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ABSTRACT hRpn13/ADRM1 links substrate recruitment with deubiquitination at
the proteasome through its proteasome- and ubiquitin-binding Pru domain and
DEUBAD domain, which binds and activates deubiquitinating enzyme (DUB)
UCHL5/Uch37. Here, we edit the HCT116 colorectal cancer cell line to delete part
of the hRpn13 Pru, producing cells that express truncated hRpn13 (trRpn13),
which is competent for UCHL5 binding but defective for proteasome interaction.
trRpn13 cells demonstrate reduced levels of proteasome-bound ubiquitinated
proteins, indicating that the loss of hRpn13 function at proteasomes cannot be
fully compensated for by the two other dedicated substrate receptors (hRpn1
and hRpn10). Previous studies indicated that the loss of full-length hRpn13
causes a corresponding reduction of UCHL5. We find UCHL5 levels unaltered in
trRpn13 cells, but hRpn11 is elevated in �hRpn13 and trRpn13 cells, perhaps from
cell stress. Despite the �90 DUBs in human cells, including two others in addi-
tion to UCHL5 at the proteasome, we found deletion of UCHL5 from HCT116
cells to cause increased levels of ubiquitinated proteins in whole-cell extract and
at proteasomes, suggesting that UCHL5 activity cannot be fully assumed by
other DUBs. We also report anticancer molecule RA190, which binds covalently
to hRpn13 and UCHL5, to require hRpn13 Pru and not UCHL5 for cytotoxicity.
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The ubiquitin-proteasome system (UPS) regulates protein degradation and is re-
quired for cellular homeostasis (1–3). Ubiquitinated substrates are recognized by

the 19S regulatory particle (RP) of the proteasome, which abuts the 20S core particle
(CP), where proteolysis occurs (1, 4). Ubiquitin receptor sites in RP subunits hRpn1/S2/
PSMD2 (5), hRpn10/S5a (6), and hRpn13/ADRM1 (7, 8) bind directly to substrate-
attached ubiquitin chains or ubiquitin folds of substrate shuttle factors (5, 7–13), which
also activate enzymatic activities of the 26S proteasome (14). Prior to proteolysis,
ubiquitin chains are deconjugated and removed from substrates by the activity of RP
deubiquitinating enzymes (DUBs) UCHL5/Uch37 (15), USP14/Ubp6 (16–18), and hRpn11
(19, 20). hRpn1 and hRpn13 bind USP14 (21) and UCHL5, respectively (22–25), whereas
hRpn10 has a C-terminal domain for ubiquitin E3 ligase E6AP/UBE3A (26).

Proteasome inhibitors that target CP �5 and i�5 are used to treat hematological
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cancers (27). Targeting the proteasome through hRpn13 has emerged as a promising
alternative and/or synergistic therapeutic strategy based on results obtained in cell
culture or mouse xenograft models (28–33). Chalcone derivatives that covalently
adduct to hRpn13 trigger accumulation of ubiquitinated proteins and apoptosis and
restrict tumor growth (28, 29, 31–33). These compounds are active in bortezomib-
resistant multiple myeloma cell lines (28, 31) and synergistic with lenalidomide, poma-
lidomide, or bortezomib against multiple myeloma (29).

hRpn13 contains two functional domains, an N-terminal pleckstrin-like receptor for
ubiquitin (Pru) domain that binds ubiquitin and the proteasome (7, 8, 33, 34) and a
C-terminal deubiquitinase adaptor (DEUBAD) domain (35) that binds and activates
UCHL5 (22–25). The two domains can interact, restricting hRpn13 binding to ubiquitin
chains, but dissociate at the proteasome (36). hRpn13 and UCHL5 are required for
proper cell cycle progression (32), and the ADRM1 gene that encodes hRpn13 is
upregulated in a variety of human cancers with inhibited proliferation upon knock-
down (37–40). UCHL5 deletion is embryonic lethal in mice (41), and Rpn13-null mice die
soon after birth (42).

hRpn13 and UCHL5 are physically and functionally coupled, with knockdown of
hRpn13 by short interfering RNA (siRNA) yielding reduced UCHL5 protein levels (23, 32).
This finding potentially both impacts and complicates the discovery that hRpn13 is
required for RA190-induced cell death (29, 33), as RA190 also targets UCHL5 in vitro (31,
33). In this study, to better define the role of hRpn13 and UCHL5 at the proteasome and
in RA190 cellular targeting, we used gene editing in combination with functional
assays. We generated an HCT116-derived cell line that expresses defective hRpn13
(trRpn13), with a Pru domain missing the RA190-targeted Cys88 and unable to bind the
proteasome. The hRpn13 DEUBAD domain remained intact and competent for binding
to UCHL5, the levels of which were unaffected by Pru domain loss. We compared effects
at the proteasome and following RA190 treatment in trRpn13 cells to the parental cell
line. In addition, we generated another HCT116-derived cell line deleted of UCHL5
(�UCHL5). This research strategy enabled us to uncouple the impact of hRpn13 and
UCHL5 in the cellular response to RA190 and ubiquitin-mediated protein degradation
by the proteasome.

RESULTS
Generation of an HCT116-derived cell line with a defective hRpn13 Pru do-

main. In an attempt to generate an hRpn13-deleted cell line with a selection-free
frameshift mutation, we designed guide RNAs for CRISPR/Cas9 gene editing of the
HCT116 colorectal cancer cell line that targeted ADRM1 exon 2 (Fig. 1A), which is the
first protein-coding exon (Fig. 1B). Immunoprobing for hRpn13 in a clone derived by
this approach revealed a truncated protein that migrates by SDS-PAGE at a molecular
weight of �12 kDa smaller than that of full-length hRpn13 (Fig. 1C, top). Here, we refer
to this cell line and the hRpn13 protein product as trRpn13. Based on our targeting of
exon 2, the size of the observed truncated protein, and examination of the hRpn13
sequence, we hypothesized that trRpn13 was generated by in-frame deletion of exon
2, allowing for the initiation of protein coding at a nearby methionine located toward
the end of exon 3. To test directly whether the smaller trRpn13 is missing exon 2, we
performed RT-PCR on mRNA isolated from trRpn13 and the parental HCT116 cell line,
here referred to as the wild type (WT). We used primers spanning the first three exon
junctions and found that the trRpn13 mRNA is indeed missing exon 2. In particular, the
exon 1-exon 2 and exon 2-exon 3 junctions were readily observable in WT but not
trRpn13 cells (Fig. 1D, lanes 1 and 5 versus 2 and 6). In contrast, the exon 1-exon 3
junction was prominent in trRpn13 but not WT cells (Fig. 1D, lane 4 versus 3). Next, we
performed transcriptome sequencing (RNA-seq) analyses on total mRNA isolated from
three replicate samples of WT and trRpn13 cells. As expected from reverse transcription-
PCR (RT-PCR) (Fig. 1D), exon 2 expression was observed to be close to background
levels in trRpn13 cells with all other exons unaffected (Fig. 1E), confirming that trRpn13
expresses a truncated hRpn13 protein missing exon 2 of the Pru domain. To more
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FIG 1 Generation of a cell line expressing truncated hRpn13 (trRpn13) competent for binding UCHL5 but not proteasome. (A) Schematic representation of the
hRpn13-expressing ADRM1 gene highlighting and labeling each forward strand exon, including noncoding exon 1 and gRNA-targeted exon 2. Exons 3 to 10,
as well as the ATG codon in exon 3 encoding M109, are also indicated. (B) Structure of hRpn13 (PDB 2KR0) highlighting exons of the ADRM1 gene colored as
displayed in panel A. Exons 1 to 4 and 8 to 10 express the hRpn13 Pru and DEUBAD domains, respectively, with exon 7 yielding a helix that bridges these two
structural domains. Exons 5 and 6 express parts of the protein that are intrinsically disordered and are omitted from this figure. The side chain heavy atoms
are displayed (pink) for M109, which is located at the end of a helix encoded by exon 3. (C, top) Whole-cell extract from HCT116 (WT) or trRpn13 cells was
resolved and analyzed by immunoprobing for hRpn13, hRpn2, or hRpt3, as indicated, with �-actin used as a loading control. (Bottom) Proteasomes from WT
or trRpn13 whole-cell extract were immunoprecipitated (IP) with anti-Rpt3 antibodies and immunoprobed for hRpn13 or hRpn2 as a positive control. (D) Total
RNA from HCT116 (WT) or trRpn13 was reverse transcribed to cDNA and subjected to PCR for evaluation with primers targeting the indicated ADRM1 exon
junctions. PCR products were run on a 1% agarose gel and visualized by SYBR safe DNA gel stain. (E) Sashimi plot depicting normalized coverage for the ADRM1
gene that expresses hRpn13 in HCT116 trRpn13 or WT cells. (Top) Counts-per-minute (CPM)-normalized expression is shown along the y axis for the length of
the gene along the x axis. Reads spanning splice junctions are depicted as arcs annotated with CPM-normalized counts. (Bottom) Schematic of the primary
transcript (ENST00000253003) for the gene from the Ensembl database, version 75, with exons shown as boxes, introns shown as lines, and arrows indicating
the direction of transcription. Numbers at the bottom denote the chromosomal coordinates along chromosome 20. (F) Sanger sequencing analysis of hRpn13
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confidently identify the deletion in trRpn13, we performed Sanger sequencing analyses
of ADRM1 cDNA from the WT and trRpn13 cell lines. Sanger sequencing indicated
unambiguously the deletion of the first protein-coding exon (Fig. 1F).

