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SUMMARY
The anti-cancer target hRpn13 is a proteasome substrate receptor. However, hRpn13-targeting molecules do
not impair its interaction with proteasomes or ubiquitin, suggesting other critical cellular activities. We find that
hRpn13 depletion causes correlated proteomic and transcriptomic changes, with pronounced effects in
myeloma cells for cytoskeletal and immune response proteins and bone-marrow-specific arginine deiminase
PADI4.Moreover, a PROTAC against hRpn13 co-depletes PADI4, histone deacetylase HDAC8, and DNAmeth-
yltransferaseMGMT.PADI4bindsandcitrullinateshRpn13andproteasomes, andproteasomes fromPADI4-in-
hibitedmyelomacells exhibit reducedpeptidaseactivity.Whenoff proteasomes, hRpn13 canbindHDAC8, and
this interaction inhibits HDAC8 activity. Further linking hRpn13 to transcription, its loss reduces nuclear factor
kB (NF-kB) transcription factor p50, which proteasomes generate by cleaving its precursor protein. NF-kB in-
hibition depletes hRpn13 interactors PADI4 and HDAC8. Altogether, we find that hRpn13 acts dually in protein
degradation and expression and that proteasome constituency and, in turn, regulation varies by cell type.
INTRODUCTION

Biological factors linked to specific processes are often studied

in that context, which can mask other interactions with different

machineries in distinct cellular compartments. hRpn13 is a target

for myeloma therapy and is characterized functionally as a pro-

teasomal component.1 However, hRpn13 has also been sug-

gested to have extra-proteasomal functions that remain little

understood, and disrupting hRpn13 has profound effects on

cell function. Growth of myeloma, acute leukemia, colorectal,

gastric, and ovarian cancer cells is inhibited by hRpn13 loss.2–9

An hRpn13-targeting peptomimetic reduces cell viability,10 while

bis-benzylidine compounds11–13 and hRpn13 proteolysis-target-
522 Molecular Cell 84, 522–537, February 1, 2024 ª 2023 Published
ing chimera (PROTAC) XL5-VHL214 induces hRpn13-dependent

apoptosis.2,4,14,15

hRpn13 has a pleckstrin-like receptor for ubiquitin (Pru)

domain, which binds ubiquitin16–18 and the extreme C terminus

of proteasome subunit hRpn2,15,19,20 and a deubiquitinase

adaptor (DEUBAD) domain, which binds UCHL5/Uch37,21–23 a

deubiquitinase that hydrolyzes branched ubiquitin chains of

mixed linkage (K48/K6, K48/K11, and K48/K63).24 The two

hRpn13 domains are separated by >100 intrinsically disordered

amino acids and bind each other—an interaction that lowers

Pru affinity for ubiquitin when hRpn13 is off proteasomes.25 In

myeloma cells, the proteasome cleaves hRpn13 to generate an

hRpn13Pru fragment with an intact Pru and no DEUBAD,14
by Elsevier Inc.
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thereby decoupling UCHL5 activity from hRpn13 and protea-

somes.14 The proteasome also partially cleaves the nuclear fac-

tor kB (NF-kB) p105 precursor protein to generate transcription-

ally active p50,26 linking proteasome activity to gene expression

through the NF-kB pathway,26 which controls transcription in

response to infection and cell stress.

The mechanism of hRpn13-dependent apoptosis remains un-

clear, as hRpn13-targeting molecules that induce apoptosis do

not impair its interaction with proteasomes or ubiquitin.11,14 To

study further the importance of hRpn13 and its potential as an

anti-cancer target, we examined the impact of losing hRpn13

or its Pru in colon cancer and myeloma cells. We find that

hRpn13 loss causes widespread changes to both the proteome

and transcriptome and uncover a functional network that links

hRpn13 to proteins that regulate gene expression.

RESULTS

hRpn13 loss from myeloma cells rewires cytoskeletal
and immune response proteins
Because multiple myeloma responds to proteasome inhibition,

we measured proteomic changes caused by hRpn13 Pru dele-

tion from myeloma cells. hRpn13 is encoded by the ADRM1

gene, and we used ADRM1-edited RPMI 8226 cells (trRpn13-

MM2), which express anN-terminally truncated protein at greatly

reduced levels that begins fromM109 (trRpn13; Figure S1A) and

cannot bind the proteasome.14 We subjected trRpn13-MM2 or

the parentalwild-type (WT) cells to tandemmass tag-mass spec-

trometry (TMT-MS) and generated a volcano plot of the compar-

ative protein abundance with p value. Pervasive changes in the

proteome were detected following hRpn13 loss (Figures 1A and

S1B), with consistency between technical replicates (Figure 1B).

As expected, hRpn13 was the most reduced protein (Figure 1B).

Gene ontology (GO) analyses revealed affected proteins to

contribute to the cytoskeleton, ubiquitin-proteasome system,

immune response, metabolism, regulation, and transport (Fig-

ure 1C; Table S1). UCHL5 was reduced (Figures 1A, 1B, and

S1B), consistent with previous studies of hRpn13 deletion or

knockdown,4,21,27 as was melanoma antigen family member

C2 (MAGEC2), which activates the ubiquitin E3 ligase

TRIM2828 and the chromatin-modifying enzyme peptidyl argi-

nine deiminase 4 (PADI4), which deiminates arginine

(Figures 1A, 1B, and S1B). We also found O-6-methylguanine-

DNA methyltransferase (MGMT) reduced (Figures 1A, 1B, and

S1B), consistent with a report of hRpn13 regulation of MGMT

in glioblastoma cells.29

We immunoprobed WT and trRpn13-MM2 cell lysates for

various proteins based on the TMT-MS results and antibody

availability, with b-actin as a loading control. As expected,14

trRpn13-MM2 expressed trRpn13 at reduced levels (Figure 1D);

the anti-hRpn13 antibodies used recognize the region spanning

residues 100–200 (Figure S1A). Moreover, the previously

described14 hRpn13Pru protein, which lacks DEUBAD, was de-

tected in the parental cells with full-length hRpn13.We quantified

the abundance of hRpn13Pru relative to full-length hRpn13 inWT

cells to find a 9-fold reduction and 5.4-fold reduction of trRpn13

relative to hRpn13Pru (Figure S1C), indicating that relative to full-

length hRpn13 inWT cells, trRpn13 in trRpn13-MM2 cells is�50-
fold reduced. Validating the TMT-MS data, cytoskeletal protein

myosin heavy chain 10 (MYH10) was enriched; UCHL5, PADI4,

andMGMTwere reduced; andHDAC8wasunaltered (Figure 1D).

Loss of hRpn13 Pru reduces PADI4 levels
To evaluate the contribution of the Pru domain specifically, we

used another clonal cell line (trRpn13-MM1) that expresses

higher levels of trRpn13 than trRpn13-MM2 and also full-length

hRpn13, albeit at barely detectable levels.14 TMT-MS experi-

ments yielded a volcano plot of comparative protein abundance

with p value. As expected, hRpn13 was reduced and consistent

with trRpn13-MM2, PADI4, myosin 1E (MYO1E), Bruton’s tyro-

sine kinase (BTK), and actin-like 8 (ACTL8) were also reduced,

whereas phosphodiesterase 5A (PDE5A), spartin (SPART), for-

min-like protein 2 (FMNL2), and b-tubulin 4A (TUBB4A) were

increased compared with WT (Figures 2A and 2B). MGMT,

actin-binding protein actinin alpha 1 (ACTN1), and MYH10 were

not detected in this experiment. Immunoblotting indicated deple-

tion of PADI4 in both trRpn13-MM1 and trRpn13-MM2 cells,

whereas UCHL5 and MGMT were reduced in trRpn13-MM1

compared with WT, but at higher levels than in trRpn13-MM2.

MYH10 was detected only in trRpn13-MM2 cells (Figure 2C).

We previously described HCT116-edited cell lines with deletion

of hRpn13 (DhRpn13), UCHL5 (DUCHL5), or as with RPMI 8226

trRpn13-MM1/2, a truncated hRpn13 protein that begins at

M109 (trRpn13).4 We used these cell lines to decouple the impact

of UCHL5 deletion from loss of hRpn13. Immunoprobing lysates

from these cell lines confirmed expression of full-length hRpn13

inWTandDUCHL5cells, trRpn13 in trRpn13cells, andanabsence

of hRpn13 and UCHL5 in DhRpn13 and DUCHL5 cells, respec-

tively (Figure 2D). Consistent with observations in trRpn13-MM1

and trRpn13-MM2 cells (Figure 2C), trRpn13 and DhRpn13 cells

indicated WT and reduced levels of UCHL5 and MGMT, respec-

tively (Figure 2D); HDAC8 abundance was not affected. MGMT

was not reduced in DUCHL5 cells (Figure 2D), indicating that its

reduction in DhRpn13 cells is not caused by reduced UCHL5 or

loss of hRpn13 binding to the proteasome, as trRpn13 is unable

to bind proteasomes.4

HCT116cells are easier to transfect thanRPMI8226cells.Using

small interfering RNAs (siRNAs), we knocked down hRpn13 levels

inHCT116cells, immunoprobed forUCHL5andMGMT,and found

each reduced with HDAC8 unaffected (Figure 2E). Thus, an intact

hRpn13 Pru is required for endogenous PADI4 levels but not for

UCHL5 or MGMT. We next tested whether MGMT could be

boosted in HCT116 cells by over-expression of hRpn13, to find

both MGMT and hRpn13Pru increased in FLAG-tagged hRpn13-

expressing cells compared with an empty vector control (Fig-

ure 2F). We attempted to reintroduce hRpn13 into trRpn13-

MM1/2 by a lentiviral cDNA-based approach. Immunoprobing

the lysates from WT or trRpn13-MM1/2 cells, with and without

transduction of ADRM1 cDNA, indicated only low levels of

hRpn13 expression (Figure 2G). Nonetheless, MYH10 was

reduced in hRpn13-expressing trRpn13-MM2 cells (Figure 2G);

PADI4 and MGMT were not rescued following expression of

hRpn13 in trRpn13-MM1/2 cells. Altogether, these data indicate

that hRpn13 reintroduced into trRpn13-MM1/2 cells can repristi-

nate MYH10, but not PADI4 or MGMT levels; however, MGMT

levels are boosted in HCT116 cells by over-expressed hRpn13.
Molecular Cell 84, 522–537, February 1, 2024 523



Figure 1. hRpn13 loss from myeloma cells reconfigures the cytoskeletal, immune response, and epigenetic proteome

(A) Volcano plot of fold change in protein abundance (x axis, log2) with p value (y axis, �log10) for trRpn13-MM2 relative to WT. n, number of proteins analyzed.

