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SUMMARY

HUWEL is a large, enigmatic HECT-domain ubiquitin ligase implicated in the regulation of
diverse pathways, including DNA repair, apoptosis, and differentiation. How HUWEZ1 engages its
structurally diverse substrates and how HUWEL1 activity is regulated are unknown. Using unbiased
quantitative proteomics, we find that HUWEL1 targets substrates in a largely cell-type-specific
manner. However, we identify C160rf72/HAPSTR1 as a robust HUWEL substrate in multiple cell
lines. Previously established physical and genetic interactions between HUWE1 and HAPSTR1
suggest that HAPSTR1 positively regulates HUWE1 function. Here, we show that HAPSTR1

is required for HUWELZ nuclear localization and nuclear substrate targeting. Nuclear HUWEL1 is
required for both cell proliferation and modulation of stress signaling pathways, including p53 and
nuclear factor kB (NF-xB)-mediated signaling. Combined, our results define a role for HAPSTR1
in gating critical nuclear HUWEL1 functions.

In brief

Monda et al. find that the substrates of the ubiquitin ligase, HUWEZ1, are diverse and largely cell-
type specific. HAPSTRL1 is a robust substrate of HUWEZ1 and is required for nuclear localization
of HUWEL1. Nuclear HUWEL is required for cell proliferation and modulation of stress signaling
pathways.

Graphical Abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

*Correspondence: elbennett@ucsd.edu.

AUTHOR CONTRIBUTIONS

Conceptualization, J.K.M., E.S.F., and E.J.B.; formal analysis, K.A.D., E.S.F,, and E.J.B.; investigation, J.K.M., X.G., K. A.D.,
M.W.M., C.Y.J., M.L., and E.J.B.; resources, M.H.; writing — original draft, E.J.B.; writing — review and editing, J.K.M., M.H., E.S.F.,
and E.J.B.; visualization, J.K.M. and E.J.B.; supervision and funding acquisition, E.S.F. and E.J.B.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2023.112496.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Monda et al.

Page 2

o ey 9 &

Cytosohc functions

g Cytoplasm
>\:Nucleus p oy
” ~
, N
/ \
/ @ / \

/ ' Nuclear substrate \
I \

|
- S
\ B p53 /

\ Proliferation Q%3 activation 7

b Inflammatory ¢
~ signaling -

S -

T e

~

INTRODUCTION

Ubiquitin ligases directly engage substrates and provide specificity within the protein
ubiquitylation cascade.12 With over 600 putative ubiquitin ligases encoded within the
human genome, a diversity of substrate-targeting mechanisms have been sdescribed.2
Substrate ubiquitylation is often tightly regulated to prevent spurious targeting of substrates
and ensure precise pathway regulation. Some ligases reportedly engage a highly diverse set
of substrates with undefined mechanisms.*~" How these broadly acting ligases engage their
substrates, and how these ligases are regulated remain open questions.

HUWEL1 is one such enigmatic ubiquitin ligase that has many reported substrates regulating
highly diverse cellular pathways.”8 HUWE1 is a giant and highly abundant HECT-domain
ubiquitin ligase with a variety of protein interaction domains that have been shown to target
specific substrates.®-12 Recent structural characterization of full-length human HUWE1
revealed a solenoid architecture built by armadillo repeats to form a central cavity and

the HECT domain positioned above the ring plane.13 The characterized HUWET1 substrate,
DDIT4,14 was shown to bind to the inner armadillo repeats within HUWE1, suggesting

a new mode of substrate interaction.13 This type of plasticity with regard to substrate
engagement may be desirable for a subset of ligases, such as quality-control ligases that
need to target a diverse range of damaged or misfolded substrates. Indeed, HUWE1 has
been shown to act in a quality-control manner to target orphan proteins of multi-subunit
complexes for degradation.15-18 However, how HUWEZ1 and similar ubiquitin ligases with

Cell Rep. Author manuscript; available in PMC 2023 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monda et al.

RESULTS

Page 3

demonstrated substrate plasticity are regulated to prevent spurious substrate degradation is
incompletely understood.

One mechanism that is employed to regulate ubiquitin ligase function is to restrict ligase
subcellular localization. This feature is characteristic of ligases that regulate endoplasmic
reticulum (ER) function.1® HUWEL is broadly localized to both the cytoplasm and the
nucleoplasm and has many reported substrates within each compartment.10.12.14,20-30
HUWEL1 has been shown to regulate many nuclear processes, including transcription, DNA
damage responses, and stress signaling. HUWEL can ubiquitylate transcriptional regulators,
such as c-Myc, N-Myc, and p53, to govern developmental and stress-dependent signaling
pathways.910:29-37 Eyrther, HUWE1 regulates DNA damage responses by ubiquitylating
diverse substrates ranging from histones to the DNA repair polymerase A..22:26.27.35,38,39
Human mutations within HUWE1 have been linked to intellectual disability disorders

and neurodevelopmental defects, underscoring the broad role HUWEL1 plays in regulating
nuclear functions.840-42

To understand how HUWEL can target diverse substrates in a controlled manner, we used
an unbiased proteomic approach to systematically identify HUWEL1 substrates. Nuclear
localized proteins are enriched among the identified HUWEZ1 substrates, and we identify
Cl6orf72/HUWEZ1-associated protein modifying stress responses (HAPSTR1) as a robust
HUWEL nuclear substrate. Despite being a substrate, HAPSTR1 has a strong positive
genetic relationship with HUWELZ, in contrast to what is expected for a ubiquitin ligase-
substrate relationship. We find that HAPSTR1 is required for HUWE1 nuclear localization
and targeting of nuclear substrates. Mutations that disrupt HAPSTR1 nuclear localization
or HUWEZ1 binding compromise HUWEZ nuclear activity. Nuclear HUWEZ affects stress
signaling pathways, including nuclear factor xB (NF-xB)-mediated inflammatory signaling
and p53 signaling. Loss of HAPSTR1 or HUWEL activates p53 signaling in a manner that
depends upon the ability of HAPSTR1 to localize HUWEL to the nucleus. Further, loss

of nuclear HUWEZ1 activity limits cellular growth, despite total HUWEL cellular levels
remaining unchanged. Together, we demonstrate that critical nuclear HUWEL ubiquitylation
activity is enabled by HAPSTRL1.

Proteomic profiling of HUWE1 substrates

HUWEL1 has been reported to regulate a diverse and growing number of cellular pathways
through the targeted degradation of structurally diverse proteins.”-8 In order to characterize
the mechanisms HUWEL utilizes to enable such plasticity toward its substrates, we
performed quantitative proteomics to identify proteins whose steady-state abundance is
elevated upon HUWEL1 loss of function. We generated 293T cells with inducible expression
of short hairpin RNAs (ShRNAs) targeting HUWEL and validated that the ShRNAs
substantially reduced HUWEL protein levels (Figure S1A). We chose the two cell lines
with the greatest HUWE1 depletion (155 and 969, hereafter designated shHUWE1-2 and
shHUWE1-3, respectively) to perform proteomic profiling of whole-cell extracts using a
tandem mass tag (TMT) approach. In total, we quantified more than 8,800 proteins in both
HUWE1 knockdown cell lines and determined protein abundance changes compared with
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cells expressing an shRNA targeting firefly luciferase (Figures 1A and 1B; Table S1). Only
138 proteins displayed altered abundance (log, fold change greater or less than 0.7) in either
cell line, and 104 of the 107 proteins that increased in abundance did not have increased
mMRNA abundance (Table S2). We observed a high correlation between the two HUWE1
shRNA experiments (Figure 1B). Surprisingly, only two previously characterized HUWE1
substrates were identified in this experiment and there was little to no overlap with previous
proteomic experiments.1431 It is possible that the HUWEZ1 substrate pool is highly variable
across cell lines and conditions or that our HUWEL1 depletion, which was around 4-fold, was
insufficient to observe significant changes in substrate levels. To directly address the second
possibility, we obtained two previously characterized HUWE1 knockout (KO) cell lines.*3
Using quantitative proteomics, we identified 227 proteins that increased in abundance in
HUWE?1 KO cells compared with HAP1 parental cells (Figure 1C; Table S3). Despite the
observation that HUWEL1 protein levels were depleted 16-fold (limit of detection), few
known HUWEL substrates were identified. Further, only 21% (23 out of 107) of the proteins
that increased in abundance upon HUWE1 shRNA-mediated knockdown also had elevated
protein levels in HUWEL KO HAP1 cells. Taken together, our data suggest that the putative
HUWEL1 substrate pool varies substantially between cell types and likely varies based on
cellular conditions.

C160rf72/HAPSTR1 is a HUWEL1 substrate

One protein that accumulated substantially upon both HUWE1 knockdown and KO was
C160rf72. This protein was notable due to its known genetic and physical association

with HUWE1.4445 To validate C160rf72, as well as other identified proteins, as potential
HUWEL substrates, we generated stable FLAG-hemagglutinin (HA)-tagged expression

cell lines. The protein levels of stably expressed C160rf72 substantially increased upon
proteasome or ubiquitin-activating enzyme (E1) inhibition but not autophagy inhibition
(Figure 1D). Validating our proteomic data, HUWEL siRNA-mediated knockdown elevated
C160rf72 protein levels (Figure 1E). Similarly, HUWE1 knockdown elevated the levels of
exogenous SCNM1 and MAFB (Figure 1F). Wild-type (WT), but not a catalytically inactive
version of HUWEL, ubiquitylates C160rf72 /n vitro, further substantiating C160rf72 as

a HUWEL1 substrate (Figures S1B and S1C). A recent study also identified C160rf72 as

a HUWEZ1 substrate and interacting protein that broadly alters the transcription of many
stress-responsive proteins, renaming C160rf72 as HAPSTR1, which we adopt here.46

HUWEZ1 cooperates with other ligases to mediate substrate degradation

The breadth of putative HUWEL substrates, combined with the poor overlap of identified
proteins that accumulate upon HUWEL1 depletion, suggests that many HUWEL1 substrates
may be shared with other ubiquitin ligases. To begin to discriminate between putative
dedicated versus shared HUWE1 substrates, we employed a knockdown-rescue approach.
For this approach, we knocked down endogenous HUWE1 while also transiently expressing
exogenous siRNA-resistant HUWEL. Endogenous HUWEL depletion stabilized both
exogenous HAPSTR1 and endogenous DDIT4, a well-characterized HUWEL substrate
(Figure 2A). Expression of exogenous, siRNA-resistant HUWEZ1 restored HAPSTR1 and
DDIT4 degradation (Figure 2A). However, expression of a catalytically inactive version

of HUWEL1 (C4341S [CS]) failed to rescue HAPSTR1 and DDIT4 degradation (Figure
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2A). We further observed that HUWEZ1 CS overexpression in the presence of endogenous
HUWEL stabilized both HAPSTR1 and DDIT4 (Figure 2A), suggesting that inactive
HUWEL1 acts in a dominant-negative fashion to inhibit either WT HUWEZ1 or other
cooperating ubiquitin ligases. Interestingly, expression of HUWEL CS does not appear to
act in a dominant-negative manner toward HAPSTR1 when endogenous HUWEL is depleted
(Figure 2A). In contrast, HUWEL CS expression resulted in stabilization of DDIT4 even

in the absence of endogenous HUWEL1 (Figure 2A). Taken together, these results suggest
that HAPSTR1 is a dedicated HUWEL1 substrate, but other HUWEL substrates, including
DDIT4, are shared with other ligases.

Our observation that expression of inactive HUWEL1 resulted in putative substrate
accumulation led us to globally determine the proteomic changes in cells expressing
HUWE1 CS. We used genome engineering to generate a HUWEL1 knockin (KI) HAP1 cell
line with the CS mutation at the genomic locus. Using our proteomic pipeline, we quantified
more than 7,300 proteins. Compared with parental HAP1 cells, 710 proteins displayed
altered abundance, with 427 proteins increased in abundance, in the HUWE1 KI cell line. As
expected, HAPSTR1 levels were elevated in the HUWE1 KI cells (Figure 2B; Table S3). Of
the proteins with elevated protein levels in both HUWE1 KO clones, 66% also had increased
protein abundance in HUWEL1 KI cells. However, only 17% (19 out of 107) of the proteins
that accumulated upon HUWE1 knockdown in 293T cells also displayed elevated protein
levels in HAP1 HUWEL KI cells. Combined, our data suggest that HUWELX targets a broad
and highly cell-type-specific substrate pool, which may be a desired feature for a plastic
ubiquitin ligase tasked to broadly regulate disparate pathways and substrates.