Disrupting Pru abrogates hRpn13 interaction with the proteasome without
affecting levels or interaction with UCHL5. hRpn13 residues from exon 2 and exon
3 are used to bind the proteasome through RP component hRpn2 (33, 34, 43);
therefore, we hypothesized that trRpn13 does not associate with the proteasome. To
test this hypothesis, we immunoprecipitated proteasomes from WT or trRpn13 cells by
using antibodies against the RP ATPase component hRpt3 and immunoprobed for the
presence of hRpn13 or hRpn2 (as a positive control). Full-length hRpn13 from WT cells
was readily immunoprecipitated with anti-Rpt3 antibodies, as expected. In contrast,
trRpn13 expressed in trRpn13 cells did not coimmunoprecipitate with hRpt3 (Fig. 1C,
bottom).

To assess whether UCHL5 protein levels are reduced in trRpn13 cells, as previously
observed for �hRpn13 cells (33), whole-cell extract from �hRpn13, trRpn13, or WT cells
was analyzed by immunoprobing for UCHL5 with �-actin as a loading control. As
expected (33), loss of UCHL5 was observed in �hRpn13 cells (Fig. 1G). However, in
trRpn13 cells, levels of UCHL5 were unaltered compared to those of the WT (Fig. 1G),
indicating that loss of the hRpn13 Pru domain does not impact UCHL5 protein
steady-state levels.

We next tested whether trRpn13 interacts with UCHL5. A cross-linking immunopre-
cipitation experiment was performed by treating trRpn13, �hRpn13 (as a negative
control), or WT cells with dithiobis(succinimidyl propionate) (DSP) and immunoprecipi-
tating hRpn13 with anti-Rpn13 antibodies. UCHL5 was observed to coimmunoprecipi-
tate with hRpn13 from both WT and trRpn13 cells by immunoprobing with anti-UCHL5
antibodies (Fig. 1H). Altogether, our data demonstrate that the Pru domain is essential
for hRpn13 interaction with the proteasome and that its deletion does not impact
hRpn13 interaction with UCHL5 or UCHL5 protein levels.

Ubiquitinated proteins accumulate in HCT116 cells lacking UCHL5. To further
interrogate the functional contribution of hRpn13 versus UCHL5 in proteasome func-
tion, we used CRISPR/Cas9 gene editing with RNA guides against UCHL5 exon 1 (Fig. 2A)
to generate an HCT116-derived cell line deleted of UCHL5. RNA-seq analyses of total
mRNA isolated from �UCHL5 or WT cells demonstrated UCHL5 mRNA loss across all
protein-coding regions (Fig. 2B). Quantitative real-time PCR analysis of WT or �UCHL5
cells confirmed an approximately 97% downregulation of UCHL5 mRNA for �UCHL5
compared to that of WT cells (P � 0.0001) (Fig. 2C). Loss of the UCHL5 protein in
�UCHL5 cells was validated by immunoprobing lysates from �UCHL5 or WT cells for
UCHL5 with �-actin used as a loading control; levels of hRpn13, hRpn2, and hRpt3
appeared unaffected by UCHL5 loss (Fig. 2D).

We tested the necessity of hRpn13, UCHL5, and the hRpn13 Pru domain for
clearance of ubiquitinated proteins. The bulk level of ubiquitinated proteins was
assayed by immunoprobing whole-cell extract from �hRpn13, trRpn13, �UCHL5, or WT
cells with antiubiquitin antibodies. Levels appeared higher for �UCHL5 cells than the
WT (Fig. 2E, left), a trend reproducible over three experiments with quantification by
using �-actin as a loading control (Fig. 2E, upper right). A slight increase was observed
for �hRpn13 cells, whereas trRpn13 ubiquitin levels were within the error range of that
measured for the WT (Fig. 2E). Some fluctuations were observed for RP components,
with small reductions for hRpn1 and hRpn10 in �UCHL5 cells and a small increase for

FIG 1 Legend (Continued)
cDNA from WT or trRpn13 cells denoting the location of the two sgRNAs (red arrows), 5= UTR, which includes exon 1 (gray arrow), and protein-coding exon
2 and exon 3 (yellow bars). An expansion is included in the lower panel showing the 5= and 3= portions from the deletion of exon 2. This image was generated
by using Geneious. (G) Lysates from WT, ΔhRpn13, or trRpn13 cells were immunoprobed for UCHL5, hRpn13, or �-actin (as a loading control). (H) Lysates from
WT, ΔhRpn13, or trRpn13 cells treated for 30 min with the cross-linker DSP were subjected to immunoprecipitation with anti-Rpn13 antibodies, and the
immunoprecipitants were immunoprobed for UCHL5 or hRpn13 as indicated. Immunoblots of the whole-cell extract (WCE) are included as indicated in the lower
panels for UCHL5, hRpn13, or �-actin (as a loading control).
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FIG 2 Levels of ubiquitinated proteins at the proteasome are altered in cells deleted of hRpn13, UCHL5, or the hRpn13 Pru. (A) Schematic representation of
the UCHL5 gene from chromosome 1 depicting and labeling the exons as well as the gRNA targeting of exon 1 to generate the �UCHL5 cell line. (B) Sashimi
plots depicting normalized coverage for the UCHL5 gene in HCT116 ΔUCHL5 or WT cells. (Top) CPM-normalized expression is shown along the y axis for the
length of the gene along the x axis. Reads spanning splice junctions are depicted as arcs annotated with CPM-normalized counts. (Bottom) Schematic of the
primary transcript (ENST00000367455) for the gene from the Ensembl database, version 75, with exons shown as boxes, introns shown as lines, and arrows
indicating the direction of transcription. Numbers at the bottom denote the chromosomal coordinates along chromosome 1. (C) Total RNA from WT or �UCHL5
cells was reverse transcribed to cDNA and subjected to TaqMan PCR for UCHL5 mRNA analysis. �-Actin was used as an internal standard, and the data were
normalized to the WT by using the 2–ΔΔCT method. Reported values represent means, with error bars indicating standard errors of the means (SEM) for n � 6.
Fold change is also indicated for �UCHL5 compared to the WT. ****, P � 0.0001 by Student’s t test analysis. (D) Lysates from WT or �UCHL5 cells were resolved
and analyzed by immunoprobing for hRpn13, hRpt3, or hRpn2, as indicated, with �-actin as a loading control. (E) Whole-cell extract (WCE) from WT, �hRpn13,
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hRpn10 in �hRpn13 cells (Fig. 2E). The largest effect was for hRpn11, which was
increased for the �hRpn13 and trRpn13 cells (Fig. 2E). This increase in hRpn11 may be
in response to cellular stress initiated by losing hRpn13 activity at the proteasome, as
Rpn11 overexpression suppresses age-related reduction of proteasome activity in fruit
flies (44).