(B) Plot of TMT-MS technical replicates from (A) (y axis) and Figure S1B (x axis) for data with p value < 0.05 and Spearman rank correlation included.

(C) Proteins significantly altered (�log10 (p value) > 1.3) as shown in (B), analyzed by GO.

(D) Immunoblot of lysates from RPMI 8226 WT or trRpn13-MM2 cells as indicated.

See also Figure S1.
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Proteome alterations following hRpn13 loss correlate
with transcriptomic changes
Myeloma cells are cancerous plasma cells with a specialized

cytoskeleton and immune response. We were interested in

how the cellular response to hRpn13-editing varies across cell

lines and evaluated the proteomic data from hRpn13-edited

HCT116 cells. As expected, significantly reduced hRpn13 levels
524 Molecular Cell 84, 522–537, February 1, 2024
weredetected inDhRpn13 (FigureS2A) and trRpn13 (Figure S2B)

cells. GO analysis revealed that cytoskeletal, regulatory, meta-

bolic, and immune responses, as well as trafficking pathways,

responded to hRpn13-editing (Figures S2A and S2B), consistent

with trRpn13-MM1/2 (Figures 1A and 2A), though the individually

affected proteins varied. One-third of proteins significantly

altered by hRpn13 loss in our myeloma datasets were absent



Figure 2. Deleting hRpn13 Pru depletes PADI4, with loss of full-length hRpn13 reducing MGMT and increasing MYH10

(A) Volcano plot of fold change in protein abundance (x axis, log2) and p value (y axis, �log10) for trRpn13-MM1 relative to WT.

(B) Plot of change in protein abundance (log2) in trRpn13-MM1 (x axis, A) versus trRpn13-MM2 (y axis, Figure 1A) relative to WT.

(C) Immunoblots of lysates from RPMI 8226 WT, trRpn13-MM1, or trRpn13-MM2 probed as indicated.

(D) Immunoblots of lysates from HCT116 WT, DUCHL5, DhRpn13, or trRpn13 cells probed as indicated.

(E) Immunoblots of HCT116 WT cells treated for 48 h with a scrambled control or siRNA targeting hRpn13 (sihRpn13) probed as indicated.

(F) Lysates from HCT116 WT cells following 48-h transfection with FLAG-hRpn13 (+) or empty vector (�), immunoprobed as indicated.

(G) Immunoblots of lysates from RPMI 8226 WT, trRpn13-MM1, or trRpn13-MM2 following lentiviral transduction of full-length hRpn13 (+) or untreated (�)

immunoprobed as indicated. FL, full length.
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from HCT116 cells, including PADI4, which is specific to

bone marrow and spleen (https://www.ncbi.nlm.nih.gov/gene/

23569#gene-expression). A previous study in HCT116 cells30

found (similar to our study) UCHL5, calcium-binding protein

S100A4, and other S100 proteins reduced following hRpn13

deletion (Figure S2A), but no other overlap was observed (Fig-

ure S2C). Immunoprobing for S100A14 validated reduction in
trRpn13 cells, whereas TACSTD2 varied (Figures S2A, S2B,

and S2D).

The cytoskeleton-associated proteins upregulated in trRpn13-

MM2 were not affected in the HCT116-edited cells (Figure S3),

and those that were affected varied between DhRpn13 and

trRpn13 (Figures S2A versus S2B). As expected from the

inherent differences between myeloma and colon cancer cells,
Molecular Cell 84, 522–537, February 1, 2024 525
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Figure 3. Proteome rewiring following hRpn13 or hRpn13 Pru loss correlates with mRNA changes
Plot of change inmRNA (x axis, log2) versus protein (y axis, log2) abundance in HCT116DhRpn13 (A and B) (A) and trRpn13 (B) cells relative toWT for proteins with

p value < 0.05. Spearman rank correlation and total number of proteins (n) is included.

(C) qPCR analysis as indicated in trRpn13-MM1 or trRpn13-MM2 relative to WT. Data are represented as mean ± SEM of three technical replicates.

(D) Plot of change in mRNA (x axis, log2) versus protein (y axis, log2) abundance in RPMI 8226 trRpn13-MM1 (left) and trRpn13-MM2 (right).

See also Figures S2 and S3.
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proteins associated with immune response and reduced in

trRpn13-MM2 were not detected in the HCT116 DhRpn13 or

trRpn13 cells (Figure S3). Neither wasMAGEC2 or the solute car-

rier family 15 member 1 (SLC15A1), although MAGEC2 and

SLC15A1 are present at low levels in the colon (ncbi.nlm.nih.

gov; depmap.org).

We also analyzed the HCT116-edited lines by mRNA

sequencing (mRNA-seq) (Illumina), plotting changes in mRNA

versus protein abundance for DhRpn13 and trRpn13 (excluding

p values > 0.05) and found strong correlation, with Spearman co-

efficients of 0.8 (Figure 3A) and 0.7 (Figure 3B), respectively.

UCHL5 in DhRpn13 notably deviated from this correlation, with

a 10-fold protein loss but only 2-fold mRNA reduction (Figure 3A).
526 Molecular Cell 84, 522–537, February 1, 2024
Lacking Illumina mRNA-seq data for trRpn13-MM1/2 cells, we

usedqPCRtomeasuremRNAabundance forselectgeneproducts.

UCHL5 expression was unperturbed; PADI4, MYO1E, and, to a

lesser extent, BTK were reduced, while TUBB4A increased in

both trRpn13-MM1 and trRpn13-MM2 (Figure 3C). MGMT and

CPNE8 mRNA levels were reduced and ACTN1 increased in

trRpn13-MM2, with only minor effects in trRpn13-MM1 cells (Fig-

ure 3C), consistent with reduction of MGMT protein levels in

trRpn13-MM2 but not trRpn13-MM1 cells (Figure 2C). MYH10

was increased in trRpn13-MM1, but with a pronounced effect in

trRpn13-MM2 (Figure 3C), where its protein abundance was

increased (Figure 1B). A comparative plot of the qPCR and TMT-

MS analyses for the respective cell lines revealed concordance

http://ncbi.nlm.nih.gov
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http://depmap.org
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between transcriptomic and proteomic levels of the selected gene

products (Figure 3D).

hRpn13 Pru deletion increases membrane blebbing in
myeloma cells
To test whether the alterations of cytoskeletal protein abundance

in trRpn13-MM1 and trRpn13-MM2 cells impacts cellular

morphology, we used immunofluorescence staining and

confocal microscopy visualizing F-actin by fluorescently labeled

phalloidin (red), microtubules by dye-conjugated antibodies to

TUBB4A (yellow), and DNA by DAPI (blue). trRpn13-MM1 and

trRpn13-MM2 cells were similar morphologically to the parental

cells, with a subset of each exhibiting a cell membrane blebbing

phenotype in both interphase (Figure 4A, indicated by an arrow)

and mitosis (Figure 4B). This phenotype, however, was signifi-

cantly more frequent in trRpn13-MM1/2 cells than in the parental

cells (Figure 4C). To assess the contribution of programmed cell

death to the blebbing phenotype, we stainedWT, trRpn13-MM1,

and trRpn13-MM2 cells for the apoptotic marker Annexin V. In all

cell lines, populations of apoptotic and non-apoptotic cells were

observed with and without blebbing features (Figure 4D, bleb-

bing indicated by an arrow). A subset of non-apoptotic

trRpn13-MM1/2 cells were also observed with large blebs (Fig-

ure 4D). It is possible that commonly altered cytoskeleton-asso-

ciated proteins such as MYO1E, ACTL8, PDE5A,31 SPART, or

FMNL2 (Figures 1B, 2B, and 3D) contribute to the increased

blebbing observed in trRpn13-MM1/2 cells.

hRpn13 Pru binds and inhibits HDAC8
Because UCHL5 binds to hRpn13 DEUBAD, and MGMT re-

sponded similarly to UCHL5 following hRpn13-editing, we tested

whether MGMT and hRpn13 interact in cells. We immunoprecipi-

tated hRpn13 from RPMI 8226 lysates, but no co-immunoprecip-

itatedMGMTwasdetected (data not shown).Wepreviouslydevel-

oped a hRpn13-targeting PROTAC (XL5-VHL2) that causes

reduced levels of hRpn13Pru in RPMI 8226 cells.14 We tested

whether XL5-VHL2-induced lossof hRpn13Pru altersMGMTabun-

dance. RPMI 8226 WT or trRpn13-MM2 cells were treated with

40mMXL5-VHL2orDMSO (vehiclecontrol) for 24hand the lysates

immunoprobed for cleaved caspase-9 to measure apoptosis,

hRpn13, MGMT, or b-actin (loading control). As expected, XL5-

VHL2 induced apoptosis inWT cells, with loss of hRpn13Pru (Fig-

ure 5A, lane 3 compared with lane 1), whereas cleaved

caspase-9 was barely detectable in XL5-VHL2-treated trRpn13-

MM2 cells (Figure 5A, lane 4 compared with lane 2). We further

found reduced levels ofMGMT inXL5-VHL2-treatedWT cells (Fig-

ure 5A, lane 3 compared with lane 1); MGMT was not detected in

trRpn13-MM2 cells (Figure 5A, lanes 2 and 4), consistent with

Figure 1D.

Over-expressed hRpn13 Pru domain interacts with HDAC8 in

glioblastoma cells to impact HDAC8 regulation of MGMT

expression.29 We tested and found co-immunoprecipitation of

HDAC8 with hRpn13 in HCT116, RPMI 8226, and the glioblas-

toma cell lines T98G and U87 (Figure 5B). MGMT is reduced in

HCT116 and U87 cells compared with RPMI 8226 and T98G

cells; however, the levels of HDAC8 that co-immunoprecipitated

with hRpn13 were equivalent in RPMI 8226, T98G, and U87 cells

(Figure 5B). Thus, MGMT abundance does not appear to impact
hRpn13 interaction with HDAC8. Moreover, hRpn13Pru was not

detected in T98G cells, where HDAC8 co-immunoprecipitated

with hRpn13 (Figure 5B), indicating that full-length hRpn13 inter-

acts with HDAC8 in T98G cells.

