were saved for later analysis.
After three washes, immunoprecipitated protein complexes were eluted with 2X sample buffer (0.1 M Tris/Cl pH
6.8, 4% SDS, 20% glycerol, 0.2 M DTT, 0.1% bromophenol blue) by boiling for 5 minutes at 95 degrees Celsius.
Samples were analyzed by Western blot.

Western blot analysis and antibodies. For gel electrophoresis studies, fifty L4 stage animals were picked
and lysed in protein lysis buffer (Thermo Fisher) at 95 degrees Celsius for 10 min followed by centrifugation at
12,000 x g for 10 min to remove insoluble material. Cell lysates were run on Bolt 4-12% bis-tris polyacrylamide
gels in MOPS running buffer (Thermo Fisher) and transferred to nitrocellulose membranes. Membranes were
blocked in 5% milk in 1XPBST for 1hour at room temperature. Antibodies were blotted overnight at 4 degrees
Celsius and include: GFP GF28R and Ubiquitin 1859660 (Thermo Fisher); FLAG M2 (Sigma); CUL4A 113876
(GeneTex), DDB1 A300-462 (Bethyl), and Actin A5441 (Sigma).

Western blot images from Supplemental Fig. 3 were quantified using Image] software with antibodies against
actin as the loading control. Briefly, regions of interest were created individually for GFP protein bands (gen-
1::gfp) and for actin (loading control). Pixel density were recorded using the “command + m” function in Image]J
and data were exported and analyzed in Microsoft Excel. In Fig. S4B, a similar method was used for the quan-
tification of un-modified GEN-1 seen in Fig. 4C, but instead we quantified proteins bands from GEN-1-FLAG
(via antibodies against FLAG) and used protein bands from GFP-WDR-23 isoforms as the loading control (via
antibodies against GFP).

Digital images of western blots are from single gel analyses, were not digitally adjusted, and were only cropped
around the edges to remove empty areas of the image. Refer to Supplementary Data 1 for unmodified original
images.

In vitro ubiquitination assay. In vitro ubiquitination reactions were done as previously described?. Briefly,
FLAG-tagged GEN1(GEN-1) or GFP-tagged WDR23(WDR-23) isoforms were immunoprecipitated from HEK-
293T cells as described above, with the exception that GEN1 (GEN-1) was eluted by competition with FLAG
peptide (Sigma). Purified components were incubated with UbEL, E2, and ubiquitin™7T or ubiquitin™X (R&D
Systems) and incubated in reaction buffer (50 mM Tris pH 7.6, 3mM ATP, 0.5mM DTT, 10 mM MgCl2, and
1 mg/ml BSA) at 37 degrees Celsius for 10 minutes total. 15 ul of the reaction mixture was removed at each time
point (0-, 5-, and 10-minutes), resolved by gel electrophoresis and proteins detected by immunoblotting with the
indicated monospecific antibodies (described above).

Statistics. Data were analyzed using one-way ANOVA and unpaired Student’s t-test (p < 0.05) in GraphPad
Prism 7 software.
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