Proteasome-bound ubiquitinated proteins are reduced in cells with a defective
hRpn13 Pru. We next assessed the impact of losing the hRpn13 Pru domain or UCHL5
at the proteasome. Proteasomes from �hRpn13, trRpn13, �UCHL5, or WT cells were
immunoprecipitated with anti-Rpt3 antibodies and immunoprobed for RP components,
including hRpn1, hRpn2, hRpn10, and hRpn11, as well as for the presence of ubiquiti-
nated proteins (Fig. 2F). A visible reduction of ubiquitinated proteins was observed for
proteasomes from �hRpn13 and trRpn13 cells compared to WT and �UCHL5 cells (Fig.
2F, left, lanes 2 and 3 compared to lanes 1 and 4) that was reproduced over three
experiments with normalization to hRpn2 (Fig. 2F, upper right). Moreover, �UCHL5
proteasomes exhibited a reproducible increase in ubiquitinated proteins compared to
the WT (Fig. 2F). Similar levels of RP components hRpn1, hRpn2, hRpn10, and hRpn11
were observed across the different cell lines (Fig. 2F), with slight reduction in hRpn10
levels for �UCHL5. This finding is consistent with the reduced hRpn10 levels in the
whole-cell extract (Fig. 2E). hRpn10 is required in HCT116 cells for lid-based assembly
of the proteasome RP (26); therefore, this result may have implications for the distri-
bution of RP-capped proteasome.

hRpn13 Pru contributes to G1/S transition in HCT116 cells. Several studies have
reported that knockdown or chemical targeting of hRpn13 blocks cellular proliferation
(28, 29, 38, 39), and our previous work similarly found knockdown of either hRpn13 or
UCHL5 in HeLa cells stalled G1/S cell cycle transition with stabilization of the cell cycle
inhibitor p27Kip1 (32). Therefore, we assayed cellular metabolism in the �hRpn13,
trRpn13, and �UCHL5 cell lines compared to the WT. Each cell line was seeded for 48 h,
and cellular metabolism measured by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. We observed slower metabolic activity for all three
CRISPR-edited cell lines compared to the WT, particularly for �hRpn13 and trRpn13 cells
(Fig. 3A).

We next used flow cytometry to perform cell cycle profiling for �hRpn13, trRpn13,
�UCHL5, or WT cells by incorporation of 5-ethynyl-2=-deoxyuridine (EdU) and counter-
staining with propidium iodide (PI). Based on our findings reported above, we were
surprised to observe that there was no statistically significant effect on cell proliferation
for these modified cell lines compared to WT cells (Fig. 3B). However, we postulated
that adaptations occurred to support the loss of hRpn13 or UCHL5 function during the
selection process following CRISPR targeting. To address this possibility, we assayed the
effect on cell cycle following transient knockdown of these proteins in the parental
HCT116 cell line by using targeted siRNA constructs. Consistent with the observation in
HeLa cells (32), a significant increase was observed in G0/G1 following hRpn13 or UCHL5
knockdown with a corresponding decrease in S phase, which was reproducible across
three independent experiments (Fig. 3C).

To investigate these effects further, we immunoprobed lysates from �hRpn13,
trRpn13, �UCHL5, or WT cells for levels of the G0/G1 transition negative regulator
p21Cip1 and the G2/M transition negative regulator Wee1 (45). p21Cip1 and not Wee1

FIG 2 Legend (Continued)
trRpn13, or �UCHL5 cells were resolved and analyzed by immunoprobing for ubiquitin (Ub), hRpn13, UCHL5, or proteasome components hRpn1, hRpn2, hRpn10,
hRpn11, hRpt3, or USP14, as indicated. �-Actin was used as a loading control. Graphical plots show protein levels in �hRpn13, trRpn13, or �UCHL5 cells relative
to the WT after normalization to �-actin for ubiquitin (Ub) levels in the region bracketed (left), hRpn1, hRpn2, hRpn10, hRpn11, hRpt3, and USP14. Data are
plotted as average fold changes � SEM for three independent experiments. (F) Proteasomes from WT, �hRpn13, trRpn13, or �UCHL5 cells were immunopre-
cipitated (IP) with anti-Rpt3 antibodies and the immunoprecipitates immunoprobed for ubiquitin (Ub), hRpn13, UCHL5, or proteasome components hRpn1,
hRpn2, hRpn10, hRpn11, or hRpt3, as indicated. Graphical plots indicate protein levels in �hRpn13, trRpn13, or �UCHL5 cells relative to the WT after
normalization to hRpn2 for ubiquitin (Ub) levels in the region bracketed (left), hRpn1 and hRpn10. Data are plotted as average fold changes � SEM for three
independent experiments. Bulk ubiquitin was probed with antiubiquitin/P4D1 (3936; Cell Signaling Technology). Dashed lines are included for the plots in
panels E and F at a value of 1.0.
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FIG 3 Transient loss of hRpn13 or UCHL5 disrupts cell cycle progression in HCT116 cells. (A) Metabolic activity of WT, �hRpn13, trRpn13,
or �UCHL5 cells measured by MTT assay at 48 h postseeding for the indicated cell density (n � 6). (B) Representative image (top) and plot
(bottom) for flow cytometry analyses of WT, �hRpn13, trRpn13, or �UCHL5 cells from three independent experiments with triplicate
repetitions. The cells were seeded at 0.4 million cells per well in 6-well plates for 48 h and subsequently labeled with EdU and propidium
iodide. The distribution of cells in G0/G1, S, and G2/M is shown (bottom) by plotting the mean and SEM (error bar) for each cell line. (C)
WT cells treated with scrambled control RNA or siRNA targeting hRpn13 (sihRpn13) or UCHL5 (siUCHL5) for 48 h, followed by labeling with
EdU and propidium iodide, were subjected to flow cytometry analyses. A representative image (right) and plot (left) for the distribution
of cells in G0/G1, S, and G2/M is provided from three independent experiments with triplicate repetitions. The plot indicates the means
and SEM (error bars). ***, P � 0.001; ****, P � 0.0001; two-way ANOVA, Dunnett’s post hoc test. (D, left) Lysates from WT, �hRpn13, trRpn13,
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levels were stabilized in both �hRpn13 and trRpn13 cells compared to WT and �UCHL5
cells (Fig. 3D). Quantification of p21Cip1 levels for three independent experiments
yielded an �2-fold increase in both �hRpn13 and trRpn13 cells compared to the WT
(Fig. 3D). We found that this effect is also present following transient knockdown of
hRpn13. Specifically, lysates from WT cells treated for 48 h with scramble (as a control)
or siRNA against hRpn13 or UCHL5 were immunoprobed for p21Cip1 or Wee1 (Fig. 3E).
As expected, p21Cip1 but not Wee1 levels were stabilized by hRpn13 knockdown
compared to a scrambled control RNA (Fig. 3E, left), with the result being reproducible
across three independent experiments (Fig. 3F, right). No effect was observed for
p21Cip1 or Wee1 following knockdown of UCHL5 compared to the scrambled control
RNA (Fig. 3E). Tumor suppressor p53 transactivates p21Cip1 expression and promotes G1