We hypothesized that the influence of hRpn13 over MGMT and

PADI4 may be through direct binding to HDAC8. To test for direct

interaction between hRpn13 Pru and HDAC8, we used 2D NMR.
15N-labeled hRpn13 (1–150), which includes Pru, was incubated

with unlabeled maltose-binding protein (MBP)-tagged HDAC8;

MBPwas used to increaseHDAC8solubility. Eachproteinwas ex-

pressedandpurified fromE. coliand9mMunlabeledMBP-HDAC8

added to 9 mM 15N-hRpn13 (1–150). Binding was tested by

comparing 2D 1H, 15N heteronuclear single quantum coherence

spectroscopy (HSQC) recordings using these mixtures to 15N-

hRpn13 (1–150) in the same buffer. Addition of MBP-HDAC8

caused loss of a subset of hRpn13 Pru signals, indicating binding

(Figure 5C). Signal loss is caused by the large size of the protein

complex, as MBP-HDAC8 is�85 kDa. To preclude the possibility

thatMBP binds to hRpn13 Pru, we added 9 mMunlabeledMBP to

9 mM15N-hRpn13 (1–150) and acquired 1H, 15NHSQCdata. Com-

parison with 15N-hRpn13 (1–150) alone indicated no signal

changes (Figure S4A). We conclude that the spectral changes

observed with MBP-HDAC8 addition to 15N-hRpn13 (1–150)

were caused by HDAC8 binding to hRpn13 Pru.

We also tested whether MGMT binds to hRpn13 Pru by addi-

tion of 15 or 45 mMMGMT to 15 mM 15N-hRpn13 (1–150), to find

no spectral changes for hRpn13 signals in 1H, 15N HSQC spectra

(Figures S4B–S4D). This finding is consistent with their lack of

co-immunoprecipitation and indicates that hRpn13 Pru does

not bind MGMT.

We used NMR chemical shift assignments from a previous

study17 to identify the hRpn13 amino acids impacted by HDAC8

binding (Figure 5C). Amino acids that were assigned and affected

by HDAC8 were mapped onto the hRpn13 Pru:hRpn2 structure

(Figure 5D). Although 10% of signals could not be assigned due

to differences in buffer conditions required for HDAC8 solubility,

residues that were assigned cluster at hRpn13 Pru surfaces

used to bind hRpn215 or ubiquitin.16 To test whether HDAC8 com-

petes with hRpn2 for binding to hRpn13 Pru, 9 mM hRpn2 (940–

953) was added to a pre-incubated complex of 9 mM 15N-

hRpn13 (1–150) and 9 mM MBP-HDAC8. hRpn2 (940–953) addi-

tion caused the hRpn13 Pru signals in a 1H, 15N HSQC spectrum

to reappear at a location in the spectrum consistent with hRpn2

binding (Figures 5E and 5F; Figure 5C comparedwith Figure S5A),

indicating that hRpn2 displaces HDAC8 from hRpn13 Pru.

We further assessed whether ubiquitin binding affects HDAC8

interaction with hRpn13 Pru. A 1H, 15N HSQC spectrum was ac-

quired on a sample containing 18 mM ubiquitin mixed with pre-

incubated 9 mM 15N-hRpn13 (1–150) and 9 mM MBP-HDAC8.

In contrast with hRpn2, hRpn13 Pru signals were not restored

by ubiquitin addition (Figures S5B and S5C), indicating that ubiq-

uitin does not prevent hRpn13 binding to HDAC8.

We next applied AlphaFold2-Multimer32 or HDOCK33 tomodel

the hRpn13:HDAC8 complex. Whereas AlphaFold2-Multimer

produced model structures that did not fit the NMR data (data

not shown), HDOCK modeled HDAC8 to bind to hRpn13 amino

acids that were attenuated by HDAC8 addition and that overlap

with the hRpn2-binding surface (Figures S5D and S5E),
Molecular Cell 84, 522–537, February 1, 2024 527



Figure 4. Membrane blebbing in myeloma cells is increased following hRpn13 Pru loss

(A and B) Slices from a confocal fluorescence microscopy z stack of representative RPMI 8226 WT, trRpn13-MM1, and trRpn13-MM2 cells at interphase (A) or

undergoing mitosis (B) stained for F-actin (phalloidin, red), b-tubulin (TUBB4A, yellow), and DNA (DAPI, blue). Membrane blebbing is indicated by white arrows.

The distance from the cover glass for each slice (upper-left) and a scale bar (5 mm, bottom-right) are shown.

(C) Plot of percentage of blebbing cells as indicated. The Mann-Whitney non-parametric test was used to calculate statistical significance. Data are represented

as mean ± SEM.

(D) Confocal fluorescence microscopy for RPMI 8226WT, trRpn13-MM1, and trRpn13-MM2 stained for Annexin V (green), F-actin (phalloidin, purple), and DNA

(DAPI, blue). A merged view is included in the top panel and arrows indicate blebs. Scale bars are 5 mm.
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consistent with hRpn2 displacement of HDAC8 from hRpn13

(Figure 5E). This modeled structure, which is consistent with

the experimental data, predicts hRpn13 to bind to the HDAC8

substrate interaction surface, suggesting that, like theHDAC8 in-

hibitor (HDAC8i) trichostatin A (TSA, PDB: 1T64),34 hRpn13 in-

hibits HDAC8 activity by sterically preventing binding to sub-

strates. To test directly whether hRpn13 inhibits HDAC8, we

used a commercially available fluorogenic activity assay. We

tested for HDAC8 activity with varying concentrations of

hRpn13 (1–150) or TSA. As expected, TSA inhibited HDAC8,

but so did hRpn13, with a concentration-dependent effect (Fig-

ure 5G). These data suggest that, in a cellular context, hRpn13

may allow expression of HDAC8-inhibited genes (Figure 5H),

providing further explanation for how hRpn13 loss contributes

to MGMT loss (Figure 2F), and supporting a model in which

hRpn13 inhibits HDAC8 activity (Figure 5H).

hRpn13 binds PADI4 directly with co-
immunoprecipitation from myeloma cells
We next examined the functional relationship between hRpn13

and the PADI enzyme family. mRNA-seq analyses revealed

PADI4 and low levels of PADI2 mRNAs in RPMI 8226 cells,

whereas PADI2 and PADI3 mRNAs were found in HCT116 cells

(Figure S6A). We treated RPMI 8226 cells with 0, 5, 10, or 20 mM

of a pan PADI inhibitor (pan-PADi) for 24 h and immunoprobed

the cell lysates for hRpn13, HDAC8, MGMT, and markers of

DNA damage or apoptosis. A concentration-dependent increase

in DNA damage (g-H2AX) and apoptosis (cleaved caspase-9)

was observed, with a corresponding reduction of PADI4 and

MGMT (Figure 6A). UCHL5 and full-length hRpn13 were unaf-

fected; however, hRpn13Pru was reduced by treatment with 10

and 20 mM pan-PADi. To test for PADI4 specificity, we repeated

this experiment with the PADI4-specific inhibitor GSK484

(PADI4i) to similarly find reduced levels of PADI4, MGMT, and

hRpn13Pru with induction of apoptosis (Figure 6B).

We previously found the production of hRpn13Pru to be cell-

type dependent.14 To investigate this trend in the context of

PADI4, we immunoprobed lysates from HCT116, RPMI 8226,

cervical cancer HeLa, and immortalized human embryonic kid-

ney HEK293T cells for PADI4, hRpn13, MGMT, HDAC8, and

UCHL5. hRpn13 varied across the cell lines, with hRpn13Pru

readily observed in RPMI 8226 cells, where PADI4 was also de-
Figure 5. hRpn13 Pru binds and inhibits HDAC8

(A) Immunoblots of lysates from RPMI 8226 cells treated for 24 h with XL5-VHL2

(B) Immunoblots of proteins immunoprecipitated with anti-hRpn13 antibodies (u

8226, T98G, or U87 cells probed as indicated. An asterisk (*) indicates residual s

(C) 1H, 15N HSQC spectra of 9 mM 15N-hRpn13 (1–150, black) and mixed with eq

addition of MBP-HDAC8 are labeled and sidechain NH2 groups (Q50 and N125)

(D) hRpn13 amino acids with signal broadening by adding MBP-HDAC8 are high

(940–953, light orange, PDB: 6CO4).

(E) 1H, 15N HSQC spectra of 9 mM 15N-hRpn13 (1–150, gray) with equimolar unlab

cyan), or equimolar unlabeled MBP-HDAC8 and hRpn2 (940–953, 9 mM, purple).

(F) hRpn13 amino acids that shift or disappear upon addition of hRpn2 (940–953

diagram of hRpn13 Pru (purple):hRpn2 (940–953, light orange, PDB: 6CO4).

(G) HDAC8 activity assay with indicated concentration (20, 40, 60, and 80 mM)

technical replicates.

(H) Model summarizing the inhibitory effect of hRpn13 on HDAC8 activity.

See also Figures S4 and S5.
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tected andUCHL5 increased (Figure 6C). Supporting a cell-type-

dependent functional relationship, HDAC8 and MGMT levels

were not correlated; MGMT was not observed in HEK293T cells

where HDAC8 was elevated, but both proteins were reduced in

HCT116 cells (Figure 6C). Moreover, treatment of HCT116 cells

with pan-PADi, PADI4i, or hRpn13 PROTAC XL5-VHL2 did not

induce apoptosis, in contrast with proteasome inhibitor carfilzo-

mib (Figure S6B), providing further support for the cell-type

specialization of PADI4 and hRpn13Pru.

We next tested and found PADI4 to co-immunoprecipitate

with hRpn13 from lysates of RPMI 8226 cells (Figure 6D, top);

this interaction was not observed in HCT116 cells where, consis-

tent with Figure 6C, PADI4 was not detected (Figure 6D, bottom).

We used 2D NMR to test for direct interaction. Equimolar quan-

tities of unlabeled PADI4 was added to 20 mM 15N-hRpn13 (1–

150) and a 1H, 15N HSQC spectrum acquired; for comparison,

this experiment was performed without PADI4 and in identical

buffer conditions. PADI4 caused the signals of residues G141,

S143, and G144, present C-terminal to the hRpn13 Pru domain,

to attenuate (Figures 6E and 6F). Spectral changes were also

detected, which we hypothesized could be from hRpn13 argi-

nine residues acting as substrates for PADI4, including attenua-

tion of R16, which is within the N-terminal intrinsically disordered

region, and of hRpn13 Pru residues C88, G91, and Q110, which

are near R92, andC121 andN125 near R122 (Figures 6E and 6F).