HUWEZ1 structural features differentially enable substrate degradation

We used our knockdown-rescue approach with a collection of HUWE1 mutants to start

to understand which HUWEZ1 sequence and structural features are utilized for substrate
targeting. We generated over 20 siRNA-resistant HUWEZ1 variants containing either
mutations in key domains or structural features, or disease-associated mutations, and we
tested the ability of each variant to destabilize HAPSTR1 and DDIT4 (Figure S3A; Table
S4). HUWEL contains two separate ubiquitin-binding modules, one consisting of a UIM and
a UBA domain, and one built from three repetitive UBM motifs.13 HAPSTR1 levels were
increased by expression of combinatorial mutants eliminating multiple ubiquitin-binding
domains, suggesting that the ability of HUWELX to bind ubiquitin contributes to HAPSTR1
degradation (Figures 2C and S3B). A panel of five HUWE1 mutants observed in patients
with intellectual disability disorders largely resembled WT HUWEL in its ability to target
HAPSTR1, with only the A168-189 variant compromising HUWE1 function. Two HUWE1
structural mutants (#24 and #32) were also unable to destabilize HAPSTRL1, with the
deletion of a large unstructured domain impairing HAPSTR1 degradation to the level
observed with the catalytically inactive (CS) variant. Interestingly, neither the ubiquitin-
binding domains nor the large unstructured domain within HUWEZ1 were required for
HUWEL to target DDIT4 (Figure 2C). Similarly, a HUWEZ1 variant lacking all ubiquitin-
binding domains retained its ability to target exogenous MAFB (Figures 2D and S3C).
These results suggest that diverse structural features within HUWEL operate in a substrate-
specific manner.
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A subset of HUWEL substrates requires HAPSTR1

Examination of DepMap data®4748 revealed a strong positive genetic correlation between
HUWE1 and HAPSTRY, as noted by others (Figure 3A).48 Because ligase-substrate
relationships would be predicted to have a negative correlation, the DepMap data suggest
that HAPSTR1 is not only a substrate but also a positive regulator of HUWEL1 function.

To gain insights into how HAPSTR1 regulates HUWEL1 function, we measured protein
abundance changes upon knockdown of HUWEZ1 or HAPSTR1 using our unbiased
quantitative proteomic pipeline. We utilized CAL27 cells for this approach because CAL27
cells require both HUWE1 and HAPSTR1 for proliferation.#>4748 We identified 115

and 106 proteins with increased abundance following HUWE1 or HAPSTR1 knockdown,
respectively (Figure 3B; Table S5). Consistent with previous results, putative HUWE1
substrates identified in CAL27 cells were largely unique and not identified in our studies

in other cell lines or in previous studies (Figures S2A-S2C). Indeed, across all four

HUWE lossof-function proteomics experiments reported here, more than 80% of all putative
HUWEL1 substrates were identified in only a single experiment (Figure S2B). Furthermore,
only one protein displayed increased abundance in all four experiments (Figures S2C).
Interestingly, protein abundance changes comparing HUWE1 and HAPSTR1 knockdown
in CAL27 cells were significantly correlated, with 40% of putative HUWEL substrates

also accumulating upon HAPSTR1 knockdown (Figure 3B; Table S5). To validate these
results, we generated CAL27 cells with stable expression of a subset of identified putative
substrates. Despite not identifying HAPSTR1 in our CAL27 proteomic study, we confirmed
that HAPSTR1 is a robust HUWELZ substrate in CAL27 cells (Figure 3C). We also
validated that SCNM1, MAFB, NFIB, and ZCCHCL17 are stabilized upon either HUWE1
or HAPSTR1 knockdown (Figure 3C). We noted variation in the dependence of some
putative substrates on HUWE1 versus HAPSTR1. For example, NFIB was stabilized to

a greater extent upon HAPSTR1 knockdown compared with HUWE1 knockdown and
MAFB was more dependent on HUWE1 than HAPSTR1. Co-depletion of HUWE1 and
HAPSTR1 did not result in further protein stabilization for most putative substrates tested,
MAFB being the notable exception (Figure 3C). Our data implicate HAPSTRL1 as a putative
regulator of HUWEL1 function and identify HUWEL substrates that also require HAPSTR1
for degradation.

HAPSTRL1 interacts with HUWE1 and nuclear proteins

To examine possible HAPSTRL1 regulatory mechanisms, we mapped the physical
interactions for HAPSTR1 and HUWEL using affinity enrichment followed by mass
spectrometry. Consistent with previous studies,*446:49 HAPSTR1 and HUWE1 interact
with each other (Figure 3D). Further, more than 60% of the identified HUWE1-
interacting proteins were also identified as HAPSTR1-interacting proteins, with 40% of
HAPSTRL1 interactors overlapping with HUWEL interactors (Figures 3E and 3F; Table
S6). Interestingly, bioinformatic analyses of HAPSTR1- and HUWEZ1-interacting proteins
revealed an enrichment for nuclear localized proteins and for proteins known to regulate
nuclear cytoplasmic transport (Figure 3G). HUWE1-interacting proteins additionally
displayed enrichment for proteins involved in proteasomal degradation, including many
proteasomal proteins, as previously described.>% However, these proteasomal proteins were
notably absent from the list of HAPSTR1 interactors. This observation, and the finding
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that HUWEL protein levels far exceed HAPSTR1 in nearly all cell and tissue types,51-53
suggests that HUWEL1 likely functions in complexes with and without HAPSTRL.

HAPSTRL1 localizes HUWEL1 to the nucleus

Combining our interaction data indicating that HAPSTR1 and HUWEZ1 bind nuclear
proteins with our identification of nuclear proteins (SCNM1, MAFB, NFIB, and ZCCHCL17)
that are stabilized by either HAPSTR1 or HUWEL loss of function, we speculated that
HAPSTR1 may regulate nuclear HUWEZ1 functions. To test this hypothesis, we first knocked
down HUWE1 or HAPSTR1 and biochemically isolated nuclei. Subsequent immunoblotting
for endogenous HUWEL revealed that HAPSTR1 knockdown substantially reduced nuclear
HUWEL1 levels, resulting in cytoplasmic enrichment (Figures 4A, S4A, and S4B). Consistent
with our previous proteomics results, HAPSTR1 knockdown does not change total HUWE1
protein levels (Figure 3B; Table S5). These data suggest that HAPSTR1 plays a role in
localizing HUWEZ to the nucleus.

We next sought to define HAPSTR1 mutations that perturb either the HUWEL interaction
or the nuclear localization of HAPSTR1. Sequence comparison of human HAPSTR1

with its putative ortholog in Saccharomyces cerevisiae (YJR056C) identified a repeated
conserved N-terminal sequence that is contained within two predicted helical domains
(Figure 4B). Recent studies mapped a HUWEL interaction domain (HBO) within this
region, and a nuclear localization sequence (NLS) was identified in the C terminus of
HAPSTR1.46 We therefore generated two HAPSTR1 deletion mutants, one without the
first 102 amino acids that includes the N-terminal conserved repeated regions (R1 and

R2; A1-102) and one with the C-terminal NLS deleted (ANLS). Stable 293T cell lines
expressing WT and the two HAPSTR1 mutants demonstrated elevated HAPSTR1 protein
levels for the A1-102 variant compared with WT and a further striking increase in protein
levels upon NLS deletion (Figures 4C and S4C). Both WT and A1-102 HAPSTRL1 protein
levels increased upon proteasome or ubiquitin-activating enzyme inhibition, as well as
upon HUWEL1 knockdown (Figures 4C, 4D, and S4C). In contrast, the ANLS HAPSTR1
variant was not stabilized by proteasome inhibition or HUWE1 knockdown (Figures 4C,
4D, and S4C). Consistent with these observations, ANLS HAPSTR1 was not robustly
polyubiquitylated by HUWEL in vitro (Figure S4D). While similar results were observed in
CAL27 cells with stable expression of WT or mutant HAPSTR1, A1-102 HAPSTR1 was
expressed at levels lower than observed in 293T cells (Figures S4E-S4G). WT HAPSTR1
interacted with HUWEL in co-immunoprecipitation (colP) experiments and this interaction
was substantially compromised, but not eliminated, upon deletion of either the N-terminal
102 amino acids or the C-terminal NLS (Figure 4E). This result suggests that, while the N
terminus contributes to HUWEL binding, sequences beyond the repeated regions, such as
the larger HBO domain, as well as the C-terminal NLS, contribute critical HUWE1-binding
surfaces.

To further test if HAPSTR1 localizes HUWEL1 to the nucleus, we examined exogenous
HUWEL1 cellular localization by microscopy with and without HAPSTR1 co-expression.
HUWEL1 was largely localized to the cytoplasm while HAPSTR1 was nuclear when
expressed in isolation (Figures 4F and 4G). Upon co-expression, WT HAPSTR1 strikingly
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relocalized co-expressed HUWEL to the nucleus (Figures 4F and 4G). HUWEL1 co-
expression with the A1-102 variant of HAPSTR1 did not result in HUWEL nuclear
localization, despite A1-102 HAPSTR1 maintaining its nuclear localization. As expected,
ANLS HAPSTR1 was relocalized to the cytoplasm and failed to enrich HUWEL within the
nucleus (Figures 4F and 4G). In total, our results demonstrate that HAPSTRL1 is required for
nuclear localization of HUWEL.

HAPSTR1 potentiates nuclear HUWEL activity

Because nuclear HUWEL levels are regulated by HAPSTR1, we examined whether the
ability of HUWEL to target nuclear substrates was similarly regulated by HAPSTR1. We
used a knockdown-rescue approach in cell lines with stable expression of siRNA-resistant,
FLAG-HA-tagged WT, A1-102, or ANLS HAPSTR1. We then expressed two substrates,
MAFB and SCNM1, in these HAPSTR1-expressing cell lines with or without knockdown of
endogenous HAPSTR1. Endogenous HAPSTR1 knockdown elevated MAFB and SCNM1
protein levels, and reexpression of WT HAPSTRL largely eliminated the increase in MAFB
or SCNML1 levels upon endogenous HAPSTR1 knockdown (Figures 5A and 5B). The Al-
102 and the ANLS HAPSTR1 variants did not rescue MAFB nor SCNM1 degradation,
with the ANLS version acting in a dominant-negative fashion with regard to MAFB
degradation (Figures 5A and 5B). Based on our observation that there may be some
HUWEZ1-independent roles for HAPSTR1, at least with regard to MAFB degradation
(Figure 3C), we examined MAFB stabilization with HUWE1/HAPSTR1 co-depletion in
our HAPSTR1 rescue system. Reintroduction of WT HAPSTR1, but not A1-102 or ANLS,
restores MAFB levels to the levels observed with HUWE2 depletion alone (Figure 5C).
These data suggest that HAPSTR1 largely operates within a HUWEL context but that both
factors may operate independently from each other in some contexts.

To test if nuclear localization was a critical determinant for HAPSTR1-dependent HUWEL1
degradation, we deleted a predicted importin a-dependent nuclear localization signal from
SCNM1 (A1-24). Compared with WT SCNM1 localization, SCNM1 A1-24 displayed
enhanced cytoplasmic localization (Figure 5D). Knockdown of HUWEL or HAPSTR1
stabilized WT SCNM1, but HAPSTR1 knockdown failed to stabilize SCNM1 A1-24
(Figures 3C and 5D). Consistent with previous observations that HAPSTR1 depletion did
not result in protein accumulation of known cytoplasmic HUWEL1 substrates,*® these results
suggest that loss of HAPSTR1 restricts HUWEZ1 localization to the cytoplasm, thereby
affecting HUWEZ’s ability to target nuclear, but not cytoplasmic, substrates.