phase arrest by retarding the transition into or progression through S phase (46, 47).
Nevertheless, induction of p21Cip1 has been shown to occur independently of p53
expression (48–50). We assayed p53 levels in lysates from WT, �hRpn13, trRpn13, or
�UCHL5 cells by immunoblotting with anti-p53 antibodies. No significant change in
p53 level was observed in the CRISPR-edited cell lines compared to the WT (Fig. 3D).
Similarly, p53 levels were unchanged following hRpn13 or UCHL5 knockdown com-
pared to scrambled control RNA (Fig. 3E). These results suggest that activation of
p21Cip1 in �hRpn13 or trRpn13 cells is not driven by a change in p53 protein levels.

As expected (23, 32), knockout or knockdown of hRpn13 caused significant reduc-
tion of UCHL5 levels (Fig. 3D and E). In addition, levels of trRpn13 in trRpn13 are
reduced compared to WT hRpn13 levels (Fig. 3D); however, UCHL5 levels are not
altered compared to those of the WT in trRpn13 cells (Fig. 3D).

Altogether, our results indicate an associative relationship between hRpn13 and
G1/S transition that involves the Rpn13 Pru domain. It is likely that this activity is
dependent on hRpn13 Pru domain function at the proteasome and driven by either a
general defect in substrate recruitment to the proteasome or stabilization of an
hRpn13-dependent subset of substrates.

RA190-induced accumulation of ubiquitinated proteins is attenuated in
trRpn13 and not �UCHL5. The hRpn13 Pru domain contains RA190-targeted Cys88
(28) of exon 3 (Fig. 4A), which is deleted in trRpn13 (Fig. 1). Therefore, we tested
whether RA190-induced accumulation of ubiquitinated proteins is lost in trRpn13 cells.
We treated trRpn13 or WT cells for 24 h with 1 �M RA190 or dimethyl sulfoxide (DMSO;
as a control) and analyzed the cell lysates for the presence of ubiquitinated proteins by
immunoprobing with antiubiquitin antibodies using �-actin as a loading control. As
expected (28, 29), RA190 induced accumulation of ubiquitinated proteins in cellular
lysates from WT cells (Fig. 4B, left, lane 1 versus 2) with reproducibility over three
independent experiments, with normalizing to �-actin (Fig. 4B, right). This bulk increase
of ubiquitinated proteins following RA190 treatment is mitigated in trRpn13 cells (Fig.
4B left, lane 4 compared to lane 3), again consistently reproducible in three indepen-
dent experiments (Fig. 4B, right), similar to observations in �hRpn13 cells (33).

To determine whether RA190 triggers accumulation of ubiquitinated proteins at
proteasomes in trRpn13 cells, proteasomes from WT or trRpn13 cells treated for 24 h
with 1 �M RA190 or DMSO (vehicle control) were immunoprecipitated by using anti-
Rpt3 antibodies. These immunoprecipitates then were assayed for the presence of
ubiquitinated proteins by immunoprobing for ubiquitin and hRpn2 as a positive
control. Following RA190 treatment, ubiquitinated proteins accumulated at protea-
somes from WT cells (Fig. 4C, upper, lane 2 versus 1), as quantified by normalizing to

FIG 3 Legend (Continued)
or �UCHL5 cells seeded at 0.4 million cells per well in 6-well plates for 48 h were resolved and immunoprobed for p21Cip1, Wee1, p53,
hRpn13, UCHL5, or �-actin (as a loading control) as indicated (representative image). (Right) The quantitation of protein levels normalized
to �-actin from three independent experiments is displayed. Averaged values are plotted with error bars indicating SEM. ****, P � 0.0001;
analyses were done by Student’s t test. (E, left) Lysates from WT cells treated with scrambled control RNA or siRNA targeting hRpn13
(sihRpn13) or UCHL5 (siUCHL5) were resolved and immunoprobed as indicated for p21Cip1, Wee1, p53, hRpn13, UCHL5, or �-actin (as a
loading control; shown is a representative image). (Right) Quantitation of protein levels normalized to �-actin across three independent
experiments. Averaged values are plotted with error bars indicating SEM (****, P � 0.0001; Student’s t test).
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hRpn2 (Fig. 4C, lower) and as expected (28). RA190-induced accumulation of ubiquiti-
nated proteins at the proteasome was attenuated for trRpn13 cells (Fig. 4C, upper, lane
4 versus 3, and bottom). This finding was consistently reproduced in three independent
experiments.

We next tested the effect of UCHL5 loss on RA190-induced accumulation of ubiq-
uitinated proteins. We treated �UCHL5 or WT cells for 24 h with 1 �M RA190 or DMSO
(vehicle control) and analyzed the lysates for the presence of ubiquitinated proteins by
immunoprobing with antiubiquitin antibodies and for �-actin as a loading control.
RA190 treatment caused increased levels of ubiquitinated proteins in whole-cell ex-
tracts from WT and �UCHL5 cells (Fig. 4D, left, lanes 2 and 4 versus 1 and 3, respec-

FIG 4 Loss of hRpn13 Pru, and not UCHL5, attenuates sensitivity at the proteasome to RA190. (A) Ribbon diagram representation of hRpn13 with the missing
Pru domain exons (exon 2 and most of exon 3) in yellow, the remaining Pru exon (exon 4) in blue, and the DEUBAD domain and interdomain helix in green.
Heavy side chain atoms are displayed for RA190-targeted cysteine 88 (C88, orange) and trRpn13 start site methionine 109 (M109, pink). This image was made
by using PDB entry 5IRS. (B and C) Whole-cell extracts (WCE) (B) or immunoprecipitated proteasomes (C) from HCT116 (WT) or trRpn13 cells treated for 24 h
with RA190 (1 �M) or DMSO (as a control) were resolved and immunoprobed for ubiquitin (Ub), with �-actin as a loading control (B) or hRpn2 as a positive
control (C). The ratio of ubiquitin levels is plotted for the region bracketed from trRpn13 or WT cells normalized first to �-actin (B) or hRpn2 (C) and then to
the DMSO control WT. Values are average fold changes � SEM from three independent experiments. (D and E) WCE (D) or immunoprecipitated proteasomes
(E) from WT or �UCHL5 cells were resolved and immunoprobed for ubiquitin (Ub), with �-actin as a loading control (D) or hRpt3 as a positive control (E). The
ratio of ubiquitin levels is plotted for the region bracketed from �UCHL5 or WT cells first normalized to �-actin (D) or hRpt3 (E) and then to the DMSO control
WT. Values are average fold changes � SEM from three independent experiments. Bulk ubiquitin was probed with antiubiquitin antibody (MAB1510; EMD
Millipore). Dashed lines are included for the plots in panels B to E at a value of 1.0.
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tively), as quantified across three independent experiments, with normalizing to �-actin
(Fig. 4D, right).