PADI4 citrullinates hRpn13 Pru
To test whether hRpn13 (1–150) is citrullinated by PADI4, we incu-

bated these twoproteins togetherwitheither10mMCaCl2 (to acti-

vateactivity) or 5mMEDTA (as a negativecontrol). High-resolution

MSwasusedtoassay forargininedeimination,as thismodification

causes amolecular weight shift of +0.984Da.Wemeasured amo-

lecular weight shift of 4 Da following incubation of hRpn13 (1–150)

with PADI4 when CaCl2 was present (Figure 6G, blue), suggesting

the occurrence of four citrullination events; no such shift was de-

tected with EDTA (Figure 6G, orange). hRpn13 R16 is within a

‘‘GSRG’’ sequence (FigureS6C),which isaproposedPADI4citrul-

lination motif.35 We therefore tested whether this region might be

oneof themodifiedsitesby incubatingPADI4withanhRpn13pep-

tide sequence that spans L11-N20 (LVPGSRGASN) with inclusion

of either 10 mM CaCl2 or 5 mM EDTA. This peptide was shifted

by +0.984 Da with CaCl2 and not EDTA, suggesting that R16 is
(40 mM) or DMSO probed as indicated.

pper panels) and whole-cell extracts (WCEs, low panels) from HCT116, RPMI

ignal from probing hRpn13.

uimolar unlabeled MBP-HDAC8 (orange) at 25�C. Signals that attenuate upon

that disappear are connected with a line.

lighted (cyan) and labeled on a ribbon diagram of hRpn13 Pru (purple):hRpn2

eled MBP-HDAC8 (9 mM, orange), equimolar unlabeled hRpn2 (940–953, 9 mM,

Signals that significantly disappear or shift are labeled.

) to the hRpn13 and MBP-HDAC8 mixture are highlighted in green on a ribbon

of hRpn13 (1–150) or inhibitor TSA. Data are shown as mean ± SEM of three
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indeed citrullinated by PADI4 (Figure S6D). We further tested and

found that amino acid substitution of R16 to alanine in hRpn13

(1–150) causes loss of one citrullination event (Figure S6E).

To validate theMS results of hRpn13 citrullination by PADI4, we

usedacommercially available kit for detecting citrullination. PADI4

alone or with hRpn13 (1–150) was dissolved in a buffer that con-

tained EDTA or CaCl2 and the reactionmonitored by immunoblot-

ting at 0, 30, 60, or 120min. Antibodies against PADI4 and hRpn13

detected these proteins as expected (Figure 6H, lower panel). In

addition, citrullination was detected only in the reactions that con-

tained hRpn13 Pru and CaCl2 (Figure 6H, upper panel).

Our data suggest that PADI4 binds to the intrinsically disor-

dered region C-terminally adjacent to the hRpn13 Pru domain,

and citrullinates hRpn13. In particular, PADI4 binds to a region

that includes G141, S143 and G144 (Figure 6F), consistent with

its interaction with disordered regions of histone proteins.36

Further support for this model is present in the NMR data. In

particular, PADI4 forms a dimer of �148 kDa and, if hRpn13

Pru formed a stable complex with PADI4, then its signals would

not be detectable under our experimental conditions due to the

slow rotational correlation time of the large hRpn13 Pru:PADI4

complex and resulting fast NMR signal decay.37 By contrast,

interaction with one of the flexible intrinsically disordered regions

at the terminal ends of the Pru domain would allow for its

detection.

PADI4 binds and citrullinates 26S proteasomes
Because our NMR data suggest that PADI4 binds to a region of

hRpn13 that does not overlap with its proteasome-binding site

(Figures 6F vs. 5F), we hypothesized that PADI4 can bind to

hRpn13 when assembled into the proteasome. Loss of hRpn13

causes loss of PADI4 (Figure 1B), and therefore we were unable

to compare PADI4 levels at proteasomes, with and without

hRpn13present.Nonetheless,weperformedaco-immunoprecip-

itation assay by using antibodies against hRpt3 (a proteasome

ATPase subunit) for RPMI 8226 cells. PADI4 co-immunoprecipi-

tatedwithhRpt3alongwithhRpn13, hRpn8, andhRpn2 (Figure6I),
Figure 6. PADI4 binds and citrullinates hRpn13

(A and B) Lysates from RPMI 8226WT cells treated for 24 h with pan-PADi (A, PAD

(vehicle control) immunoprobed as indicated; g-H2AX was also immunoprobed i

(C) Lysates from HeLa, HCT116, RPMI 8226, or HEK293T cells immunoprobed a

(D) Immunoblots of proteins immunoprecipitated with anti-hRpn13 antibodies (to

probed as indicated.

(E) 1H, 15N HSQC spectra of 20 mM 15N-hRpn13 (1–150, black) alone or with equ

unassigned signals that disappeared are marked by asterisks.

(F) hRpn13 amino acids that shift or disappear upon addition of PADI4 are highligh

and Arg122 shown (cyan). The regions spanning 1–21 and 130–150 are intrinsi

ensemble.

(G) MS analysis of purified hRpn13 (1–150, black) alone and after 2 h incubation at

Detected masses are included.

(H) Immunoblots as indicated for PADI4 alone or mixed with hRpn13 (1–150) in 5 m

120 min of incubation.

(I) Immunoblots of proteins immunoprecipitated with anti-hRpt3 antibodies (top p

indicated.

(J) Immunoblots for reaction mixtures with combinations, as indicated of PADI4 (2

and probed as indicated.

(K) Model summarizing interactions between PADI4 (blue) and hRpn13 (shades

pothesized to be through hRpn13. PADI4 citrullinates hRpn13 (light blue, Cit) and

See also Figure S6.
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demonstrating that PADI4 is present at 26S proteasomes of RPMI

8226 cells.Wenext incubatedPADI4withcommercial 26Sprotea-

somes and immunoprobed for citrulline to find a single band be-

tween 39 and 51 kDa (Figure 6J), consistent with the modification

of hRpn13, albeit also of other proteasome components.38 Alto-

gether, these data suggest a model in which PADI4 interaction

with hRpn13 enables its interaction with proteasomes, where

hRpn13 and potentially other proteasome subunitsmay be citrulli-

natedbyPADI4and,moreover,PADI4citrullinationofhRpn13may

contribute to the production or stability of hRpn13Pru (Figure 6K).

Proteasome peptidase activity is reduced by treating
myeloma cells with PADI4 inhibitor
We tested whether PADI4 impacts the chymotryptic activity of

the proteasome core particle (CP) by subjecting the lysates of

PADI4i-treated (10 mM for 24 h) RPMI 8226 cells (compared

with DMSO vehicle control) to a fluorometric peptidase assay us-

ing a 7-amino-4-methylcoumarin (AMC)-tagged model sub-

strate. A reduction in peptidase activity was measured for pro-

teasomes from PADI4i-treated cells (Figure 7A). These data

suggest that citrullination by PADI4 contributes to the peptidase

activity of the 26S proteasome.

hRpn13 PROTAC XL5-VHL2 reduces MGMT, HDAC8,
and PADI4 levels in myeloma cells
hRpn13Pru isgeneratedbyproteasomal cleavageof hRpn13and is

therefore reduced by proteasome inhibition.14We reasoned that if

MGMT and PADI4 expression is linked to activities at the protea-

some, then they would be sensitive to carfilzomib treatment.

RPMI 8226 cells were treated with 40 mM XL5-VHL2, 30 mM

HDAC8i, and 20 mM pan-PADi for 24 h and/or 250 nM carfilzomib

for 12 h. The cell lysates from individual and/or combined inhibitor

treatment were immunoprobed for PADI4, MGMT, HDAC8,

UCHL5, hRpn13, g-H2AX, NF-kB p50, NF-kB p65, bulk ubiquitin

chains, and b-actin (as a loading control). As expected, XL5-

VHL2 treatment resulted in reduced levels of hRpn13Pru, with a

concomitant decrease in PADI4, HDAC8, and MGMT (Figure 7B,
CI-amidine) or PADI4i (B, GSK484) at 5, 10, or 20 mM concentration or DMSO

n (A).

s indicated.

p) and whole-cell extracts (WCEs, bottom) from HCT116 or RPMI 8226 cells,

imolar unlabeled PADI4 (orange). Signals that disappear are labeled, whereas

ted in orange on a ribbon diagram of hRpn13 Pru (gray, PDB: 2KR0), with Arg92

cally disordered, and this view represents one configuration from a dynamic

37�Cwith PADI4 with 5mMEDTA (orange, as a control) or 10 mMCaCl2 (blue).

M EDTA (left side, as control) or 10 mMCaCl2 (right side) following 0, 30, 60, or

anels) and whole-cell extracts (WCEs, bottom) from RPMI 8226 cells probed as

,100 nM), 26S proteasome (100 nM), 5 mM EDTA, or 10 mM CaCl2 for 120 min

of purple) or the 26S proteasome (shades of gray), the latter interaction hy-

PADI4i inhibition reduces hRpn13Pru.
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lane 2 versus 1). The levels of these proteins were drastically

reduced in combined treatments of XL5-VHL2 with either

HDAC8i or pan-PADi (Figure 7B, lanes 5, 6, or 7 versus 1). Carfilzo-

mib caused notably decreased levels of PADI4, MGMT, HDAC8,

UCHL5, (Figure 7B, lane 8) and, as expected,14 hRpn13Pru. Co-

treatments led to greater depletion of these proteins (Figure 7B,

lanes 9–12). Thus, an hRpn13Pru PROTAC and proteasome inhibi-

tion each cause depletion of PADI4, HDAC8, and MGMT.

Reduced hRpn13 protein levels correlate with
decreased NF-kB p50 levels
hRpn1339 and PADI440 have been previously linked to NF-kB ac-

tivity, with NF-kB p50—and to a lesser extent p65—present at

the PADI4 promoter of TNF-a-treated HL-60 promyeoloblasts.40

Moreover, PADI4 citrullinates NF-kB p65, inducing its interaction

with importin a3 and, in turn, nuclear localization.41 We immuno-

blotted lysates from RPMI 8226 cells treated with XL5-VHL2 with

antibodies against NF-kBp50 and p65, to find their protein abun-

dance reduced compared with vehicle control (Figure 7B, lane 2

versus 1). Co-treatment of XL5-VHL2 with either HDAC8i or pan-

PADi, or HDAC8i combined with pan-PADi (Figure 7B, lanes 5–

7), further reduced the levels of p50 and p65, which were barely

detected in carfilzomib-treated cells (Figure 7B, lanes 8–12).