We next asked if nuclear HUWEL activity is required to support overall cell proliferation.
We generated CAL27 cells with doxycycline-inducible Cas9 expression and stable
expression of an sgRNA targeting HUWE1 or HAPSTR1. We confirmed that Cas9
expression in cells expressing a HUWE1-targeting sgRNA resulted in decreased HUWE1
protein levels (Figures S5A and S5B). To determine the effect of HUWE1 or HAPSTR1

KO on cellular proliferation, we used a competitive growth assay in which control GFP-
expressing CAL27 cells were mixed 1:1 with iCas9-expressing cells (Figure 5E). Expression
of an sgRNA targeting HUWE1 or HAPSTRL, but not the control sgRNA, resulted in a
doxycycline-dependent decrease in cell proliferation (Figure 5E). Re-expression of sSgRNA-
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resistant WT, but not the A1-102 or ANLS HAPSTR1 variants, rescued the repression of
cell proliferation upon targeting of the endogenous HAPSTR1 locus (Figures 5E and S5A).
These results argue that loss of nuclear HUWEL1 represses cell proliferation in CAL27
cells. To examine possible HUWE1-independent roles for HAPSTR1, we tested the impact
of co-depletion of HUWEL and HAPSTR1 on cell proliferation. We constructed a dual
gRNA-expressing plasmid that expressed both HUWE1- and HAPSTR1-targeting gRNA.
The proliferation of cells co-depleted of HUWE1 and HAPSTR1 was slightly worse than in
single-depletion experiments, suggesting there is likely some minor HUWE1- independent
effect upon HAPSTR1 depletion (Figure S5C). However, this result also suggests that the
observed proliferation defect in the depletion of HUWEL1 or HAPSTRL is largely attributed
to the overlapping function of HUWE1 and HAPSTR1.

Nuclear HUWEL1 broadly regulates a stress-dependent transcriptional program

To more broadly examine the role of nuclear HUWE1, we performed RNA sequencing
(RNA-seq) in CAL27 cells after siRNA-mediated knockdown of HUWE1 or HAPSTR1.
Loss of either HUWEL or HAPSTR1 resulted in broad transcriptional changes, with 845
and 677 significantly differentially expressed genes observed upon HUWE1 or HAPSTR1
knockdown, respectively (Figures 6A-6C and S6A,; Table S7). We noted a correlation
between the altered transcripts upon HUWE1 or HAPSTR1 knockdown, with 405 shared
differentially expressed genes, suggesting that loss of HAPSTR1 or HUWEL1 affects similar
transcriptional pathways (Figures 6A-6C, S6A, and S6B). The majority of observed protein
level changes in our CAL27 proteomics dataset were not observed on the transcript level,
although some protein level changes were likely the combined result of altered protein
turnover and increased mRNA abundance (Figures S6C and S6D). Pathway enrichment
analysis of differentially expressed genes revealed repression of many genes involved in
innate immunity and inflammatory signaling upon loss of HUWE1 or HAPSTR1 (Figures
6D and 6E). These results are broadly consistent with a recent study demonstrating that
similar stress-responsive transcriptional pathways are affected by either loss of HUWEL1 or
HAPSTR1.46

The noted enrichment of inflammatory genes that were repressed upon HUWEL or
HAPSTR1 knockdown suggested that nuclear HUWEL may potentiate activation of innate
immune signaling pathways (Figures 6E and 6F). Mining the list of altered transcripts for
enrichment of transcription factor binding sites revealed NF-xB target genes to be strongly
represented within the differentially expressed genes (Figure 6G).>* Examination of all
known NF-xB targets revealed a significant repression among a broad range of NF-xB
targets upon HUWEL1 knockdown, and to a lesser extent HAPSTR1 knockdown (Figures 6G
and 6H). We then turned to an NF-xB reporter system to directly test whether HUWE1

or HAPSTR1 knockdown repressed baseline or TNFa-stimulated NF-xB signaling.>®
Knockdown of either HUWE1 or HAPSTR1 repressed baseline NF-xB transcriptional
activity with HUWEL1 but not HAPSTR1 affecting the TNFa-stimulated response (Figure
61). These results are consistent with previous studies demonstrating that loss of HUWE1
suppresses NF-xB activity.5® We then used qPCR and confirmed that the mRNA levels

of two NF-xB targets, CCL20 and CXCL3, were repressed in unstimulated CAL27 cells
upon knockdown of either HUWE1 or HAPSTR1 (Figure 6J). Further, we demonstrated
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that the observed repression of CCL20 and CXCL3 expression upon HAPSTR1 knockdown
was reversed upon reexpression of WT, but not A1-102 or ANLS, HAPSTR1 variants
(Figure 6J). These results indicate that loss of nuclear HUWEL activity is likely responsible
for the observed transcriptional repression of inflammatory signaling components. Taken
together, our results demonstrate that nuclear HUWE1 potentiates NF-xB activity under
basal conditions and may widely regulate inflammatory signaling and responses.

Loss of nuclear HUWEL1 activates p53 signaling and limits cell proliferation

A closer examination of the DepMap data revealed that cell lines with WT p53 broadly
showed an increased dependence on HUWEL or HAPSTRL for proliferation compared
with cells containing “hotspot” p53 mutations known to inactivate p53 transcriptional
activity (Figure 7A). Further, DepMap correlations between HUWE1, HAPSTRL1, and
known p53 positive and negative regulators revealed a similarity between MDMZ2, a
known negative regulator of p53 signaling, and HAPSTR1 (Figures 7A and 7B). These
observations, along with previous studies, suggest that HAPSTR1 may negatively regulate
p53 signaling.10:32:34.37.49 Tg directly test whether HUWE1 or HAPSTR1 negatively
regulate p53 signaling, we knocked down HUWE1 or HAPSTR1 in p53 functional HCT116
or RPEL1 cells. Consistent with previous studies, both HUWE1 and HAPSTR1 knockdown
increased p53 levels (Figures 7C and S7A).1049 Despite a clear induction of DNA damage
response pathways upon etoposide or cisplatin treatment in p53 WT or null HCT116 cells
(Figure S7B), loss of HUWEL or HAPSTRL1 did not result in a basal increase in yH2AX
phosphorylation. These results suggest that loss of HUWEL or HAPSTR1 may directly
affect p53 signaling independent of the DNA damage response.

To examine if nuclear HUWE21 was responsible for repressing p53 activity, we generated
HCT116 (WT p53) cells with stable expression of siRNA-resistant WT, A1-102, or

ANLS HAPSTR1. A1-102 HAPSTR1 expression levels were lower than WT HAPSTR1,
precluding further functional analysis (Figure 7D). Re-expression of WT, but not ANLS,
HAPSTR1 rescued the increase in p53 levels upon endogenous HAPSTR1 knockdown
(Figure 7D). This result is consistent with the hypothesis that nuclear HUWE1 represses

p53 levels. Indeed, loss of HUWEL resulted in a further repression of cell proliferation

upon cisplatin treatment in a p53-dependent manner (Figure S7C). Overall, our results
demonstrate that HAPSTR1 acts to localize HUWEL to the nucleus to regulate a likely broad
swath of nuclear targets affecting inflammatory and p53 signaling pathways.

DISCUSSION

HUWEL1 substrate plasticity and pleiotropic functions

HUWEL is an enigmatic ubiquitin ligase that has been implicated in numerous cellular
pathways, including DNA repair, transcription, proliferation, apoptosis, and cell signaling.’
Further, HUWEL has been described to both promote and restrict tumorigenesis, as well

as to play critical roles in neurodevelopmental pathways.8,9,24,25,29,30,32,33,35-38,57,58
These pleiotropic functions for HUWEZ suggest that it targets a diverse, and likely
context-specific, set of substrates for ubiquitylation. Our unbiased proteomic approach
demonstrating a surprising lack of common HUWEL substrates supports the hypothesis that
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HUWEL1 targets diverse substrates for degradation in a cell-type-specific manner. It is also
likely that other ligases act on a similarly broad set of substrates, which may compensate for
loss of HUWELX in our and other studies. Indeed, our demonstration that overexpression of
catalytically inactive HUWELX results in a greater accumulation of substrates compared with
HUWEL1 loss of function supports the idea that HUWEL acts in concert with other ligases.

HUWEL1 substrate-targeting mechanisms

How broadly acting ubiquitin ligases target their substrates is an open question.

Despite amazing progress in our understanding of protein ubiquitylation and degradation
mechanisms, the substrate-targeting mechanisms of only a small fraction of the over 600
ubiquitin ligases encoded within the human genome have been studied in detail. The diverse
domain organization within HUWEL includes three different ubiquitin-binding domains, a
WWE domain, and a BH3 domain. It is suggested that HUWEL1 recruits diverse substrates
using these domains. The demonstration that the HUWEZ1 armadillo repeats can engage the
flexible N terminus of DDIT4 indicates that HUWEL can also bind substrates within the
central cavity of the structural ring.13 These observations establish a possible mechanism in
which HUWEL1 engages a structurally highly diverse set of substrates and positions them
within the central cavity to allow the HECT domain to catalyze ubiquitylation.

The budding yeast HUWEL1 ortholog, Tom1, also contains a ubiquitin-binding domain and
armadillo repeats, suggesting that the overall structure and substrate-targeting mechanisms
may be conserved. The expansion of the ubiquitin-binding domains within human HUWE1
suggests that HUWE1 may engage substrates that were previously ubiquitylated by other
ubiquitin ligases. Tom1 was recently shown to act in an E4-like mechanism to target a
model ubiquitin-fusion degradation (UFD) substrate for degradation.>® In addition, HUWE1
and TRIP12, another pleiotropic HECT-domain ligase, were demonstrated to target a UFD
reporter substrate in human cells, arguing that HUWE1 may amplify ubiquitin chains on
substrates previously ubiquitylated by other ligases.®? Binding preexisting ubiquitin chains
may also allow HUWEL to build branched ubiquitin chains on substrates to accelerate
proteasome targeting, a property that has been described for HUWE1, TRIP12, and

the HUWET1 ortholog Tom1.56:59.61-63 This possible E4 mechanism for HUWEL1 is also
consistent with the notion that HUWE1 may not have many dedicated substrates.

HAPSTRL1 regulates HUWE1 nuclear activity

The positive genetic relationship between HUWE1 and HAPSTR1 suggested that HAPSTR1
regulates HUWEZ1 function. Our findings that HAPSTR1 acts to localize HUWEL to the
nucleus, and that nuclear HUWEL is required for cell proliferation, explains the genetic
relationship. Our finding that HAPSTRL1 is both a HUWEL substrate and a HUWE1
regulator suggests a negative feedback mechanism in which HAPSTR1 recruits HUWE1

to the nucleus to target diverse nuclear substrates, including HAPSTR1 itself.

Loss of HUWE1L or HAPSTR1 affects diverse transcriptional pathways, including NF-xB-
mediated inflammatory signaling. The mechanism by which HUWEZ1 activates baseline
inflammatory signaling remains largely uncharacterized. While loss of HUWE1 and
HAPSTR1 represses the transcription of many chemokines and cytokines, HAPSTR1
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depletion was also shown to reduce overall chemokine secretion and cell migration.*6 Our
analysis also revealed enrichment for cell motility factors in transcripts repressed by loss of
HAPSTR1, which suggests that cell migration may be broadly affected by transcriptional
programs regulated by nuclear HUWEL activity.

Limitations of the study

The HUWEZ1 antibody used here for immunoblotting displays non-specific
immunofluorescence staining. Thus, our ability to rigorously assess endogenous HUWE1
localization has been limited by the currently available HUWEL antibodies. Additionally,
other than for HAPSTR1, we have not shown that the identified proteins whose abundance
increased upon HUWEZ1 loss of function are directly ubiquitylated by HUWEL1. Finally,
we have not identified the mechanism by which the broad stress signaling response is
modulated by nuclear HUWEL1 activity. Thus, future studies will be required to investigate
the mechanisms of HUWEL1 substrate selection and nuclear targeting.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Eric Bennett (elbennett@ucsd.edu).

Materials availability—All reagents generated in the study are available from the lead
contact with a completed Materials Transfer Agreement.