To test the impact of UCHL5 loss at the proteasome for RA190-treated cells, we used
anti-Rpt3 antibodies to immunoprecipitate proteasomes from �UCHL5 or WT cells
treated for 24 h with 1 �M RA190 or DMSO. Immunoprobing for ubiquitin revealed an
increase of ubiquitinated proteins at the proteasome in RA190-treated WT and �UCHL5
cells (Fig. 4E, lanes 2 and 4 versus 1 and 3, respectively) across three independent
experiments, with normalizing to hRpt3 (Fig. 4E, right).

RA190 cytotoxicity is reduced by hRpn13 loss and not by UCHL5 loss. We next
examined how loss of hRpn13, the hRpn13 Pru domain, or UCHL5 impacts cellular
response to RA190 treatment. �hRpn13, trRpn13, �UCHL5, or WT cells were treated with
various quantities of RA190 or DMSO (vehicle control), and cellular metabolism was
monitored by an MTT assay as described above for Fig. 3A. RA190 concentration-
dependent metabolic loss was observed in all cell lines (Fig. 5A). RA190 demonstrated
reduced potency for �hRpn13 cells compared to the WT (Fig. 5A), consistent with a
previous study (29), with a similarly dampened effect for trRpn13 (Fig. 5A). The latter
finding validates the importance of the Cys88-containing Pru domain. In contrast to
trRpn13, �UCHL5 cells responded similarly to WT cells following RA190 treatment (Fig.
5A). Consistent with the MTT assay, morphological analyses by bright-field microscopy
indicated greater detachment and increased numbers of floating cells with membrane
blebbing, a hallmark of apoptosis, following RA190 treatment for WT and �UCHL5 cells
compared to �hRpn13 and trRpn13 cells (Fig. 5B).

To test more directly the effect of RA190-induced apoptosis in �hRpn13, �UCHL5,
and trRpn13 cells compared to WT cells, flow cytometric detection of apoptosis using
annexin V-fluorescein isothiocyanate (FITC) and 7-aminoactinomycin D (7AAD) was
performed for each cell line (in triplicate) following 24 h of treatment with 1 �M RA190
or DMSO (vehicle control). We observed a significant decrease in the number of early
apoptotic cells for RA190-treated �hRpn13 compared to WT cells (P � 0.0002) (Fig. 5C),
in agreement with previous findings (31), and with a similar effect in trRpn13 cells
(P � 0.0167) (Fig. 5C). This reduction correlated with an increase in the population of
RA190-treated viable cells for both �hRpn13 and trRpn13 compared to WT cells
(P � 0.0002 and P � 0.0167, respectively) (Fig. 5C), which was consistent with the MTT
data analyses (Fig. 5A). In contrast, while the number of combined early and late
apoptotic cells in RA190-treated �UCHL5 cells was similar to that of the WT (Fig. 5C,
middle), an increased population of early apoptotic cells was consistently observed for
�UCHL5 cells (Fig. 5C, right) across three independent experiments.

We further assessed and confirmed the effect of hRpn13 and UCHL5 for RA190-
induced apoptosis by examining the status of caspase 3 and poly(ADP) ribose poly-
merase (PARP). Lysates from �hRpn13, trRpn13, �UCHL5, or WT cells treated for 24 h
with 1 �M RA190, 100 nM carfilzomib (as a positive control), or DMSO (as a vehicle
control) were immunoprobed for cleaved caspase 3 or PARP. The ratios of active
(cleaved) to nonactive (pro)caspase 3 and PARP were calculated as a measure of
apoptosis. As expected (28), relative to WT cells, RA190-treated �hRpn13 cells exhibited
decreased levels of cleaved caspase 3 and PARP (Fig. 5D, lane 5 versus 2) consistently
over three independent experiments (Fig. 5D). Validating the importance of the hRpn13
Pru domain, this effect was also present in trRpn13 cells (Fig. 5D). In contrast, increased
levels of cleaved caspase 3 and PARP were observed for RA190-treated �UCHL5 cells
compared to the WT (Fig. 5D, lane 11 versus 2) consistently over three independent
experiments (Fig. 5D). We also observed an increase in levels of cleaved caspase 3 for
carfilzomib-treated �UCHL5 compared to WT cells (Fig. 5D, lane 12 versus 3), although
this effect was not observed for PARP (Fig. 5D). �hRpn13 cells behaved similarly to
�UCHL5 cells following carfilzomib treatment (Fig. 5D). Based on our cumulative data,
we propose that this effect arises from a reduction of UCHL5 levels in this cell line (Fig.
1G). In contrast, trRpn13 cells showed reduced effects compared to those of the WT
following carfilzomib treatment (Fig. 5D, lane 9 versus 3). Again, in consideration of the
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FIG 5 RA190-triggered cell death is reduced in trRpn13 but not UCHL5 cells. (A) Viability of HCT116 (WT), �hRpn13, trRpn13, or �UCHL5 cells treated for 48 h
with the indicated concentration of RA190 or DMSO (as a control), as assessed by MTT assays. (B) WT, �hRpn13, trRpn13, or �UCHL5 cells were exposed for 24 h
to RA190 (1 �M) or DMSO (as a control) and monitored for morphological changes by bright-field microscopy. Arrows indicate blebbing cells undergoing
apoptosis. Images shown are representative of two independent experiments (scale bar, 20 �m). (C) WT, �hRpn13, trRpn13, or �UCHL5 cells treated for 24 h
with RA190 (1 �M) or DMSO (as a control) were subjected to flow cytometry analyses after staining with annexin V-FITC and 7-aminoactinomycin D (7-AAD)
(representative data are on the left). Population percentage of early and late combined apoptotic or viable cells across three independent experiments is plotted
(center) and performed as described for the left. A plot of the ratio of RA190-treated cells to corresponding DMSO control following normalization to the WT
is also included for the early apoptotic cell population. The plotted data represent the means and SEM (error bars); *, P � 0.05; ***, P � 0.001; Student’s t test.
(D) Whole-cell extract from WT, �hRpn13, trRpn13, or �UCHL5 cells treated for 24 h with RA190 (1 �M), carfilzomib (100 nM), or DMSO (control) was
immunoprobed for apoptotic markers caspase 3 (Casp 3) and PARP, hRpn13, UCHL5, or GAPDH (as a loading control; representative image is on the left). Clvd,
cleaved. The ratio of cleaved caspase 3 (Clvd-Casp3) to procaspase 3 (Pro-Casp3) or of cleaved PARP (Clvd-PARP) to pro-PARP (Pro-PARP) for RA190- or
carfilzomib-treated �hRpn13, trRpn13, or �UCHL5 cells is plotted normalizing to the respective RA190- or carfilzomib-treated WT cells for three independent
experiments, performed as shown on the left. The plotted data represent the means and SEM (error bars). Dashed lines are displayed at a value of 1.0.
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cumulative data, this effect may be due to reduced load of ubiquitinated proteins at the
proteasome (Fig. 2F) coupled with UCHL5 presence in cells (Fig. 1G). Altogether, these
data indicate a requirement for hRpn13 and its Pru domain in RA190-induced apop-
tosis.