Moreover, phosphorylated NF-kB p105 was depleted and p50

reduced in RPMI 8226 cells treated for 24 h with 40 mM XL5-

VHL2 compared with DMSO vehicle control, with an apparent

reduction of unmodified p105 and p65 (Figure 7C) and no change

in the mRNA level of p105 (Figure 7D).

Wefurther assayed theabundanceofNF-kBp105,p50,andp65

in lysates from trRpn13-MM1or trRpn13-MM2 comparedwithWT

to find similar NF-kBp105 and p65 protein levels, but reducedp50

levels in the hRpn13-edited cell lines (Figure 7E). Notedly, the

abundance of p50 in trRpn13-MM1 was similar to in trRpn13-

MM2, indicating the reduction to be caused specifically by loss

of the hRpn13Prudomainand/or hRpn13activity at proteasomes.

We testeddirectlywhether inhibition ofNF-kBactivity by the se-

lective IkB kinase inhibitor BMS 345541 leads to reduced HDAC8

or PADI4 protein abundance. Lysates from RPMI 8226 cells

treatedwith increasing concentration of BMS 345541were immu-

noprobed, revealing a dose-dependent reduction in HDAC8 and

PADI4 abundance (Figure 7F). At the highest concentration of

4 mM BMS 345541, UCHL5, MGMT, p65, and hRpn13Pru were

also decreased (Figure 7F, lane 4). Together with the finding that
Figure 7. Loss of hRpn13 reduces NF-kB p50 and NF-kB inhibition dep
(A) Chymotrypsin-like activity assay of proteasomes from RPMI 8226 cells treated

fluorescence units; excitation/emission at 350/440. TheMann-Whitney non-param

mean ± SEM of four technical replicates.

(B) Lysates from RPMI 8226 cells treated for 24 h with XL5-VHL2 (40 mM), HDA

carfilzomib (250 nM), or DMSO immunoprobed as indicated.

(C) Lysates from RPMI 8226 cells treated with XL5-VHL2 (40 mM) for 24 h, or DM

(D) qPCR analysis of NF-kB p105mRNA levels in RPMI 8226WT treated for 24 h w

used to calculate statistical significance. Data are represented as mean ± SEM o

(E) Lysates from RPMI 8226 WT, trRpn13-MM1, or trRpn13-MM2 cells were imm

(F) Lysates from RPMI 8226 WT cells treated for 24 h with NF-kB inhibitor (NF-kB

indicated.

(G) Model summarizing the proposed regulatory relationships between the prot

HDAC8 (red), PADI4 (blue), and the NF-kB pathway (p105 and p65, gray, p50, gr

importin a3 (Imp a, gray) are included.
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NF-kB transcription factors can interact with the PADI4 pro-

moter,40 our data suggest that the NF-kB pathway regulates

expression of PADI4 in myeloma cells and, furthermore, that

hRpn13 loss by either a PROTAC or gene editing causes reduced

NF-kB p50 levels.

DISCUSSION

Our transcriptomic and proteomic data analyses following

CRISPR-Cas9 deletion of hRpn13 or its Pru in two different cell

types (HCT116 and RPMI 8226) indicate correlated alterations in

the proteome and transcriptome, indicating that hRpn13 has pro-

foundeffects that impact themolecular landscapebeyond thepro-

teasome. We report that hRpn13 interacts with epigenetic regula-

tors of transcription, one of which (PADI4) is specific to bone

marrow. Our findings thus implicate hRpn13 in cell-type-specific

functions and indicate that it contributes to gene expression.

Whereas hRpn13 interaction with HDAC8 competes with

hRpn2 and therefore occurs off proteasomes (Figure 5E),

PADI4 binds at a region distinct from hRpn2 (Figures 5F and

6F). Therefore, hRpn13 may interact with PADI4 on or off pro-

teasomes. We favor a model in which hRpn13 interacts

with PADI4 at the proteasome, where it citrullinates hRpn13

(Figures 6J and 6K) and/or other proteasome subunits and

thereby modulates proteasome activity (Figure 7A). Because

hRpn13 expression in trRpn13-MM2 recovered the low

MYH10 levels of parental RPMI 8226 cells, but did not restore

PADI4 levels, the mechanistic link between hRpn13 Pru dele-

tion in trRpn13-MM1/2 cells and PADI4 depletion is unclear.

We find hRpn13 loss by gene editing leads to reduced NF-kB

p50, with co-depletion of phosphorylated NF-kB p105 following

hRpn13 PROTAC treatment. Moreover, inhibition of the NF-kB

pathway causes PADI4 loss. Therefore, it is possible that the

correlated loss of PADI4 with hRpn13 occurs through NF-kB.

Moreover, the finding that citrullination of p65 promotes its

interaction with importin a3 and trafficking into the nucleus41

suggests that hRpn13Pru citrullination may similarly induce its

nuclear trafficking, where perhaps it inhibits deacetylation by

HDAC8 and/or is more stable than in the cytosol, the latter hy-

pothesis based on our finding that pan-PADI (Figure 6A) and

PADI4i (Figure 6B) inhibition reduces hRpn13Pru levels and

the correlative increased abundance of hRpn13Pru in PADI4-

containing cell lines (Figure 6C).
letes HDAC8 and PADI4
with DMSO (vehicle control) or PADI4i (GSK484; 10 mM) for 24 h. RFU, relative

etric test was used to calculate statistical significance. Data are represented as

C8i (PCI-34051; 30 mM), pan-PADi (PAD CI-amidine, 20 mM), or for 12 h with

SO immunoprobed as indicated.

ith XL5-VHL2 (40 mM) or DMSO control. TheWilcoxon non-parametric test was

f three technical replicates. n.s., not significant.

unoprobed as indicated.

i; BMS-345541) at 1, 2, and 4 mM concentration or DMSO immunoprobed as

easome (shades of gray) and its subunit hRpn13 (Pru, lilac; DEUBAD, pink),

een). Histones (gray), acetyl groups (Ac, orange), citrulline (Cit, light blue), and
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PADI4 inhibition delays progression of multiple myeloma42

and, in myeloid cells, PADI4 mediates chromatin de-condensa-

tion during the innate immune response to infection.43 It also reg-

ulates stem cell pluripotency during early embryogenesis by cit-

rullination of core histones H3 and H4 as well as linker histone

H1.44 Thus, the loss of PADI4 by the hRpn13 PROTAC may

contribute to induction of cell death in myeloma cells.

Because hRpn13 interacts with HDAC8 and PADI4 and influ-

ences NF-kBp50 levels, future studies are needed to test whether

the observed effects on cytoskeletal or immune response proteins

(Figure 1B) are direct and/or through these known transcriptional

regulators. HDAC8 functions in the rearrangement of the cytoskel-

eton in myeloma cells45 and perhaps hRpn13 Pru contributes to

this activity. One phenotypic feature of cytoskeleton reorganiza-

tion observed in the hRpn13-edited cell lines is increased cellular

blebbing, namely membrane protrusions at the cell surface

(Figures 4A and 4B). The commonly altered cytoskeleton-related

proteins in trRpn13-MM1 and trRpn13-MM2 cells (Figure 2B)

may have a downstream effect on the cells’ structure that is yet

to be studied. Principally associated with programmed cell death,

blebbing also occurs inmigrating or cytokinetic cells and acts as a

survival mechanism for injured cells, which use blebbing to resist

cell lysis.46 Nevertheless, in the context of our study, blebbing

could be part of a survival adaptation, possibly caused by altering

the 26S proteasome degradation machinery.

MYH10 activity has recently been implicated in melanoma

therapy resistance for tumor survival.47 Moreover, silencing of

MYH10 reduces cell migration and invasion in glioblastoma

and hepatocellular carcinoma.48,49 Depletion of hRpn13 induces

MYH10, which is suppressed by re-expression of hRpn13 (Fig-

ure 2G), suggesting a role for hRpn13 in tumor survival through

its regulation of MYH10.

In summary, our data suggest novel functions for hRpn13 in

epigenetic regulation of gene expression through HDAC8 and

PADI4 and also the intersection of these activities with the NF-kB

pathway (Figure 7G). The importance of hRpn13 in transcriptional

regulation and cellular rewiring provides new insights into its po-

tential as an anti-cancer target. Moreover, we demonstrate the

cell-type-specific arginine deiminase PADI4 to be present at pro-

teasomes, indicating that proteasome constituency can vary by

cell type, and future studies further investigating tissue-dependent

proteasome variance will be highly informative in the context of

proteasome-related pathologies and cell-type-specific therapies.

Limitations of the study
PADI4 is depleted by hRpn13 loss, challenging our efforts to

directly test whether hRpn13 is required for PADI4 interaction

with proteasomes, and further structural studies will be invaluable

for mechanistically defining PADI4 activity at proteasomes. We

found NF-kB inhibition to also reduce PADI4 levels and hRpn13

loss to correlate with reduced p50 abundance and depletion of

phosphorylated p105, suggesting that hRpn13 may influence

PADI4 abundance indirectly through the NF-kB pathway. Future

studies testingwhether loss of other proteasome substrate recep-

tors similarly impact PADI4 abundance and/or the cytoskeletal ef-

fects observed with hRpn13 loss will be invaluable to dissecting

hRpn13-specific effects from general proteasome defects. More-

over, the detection of citrullination in cells by MS is challenged by
the common molecular weight shift for any deimination or deami-

nation event and the limited sensitivity of available antibodies for

citrullination. Similarly, evaluation of the function of hRpn13 in

the cytoskeletal contextwas stymiedby limitedavailability of com-

mercial antibodies, including MYO1E. This study highlights the

need for future experiments aimed at examining cell type and tis-

sue variance of proteasome constituency and activity and, for he-

matological cells specifically, the functional interplaybetweenpro-

teasomes, hRpn13,PADI4,NF-kBsignaling, and thecytoskeleton.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-ADRM1 (hRpn13) Abcam Cat#ab157185; RRID: AB_2857945