Data and code availability—Proteomics data have been deposited at PRIDE and RNA-
seq data have been deposited at Zenodo and are publicly available as of the date of
publication. Accession numbers/DOls are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

293T (female), CAL27 (male), and HCT116 (male) cells were grown in DMEM (high
glucose, pyruvate and L-glutamine) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin and 100 U/mL streptomycin. HAP1 (male-derived, lacking a Y chromosome) cells
were grown in IMDM supplemented with 10% fetal bovine serum, 100 U/mL penicillin

and 100 U/mL streptomycin. HAP1 HUWE1 KO clone3 and clone5, and parental cells

were gifts from David Toczyski (UCSF). NCI-H2052 (male) cells were grown in RPMI
supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin and 100
U/mL streptomycin. RPE1 (female) cells were grown in DMEM:F-12 supplemented with
10% fetal bovine serum, 100 U/mL penicillin and 100 U/mL streptomycin. All cells were
cultured at 37°C with 5% CO» and tested for mycoplasma contamination monthly.
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METHOD DETAILS

Reagents—Chemical reagents were used at the following concentrations: Doxycycline, 5
pg/mL; Bafilomycin Al, 100 nM; MG132, 10 uM. TAK-243, 1 pM. Etoposide, 50 pM.
Cisplatin, 12.5 pM.

Plasmids—Plasmids containing doxycycline-inducible shRNAs were obtained from
Dharmacon. pDONR plasmids containing HAPSTR1, SCNM1, NFIB, MAFB and
ZCCHC17 were obtained from the human ORFeome collection.®® Stop codons were
introduced by site-directed mutagenesis, verified by sequencing, and then cloned into
expression vectors by Gateway cloning. HUWEL1 variants were generated by Gibson
assembly (New England Biolab).13 To generate siRNA resistant HAPSTR1 cDNA, silent
mutations were introduced within the region recognized by HAPSTR1 siRNA oligo

#1 by site-directed mutagenesis. HAPSTR1 ANLS contains amino acids 1-251 and

was generated by PCR amplification and recombination into a Gateway expression

plasmid. For transient transfections, constructs were cloned into pDEST_CMV_FLAG. For
stable expression, constructs were cloned into pDEST_pHAGE_FLAG-HA_IRES_PURO,
pDEST_pHAGE_FLAG-HA_IRES_mCherry, or pDEST_pHAGE_GFP_PGK_BLAST. For
purification, constructs were subcloned using Gibson assembly into modified pPDARMO
(pDarmo.CMVT_v1 was a gift from David Sabatini [Addgene plasmid #133072]) plasmids
with N-terminal FLAG- and Strep-tags for expression in Expi293 (Thermo Fisher Scientific,
A14635), or into pAC8-derived vectors®’ for expression in insect cells.

Cell lines, transfections, and siRNA—Lentiviruses were produced by transfection of
293T cells with Mirus TranslIT 293 transfection reagent. Cell lines with stable transgene
expression were generated by lentiviral infection followed by puromycin (inducible ShRNA
and pHAGE_FLAG-HA plasmids) or blasticidin selection (0 HAGE_GFP plasmids).

Lipofectamine 2000 (Thermo Fisher) was used according to the manufacturer’s protocol
for transient transfections of plasmids or co-transfection of plasmid and siRNA. Cells

were collected 2 days after plasmid transfection or 3 days after plasmid and siRNA
co-transfection. Lipofectamine RNAIMAX (Thermo Fisher) was used according to the
manufacturer’s protocol for siRNA transfections, with cells collected 3 days after
transfection. Inducible shRNA samples were collected 4 days after addition of doxycycline.

Protein purification—Recombinant FLAG-HUWEL1 was prepared as described
previously.13 Briefly, Expi293 cells were harvested, lysed in lysis buffer (50 mM
HEPES/KOH, pH 7.4, 200 mM NacCl, 5% glycerol, protease inhibitors), cleared by
ultracentrifugation, and incubated with FLAG-antibody-coated beads. Beads were washed
and bound protein was eluted with FLAG peptide. The protein was concentrated and
polished by size exclusion chromatography. Strep-HUWEZ1, FLAG-SCNM1 and Strep-
HAPSTR1 (aa 1-251) were transiently expressed in Expi293 following the manufacturer’s
manual. Full-length Strep-HAPSTR1 was expressed in 7richoplusia NiHigh Five insect
cells (Thermo Fisher Scientific) infected with baculovirus produced in Spodoptera
frugiperda ST9 cells. Cells were harvested 48-60 h post transfection/infection and lysed
by sonication in lysis buffer. After clearance by ultracentrifugation (45 min, 120,000 g)
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the lysates were incubated with either FLAG-antibody-coated beads (Genscript, L00432)
or Strep-TactinXT 4Flow high-capacity resin (IBA life sciences, 2-5030-002). Bound
proteins were eluted with 0.2 mg/mL 1XFLAG peptide (DYKDDDDK) or 50 mM biotin,
respectively. Proteins were concentrated using centrifugal concentrators (Amicon, 10

kDa molecular weight cut-off (MWCOQO)). Full-length Strep-HAPSTR1 and Strep-HUWE1
were additionally purified by anion exchange chromatography (PorosHQ, Thermo Fisher
Scientific, 1255911) prior to final polishing. All proteins were polished by size exclusion
chromatography on either Superdex75Increase 10/300 (GE Healthcare) or Superose6
Increase 10/300 (GE Healthcare) in 30 mM HEPES/KOH, pH7.4, 150 mM NaCl, 3 mM
Tris(2-carboxyethyl)phosphine).

In vitro ubiquitylation assay—0.5 pM UBE2D2 (R&D Systems) was charged with
ubiquitin for 30 min by the addition of 1X E3 Ligase Conjugation Buffer (R&D Systems),
0.2 uM UBEL1 (R&D Systems), 50 uM ubiquitin (R&D Systems), and 10 mM MgATP
(R&D systems). /n vitro ubiquitylation reactions were initiated by addition of 2 uM
Strep-HAPSTR1 variant or FLAG-SCNM1 and 0.2 uM FLAG-HUWE1 or Strep-HUWEL,
respectively. Reactions were allowed to proceed at the indicated temperature for 20 min,
quenched by addition of reducing SDS dye and analyzed via immunoblot with a 1:16,000
dilution of an anti-Strep HRP conjugate (Fisher Scientific) or with a 1:1000 dilution of

an anti-FLAG M2 antibody (Sigma Aldrich, F3165). Blots were imaged on an Amersham
Imager 600 using Amersham ECL Prime Western Blotting Detection Reagent (GE Life
Sciences) or on an LI-COR Odyssey CLx detecting an anti-mouse secondary antibody
(L1-COR, 926-68070).

HAP1 HUWE1 C4341S knock-in clone generation—Hapl HUWE1-C4341S-KI
was generated via prime editing at the endogenous site. The pegRNA sequence

was designed with an online tool (http://deepcrispr.info/DeepPE/) and the following
sequences were selected: protospacer sequence: 5'-GCCTGCCTTCAGCTCACACA-3’;
reverse transcription template including edit: 5'-CTTTTACgATGT-3"; primer-binding site:
5 -GTGAGCTGAAGGC-3". The plasmid expressing pegRNA was cloned via Gibson
assembly using a gBlock gene fragment containing the U6 promoter and the pegRNA
sequence (purchased from IDT) and a linearized pBluescript vector. Hap1l cells were
seeded in 6-well plates and transfected at roughly 70% confluency with lipofectamine

3000 (Invitrogen) according to the manufacturer’s instructions and 500 ng pegRNA plasmid
and 1 pg PE plasmid expressing the prime editor (PE2-2A-GFP, Addgene #132776). Cells
were cultured for 3 days following transfection and GFP+ single cells were isolated into
individual wells of 96-well plates by fluorescence-activated cell sorting (FACS). Cells were
expanded for 10 days before genotyping. Genomic DNA was extracted and the editing site
was amplified with PCR using the forward primer 5'-GTCCCTTCCTACAGATCCAGTG-3’
and the reverse primer 5"CATCAAGTATGCAAGCTCAACC-3’. The PCR products were
first screened using digestion by Nlalll and the potential hits were verified by Sanger
sequencing.

Cal27-Cas9 clone, Cal27 iCas9 sgRNA and transgene-expressing cell
line generation—Cal27 clones expressing doxycycline-inducible 3xFLAG-Cas9 were
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generated by lentiviral infection with pCW-Cas9-Blast (Addgene, #83481), selection

with 5 ug/mL Blasticidin for seven days, and dilution to yield individual

clones. Clones were analyzed for doxycycline-inducible Cas9 expression by Western

blot over several weeks. The iCas9 sgRNA pools were generated by lentiviral

infection of the Cal27-Cas9 clone with LentiGuide-Puro expressing the specific
gene-targeting Grna. The guide sequences were as follows: control guide 5’-
GCATCGTACGCGTACGTGTT-3’, HUWEL1 guide 5'-TCCAGTGCGAGTTATATCAC-3’,
HAPSTR1 guide 5" -CGGGAGGCCGCGGAGGATGG-3’. Plasmids expressing sgRNAs
were constructed by ligation of the annealed oligonucleotides into linearized LentiGuide-
Puro vector (Addgene, #52963). Integration of the sgRNA was selected with 1 pg/mL
puromycin for seven days and the iCas9 sgRNA pool was analyzed for doxycycline-
inducible Cas9 expression by Western blot. The pool targeting HUWEZ1 was also analyzed
for reduced Huwel expression by Western blot. The transgene-expressing cell lines were
generated with lentiviral infection of the iCas9 sgHAPSTR1 pool with plasmids expressing
the Flag-tagged transgene and mCherry fluorescence protein. The mCherry+ pools were
isolated by FACS.

GFP-based and internally controlled competitive growth assay—Constitutively
GFP-expressing Cal27 cells were generated by lentiviral infection with GFP-IRES-Blast,
selection with 5 pg/mL Blasticidin for seven days, and dilution to yield individual cells that
highly expressed GFP. The clonal population was checked for sustained GFP expression by
flow cytometry. The iCas9 sgRNA pools and GFP+ clone were first treated with 3 pg/mL
doxycycline for 3 days individually. Then, the iCas9 sgRNA pools were mixed with the
GFP+ clone at approximately equal GFP+ to GFP- ratios and the GFP—-/GFP+ ratios were
analyzed by flow cytometry on day zero when cells were mixed and day three. Data were
analyzed using FlowJo and the GFP—/GFP+ ratios were normalized to the day zero ratio
first. The ratios for sgRNA pools were further normalized to that of sgControl.

Immunoblotting—Cell pellets were resuspended 8 M urea, 50 mM Tris pH 8.0, 75 mM
NaCl, 1 mM B-glycerophosphate, 1 mM NaF, 1 mM NaV, 40 mM NEM and EDTA-free
protease inhibitor cocktail (Roche Diagnostics), sonicated, and cleared by centrifugation

at 15,000 rpm for 10 min at 4°C. Protein concentrations were determined by BCA

Protein assay (Thermo Fisher). Samples were separated by SDS-PAGE and transferred to
PVDF membranes (Bio-Rad) with a semi-dry transfer apparatus (Bio-Rad Turbo Transfer).
Membranes were blocked with 4% milk in TBST. Primary antibodies were diluted in 5%
BSA in TBST. HRP-conjugated secondary antibodies were diluted in 4% milk in TBST.
Immunoblots were developed with Clarity Western ECL Substrate (Bio-Rad) and imaged on
a Bio-Rad Chemi-Doc XRS+ system.