DISCUSSION

The proteasome contains multiple receptors for ubiquitinated proteins scattered
throughout the RP (51). Our data presented here demonstrate that loss of the hRpn13
Pru domain leads to reduced ubiquitinated proteins at the proteasome, indicating a
nonredundant role compared to other RP substrate receptors. Despite the loss of
ubiquitinated proteins at proteasomes from trRpn13 and �hRpn13 cells, a difference in
bulk ubiquitin level was not observed in the whole-cell extract (Fig. 2E), perhaps
because the loss at the proteasome is compensated by correlative accumulation of
ubiquitinated substrates that failed to be recruited or retained at proteasomes for
degradation. Nonetheless, the data presented here do not preclude the possibility that
loss of hRpn13 Pru enhances degradation efficiency, thereby causing less ubiquitinated
substrates to be apparent at proteasomes. Evidence exists in yeast for Rpn13 playing an
antagonistic role in an in vitro assay for the degradation of a model ubiquitinated
proteasome substrate (52). However, experiments using different substrates in yeast
also indicate receptors Rpn1, Rpn10, and Rpn13 are required for substrate-mediated
activation of unfolding by the proteasome, with the greatest contribution from Rpn13,
which was also found to be required for maximal proteasome processivity (53). In these
experiments, mutations that abrogate ubiquitin binding by Rpn13 Pru result in an
�5-fold reduction of proteasome degradation rate (53).

What makes hRpn13 unique? Similar to hRpn1 (5) and hRpn10 (12), hRpn13 prefers
K48-linked ubiquitin chains (13), but whereas hRpn1 and hRpn10 have two distinct
ubiquitin-binding sites that can bind neighboring ubiquitin moieties of a chain simul-
taneously (5, 54), hRpn13 has only one ubiquitin-binding location (7, 8). We recently
found that hRpn13 exchanges between the two ubiquitin moieties of K48-linked
diubiquitin and maintains an extended conformational state for the ubiquitin chain
(55), which would facilitate further interactions with other ubiquitin-binding sites of
weaker affinity, such as that in hRpn1. Moreover, hRpn13 is at an apical location of the
RP (56–59), which is likely ideal for recruitment of ubiquitinated proteins to the
proteasome. Therefore, a reasonable model for reduced ubiquitinated proteins at
the proteasome upon hRpn13 Pru domain loss is defective recruitment of ubiquitinated
proteins to the proteasome (Fig. 6).

Extending this model, ubiquitinated substrates must be maintained at the protea-
some until the RP ATPase ring engages an unstructured sequence within substrates for
initiation of degradation (60–62). Single-molecule experiments have demonstrated
degradation by the proteasome to occur over time scales of seconds (60). hRpn13 Pru
may play an important role in concert with hRpn1 and hRpn10 to maintain ubiquiti-
nated substrates at the proteasome over the time course needed for substrate unfold-
ing by the ATPase ring. The ubiquitinated proteins captured by our immunoprecipita-
tion experiments may represent such substrates being held for unfolding by the ATPase
ring. Future experiments will determine whether there are subsets of substrates, such
as those difficult to unfold, with greater requirement for hRpn13, and others, perhaps
more loosely folded, for which hRpn10 is sufficient, with little additional need for
hRpn13.

Consistent with our previous findings in HeLa cells that implicate hRpn13 and
UCHL5 in cell cycle progression (32), transient knockdown of hRpn13 or UCHL5 in
HCT116 cells results in G1/S transition arrest. We expect that the cell cycle effects
observed following transient loss of hRpn13 or UCHL5 originate from defective clear-
ance of ubiquitinated proteins from cells that is somehow compensated for in the
CRISPR-edited cell lines, as described in Results; however, future studies are needed to
test this hypothesis. Moreover, as mentioned above, it remains unknown whether the
reduction of ubiquitinated proteins at proteasomes following hRpn13 Pru loss repre-
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FIG 6 Model summarizing cellular contributions of hRpn13 or UCHL5. Shown is art depicting the impact of hRpn13 Pru domain loss (trRpn13) or UCHL5 loss
(ΔUCHL5) on proteasome activity and RA190 targeting. Deletion of the hRpn13 Pru domain (trRpn13) reduces the population of proteasome-bound
ubiquitinated proteins (indicated with orange ubiquitin molecules), most likely due to defective recruitment or retention with impact varying depending on
substrate ease of unfolding (green or pink represents loosely or more stably folded substrates, respectively). Deletion of UCHL5 (ΔUCHL5) leads to accumulation
of ubiquitinated proteins at proteasomes and does not interfere with RA190-triggered cell death.
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sents a broad defect in proteasomal recruitment or a subset of substrates that depend
on hRpn13 (Fig. 6). Loss of hRpn13 or its Pru domain was associated with increased
hRpn11 protein levels, which may be in response to defective recruitment of ubiquiti-
nated proteins to the proteasome.

RA190-induced apoptosis is associated with caspase induction, endoplasmic retic-
ulum stress, and p53-independent apoptosis (28, 29, 63). Here, we show that RA190
induction of caspase 3 and PARP cleavage is reduced after loss of the hRpn13 Pru
domain, as is the population of apoptotic cells measured by flow cytometry (Fig. 5). This
effect is not observed following loss of UCHL5 (Fig. 5). Active caspase 3 is known to
undergo rapid turnover mediated by ubiquitin signaling for proteasomal degradation
(64, 65). Loss of UCHL5 appears to interfere with degradation of targeted proteins (Fig.
2E and F), and this effect perhaps includes active caspase 3, given its increased levels
in RA190-treated �UCHL5 cells compared to RA190-treated WT. Mammalian UCHL5 and
USP14, as well as yeast USP14 ortholog Ubp6, can promote processivity at the protea-
some by activating its ATPase activity upon binding of a loosely folded ubiquitinated
substrate (66). Altogether, these data suggest that loss of UCHL5 generally impairs
substrate processing at the proteasome.

Humans have �90 DUBs (67, 68), yet the loss of UCHL5 causes ubiquitinated
proteins to accumulate sufficiently to be observed in the cell lysate (Fig. 2E). Moreover,
the proteasome has two other DUBs with unaltered protein levels in �UCHL5 cells. Our
study indicates UCHL5 plays a nonredundant role in counteracting ubiquitination of
proteasome substrates, but it is unclear whether this function occurs at the protea-
some, as multiple and diverse cellular activities have been reported for this DUB. In
particular, UCHL5 regulates transforming growth factor beta (69, 70), Wnt (71), and
Hedgehog signaling pathways (72), as well as adipogenesis (73). It is also known to
physically interact with INO80 (74), a chromatin remodeling complex involved in
transcription (75) and DNA repair (76), and to protect it from degradation (77). UCHL5
functions in these complexes remain to be fully understood but could contribute to the
accumulation of ubiquitinated proteins that we observe following its deletion. In
�hRpn13 cells, UCHL5 protein levels are greatly reduced (Fig. 1G), yet proteasomes and
whole-cell lysate from these cells exhibit reduced (Fig. 2F) and unaltered (Fig. 2E) levels
of ubiquitinated proteins, respectively, suggesting that either low levels of UCHL5 are
required in cells to overcome the accumulation observed in �UCHL5 cells or that the
effect requires hRpn13, which is known to activate UCHL5 (22–24).