Rabbit anti-UCHL5 Abcam Cat#ab133508; RRID: AB_2814821

Rabbit anti HDAC8 Abcam Cat#ab187139; RRID: AB_2715505

Rabbit anti-Rpn2 Abcam Cat#ab2941; RRID: AB_2237798

Rabbit anti-Rpt3 Abcam Cat# ab140515

Rabbit anti-Rpn8 Abcam Cat# ab140428

Mouse anti-PADI4 Abcam Cat#ab128086; RRID: AB_11140412

Rabbit anti-MYH10 Abcam Cat#ab230823

Rabbit anti-TUBB4A Abcam Cat#ab179509; RRID: AB_2716759

Veriblot IP detection HRP-reagent Abcam Cat# ab131366; RRID: AB_2892718

Mouse anti-ubiquitin Cell Signaling Technology Cat#3936; RRID: AB_331292

Rabbit anti-MGMT Cell Signaling Technology Cat#2739; RRID: AB_2297658

Rabbit anti-NF-kB p105/p50 Cell Signaling Technology Cat#13586; RRID: AB_2665516

Rabbit anti-NF-kB p65 Cell Signaling Technology Cat#8242; RRID: AB_10859369

Rabbit anti-Phosphorylated NF-kB p105 Cell Signaling Technology Cat#4806; RRID: AB_2282911

Rabbit anti-Cleaved Caspase 9 Cell Signaling Technology Cat#52873; RRID: AB_2799423

Rabbit anti-NF-kB p105/p50 Abcam Cat#ab32360

Rabbit anti-NF-kB p105 Cell Signaling Technology Cat#4717; RRID: AB_2282895

Rabbit anti-TACSTD2 Cell Signaling Technology Cat#90540; RRID: AB_2800160

Rabbit anti-b-actin Cell Signaling Technology Cat#4970; RRID: AB_2223172

Rabbit anti-S100A14 Proteintech Group Inc Cat#10489-1-AP; RRID: AB_2183628

Rabbit anti-PADI4 Proteintech Group Inc Cat#17373-1-AP; RRID: AB_2878398

Rabbit IgG HRP-conjugated Thermo Fisher Scientific Cat#A16110; RRID: AB_2534782

Mouse IgG HRP-conjugated Sigma Cat# A9917; RRID: AB_258476

Anti-Citrulline (Modified) Detection Kit Sigma Cat#17-347B

Bacterial and virus strains

Escherichia coli BL21(DE3) Invitrogen C600003

Escherichia coli BL21(DE3) pLysS Invitrogen C606003

Chemicals, peptides, and recombinant proteins

Sequencing Grade Modified Trypsin Promega Corporation Cat#V51111

TMTpro� 16plex Label Reagent Set Thermo Fisher Scientific Cat#A44520

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

Pierce ECL chemiluminescent reagents Thermo Fisher Scientific Cat#32106

PreScission protease GE Healthcare Life Sciences Cat#GE27-0843-01

Mini protease inhibitor cocktail Roche Cat#11836153001

Protease inhibitor cocktail Roche Cat#04693759001

PhosSTOP Roche Cat#4906837001

Phenylmethylsulfonyl fluoride (PMSF) MP Biomedicals Cat#195381

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Thermo Fisher Scientific Cat#20491

Adenosine 50-triphosphate disodium salt hydrate Sigma Cat# 34369-07-8

Isopropyl-1-thio-b-D-thiogalactopyranoside (IPTG) UBPBio Cat#P1010-10

XL5-VHL2 Lu et al.14 N/A

Carfilzomib Selleck Chemicals LLC Cat#S2853

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BMS 345541 (NFkB inhibitor) Selleck Chemicals LLC Cat#S8044

PAD CI-amidine Sigma Cat#506282

GSK484 (PADI4 specific inhibitor) Abcam Cat#ab223598

GSK484 (PADI4 specific inhibitor) Cayman Chemical Co Inc Cat#17488

Lipofectamine� 3000 Reagent Thermo Fisher Scientific Cat# L3000015

Lipofectamine� 2000 Reagent Thermo Fisher Scientific Cat# 11668027

Opti-MEM� Life Technologies Cat#31985070

37% formaldehyde Electron Microscopy Science Cat#15686

DAPI nuclear stain Thermo Fisher Scientific Cat#D1306

Phalloidin ATTO643 fluorescent dye ATT0-TEC Cat#AD643-81

Poly-L-lysine Sigma Cat#P8920

Mounting Medium Biotium Cat#23008

Dynabead protein G Thermo Fisher Scientific Cat#10004

RNeasy Plus mini kit Qiagen Cat#74134

High capacity RNA-to-cDNA kit Applied Biosystem Cat#04387406

McCoy’s 5A (modified) media Thermo Fisher Scientific Cat#16600082

RPMI-1640 media American Tissue Culture Collection Cat#30-2001

EMEM media American Tissue Culture Collection Cat#30-2003

DMEM (GlutaMAX) media Thermo Fisher Scientific Cat#10566016

Proteasome 26S (human), (purified) Enzo Life Science Cat# BML-PW9310-0050

Critical commercial assays

HDAC8 Fluorogenic Assay Kit BPS Bioscience Cat#50068

EasyPep� MS Sample Prep Kits Thermo Fisher Scientific Cat#A45735

EasyPep� MS Sample Prep Kits Thermo Fisher Scientific Cat#A40006

ProNex� Size-Selective Purification System Promega Corporation Cat#NG2003

TruSeq Stranded Total RNA kit Illumina Cat#RS-122-2201

Biotium Mix-n-Stain Kit for CF488A Biotium Cat#92253

Biotium Mix-n-Stain Kit for CF568 Biotium Cat#92255

Annexin V – CF488A Conjugates Biotium Cat#29005

Genejet Endo-Free Plasmid Maxiprep kit Thermo Fisher Scientific Cat#K0861

Fluorometric Proteasome Activity Assay Kit Abcam Cat#ab107921

Deposited data

NMR solution structure of hRpn13 Pru:hRpn2 Lu et al.15 PDB: 6CO4

NMR solution structure of hRpn13 Chen et al.25 PDB: 2RK0

TMT-MS data for RPMI 8226 parental and

trRpn13-MM2, HCT116 parental, DhRpn13,

and trRpn13

This study MassIVE: MSV000091862

TMT-MS data for RPMI 8226 trRpn13-MM1 This study MassIVE: MSV000093091

RNA-seq Illumina data for HCT116 DhRpn13 This study NCBI BioProject: SAMN34603004

RNA-seq Illumina data for HCT116 DhRpn13 This study NCBI BioProject: SAMN34603005

RNA-seq Illumina data for HCT116 DhRpn13 This study NCBI BioProject: SAMN34603006

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603007

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603008

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603009

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603010

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603011

RNA-seq Illumina data for HCT116 parental This study NCBI BioProject: SAMN34603012

RNA-seq Illumina data for HCT116 trRpn13 This study NCBI BioProject: SAMN34603013

RNA-seq Illumina data for HCT116 trRpn13 This study NCBI BioProject: SAMN34603014

(Continued on next page)

ll
Article

Molecular Cell 84, 522–537.e1–e8, February 1, 2024 e2



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-seq Illumina data for HCT116 trRpn13 This study NCBI BioProject: SAMN34603015

Original data for immunoblots This study Mendeley Data: https://doi.org/10.17632/

cs84mzcrbr.1

Original data for confocal microscopy This study Mendeley Data: https://doi.org/10.17632/

gr2994bzky.1

Experimental models: Cell lines

Human: RPMI 8226 multiple myeloma cell line American Tissue Culture Collection CRM-CCL-155

Human: HCT116 colorectal cancer cell line American Tissue Culture Collection CCL-247

Human: T98G glioblastoma cell line American Tissue Culture Collection CRL-1690

Human: U87 glioblastoma cell line American Tissue Culture Collection HTB-14

Oligonucleotides

TaqMan probe for UCHL5 Applied Biosystem Hs01044470_m1

TaqMan probe for hRpn13 Applied Biosystem Hs00544115_m1

TaqMan probe for MGMT Applied Biosystem Hs01037698_m1

TaqMan probe for PADI4 Applied Biosystem Hs01057483_m1

TaqMan probe for CPNE8 Applied Biosystem Hs01040084_m1

TaqMan probe for MYO1E Applied Biosystem Hs00192232_m1

TaqMan probe for MYH10 Applied Biosystem Hs00992055_m1

TaqMan probe for ACTN1 Applied Biosystem Hs00998100_m1

TaqMan probe for TUBB4A Applied Biosystem Hs00760066_s1

TaqMan probe for BTK Applied Biosystem Hs00975865_m1

TaqMan probe for GAPDH Applied Biosystem Hs99999905_m1

TaqMan probe for b-actin Applied Biosystem Hs99999903_m1

TaqMan probe for NF-kB1 Applied Biosystem Hs00765730_m1

TaqMan probe for 18S:

Forward: CTGAGAAACGGCTACCACATC

Reverse: GCCTCGAAAGAGTCCTGTATTG

Probe: AAATTACCCACTCCCGACCCGG

This paper Customized from Integrated

DNA Technology (IDT)

LVPGSRGASN This study Customized from GenScript

ON-TARGET plus siRNA against hRpn13 Dharmacon LQ-012340-01-0005

Scrambled non-targeting pool siRNA Dharmacon D-001810-10-05

Recombinant DNA

His-MBP-TEV-HDAC8 Addgene Plasmid#122174

pGEX-6P-1-MGMT-GST This study Customized from GenScript

pGEX-6P-1-PADI4-GST This study Customized from GenScript

pGEX-6P-1-hRpn13 Pru R16A-GST This study Customized from GenScript

hRpn2 (940 – 953) Lu et al.15 N/A

hRpn13 Pru (1 – 150) Lu et al.14 N/A

pCMV-3Tag-1A-FLAG-hRpn13 This study Customized from GenScript

pGMC00021 Addgene Plasmid#195305

pMG0784 (cDNA hRpn13) This study Plasmid#210768

psPAX2 Addgene Plasmid#12260

pMD.2G Addgene Plasmid#12259

Software and algorithms

Andor Fusion software Oxford Instruments N/A

Mass Hunter Workstation Agilent N/A

Python Python Software Foundation N/A

R programming The R Project for

Statistical Computing

N/A

Limma package Bioconductor N/A

(Continued on next page)
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GraphPad Prism Dotmatics N/A

Database for Annotation, Visualization

and Integrated Discovery (DAVID)

National Institute of Health N/A

HDOCK server Yan et al.33 N/A

Other

Iso-Seq� Express Template

Preparation protocol

Pacific Biosciences PN 101-763-800

0.45 mm PDVF membrane Merck Millipore Cat#IPVH85R

0.2 mm PDVF membrane Merck Millipore Cat#ISEQ85R

Millipore Steriflip 0.45 mm Merck Millipore Cat#SE1M003M00

LentiX Concentrator Takara Cat#631232
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kylie J.