Nuclei isolation—Nuclei were isolated as described prevously.%® Briefly, the following
buffers were used: Low-salt wash buffer (10 mM HEPES-KOH pH 7.9, 10mM KCI, 1.5 mM
MgCly, 0.1 mM EDTA, 1 mM B-glycerophosphate, 1 mM NaF, 1 mM NaV, 40 mM NEM
and EDTA-free protease inhibitor cocktail (Roche Diagnostics)), Hypo-osmotic lysis buffer
(Low-salt wash buffer +0.3 M sucrose, 2% (v/v) Tween 40), 1.5 M sucrose buffer (Low-salt
wash buffer +1.5 M sucrose), and High-salt extraction buffer (20 mM HEPES-KOH pH
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7.9, 40 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol). Buffers and samples
were kept on ice throughout the protocol. Cell pellets were resuspended in hypo-osmaotic
lysis buffer and homogenized by pipetting 100 times using a micropipette with a 200-uL
pipette tip. The samples were overlaid on 1 mL of 1.5 M sucrose buffer and centrifuged

at 12,000 rpm for 10 min at 4°C. After centrifugation, a volume equal to the amount of
lysis buffer used was pipetted off the top of sample and saved as the cytoplasmic fraction.
The rest of the supernatant was discarded and the nuclear pellets were resuspended in 1 mL
of low-salt wash buffer. The nuclei were pelleted by centrifugation at 12,000 rpm for 30 s
at 4°C. The supernatant was removed and the washed nuclear pellets were resuspended in
high-salt extraction buffer and incubated on ice for 20 min with occasional vortexing. The
nuclei were centrifuged at 12,000 rpm for 20 min at 4°C. The supernatants were retained
as high-purity nuclear proteins. Nuclear proteins were spotted onto PVVDF using a dot blot
apparatus. Cytoplasmic proteins were separated by SDS-PAGE.

Immunofluorescence—Cells were grown on glass coverslips coated with poly-L-lysine
(Corning Cat# 354085) and fixed with 4% formaldehyde in phosphate-buffered saline (PBS)
for 10 min. Blocking and primary antibody dilutions were done in AbDil (20 mM Tris, 150
mM NacCl, 0.1% Triton X-100, 3% bovine serum albumin, and 0.1% NaNs, pH 7.5). PBS
with 0.1% Triton X-100 (PBS-TX) was used for washes and secondary antibody dilutions.
Hoechst-33342 was used to visualize DNA. Coverslips were mounted in Fluoromount-G and
sealed with nail polish.

Fluorescence microscopy—Images were acquired on an SP8 confocal microscope
(Leica Microsystems) with a 63x objective. Images were maximally projected from five

z sections with 1 um spacing using Fiji.? The fluorescence is scaled independently in each
panel to better show the localization of each transgene.

DNA colocalization measurements were determined with CellProfiler image analysis
software.”0

Immunoprecipitations—For IP-MS experiments, FLAG-tagged HUWE1 or HAPSTR1
expressing cells were resuspended in 50 mM Tris pH 8.0, 200 MM NaCl, 2 mM TCEP,
0.1% NP-40, cOmplete Protease Inhibitor Cocktail (Roche Diagnostics). Cells were lysed by
passing through a needle at least 20 times. Samples were centrifuged at 15,000 rpm for 10
min at 4°C. Protein concentrations were determined by BCA Protein assay (Thermo Fisher).
Equal concentrations of each sample were incubated with M2-FLAG magnetic beads for 1

h at 4°C. The beads were washed three times with 50 mM Tris pH 8.0, 2 mM TCEP, 0.1%
NP-40, cOmplete Protease Inhibitor Cocktail (Roche Diagnostics). Protein was eluted by
two incubations with occasional mixing in 0.1 M glycine HCI pH 2.7 for 20 min at room
temperature. Elutions were treated with 35 mM TCEP for 30 min, followed by 150 mM
iodoacetamide for 45 min, and then 200 mM DTT for 15 min. Proteins were precipitated
with methanol/chloroform. Precipitated protein was resuspended in 200 mM EPPS pH 8.0.
Proteins were digested with LysC and trypsin overnight at 37°C. Formic acid was added

to each sample to a final concentration of 0.7%. Samples were desalted using a SoLa plate
(Thermo Scientific) and analyzed by LFQ mass spectrometry.
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For IP samples that were analyzed by Western blotting, cells were lysed by incubating on ice
in 50 mM Tris pH 8.0, 150 mM NacCl, 0.5% NP-40, 1 mM B-glycerophosphate, 1 mM NaF,
1 mM sodium orthovanadate, 40 mM NEM and cOmplete EDTA-free protease inhibitor
cocktail (Roche Diagnostics). Lysates were cleared by centrifugation at 15,000 rpm for 10
min at 4°C. Protein concentrations were determined by BCA Protein assay (Thermo Fisher).
Equal concentrations of each sample were incubated with anti-HA agarose beads for 1 h

at 4°C. The beads were washed four times with 50 mM Tris pH 8.0, 150 mM NaCl, 0.1%
NP-40. To elute, beads were boiled in Laemmli sample buffer.

Luciferase reporter assay—293T cells were reverse transfected with siRNA using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s instructions and
seeded in 24-well plates. 48 h after SiRNA transfection, cells were transfected with

the reporter plasmid hRluc-NF-xB-firefly (Addgene, #106979) using Lipofectamine 2000
according to the manufacturer’s instructions. Some cells were treated with TNF-a(100
ng/mL) for 6 h before being harvested. 24 h after plasmid transfection, luciferase activity
was measured with the Dual-Glo Luciferase Assay System (Promega) according to the
manufacturer’s instructions. Firefly luciferase activity was normalized to that of Renilla
luciferase.

CellTiter-Glo assay—HCT116 cells were reverse transfected with siRNA using
Lipofectamine RNAIMAX (Invitrogen). 24 h after transfection, cells were treated with
12.5 uM cisplatin. Cell proliferation was measured 72 h after drug treatment using the
CellTiter-Glo 2.0 assay according to the manufacturer’s instructions.

qRT-PCR analysis—Total RNA was extracted from Cal27 cells with TRIzol
reagent (Invitrogen). 1.5 mg of total RNA was reverse transcribed with the
oligo(dT),g and Super-Script 11 First-Strand Synthesis System (Life Technologies).
gRT-PCR was performed using an iTag SYBR Green mix (Bio-Rad) and the

CFX96 Real-Time PCR Detection System (Bio-Rad). The samples were run

in biological triplicates and normalized to the internal control GAPDH. The

primers were as follows: CCL20forward, 5"-AACCATGTGCTGTACCAAGAG-3;
CCL20reverse, 5’ -CAGTCAAAGTTGCTTGCTTCTG-3"; CXCL 3 forward,

5 -GCAGGGAATTCACCTCAAGA-3"; CXCL3reverse, 5'-GTGTG
GCTATGACTTCGGTT-3"; GAPDH forward, 5'-GGTGGTCTCCTCTGACTTCAACA-3;
GAPDH reverse, 5 -GTTGCTGTAGCCAA ATTCGTTGT-3".

TMT mass spectrometry—293T and HAP1 samples were processed for TMT mass
spectrometry. Cell pellets were resuspended in 8 M Urea, 50 EPPS pH 8.5, 50 mM NaCl, 1
mM B-glycerophosphate, 1 mM NaF, 1 mM sodium orthovanadate, and EDTA-free protease
inhibitor cocktail (Roche Diagnostics). Cells were lysed with 10 passes through a 21G and
cleared by centrifugation at 15,000 rpm for 10 min at 4°C. Protein concentrations were
determined by BCA Protein assay (Thermo Fisher). Lysates were treated with 10 mM TCEP
for 30 min, followed by 15 mM iodoacetamide for 45 min, and finally 10 mM DTT for

15 min 200 pg of protein for each sample was precipitated using methanol/chloroform as
previously described.’! Precipitated protein was resuspended in 8 M Urea, 50 mM HEPES
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pH 7.4, followed by dilution to 1.85 M urea with the addition of 200 mM EPPS, pH

8. Proteins were digested with LysC overnight at room temperature. The next day, the
digestions were diluted two-fold with 200 mM EPPS pH 8 followed by digestion with
trypsin for 6 h at 37°C. Anhydrous acetonitrile (ACN) was added to each sample to a final
concentration of 10% v/v. Tandem mass tag (TMT) reagents (Thermo Fisher Scientific)
were dissolved in ACN and added to each sample for 90 min at room temperature. The
reaction was quenched with hydroxylamine for 15 min at room temperature. Each channel
was combined in a 1:1 ratio, desalted using the Stage-Tip method and analyzed by LC-MS
for channel ratio comparison. Samples were then combined using the adjusted volumes
determined in the channel ratio analysis and dried down in a speed vacuum. The combined
sample was then resuspended in 1% formic before desalting with C18 (Sep-Pak, Waters).

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC lump (Thermo
Fisher Scientific, San Jose, CA, USA). Peptides were separated on a 50 cm 75 pm inner
diameter EasySpray ES803a microcapillary column (Thermo Fisher Scientific). Peptides
were separated over a 190 min gradient of 6—27% acetonitrile in 1.0% formic acid with a
flow rate of 300 nL/min.

Quantification was performed using an MS3-based TMT method as described previously.”2
The data were acquired using a mass range of m/z 340-1350, resolution 120,000, AGC
target 5 x 105, maximum injection time 100 ms, dynamic exclusion of 120 s for the peptide
measurements in the Orbitrap. Data dependent MS2 spectra were acquired in the ion trap
with a normalized collision energy (NCE) set at 35%, AGC target set to 1.8 x 104 and a
maximum injection time of 120 ms. MS3 scans were acquired in the Orbitrap with HCD
collision energy set to 55%, AGC target set to 2 x 105, maximum injection time of 150 ms,
resolution at 50,000 and with a maximum synchronous precursor selection (SPS) precursors
set to 10.

TMT quantitative LC/MS data analysis and statistical analysis—Proteome
Discoverer 2.2 (Thermo Fisher Scientific) was used for.RAW file processing and controlling
peptide and protein level false discovery rates, assembling proteins from peptides, and
protein quantification from peptides. The MS/MS spectra were searched against a Swissprot
human database (January 2021) containing both the forward and reverse sequences.
Searches were performed using a 20 ppm precursor mass tolerance, 0.6 Da fragment ion
mass tolerance, tryptic peptides containing a maximum of two missed cleavages, static
alkylation of cysteine (57.02146 Da), static TMT labelling of lysine residues and N-termini
of peptides (229.16293Da), and variable oxidation of methionine (15.99491 Da). TMT
reporter ion intensities were measured using a 0.003 Da window around the theoretical m/z
for each reporter ion in the MS3 scan. The peptide spectral matches with poor quality MS3
spectra were excluded from quantitation (summed signal-to-noise across channels <100 and
precursor isolation specificity <0.5), and the resulting data was filtered to only include
proteins with a minimum of 2 unique peptides quantified. Reporter ion intensities were
normalized and scaled using in-house scripts in the R framework.”3 Statistical analysis was
carried out using the limma package within the R framework.’4
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LFQ quantitative mass spectrometry—Cell pellets were resuspended 8 M urea,

50 mM Tris pH 8.0, 150 mM NaCl, 1 mM B-glycerophosphate, 1 mM NaF, 1 mM

sodium orthovanadate, 40 mM NEM and EDTA-free protease inhibitor cocktail (Roche
Diagnostics), sonicated, and cleared by centrifugation at 15,000 rpm for 10 min at 4°C.
Protein concentrations were determined by BCA Protein assay (Thermo Fisher). 30 pg of
each sample was treated with 10 mM TCEP for 10 min, followed by 15 mM iodoacetamide
for 10 min. Proteins were precipitated with methanol/chloroform. Precipitated protein was
resuspended in 8 M Urea, 50 mM Tris pH 7.8, followed by dilution to 1.85 M urea with the
addition of 50 mM Tris pH 7.8. Proteins were digested with LysC for 2 h at 37°C. Samples
were diluted two-fold with 50 mM Tris pH 7.8, followed by digestion with trypsin overnight
at 37°C. Formic acid/acetonitrile was added to each sample to a final concentration of 1.4%.
Samples were desalted using the Stage-Tip method.

Data were collected using a TimsTOF Pro2 (Bruker Daltonics, Bremen, Germany) coupled
to a nanoElute LC pump (Bruker Daltonics, Bremen, Germany) via a CaptiveSpray nano-
electrospray source. Peptides were separated on a reversed-phase Cqg column (25 cm x

75 um ID, 1.6 pM, lonOpticks, Australia) containing an integrated captive spray emitter.
Peptides were separated using a 50 min gradient of 2-30% buffer B (acetonitrile in 0.1%
formic acid) with a flow rate of 250 nL/min and column temperature maintained at 50°C.