In conclusion, we demonstrate that the hRpn13 Pru domain and UCHL5 perform
unique cellular roles that are not able to be compensated by other cellular factors and
impact the clearance of ubiquitinated proteins by the proteasome. These results
provide important physiological insights and have translational implications for the
molecular targeting of these proteins.

MATERIALS AND METHODS
Cell culture. HCT116 cells were purchased from the American Tissue Culture Collection (ATCC)

(CCL-247); HCT116 �hRpn13 cells were a gift from Shigeo Murata (33). All cell lines were grown in
McCoy’s 5A modified medium (ATCC), supplemented with 10% fetal bovine serum (Atlanta Biologicals),
at 37°C in a humidified environment of 5% CO2.

Gene editing by CRISPR targeting. Single guide RNAs (sgRNAs) targeting early protein-coding
sequence of Rpn13 and UCHL5 were designed using sgRNA Scorer 2.0 (78). Oligonucleotides containing
the 20-nucleotide spacer sequence (Table 1), along with appropriate 5= overhangs, were annealed by
mixing equal quantities (�50 pmol) of the forward and reverse oligonucleotides, heating for 2 min at
95°C, and cooling in steps of 5°C for 2-min duration until a final temperature of 25°C. Each pair of
annealed oligonucleotides was ligated into the BbsI site of the pX458 plasmid (79). SpCas9(BB)-2A-GFP
(pX458) was a gift from Feng Zhang (48138 Addgene plasmid; http://n2t.net/addgene:48138). Ligated
plasmids then were transformed into the Stbl3 Escherichia coli strain, and colonies were grown out for
large-scale plasmid preparation. Purified plasmids expressing ADRM1 guide 1a and 1b or UCHL5 guide 1a
and 1b were cotransfected (�1 �g) into HCT116 (WT) cells using Lipofectamine LTX (15338030; Thermo
Fisher Scientific), and bulk green fluorescent protein-positive cells were then sorted using a flow
cytometer and grown for approximately 5 days. After assaying for protein expression by immunoblotting,
candidate clones were further subjected to single-cell sorting. Confirmation of gene editing for ADRM1
or UCHL5 was determined by Sanger sequencing, reverse transcription-PCR (RT-PCR), quantitative
real-time PCR, and protein expression in whole-cell extract.
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RNA sequencing. Three total RNA sample replicates from HCT116 WT, trRpn13, or ΔUCHL5 edited
cells were purified by using the RNeasy Plus minikit (74134; Qiagen). RNA samples were pooled and
sequenced on one HiSeq run using an Illumina TruSeq stranded total RNA kit (RS-122-2201; Illumina) and
paired-end sequencing. Reads of the samples were trimmed for adapters and low-quality bases using
Trimmomatic software. Spliced Transcripts Alignment to a Reference (STAR) software (80) was used to
align trimmed reads to reference genome hg19. Gene counts were quantified by STAR using annotations
from GenCode release 19 (81). Transcript abundance was estimated using RSEM (82) and then normalized
using the voom algorithm (83) and used for differential expression analysis using the limma package
(version 3.38.3) (84). Data for sashimi plots were generated using a modified version of the Python script
provided with ggsashimi (85) and visualized using the ggbio package (version 1.3.0) (86). Genomic
annotations for the sashimi plots were accessed using the EnsDb.Hsapiens.v75 package (87). All analyses
were performed using Python version 2.7.15 and R version 3.5.1 (88).

RT-PCR. Total RNA samples from WT or trRpn13 cell lines were purified by using the RNeasy Plus kit
(74134; Qiagen). Complementary DNA (cDNA) was synthesized by using the Smarter RACE 5=/3= kit
(634860; Clontech). PCRs were performed with synthesized cDNA as the template, SeqAmp DNA
polymerase (638509; Clontech), and PCR buffer (638526; Clontech). Primers for PCR amplification are
reported in Table 2. Amplified DNA was resolved by 1% agarose gel and visualized with SYBR safe DNA
gel stain (S33102; Invitrogen).

Sanger sequencing of ADRM1 cDNA from trRpn13 and WT cells. Amplification of full-length
ADRM1 cDNA from trRpn13 and WT cell lines was performed with the primers listed in Table 3 and cDNA
generated as described above. Products were then subjected to Sanger sequencing using the same
primers, and the data were analyzed by using Geneious Prime 2020.1.2 (https://www.geneious.com).

Quantitative real-time PCR. Total RNA samples from WT or �UCHL5 cells were purified by using the
RNeasy Plus minikit (74134; Qiagen), and cDNA was synthesized with the Superscript III first-strand
synthesis system (18080051; Thermo Fisher Scientific) according to the manufacturer’s instructions.
UCHL5 and �-actin mRNA expression was measured on a quantitative RT-PCR (CFX384; Bio-Rad)
instrument using TaqMan probes for UCHL5 (Hs01044470_m1; Thermo Fisher Scientific) and �-actin
(Hs01060665_g1; Thermo Fisher Scientific). �-Actin was used as an internal standard. Fold change in
gene expression normalized to the WT was calculated using the 2–ΔΔCT method (89).

Crosslink-coupled immunoprecipitation. Cells were washed with PBS, followed by a 30-min
incubation with freshly prepared 0.5 mM 3,3=-dithiodipropionic acid di(N-hydroxysuccinimide ester)
(DSP; 22585; Thermo Fisher Scientific). The DSP cross-linking reaction was quenched by a 15-min
incubation with 20 mM Tris-HCl, pH 7.5. Cells were then collected, washed with PBS, lysed in radioim-
munoprecipitation assay (RIPA) buffer (89901; Thermo Fisher Scientific) supplemented with a protease
inhibitor cocktail (25765800; Roche), and briefly sonicated. Following a 30-min agitation at 4°C, cellular
debris was removed by spinning at 16,000 � g. Protein concentration was determined by a bicinchoninic
acid (BCA) protein assay kit (23227; Thermo Fisher Scientific). For immunoprecipitation (IP), lysates
(�1 mg total protein) were incubated overnight at 4°C with anti-Rpn13 antibodies, followed by a 3-h
incubation with protein G-Sepharose (P3296-5ML; Sigma). The beads were washed with RIPA buffer, and
bound proteins were resolved and visualized by SDS-PAGE and immunoblotting. A total of three
independent experiments were performed.

TABLE 1 Guide RNAs used for CRISPR/Cas9 gene editing

Guide RNA Direction Primer sequence (5= to 3=) Target site Clone

hRpn13 guide 1a Forward CACCGAGGCGCGCTCTTTCCAAGCC Exon 2 (ADRM1) chromosome 20 trRpn13
Reverse AAACGGCTTGGAAAGAGCGCGCCTC

hRpn13 guide 1b Forward CACCGGCTGGAAGGACAGGACGTCC
Reverse AAACGGACGTCCTGTCCTTCCAGCC

UCHL5 guide 1a Forward CACCGGGCCATGACGGGCAATGCCG Exon 1 (UCHL5) chromosome 1 �UCHL5 clone 15 and 17
Reverse AAACCGGCATTGCCCGTCATGGCCC

UCHL5 guide 1b Forward CACCGGTCTTCACCGAGCTCATTAA
Reverse AAACTTAATGAGCTCGGTGAAGACC

TABLE 2 Primer sequences used for PCR experiments

Primer set for ADRM1 Direction Primer sequence (5= to 3=)
Exon 1-exon 2 Forward GCGCGAGGCAGGATGACGACCTC