Walters (kylie.walters@nih.gov).

Materials availability
Plasmids used in this study were customized and generated by GenScript.

Material availability requests should be made to the lead contact, Kylie J. Walters (kylie.walters@nih.gov).

Data and code availability
d The original TMT-MS data have been deposited at MassIVE and are publicly available as of the date of publication with project

accession numberMSV000091862 (for RPMI 8226 parental and trRpn13-MM2, HCT116 parental,DhRpn13, and trRpn13 cells)

and MSV000093091 (for RPMI 8226 trRpn13-MM1). The original RNA-sequencing data are deposited at NCBI BioProject with

accession codes SAMN34603004-6 (for HCT116 DhRpn13 cells), SAMN34603007-12 (for HCT116 parental cells) and

SAMN34603013-15 (for HCT116 trRpn13 cells). The original data for immunoblots and confocal microscopy are deposited

atMendeley (https://doi.org/10.17632/cs84mzcrbr.1 for blots; https://doi.org/10.17632/gr2994bzky.1 for microscopy images).

d This paper does not report original code.

d 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

E. coli strains
BL21 (DE3) and pLysS (DE3) cells were used in this study for the production of recombinant proteins.

Mammalian cell culture
HCT116, RPMI 8226, T98G, U87, HeLa, andHEK293T cellswere obtained fromAmerican TissueCulture Collection (ATCC) and cultured

at 37�C in a humidified environment of 5%CO2 inMcCoy’s 5Amodified,RPMI-1640, EMEM, andDMEM (GlutaMAX)media, respectively

(ATCC) and supplemented with 10% fetal bovine serum (Atlanta Biologicals). HCT116 DhRpn13 cells were a gift from Shigeo Murata;

HCT116 trRpn13 and RPMI-8226 trRpn13-MM1 and trRpn13-MM2 cells were generated by CRISPR/Cas9 editing, as previously

described.4,14

METHOD DETAILS

Plasmids
A plasmid for expressing His-MBP-TEV-HDAC8 that contains HDAC8 amino acids 8–374 was purchased from Addgene. hRpn13 (1-

150) Pru R16A, MGMT (1–207) and PADI4 (1–663) were subcloned into the pGEX-6P-1 vector in frame and C-terminal to glutathione-

S-transferase and an intervening PreScission protease recognition sequence with codon optimization (GenScript), as was hRpn2

(940–953) for a previous study.15 hRpn13 Pru (1–150) was in frame with an N-terminal histidine tag and intervening PreScission
Molecular Cell 84, 522–537.e1–e8, February 1, 2024 e4
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protease recognition site, as previously described.14 ADRM1 cDNA was cloned in frame with an N-terminal FLAG (x3) tag into a

pCMV-3Tag-1 vector (FLAG-hRpn13) customized from GenScript.

Transfection and transduction experiments
Plasmid transfection experiments

For transfection, HCT116WT cells were reverse transfected for 48 hours with 0.35 mg of FLAG-hRpn13 or empty vector (-) as a nega-

tive control (GenScript). Transfection experiments were performed by using Lipofectamine� 3000 Reagent (Thermo Fisher Scientific)

with Opti-MEM� (Life Technologies) reduced serum medium according to the manufacturer’s instructions.

Lentivirus transduction experiments

cDNA encoding for ADRM1 (hRpn13) was synthesized (Twist Biosciences) and cloned into pGMC00021 (Addgene) by isothermal

assembly50 to generate the final construct, pMG0784. Plasmid DNA was generated by a maxiprep (Thermo Scientific Fisher) and

the cloned plasmid verified by nanopore sequencing (Poochon Scientific). To generate lentivirus, 8 mg of pMG0784, 5.757 mg of

psPAX2 (Addgene) and 3.133 mg of pMD.2G (Addgene) were co-transfected using 30 mL of Lipofectamine 2000 into a 15 cm plate

of 293T cells. The pMD2.G and psPAX2 plasmids were gifts from Didier Trono. Supernatants from transfected cells were collected at

48 hours and 72 hours, filtered using the Millipore Steriflip 0.45 mm (Millipore) and then concentrated using the LentiX concentrator

(Takara) for 3 days as per manufacturer’s protocol. The mixture was then centrifuged and re-suspended in �400 mL of ice cold PBS

with 7.2 and 20 mL aliquotsmade. For the lentiviral transduction of trRpn13-MM1 or trRpn13-MM2, 50,000 cells were transducedwith

two aliquots of concentrated virus, each of 20 mL, to ensure a high multiplicity of infection for efficient transduction of suspension

cells. 48 hours later, cells were spun down at 300 g and re-suspended in 200 mL of fresh RPMImedia with 10%FBS and 1%Penstrep

in a 96 well plate. After approximately one week, cells were collected and transferred to a single well of a 24 well plate. A week later,

cells were collected and transferred to a single well of a 6 well plate for an additional week before transferring to a T25 flask.

siRNA knockdown

HCT116 WT cells were reverse transfected for 48 hours with 50 nM of commercially available ON-TARGET plus siRNA against

hRpn13 (Dharmacon) or with a scrambled non-targeting pool siRNA as a negative control (Dharmacon). Knockdown experiments

were performed by using Lipofectamine� 3000 Reagent (Thermo Fisher Scientific) with Opti-MEM� (Life Technologies) reduced

serum medium according to the manufacturer’s instructions.

Immunoprecipitation

Cells were trypsinized, flash frozen in liquid nitrogen, and stored at -80�C prior to lysis. Cell pellets were then lysed in native IP buffer

(1% Triton X-100, 50 mM Tris-HCl at pH 7.5, 150 mM NaCl) supplemented with protease inhibitor cocktail (Roche), PMSF (100 mM)

and ATP nucleotide (100 mM). Protein concentration was determined by a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher

Scientific). For hRpn13 or hRpt3 immunoprecipitation, lysates (1 mg total protein) were incubated overnight at 4�Cwith anti-Rpn13 or

anti-Rpt3 antibodies followed by 4-hour incubation at 4�C with Dynabead protein G (Thermo Fisher Scientific). The beads were

washed with native IP buffer and the bound proteins resolved and visualized by SDS-PAGE/immunoblotting.

Immunoblotting

Cells were trypsinized, flash frozen in liquid nitrogen, and stored at -80�C prior to lysis in native buffer (1% Triton X-100, 50 mM Tris-

HCl at pH 7.5, 150 mM NaCl) supplemented with a protease inhibitor cocktail (Roche), PMSF (100 mM), and PhosSTOP (Roche).

Protein concentration was determined by a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) after spinning

down at 16,000 g for 10 minutes at 4�C. 10–20 mg of total protein were loaded on SDS-PAGE (precast Bis-Tris gels, Thermo Fisher

Scientific) and transferred onto a 0.45 mmPDVFmembrane (Merck Millipore). Immunoblotting of cell lysates was done by incubating

overnight with primary antibodies in 5% skim milk or 5% BSA made in Tris-buffered saline with 0.1% Tween-20 (TBST), washing,

followed by 1–2 hours of incubation with secondary antibodies at room temperature. After washing, blots were detected by addition

of Pierce ECL chemiluminescent reagents (Thermo Fisher Scientific) for HRP-conjugated secondary antibodies.

Immunofluorescence

RPMI 8226 cells grown in 20mL RPMI 1640 medium in a T75 flask were treated with Annexin V CF488A conjugates and incubated at

37�C in the dark on an orbital shaker for 20 minutes. The cells were spun down at 200 g for 10 minutes at 4�C and washed with fresh

cell culture media (20 mL) in a T75 flask. The cells were then fixed with 4% formaldehyde by adding 2.4 mL of 37% formaldehyde

(Electron Microscopy Science) and incubating on an orbital shaker for 15 minutes at 37�C. Fixed cells were equally distributed be-

tween four 50 mL conical tubes, and 45 mL solution of 200 mM Tris pH 8 (for formaldehyde quenching) and 0.1% Triton 100X (for

permeabilization) was added to each tube. The cells were then incubated in an orbital shaker for 15 minutes at room temperature

and then centrifuged at 200 g for 10 minutes at 4�C. The supernatant was carefully aspirated to leave 2-3 mL of solution in which

the cell pellets were then resuspended. Suspensions from the 50 mL conical tubes were combined into a 15 mL conical tube. The

total number of cells was counted, DAPI nuclear stain (Thermo Fisher Scientific) was added at a final concentration of 5 mg/mL,

and the mixture incubated for 30 minutes in an orbital shaker. The cells were centrifuged at 200 g for 10 minutes at 4�C and the

cell pellet was resuspended in 1X PBS solution to a volume that yields a total number of 1 x 106 cells per 1 mL. For each sample,

0.2 mL of this suspension was incubated with phalloidin conjugated to ATTO643 fluorescent dye (ATT0-TEC) or antibodies against

b-tubulin TUBB4A (Abcam) that were directly conjugated by a Biotium Mix-n-Stain Kit for CF568 (Biotium), according to the manu-

facturer’s instructions. A 25 mm round cover glass (Thorlabs, CG15XH1) was treated with poly-L-lysine (Sigma) and placed at the

bottom of a flat bottom 50 mL tube (Tesc Inc, CT-168000). The tubes were filled with 50 mL of 1X PBS and the 0.2 mL sample
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was added with mixing. To attach the cells to the glass, the tubes were centrifuged at 200 g for 10 minutes at 4�C and then stored at

4�C until image acquisition. Prior to imaging, the sample on the cover glass was transferred into a Chamlide chamber (Live Cell

Instrument, CM-B25-1). Improved image quality was achieved by covering the glass with mounting medium (Biotium). Images

were acquired on a Leica DMi8microscope equipped with a Yokogawa CSU-W1 Spinning Disk Confocal and Andor Zyla 4.2 sCMOS

camera controlled by Andor Fusion software, using a 63x NA1.4 oil lens (Leica). Deconvolution was performed with Fusion software.

Images were processed in Imaris (BitPlane) and ImageJ software. Immunofluorescence figures are generated as composite images

consisting of representative cells from the individual fields of RPMI 8226 WT, trRpn13-MM1 or trRpn13-MM2 cells.

qPCR

Total mRNA samples from RPMI-8226 WT, trRpn13-MM1, or trRpn13-MM2 cells were purified using the RNeasy Plus mini kit (Qia-

gen), and cDNA was synthesized with the high capacity RNA-to-cDNA kit (Applied Biosystems) according to the manufacturer’s in-

structions. mRNA expression was measured on a qPCR instrument (CFX384; Bio-Rad) using TaqMan probes for UCHL5, hRpn13,

MGMT, PADI4, CPNE8, MYO1E, MYH10, ACTN1, TUBB4A, NF-kB1, BTK, GAPDH, b-actin (Applied Biosystems) and 18S ribosomal

RNA (Integrated DNA Technology). b-actin, GAPDH and 18S ribosomal RNA were used as internal standards. Fold change in gene

expression normalized to theWT cells was calculated by using themodified version of efficiency-corrected comparative (Pfaffl equa-

tion) method.