DDA was performed in Parallel Accumulation-Serial Fragmentation (PASEF) mode to
determine effective ion mobility windows for downstream diaPASEF data collection.”

The DDA PASEF parameters included: 100% duty cycle using accumulation and ramp
times of 50 ms each, 1 TIMS-MS scan and 10 PASEF ramps per acquisition cycle. The
TIMS-MS survey scan was acquired between 100 and 1700 /m/zand 1/k0 of 0.7-1.3 V s/
cm2. Precursors with 1-5 charges were selected and those that reached an intensity threshold
of 20,000 arbitrary units were actively excluded for 0.4 min. The quadrupole isolation width
was set to 2 my/z for m/z< 700 and 3 m/zfor m/z> 800, with the m/zbetween 700 and

800 m/z being interpolated linearly. The TIMS elution voltages were calibrated linearly

with three points (Agilent ESI-L Tuning Mix lons; 622, 922, 1,222 m/Z) to determine the
reduced ion mobility coefficients (1/Kgp). To perform diaPASEF, the precursor distribution

in the DDA m/zion mobility plane was used to design an acquisition scheme for DIA

data collection which included two windows in each 50 ms diaPASEF scan. Data was
acquired using sixteen of these 25 Da precursor double window scans (creating 32 windows)
which covered the diagonal scan line for doubly and triply charged precursors, with singly
charged precursors able to be excluded by their position in the m/z-ion mobility plane. These
precursor isolation windows were defined between 400 and 1200 m/zand 1/k0 of 0.7-1.3 V
slem?,

LFQ quantitative LC/MS data analysis and statistical analysis—The diaPASEF
raw file processing and controlling peptide and protein level false discovery rates,
assembling proteins from peptides, and protein quantification from peptides was performed
using library free analysis in DIA-NN 1.8. Library free mode performs an in silico digestion
of a given protein sequence database alongside deep learning-based predictions to extract
the DIA precursor data into a collection of MS2 spectra. The search results are then used

to generate a spectral library which is then employed for the targeted analysis of the
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DIA data searched against a Swissprot human database (January 2021). Database search
criteria largely followed the default settings for DIA including: tryptic with two missed
cleavages, carbomidomethylation of cysteine, and oxidation of methionine and precursor
Q-value (FDR) cut-off of 0.01. Precursor quantification strategy was set to Robust LC (high
accuracy) with RT-dependent cross run normalization. Proteins with missing values in any
of the treatments and with poor quality data were excluded from further analysis (summed
abundance across channels of <100 and mean number of precursors used for quantification
<?2). Protein abundances were scaled using in-house scripts in the R framework’3 and
statistical analysis was carried out using the limma package within the R framework.’4

RNA sequencing and data analysis—Total RNA was extracted using TRIzol
(Invitrogen) according to the manufacturer’s protocol. After TapeStation analysis to

verify sample quality, mRNA stranded libraries were prepared and sequenced on

a NovaSeq S4 with PE100. Sequencing reads were aligned to the human genome
(BSgenome.Hsapiens.UCSC.hg19, splicedAlignment = FALSE) and quantified at the

level of genes (TxDh.Hsapiens.UCSC.hg19.knownGene Bioconductor package) using the
QuasR7® package with default parameters. Differentially expressed Genes were identified
using the edgeR Bioconductor package.’’ Differentially expressed genes (DEGs) were

used as input to the DAVID Bioinformatics resource.’® 79 Upregulated and downregulated
DEGs were separated and used as input into DAVID. Selected genes were assigned a gene
ontology biological process designation for the heatmap in Figure 6 based on DAVID.

The fold enrichment for selected enriched gene ontology biological process or cytoplasmic
component or keyword biological process or domain were plotted. A list of reported NF-xB
target genes was collected from https://www.bu.edu/NF-xB/gene-resources/target-genes/and
used for determining mRNA abundance changes of known NF-xB targets.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical details can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
HUWEL substrates are diverse and largely cell-type specific
HAPSTR1/C160rf72 is a HUWELX substrate in multiple cell lines
HAPSTR1 localizes HUWEL to the nucleus

Nuclear HUWEL is required for cell proliferation and modulates p53 and
NF-xB pathways
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Figure 1. Identification of HUWEL1 substrates using quantitative proteomics
(A) Volcano plot depicting the log, fold change (FC) and logq p value for quantified

proteins in 293T cells after doxycycline-inducible expression of an shRNA targeting
HUWEL1 relative to a firefly luciferase knockdown. Proteins with altered abundance in
response to HUWEL knockdown are indicated in red. Proteins selected for further analysis
are indicated in blue.

(B) Scatterplot comparing the log, FC for all quantified proteins in 293T cells after
doxycycline-inducible expression of two different ShRNAs targeting HUWEL relative to
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a firefly luciferase knockdown. Proteins with altered abundance in response to HUWE1
knockdown are indicated in red. Proteins selected for further analysis are indicated in blue.
(C) Scatterplot comparing the log, FC for all quantified proteins quantified in two HUWE1
knockout (KO) clones of HAP1 cells. Proteins with altered abundance in response to
HUWEL1 knockdown are indicated in red. Proteins selected for further analysis are indicated
in blue.

(D) Immunoblots of 293T cells stably expressing FLAG-HA-tagged C160rf72/HAPSTR1
were treated with bafilomycin Al (BafAl), TAK-243, cycloheximide (CHX), or MG132 for
8 h. Whole-cell extracts were separated by SDS-PAGE and immunoblotted (IB) with the
indicated antibodies.

(E) Immunoblots of 293T cells stably expressing FLAG-HA-tagged C160rf72/HAPSTR1
and transfected with a control (Ctrl) sSiRNA or one of three C160rf72/HAPSTR1 or HUWE1
targeting siRNAs. Whole-cell extracts were separated by SDS-PAGE and 1B with the
indicated antibodies (s, short exposure; I, long exposure).

(F) Immunoblots of 293T cells stably expressing FLAG-HA-tagged SCNML1 (top) or
transiently transfected with FLAG-tagged MAFB (bottom) and transfected with a control
(Ctrl) siRNA or one of three HUWEL targeting siRNAs. Whole-cell extracts were separated
by SDS-PAGE and IB with the indicated antibodies.

See also Figure S1 and Tables S1, S2, and S3.
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Figure 2. HAPSTR1 is a HUWEL substrate
(A) Immunoblots of 293T cells stably expressing FLAG-HA-tagged HAPSTR1 and co-

transfected with a control or HUWEL1 targeting siRNA and either an emptyvector (E.V.)
control, WT HUWEL, or HUWEL1 C4341S (CS). The HUWEL1 transgenes are resistant to
SiHUWE1-2 and siHUWE1-3. Whole-cell extracts were separated by SDS-PAGE and IB

with the indicated antibodies

(B) Scatterplot comparing the log, FC for all quantified proteins ina HUWE1 KO
HAP1 clone and a HUWEL1 CS knockin (KI) HAP1 clone. Proteins whose abundance
is significantly elevated in both cell lines are shown in red. Proteins selected for further
analysis are indicated in blue.
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(C) Immunoblots of 293T cells stably expressing FLAG-HA-tagged HAPSTR1 and co-
transfected with a control (siCtrl) or HUWE1-targeting siRNA and either anempty vector
(E.V.) control or the indicated variant of siRNA-resistant HUWEZ1. Whole-cell extracts were
separated by SDS-PAGE and IB with the indicated antibodies.

(D) Immunoblots of 293T cells transiently transfected with FLAG-tagged MAFB and either
a GFP control or the indicated HUWEZ1 variant. Variants labeled as in(C). Whole-cell
extracts were separated by SDS-PAGE and IB with the indicated antibodies.

See also Figure S2 and Table S4.
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Figure 3. HAPSTR1 assists HUWEL in targeting nuclear substrates
(A) Scatterplot of DepMap 22Q2 CRISPR gene effect scores for HUWE1 and C160rf72/

HAPSTR1. The solid line depicts the best-fit line using linear regression.

(B) Scatterplot comparing the log, FC for all quantified proteins in CAL27 cells after
transfection of a HUWEL- or HAPSTR1-targeting siRNA relative to a control siRNA.
Proteins with increased abundance in both HUWE1 and HAPSTR1 knockdown cells are

indicated in

red.
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(C) Immunoblots of CAL27 cells stably expressing the indicated FLAG-HA-tagged
transgene and transfected with siRNA. H + H indicates combined HUWE1 and HAPSTR1
knockdown. Whole-cell extracts were separated by SDS-PAGE and 1B with the indicated
antibodies.

(D) Volcano plot depicting the log, FC and _logyg p value for proteins identified

by mass spectrometry in HAPSTR1 immune complexes compared with control
immunoprecipitations. Proteins that are significantly enriched with HAPSTR1 are shown
as black dots. Significantly enriched proteins with reported nuclear localization are shown as
green dots.

(E) Volcano plot depicting the log, FC and _logsg p value for proteins identified by mass
spectrometry in HUWEZ1 immune complexes compared with control immunoprecipitations.
Proteins that are significantly enriched with HUWEL are shown as black dots. HUWE1-
interacting proteins that are also enriched with HAPSTR1 are depicted as orange dots.

(F) Overlap of identified HUWE1- and HAPSTR1-interacting proteins.

(G) Fold enrichment of indicated Gene Ontology terms associated with HUWE1- or
HAPSTR1-interacting proteins.

See also Figure S3 and Tables S5 and S6.
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Figure 4. HUWEL1 nuclear localization requires HAPSTR1
(A) Immunoblots of NCI-H2052 cells transfected with a control siRNA or one of two siRNA

sequences targeting either HUWE1 or HAPSTR1. (Top) The nuclei were isolated and
analyzed by dot blot. (Bottom) The cytoplasmic fractions were separated by SDS-PAGE. 1B
was performed with the indicated antibodies.

(B) Schematic of HAPSTRL1 protein sequence features. Predicted a helices are shown in
purple, conserved repeated regions in orange, and an NLS in red. (C) Immunoblots of 293T
cells stably expressing FLAG-HA-tagged WT or the indicated variant of HAPSTRL treated
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with MG132 or TAK-243. Whole-cell extracts were separated by SDS-PAGE and IB with
the indicated antibodies.

(D) Immunoblots of 293T cells stably expressing siRNA-resistant FLAG-HA-tagged WT or
the indicated variant of HAPSTR1 transfected with a control or HUWE-1targeting siRNA.
Whole-cell extracts were separated by SDS-PAGE and IB with the indicated antibodies (s,
short exposure; |, long exposure).

(E) Immunoblots of HA immunoprecipitations (top) and inputs (bottom) from 293T

cells stably expressing FLAG-HA-tagged WT or the indicated variant ofHAPSTR1 and
transfected with the indicated FLAG-tagged HUWEL1 variant. Samples were separated by
SDS-PAGE and IB with the indicated antibodies (s, short exposure; I, long exposure).

(F) Immunofluorescence images of 293T cells transfected with FLAG-tagged HUWE1 CS
alone or in combination with the indicated GFP-tagged HAPSTR1. Scalebar, 20 pm.

(G) Quantification of the colocalization of DNA and HUWEL (left) or HAPSTR1

(right). Data are represented as the mean + SD for all cells quantified (11 <n = 51).
Analysis included cells from at least two biological replicates for all conditions. Statistical
significance was determined by Kolmogorov-Smirnov t test. ****p < 0.0001; **p < 0.01,
n.s., p > 0.05.

See also Figure S4.
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Figure 5. Loss of nuclear HUWEL stabilizes nuclear targets and reduces cellular proliferation
(A) Immunoblots of 293T cells stably expressing the indicated siRNA-resistant FLAG-

HA-tagged HAPSTR1 variant and transfected with GFP-tagged MAFB and acontrol or

HAPSTR1-targeting siRNA. Whole-cell extracts were separated by SDS-PAGE and IB with
the indicated antibodies (s, short exposure; 1, long exposure).
(B) Immunoblots of CAL27 cells stably expressing GFP-SCNM1 and the indicated
variant of siRNA-resistant FLAG-HA-tagged HAPSTR1 and transfected with acontrol or
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HAPSTR1-targeting sSiRNA. Whole-cell extracts were separated by SDS-PAGE and IB with
the indicated antibodies.