Reverse TCAGTCCAGGCTCATGTCCTCCTC

Exon 1-exon 3 Forward GCGCGAGGCAGGACTTGATCATCTTC
Reverse TCAGTCCAGGCTCATGTCCTCCTC

Exon 2-exon 3 Forward CGTGGAAGACGACTTGATCATC
Reverse TCAGTCCAGGCTCATGTCCTCCTC
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Immunoblotting and immunoprecipitation. WT, �hRpn13, trRpn13, and �UCHL5 cells were
scraped, collected, and washed with PBS, followed by lysing in native IP buffer (1% Triton X-100, 50 mM
Tris-HCl [pH 7.5], 150 mM NaCl) supplemented with protease inhibitor cocktail (25765800; Roche). Lysates
were spun for 10 min at 4°C and 16,000 � g to remove cellular debris. Protein concentration was
determined by a Pierce 660-nm protein assay reagent kit (22660; Thermo Fisher Scientific), and immu-
noblotting of cell lysates done with 10 to 20 �g of total protein. For Rpt3 immunoprecipitation, lysates
(1 mg total protein) were incubated overnight at 4°C with anti-Rpt3 antibodies, followed by a 3-h
incubation with protein G-Sepharose (P3295-5ML; Sigma) or Dynabead protein G (10004; Thermo Fisher
Scientific). The beads were washed with native IP buffer, and bound proteins were resolved and
visualized by SDS-PAGE. Immunoblotting was done by overnight incubation with primary antibodies in
5% skim milk (LP0031B; Thermo Fisher Scientific) made in Tris-buffered saline with 0.1% Tween 20 (TBST),
washing, and then an hour of incubation with secondary antibodies. After washing and drying, blots
were detected by an Amersham Typhoon 5 scanner (GE) for infrared-tagged secondary antibodies or by
addition of Pierce ECL chemiluminescent substrates (32106; Thermo Fisher Scientific) for horseradish
peroxidase (HRP)-conjugated secondary antibodies. A total of three independent experiments were
performed.

siRNA knockdown experiments. HCT116 WT cells were transfected for 48 h with 50 nM commer-
cially available ON-TARGET plus siRNA against hRpn13 (LQ-012340-01-0005; Dharmacon) or UCHL5
(LQ-006060-00-0005; Dharmacon) or with a scrambled nontargeting pool siRNA as a negative control
(D-001810-10-05, Dharmacon). Knockdown experiments were performed using Lipofectamine 3000
reagent (L3000015; Thermo Fisher Scientific) with Opti-MEM (31985070; Life Technologies) reduced
serum medium according to the manufacturer’s instructions.

Antibodies for immunoblotting and immunoprecipitation. Antibodies used include anti-Rpn13,
anti-Rpt3, anti-Rpn2 (ab157185, ab140515, and ab2941, respectively; Abcam), anti-UCHL5 (AM2200a;
Abgent), antiubiquitin (MAB1510; EMD Millipore), antiubiquitin/P4D1 (3936; Cell Signaling Technology),
anti-Rpn1, anti-Rpn11, anti-USP14, anti-p53, anti-p21Cip1, anti-Wee1, anti-�-actin (25430, 4197, 11931,
9282, 2947, 13084, and 4970, respectively; Cell Signaling Technology), anti-Rpn10 (NBP2-19952, Novus
biologicals), and anti-GAPDH (G8795; Sigma). Secondary antibodies used in this study include HRP-
conjugated rabbit (A4914; Sigma or 31463; Thermo Fisher Scientific) or mouse (A9917; Sigma) antibody
or IRDye 680LT (mouse or rabbit) and IRDye 800CW (mouse or rabbit) (LiCor).

Cell cycle assay. Forty-eight hours after seeding in 6-well plates at a density of 0.4 million cells per
well, WT, �hRpn13, trRpn13, or �UCHL5 cells were incubated for 2 h at 37°C and 5% CO2 humidity with
10 �M 5-ethynyl-2=-deoxyuridine (EdU). Cells then were harvested and stained according to the instruc-
tions of the manufacturer (Click-iT EdU flow cytometry assay kit; C10418; Invitrogen) and counterstained
with propidium iodide/RNase staining solution (R37108; Invitrogen). Cells were analyzed by flow cytom-
etry by using a BD FACSCanto II flow cytometer (BD Biosciences). Specifically, intact cells were gated
using forward scatter-area (FSC-A) and side scatter-area (SSC-A) parameters to exclude debris from the
evaluated events. The data were further gated for doublet discrimination by using first FSC-A and then
forward scatter-height (FSC-H) parameters. Doublet events were further excluded with PE-W (width) by
PE-H (height) parameters. Debris and doublet exclusion were performed with consistent gating applied
to all samples within each experiment. A total of three independent experiments were performed and
analyzed with FlowJo (version 10.6.0; BD Biosciences).

RA190 and carfilzomib treatment. RA190 or carfilzomib dissolved in dimethyl sulfoxide (DMSO) was
used to treat cells, as indicated, at 1 �M or 100 nM, respectively. An equal volume of DMSO was used as
a negative control.

Metabolic and cell viability assays. For metabolic activity analysis, WT, �hRpn13, trRpn13, or
�UCHL5 cells were seeded at increasing cell density as indicated. Forty-eight hours later, metabolic
activity was measured by MTT assay (M6494; Invitrogen). Briefly, MTT solution was added to cells for 3 h
at 37°C, 5% CO2 and then solubilized with 100% DMSO for 2 h at room temperature before measurement
at 570 nm. To measure RA190 effects, WT, �hRpn13, trRpn13, or �UCHL5 cells were treated with
increasing concentrations of RA190 or DMSO (vehicle control) for 48 h. Cell viability then was measured
by the MTT assay. A total of three independent experiments were performed.

Apoptosis assay. WT, �hRpn13, trRpn13, or �UCHL5 cells were treated as indicated, and apoptosis
was measured by an FITC-annexin V apoptosis detection kit with 7AAD (640922; BioLegend, Inc.). Cells
were analyzed by flow cytometry on a BD LSRFortessa flow cytometer (BD Biosciences). Specifically,
events were gated to exclude debris, based on FSC-A and SSC-A parameters, but to include apoptotic
cells. This gating was followed by the exclusion of event doublets by FSC-A and FSC-H parameters.
Eradication of spectral overlap was confirmed by using single-fluorochrome-stained control samples, and
region gating was determined based on single-color fluorochrome and negative-control samples.
Following acquisition, .fcs data files were analyzed by FlowJo software (BD Biosciences), with identical
region and gating applied to all samples. A total of three independent experiments were performed.

Statistical analyses. Protein band densities of immunoblots were quantified with Image Studio Lite
(LiCor Biosciences software). Unless otherwise indicated, protein signal was normalized in two steps, first

TABLE 3 Primer sequences for full-length ADRM1 cDNA sequencing

Primer set for ADRM1 Direction Primer sequence (5= to 3=)
Full-length cDNA Forward GAACGAGTGTGGGCGCGAG

Reverse TCAGTCCAGGCTCATGTCCTCCTC
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to the loading (�-actin or GAPDH) or positive (hRpn2) control protein and then to the control group (WT
or WT DMSO). GraphPad Prism 8 was used to plot graphs as average fold changes � standard errors of
the means (SEM) for at least three independent experiments. Statistical significance with a P value of
�0.05 was assayed by Student’s t test and for comparisons among groups with three biological replicates
by two-way analysis of variance (ANOVA) with Dunnett’s post hoc test.
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