(C) Immunoblots of 293T cells stably expressing the indicated siRNA-resistant FLAG-HA-
tagged HAPSTR1 variant and transfected with GFP-tagged MAFB andthe indicated siRNA.
Whole-cell extracts were separated by SDS-PAGE and IB with the indicated antibodies (s,
short exposure; |, long exposure).

(D) CAL27 cells stably expressing the indicated FLAG-HA-SCNML1 variant were generated.
(Top) Immunofluorescence images. Scale bar, 20 um. (Bottom) Immunoblots after
transfection with the indicated siRNA. Whole-cell extracts were separated by SDS-PAGE
and IB with the indicated antibodies.

(E) (Top) Schematic of the CRISPR-Cas9-based competitive growth assay. (Bottom) CAL27
cells expressing inducible Cas9, the indicated sgRNA, and the indicated sgRNA-resistant
HAPSTR1 variant were treated with doxycycline for 3 days prior to co-culturing with GFP+
CAL27 cells. The relative GFP—-:GFP+ ratio of the population was measured 3 days after
co-culture. Data are represented as the mean + SD of three replicates. Statistical significance
was determined by unpaired t test. ****p < 0.0001; n.s., p > 0.05.

See also Figure Sb.
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Figure 6. HAPSTR1 and HUWEL regulate overlapping transcriptional programs
(A) Scatterplot comparing the log, FC for all mRNA quantified by RNA-seq in CAL27 cells

after transfection of a HUWE1- or HAPSTR1-targeting siRNA rel

ative to a control siRNA.

The data represent the average across three different sSiRNA sequences targeting HUWE1
and HAPSTRL. Differentially expressed genes in both HUWEL and HAPSTR1 knockdown

cells are indicated in red.
(B) Heatmap of the differentially expressed genes after HUWEL o
in CAL27 cells. Color map indicates log, FC.
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(C) Venn diagram of the differentially expressed genes after HUWE1 or HAPSTR1
knockdown in CAL27 cells.

(D) Heatmap of a subset of differentially expressed genes after HUWE1 or HAPSTR1
knockdown in CAL27 cells clustered by selected enriched Gene Ontology terms.

(E) Selected enriched Gene Ontology biological processes, cellular components, or pfam
domains of mRNAs with decreased abundance (left) or increased abundance (right) in
CAL27 cells after HUWEL or HAPSTR1 knockdown.

(F) The log, FC of selected inflammatory or transcriptional regulation genes in CAL27 cells
after HUWE1 or HAPSTR1 knockdown. N = 3. Error bars indicate SD.

(G) Violin plot depicting the log, FCs of all identified NF-xB target genes in CAL27 cells
after HUWE1 or HAPSTR1 knockdown by three different siRNA target sequences each.
(H) Log, FCs of select NF-xB target genes in CAL27 cells after HUWE1 or HAPSTR1
knockdown. Each dot represents the mean of three replicates per sSiRNA used.

(1) 293T cells were transfected with siRNAs targeting the indicated genes followed by
transfection with an NF-xB transcriptional reporter. Data are represented as the mean + SD
of four replicates. Statistical significance was determined by unpaired t test. ****p < 0.0001,;
**p <0.01; n.s., p>0.05.

(J) CAL27 cells were transfected with control or siRNAs targeting HUWE1 or HAPSTR1
in parental cells or cells with stable expression of the indicated siRNA-resistant HAPSTR1
variant. The abundance of CCL20and CXCL3mRNA in each sample normalized to that
of GAPDH was determined by qRT-PCR analysis. Values in transgene-expressing cell lines
were normalized to the control siRNA. Data are represented as the mean + SEM of three
biological replicates.

See also Figure S6 and Table S7.

Cell Rep. Author manuscript; available in PMC 2023 June 19.
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Figure 7. Loss of nuclear HUWEL activates p53 signaling
(A) Violin plot of DepMap 22Q2 CRISPR gene effect scores for MDM2, HAPSTR1, and

HUWEL in cell lines with WT or hotspot mutations in p53. Numbers below gene name
indicate mean difference comparing p53 WT or hotspot mutant cell lines.

(B) Pearson correlation values from DepMap 22Q2 CRISPR data comparing MDM2,
HAPSTR1, and HUWEL to the indicated p53 target gene or regulator.

(C) Immunoblots of HCT116 cells with the indicatedp53 status transfected with a control
(Ctrl) siRNA or one of three siRNA sequences targeting HAPSTR1 (top) or HUWE1
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(bottom). Whole-cell extracts were separated by SDS-PAGE and IB with the indicated
antibodies.

(D) Immunoblots of HCT116 cells stably expressingthe indicated variant of siRNA-resistant
FLAG-HA-tagged HAPSTR1 and transfected with a control or HAPSTR1-targeting siRNA.
Whole-cell extracts were separated by SDS-PAGE and IB with the indicated antibodies.

See also Figure S7.

Cell Rep. Author manuscript; available in PMC 2023 June 19.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-FLAG, Clone M2 Sigma-Aldrich Cat#F3165; RRID:AB_259529

Rabbit polyclonal anti-REDD1 (DDIT4)
Mouse monoclonal anti-Ubiquitin, clone Ubi-1
Rabbit polyclonal anti-sequestosome-1 (p62)
Mouse monoclonal anti-a-tubulin (DM1A)
Rabbit polyclonal anti-Lasul/Urebl (HUWEL)
Rabbit polyclonal anti-MAFB

Mouse monoclonal anti-GFP

Mouse monoclonal anti-p53 (DO-1)

Rabbit monoclonal anti-Phospho-Histone H2A.X (Ser139)

(20E3)

anti-Strep antibody HRP conjugate

Rabbit polyclonal anti-Histone H3

Rabbit polyclonal anti-C160rf72 (HAPSTR1)
Mouse monoclonal anti-Phospho-p53 (S15) (16G8)

Rabbit monoclonal anti-Phospho-CHK1
(S345) (133D3)

Anti-Rabbit 1gG (H + L), HRP Conjugate antibody
Anti-Mouse 1gG (H + L), HRP Conjugate antibody
IRdye60 Anti-Mouse 1gG secondary

Proteintech

Millipore

Bethyl Laboratories, Inc

Cell Signaling Technology
Bethyl Laboratories, Inc

Cell Signaling Technology
Roche

Santa Cruz Biotechnology, Inc.

Cell Signaling Technology

Millipore

Cell Signaling Technology
Aviva Systems Biology
Cell Signaling Technology
Cell Signaling Technology

Promega
Promega
LI-COR

Cat#10638-1-AP; RRID:AB_2245711
Cat#MAB1510; RRID:AB_2180556
Cat#A302-857A; RRID:AB_10631598
Cat#3873; RRID:AB_1904178
Cat#A300-486A; RRID:AB_2264590
Cat#41019; RRID:AB_2799192
Cat#11814460001; RRID:AB_390913
Cat#sc-126; RRID:AB_628082
Cat#9718; RRID:AB_2118009

Cat#71591-3; RRID: AB_10806716
Cat#9715; RRID:AB_331563
Cat#ARP78805_P050

Cat#9286; RRID:AB_331741
Cat#2348; RRID:AB_331212

Cat#W4011; RRID:AB_430833
Cat#W4021; RRID:AB_430834
Cat#926-68070; RRID: AB_10956588

Chemicals, peptides, and recombinant proteins

Lipofectamine RNAiMax
Lipofectamine 2000
Lipofectamine 3000
TransIT-293

Protease inhibitor cocktail tablet
Clarity Western ECL Substrate
Amersham ECL Prime
MG132

Bafilomycin Al

Doxycycline hydrochloride
TAK-243

Etoposide

Cisplatin

Fetal bovine serum

Trypsin

N-Ethylmaleimide (NEM)

Puromycin

Cell Rep. Author manuscript; available in PMC 2023 June 19.

Thermo Fisher
Thermo Fisher
Thermo Fisher
Mirus Bio LLC
Roche

BioRad

GE Life Sciences
Enzo Life Sciences
Sigma

Fisher Scientific
ChemieTek

Enzo

Enzo

VWR
Sigma-Aldrich
Sigma-Aldrich
Mediatech (Corning)

Cat#13778030
Cat#11668019
Cat#1.3000001
Cat#MIR 2700
Cat#11836170001
Cat#170-5061
Cat#RPN2232
Cat#BML-PI1102
Cat#B1793
Cat#BP2653-5
Cat#CT-M7243
Cat#BML-GR307
Cat#ALX-400-040
Cat#97068-085
Cat#T1426
Cat#E3876
Cat#61-385-RA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Blasticidin S HCI Corning Cat#MT30100RB
Trizol Life Technologies Cat#1596026
Super-Script 111 First-Strand Synthesis System Life Technologies Cat#18080051
iTag SYBR Green Bio-Rad Cat#1725121
Triton X-100 Sigma-Aldrich Cat#T8787
EDTA Amersco Cat#E177
UBE2D2 R&D Systems Cat#E2-622-100

10x E3 Ligase Conjugation Buffer
UBEL1

Ubiquitin

Mg-ATP

Hoechst 33342 (20mM)

Fluoromount-G

R&D Systems
R&D Systems
R&D Systems
R&D Systems
Thermo Scientific

Southern Biotech

Cat#B-71
Cat#E-304-050
Cat#U-100H-10M
Cat#B-20
Cat#62249
Cat#0100-01

Human TNF-a Recombinant Protein Cell Signaling Technology Cat#16769

Critical commercial assays

BCA Protein Assay Thermo Scientific (Pierce) Cat#23225

Dual-Glo Luciferase Assay System Promega Cat#E2920

CellTiter-Glo 2.0 Cell Viability Assay Promega Cat# G9243

Deposited data

293T shHUWE1 TMT proteomics raw data This paper PRIDE: PXD041590

HAP1 HUWE1 KO/KI TMT proteomics raw data This paper PRIDE: PXD041591

HUWE1/HAPSTRL1 IP proteomics raw data This paper PRIDE: PXD041593

CAL27 siHUWEL1 siHAPSTR1 timsTOF proteomics raw This paper PRIDE: PXD041595

data

293T shHUWE1 RNA-seq raw data This paper Zenodo; https://doi.org/10.5281/
zenodo.7831879

CAL27 siRNA Control RNA-seq raw data This paper Zenodo; https://doi.org/10.5281/
zenodo.7839090

CAL27 siHUWE1 RNA-seq raw data This paper Zenodo; https://doi.org/10.5281/
zenodo.7839096

CAL27 siHAPSTR1 RNA-seq raw data This paper Zenodo; https://doi.org/10.5281/
zenodo.7839102

Experimental models: Cell lines

293T ATCC Cat#CRL-3216; RRID:CVCL_0063

HCT116 WT Gift from Wade Harper (Harvard N/A

Medical School)
HCT116 p53 -/- Gift from Wade Harper (Harvard N/A

CAL27

HAP1

HAP1 iCas9

HAP1 HUWE1 KO clone 3

Cell Rep. Author manuscript; available in PMC 2023 June 19.

Medical School)
ATCC

Johnson et al.64

Hundley et al.*3

Hundley et al.*3

Cat#CRL-2095; RRID:CVCL_1107

N/A
N/A
N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

HAP1 HUWEL1 KO clone 5
NCI-H2052
RPE1 hTERT

293T inducible_shHUWE1-154

293T inducible_shHUWE1-158

293T inducible_shHUWE1-890

293T inducible_shHUWE1-891

293T inducible_shHUWE1-2

293T inducible_shHUWE1-3

293T inducible_shFF (firefly control)
293T FLAG-HA-HAPSTR1 (cJM316)
293T FLAG-HA-SCNM1 (cIM330)
HAP1 HUWE1 C4341S Knock-in
CAL27 FLAG-HA-HAPSTR1 (cIJM324)
CAL27 FLAG-HA-SCNML1 (cJM339)
CAL27 FLAG-HA-NFIB (cIM343)
CAL27 FLAG-HA-MAFB (cIJM348)
CAL27 FLAG-HA-ZCCHC17 (cIJM345)

293T FLAG-HA-HAPSTR1 (HAPSTR1 siRNA #1
resistant) (cJM349)

293T FLAG-HA-HAPSTR1 A1-102 (HAPSTR1 siRNA
#1 resistant) (cJM351)

293T FLAG-HA-HAPSTR1 ANLS (HAPSTR1 siRNA #1
resistant) (cJM353)

CAL27 GFP-SCNM1 (cJM358)

CAL27 GFP-SCNM1 FLAG-HA-HAPSTR1 (HAPSTR1
SiRNA #1 resistant) (cJM355)

CAL27 GFP-SCNM1 FLAG-HA-HAPSTR1 A1-102
(HAPSTR1 siRNA #1 resistant) (cJM356)

CAL27 GFP-SCNM1 FLAG-HA-HAPSTR1 ANLS
(HAPSTR1 siRNA #1 resistant) (cJM357)

CAL27 FLAG-HA-SCNM1 A1-24 (cJM368)

CAL27 inducible Cas9 sgControl

CAL27 inducible Cas9 sgHUWE1

CAL27 inducible Cas9 sgHAPSTR1

CAL27 inducible Cas9 sgHUWE1 sgHAPSTR1
CAL27 inducible Cas9 syHAPSTR1 FLAG-HAPSTR1

CAL27 inducible Cas9 sgHAPSTR1 FLAG-HAPSTR1
A1-102

CAL27 inducible Cas9 sgHAPSTR1 FLAG-HAPSTR1
ANLS

CAL27 GFP

HCT116 FLAG-HA-HAPSTR1
HCT116 FLAG-HA-HAPSTR1 A1-102
HCT116 FLAG-HA-HAPSTR1 ANLS

Cell Rep. Author manuscript; available in PMC 2023 June 19.

Hundley et al.*3
ATCC

Gift from Wade Harper (Harvard
Medical School)

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

This paper
This paper

This paper
This paper

This paper
This paper

This paper
This paper
This paper
This paper
This paper
This paper
This paper

This paper

This paper
This paper
This paper
This paper

N/A

Cat#CRL-5915; RRID:CVCL_1518
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A
N/A

N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
CAL27 FLAG-HA-HAPSTR1 (HAPSTR1 siRNA #1 This paper N/A
resistant) (cJM350)

CAL27 FLAG-HA-HAPSTR1 A1-102 (HAPSTR1 siRNA  This paper N/A

#1 resistant) (cJM352)

CAL27 GFP-SCNM1 FLAG-HA-HAPSTR1 ANLS This paper N/A
(HAPSTR1 siRNA #1 resistant) (cJM354)

Expi293F Thermo-Fisher Cat#A14635
Sf9 Expression Systems Cat#94-001F
Hi5 Thermo-Fisher Cat#B85502

Oligonucleotides

siRNA targeting sequence:
HUWE1L_D-007185-01 (siHUWEL 1):
GCAAAGAAAUGGAUAUCAA

siRNA targeting sequence:
HUWEL (SIHUWEL_2);
UGGUAGAUGUCCUUCAGAUUU

siRNA targeting sequence:
HUWEL (SIHUWEL_3);
CACCUCAGCUACUUCAAGUUU

siRNA targeting sequence:
HUWEL_D-007185-06 (siHUWEL_4):
GAAAUGGAUAUCAAACGUA

siRNA targeting sequence:
HAPSTR1_D-031072-01 (SiHAPSTR1_1):
GGACAAUGGUGGAACUAGA

siRNA targeting sequence:
HAPSTR1_D-031072-02 (SiHAPSTRL_2):
CAGAAGAACUAUUCGUCGA

siRNA targeting sequence:
HAPSTR1_D-031072-04 (siHAPSTRL_3):
GAUGUGUUGGCUUGGGUUA

siRNA targeting sequence: Non-targeting control sSiRNA
pool #2

HUWEZ1 prime editing check forward:
5 -GTCCCTTCCTACAGATCCAGTG-3’

HUWEL prime editing check reverse:
5’- CATCAAGTATGCAAGCTCAACC-3’

gRT-PCR Primers CCL20 forward:
5 -AACCATGTGCTGTACCAAGAG-3’

gRT-PCR Primers CCL20 reverse:
5 -CAGTCAAAGTTGCTTGCTTCTG-3’

gRT-PCR Primers CXCL3 forward: 5’-
GCAGGGAATTCACCTCAAGA-3’

gRT-PCR Primers CXCL3 reverse: 5'-
GTGTGGCTATGACTTCGGTT-3’

qRT-PCR Primers GAPDH forward:
5 -GGTGGTCTCCTCTGACTTCAACA-3’

gRT-PCR Primers GAPDH reverse:
5 -GTTGCTGTAGCCAAATTCGTTGT-3’

Dharmacon

Dharmacon

Dharmacon

Dharmacon

Dharmacon

Dharmacon

Dharmacon

Dharmacon

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Cat#D-007185-01

N/A

N/A

Cat#D-007185-06

Cat#D-031072-01

Cat#D-031072-02

Cat#D-031072-04

Cat#D-001206-14

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Recombinant DNA

TRIPZ_shHUWE1_V2THS_353154

Cell Rep. Author manuscript; available in PMC 2023 June 19.
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Cat#RHS4696-200764225



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Monda et al.

Page 46

REAGENT or RESOURCE SOURCE IDENTIFIER

TRIPZ_shHUWE1_V2THS_353155 Dharmacon Cat#RHS4696-200765823
TRIPZ_shHUWE1_V2THS_353158 Dharmacon Cat#RHS4696-200760498
TRIPZ_shHUWE1_V2THS_154890 Dharmacon Cat#RHS4696-200698401
TRIPZ_shHUWE1_V2THS_154891 Dharmacon Cat#RHS4696-200676399
TRIPZ_shHUWE1_V2THS_110969 Dharmacon Cat#RHS4696-200673302

pIND_mirR_shFF
pDEST_pHAGE_N_FLAG-HA-HAPSTR1 (pJM336)
pDEST_pHAGE_N_FLAG-HA-SCNM1 (pJM416)
pDEST_pHAGE_N_FLAG-HA-NFIB (pJM426)
pDEST_pHAGE_N_FLAG-HA-MAFB (pJM417)
pDEST_pHAGE_N_FLAG-HA-ZCCHC17 (pJM427)

pDEST_pHAGE_N_FLAG-HA-HAPSTR1
siRNA#1resistant (pJM432)

pDEST_pHAGE_N_FLAG-HA-HAPSTR1 A1-102
siRNA#1resistant (pJM433)

pDEST_pHAGE_N_FLAG-HA-HAPSTR1 ANLS
siRNA#1resistant (pJM434)

pDEST_pHAGE_N_GFP-SCNM1 (pJM435)
pPDEST_pHAGE_N_FLAG-HA-SCNM1 Al-24 (pIM446)
pPDEST_CMV_N_FLAG-MAFB (pJM420)
pPDEST_CMV_N_FLAG-HUWE1L (WT) (pJM350)
pDEST_CMV_N_FLAG-HUWE1 C4341S (CS) (pJM351)

pDEST_CMV_N_FLAG-HUWEL Y1658A (Mut #2)
(pIM369)

pDEST_CMV_N_FLAG-HUWEL ABH3 (Mut #5)
(pIM370)

pDEST_CMV_N_FLAG-HUWE1 AWWE (Mut #3)
(pIM371)

pDEST_CMV_N_FLAG-HUWE1 BH3_4E (Mut #4)
(pIM372)

pDEST_CMV_N_FLAG-HUWE1 UBA_mutl (Mut #8)
(pIM375)

pDEST_CMV_N_FLAG-HUWE1 UBA_mut2 (Mut #9)
(pIM376)

pDEST_CMV_N_FLAG-HUWEL UIM_mut (Mut #11)
(pIM380)

pDEST_CMV_N_FLAG-HUWE1 UBA-UIM_mut1 (Mut
#13) (pIM381)

pDEST_CMV_N_FLAG-HUWE1 UBA-UIM_mut2 (Mut
#14) (pIM382)

pDEST_CMV_N_FLAG-HUWE1 Latch_L3294R (Mut
#29) (pJM386)

pDEST_CMV_N_FLAG-HUWEI Latch_L3294G (Mut
#30) (pIM387)

pDEST_CMV_N_FLAG-HUWEL A169-189 (Mut #19)
(pIM388)

pDEST_CMV_N_FLAG-HUWE1 F3194S (Mut #20)
(pIM389)

Cell Rep. Author manuscript; available in PMC 2023 June 19.

Meerbrey et al®
This paper
This paper
This paper
This paper
This paper
This paper

This paper
This paper

This paper
This paper
This paper
Hunkeler et al.*3
This paper
This paper

This paper
This paper
Hunkeler et al 13
This paper
Hunkeler et al.13
Hunkeler et al 13
This paper
Hunkeler et al.13
This paper
This paper
Hunkeler et al.13

Hunkeler et al.13

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pDEST_CMV_N_FLAG-HUWE1 R110Q (Mut #21) This paper N/A
(pIM390)

pDEST_CMV_N_FLAG-HUWE1 R4187C (Mut #23) This paper N/A
(pIM391)

pDEST_CMV_N_FLAG-HUWEL1 Adisorder (Mut #24) This paper N/A
(pIM392)

pDEST_CMV_N_FLAG-HUWEL1 ATower (Mut #25) This paper N/A
(pIM393)

pDEST_CMV_N_FLAG-HUWE1 UBA-UIM-UBM_mut  Hunkeler et al.13 N/A
(Mut #16) (pIJM394)

pDEST_CMV_N_FLAG-HUWE1 AUBA-UIM-UBM1 This paper N/A
(Mut #17) (pIJM395)

pDEST_CMV_N_FLAG-HUWE1 H669Q (Mut #22) This paper N/A
(pIM399)

pDEST_CMV_N_FLAG-HUWE1 APlug (Mut #31) Hunkeler et al.13 N/A
(pIM400)

pDEST_CMV_N_FLAG-HUWE1 A60 (Mut #32) This paper N/A
(pIM401)

pDEST_CMV_N_FLAG-HUWE1 AUBA-UIM-3xUBM This paper N/A
(Mut #18) (pIJM419)

pNTM2_Flag_HAPSTR1 (pMH297) This paper N/A
pDEST_CMV_N_GFP_HAPSTR1 (pJM316) This paper N/A
pDEST_CMV_N_GFP-HAPSTR1 A1-102 This paper N/A
siRNA#1resistant (pJM441)

pDEST_CMV_N_GFP-HAPSTR1 ANLS This paper N/A
siRNA#1resistant (pJM442)

pDEST_CMV_N_GFP-MAFB (pJM437) This paper N/A
pCW-Cas9-Blast Addgene #83481
pHAGE_N_GFP_IRES-Blast Lenti (EJB466) This paper N/A
LentiGuide_Puro_sgPITCH/Control (pXG66) This paper N/A
LentiGuide_Puro_sgHAPSTRL1 (pXG63) This paper N/A
LentiGuide_Puro_sgHUWE1 (pXG65) This paper N/A
LentiGuide_Puro_sgHAPSTR1_sgHUWEL (pXG80) This paper N/A
pHAGE_CMV_N_FLAG_HA_HAPSTR1_WT_IRES_mC  This paper N/A
herry (EJB3991)

pHAGE_CMV_N_FLAG_HA_HAPSTR1 ANLS_ This paper N/A
IRES_mCherry (EJB3992)

pHAGE_CMV_N_FLAG_HA_HAPSTR1 A1-102_ This paper N/A
IRES_mCherry (EJB3990)

pSI-Check2-hRIuc-NFkB-firefly Addgene #106979
PE2-2A-GFP Addgene #132776
pegRNA Huwel C4341S (pXG51) This paper N/A
pDARMO_CMVT_N_Strep_ HUWE1 WT (pMH426) This paper N/A
pDARMO_CMVT_N_FLAG_SCNM1 (pMH539) This paper N/A
pAC8RedNK_Strep_ HAPSTR1 (pMH255) This paper N/A
pDARMO_CMVT_N_Strep_ HAPSTR1_1-251 (ANLS) This paper N/A

(pMH541)

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
FlowJo BD Biosciences N/A
Prism GraphPad Software N/A
CellProfiler www.cellprofiler.org N/A
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