Proteasome peptidase assay

RPMI 8226 cells treated for 24 hours with PADI4 specific inhibitor GSK484 (10 mM), carfilzomib (100 nM), or DMSO (vehicle control)

were lysed in 0.5%NP-40 lysis buffer. Protein concentration was determined by a bicinchoninic acid (BCA) protein assay kit (Thermo

Fisher Scientific) and 10 mg of total protein was used to assay the chymotryptic activity of proteasomes in the presence of AMC-

tagged substrate by a commercially available fluorometric proteasome activity kit (Abcam). The manufacturer’s instructions were

followed but with relative fluorescence determined by using carfilzomib as a negative control.

HDAC8 activity assay

The enzymatic activity of HDAC8 (4 ng/mL) was assayed in the presence of increased concentrations (20, 40, 60 and 80 mM) of purified

hRpn13 (1–150) by using the HDAC8 Fluorogenic Assay Kit (BPS Bioscience) according to the manufacturer’s instructions. TSA at

100 mM was used as a control of activity inhibition.

Small molecule inhibitor treatment

XL5-VHL2, carfilzomib (Selleck Chemicals LLC), BMS 345541 (Selleck Chemicals LLC), PAD CI-amidine (506282; Sigma) and

GSK484 (Abcam or Cayman Chemical Co Inc) were separately dissolved in DMSO and used to treat RPMI 8226 (1 x 106 cells) at

40 mM, 100-250 nM or by gradient concentrations for 24 hours. XL5-VHL2 was synthesized as described previously.14

Proteome and transcriptome analysis experiments
TMT-MS experiments

Sample preparation. For protein digestion prior to the TMT-MS experiments, the cell pellets were lysed in EasyPrep Lysis buffer

(Thermo Fisher Scientific) according to the manufacturer’s protocol. Lysates were clarified by centrifugation and protein concentra-

tion was quantified by a BCA protein estimation kit (Thermo Fisher Scientific). 20 mg of lysate were reduced, alkylated, and digested

by addition of trypsin at a ratio of 1:50 (Promega Corporation) and overnight incubation at 37oC. A pooled sample to mitigate the

batch effect was created by mixing equal amounts from each lysate.

Sample labeling. For TMT labeling 100 mg of TMTpro label (Thermo Fisher Scientific) in 100% acetonitrile (ACN) was added to each

sample. After incubating the mixture for 1 hour at room temperature with occasional mixing, the reaction was terminated by adding

50 mL of 5% hydroxylamine and 20% formic acid. The peptide samples for each condition were pooled and peptide clean-up was

performed using the proprietary peptide clean-up columns from the EasyPEP Mini MS Sample Prep kit (Thermo Fisher Scientific).

Sample fractionation. TheTMTpeptidemixturewasoff-line fractionatedbyhighpHreversed-phasechromatographyonaWatersAcq-

uity UPLC systemwith a fluorescence detector (Waters,Milford,MA) using a 150mmx 3.0mmXbridge Peptide BEM� 2.5 mmC18 col-

umn (Waters, MA) operating at 0.35 mL/min. The dried peptides were reconstituted in 100 mL of mobile phase A (3 mM ammonium bi-

carbonate,pH8.0) andeluded fromthecolumn inmobilephaseB (100%ACN,ThermoFisherScientific). Before loading thesamples, the

columnwas washedwithmobile phase A for 10minutes and the peptides eluded using gradient elution of 0 – 50%phase B (10 – 60mi-

nutes) followedby50 – 75%phaseB (60 – 70minutes). 80 fractionswere collected perminute. The fractionswere then consolidated into

24 pools based on the chromatogram intensity, vacuum centrifuged to dryness, and stored at -80�C until analyzed by mass

spectrometry.

Mass spectrometry acquisition

The dried peptide fractions were reconstituted in 0.1% trifluoroacetic acid (TFA) and subjected to nanoflow liquid chromatography

(ThermoUltimate� 3000RSLCnano LC system, Thermo Fisher Scientific) coupled to anOrbitrap Eclipsemass spectrometer (Thermo

Fisher Scientific). Peptides were separated with a low pH gradient of 5 – 50% ACN over 120 minutes in the mobile phase with 0.1%

formic acid at 300 nL/min flow rate. Full MS1 scanswere performed in theOrbitrap at a resolution of 120,000with an ion accumulation

target set at 4e5andmax IT set at 50msover amass rangeof 400 –1600m/z. Ionswithdeterminedcharge statesbetween2and5were

selected for MS2 scans in the ion trap with CID fragmentation (Turbo; NCE 35%; maximum injection time 35 ms; AGC 1 3 104).
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Data analysis

The acquiredMS/MS spectra were searched using the Real Time Search [RTS] Node in the tune file and the human Uniprot database

with the Comet search algorithm for TMT (229.163 Da) set as a static modification of lysine and the N-termini of the peptide. Carba-

midomethylation of cysteine residues (+57.0214 Da) was set as a static modification, while oxidation of methionine residues

(+15.9949 Da) was set up as a dynamic modification. For the selected peptide, an SPS–MS3 scan was performed using up to

10 b-type and y-type fragment ions as precursors in the Orbitrap at 50,000 resolution with a normalized AGC set at 500 followed

by maximum injection time set as ‘‘Auto’’ and at a normalized collision energy setting of 65. Reporter ion intensities were adjusted

to correct for the impurities according to the manufacturer’s specification and the abundances of the proteins were quantified using

the summation of the reporter ions for all identified peptides. A two-step normalization procedure was applied on a 6 plex TMT exper-

iment [3 TMT experiments with 2 samples each]. First, the reporter abundances were normalized across all the channels to account

for equal peptide loading. Secondly, the intensity from the pooled sample was used to normalize the batch effect from the multiple

TMT experiments. Data analysis and visualization were performed in Microsoft Excel and RStudio.

RNA sequencing

Total RNA sample from HCT116WT, DhRpn13, trRpn13, RPMI 8226WT, trRpn13-MM1 or trRpn13-MM2 cells were extracted using

the RNeasy Plus mini kit (Qiagen) according to the manufacturer’s instructions. Illumina sequencing was performed on the HCT116

WT, DhRpn13, and trRpn13 samples. RNA samples were pooled and sequenced on one hiSeq run using Illumina TruSeq Stranded

Total RNA kit (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 was used to align trimmed reads to the refer-

ence genome hg19. Gene counts were quantified by STAR using annotations from GenCode Release 19. Transcript abundance was

estimated using RSEM then normalized using the voom algorithm and used for differential expression analysis using the ‘limma’

package (version 3.38.3). All analyses were performed with Python version 2.7.15 and R version 3.5.1.

Gene ontology analysis

We used the Database for Annotation, Visualization and Integrated Discovery (DAVID) to perform gene ontology (GO) analyses.

Genes significantly altered with -log(10) (p-value) > 1.3 and log2 greater than ± 1 were uploaded on DAVID converted to the ‘‘Entrez_-

Gene_ID’’ and analyzed on Human species background. We used the default annotation categories with a medium classification

stringency for functional annotation clustering analyses, based on which, groups of terms/annotations sharing similar genemembers

with similar biological meaning are clustered together.

Protein expression and purification

For NMR and biochemical assays, HDAC8, PADI4 and MGMT were expressed and purified from E. coli BL21(DE3) cells whereas

E. coli BL21(DE3) pLysS cells (Invitrogen) were used for hRpn13 (1–150), hRpn13 Pru R16A and hRpn2 (940–953). For HDAC8,

MGMT, PADI4, and hRpn2, the cells were transformed and grown at 37�C to an optical density at 600 nm (OD600) of 0.6–0.8 in

Luria-Bertani (LB) medium containing antibiotics for selection [50 mg/mL kanamycin (for HDAC8) or 100 mg/mL ampicillin (for

MGMT, PADI4 and hRpn2)]. hRpn13 (1–150) was expressed in M9 minimal media with 100 mg/mL ampicillin and 15N ammonium

chloride as the sole nitrogen source. Protein expression was induced for �20 hours at 17�C or 4 hours at 37�C by using 0.4 mM

of isopropyl-1-thio-b-D-thiogalactopyranoside (IPTG); 200 mM ZnCl2 was also added at induction for HDAC8. Post-induction, the

cells were harvested by centrifugation and resuspended in lysis buffer (50 mM Tris, pH 8.0, 300 mM KCl, 5% glycerol, 1 mM

TCEP, 20 mM ZnCl2, 1 mM PSMF and protease inhibitor cocktail for HDAC8; 20 mM Tris, pH 8.1, 400 mM NaCl, 20% glycerol,

2 mM DTT, 5 mM EDTA, 0.5 mg/mL lysozyme and protease inhibitor cocktail for PADI4; 100 mM Tris-HCl, pH 7.34, 300 mM

NaCl, 5% glycerol, 2 mMCaCl2, 10mMMgCl2, 10mM2-mercaptoethanol, and protease inhibitor cocktail for MGMT; 20mM sodium

phosphate, pH 6.5, 300 mMNaCl, 10 mM 2-mercaptoethanol, and protease inhibitor cocktail for hRpn13 and hRpn2). Resuspended

cells were lysed by sonication and cellular debris removed by centrifugation at 4�C.
For purification of HDAC8, the supernatant was applied to pre-equilibrated TalonMetal Affinity resin (Clontech) and incubated for 2

hours at 4�C for protein binding. The resin was extensively washed with wash buffer A (50mMTris, pH 8.0, 300mMKCl, 5% glycerol,

1 mMTCEP, 1mMPSMF and protease cocktail) and then wash buffer B (50mMTris, pH 8.0, 150mMKCl, 5%glycerol, 1 mMTCEP).

The bound HDAC8 proteins were eluted by incubating the resin with buffer B containing 250 mM imidazole and purity analyzed by

SDS-PAGE. Fractions were pooled, concentrated, and then loaded onto a Superdex 200 size exclusion column on an FPLC system

(GE Healthcare Life Sciences) pre-equilibrated in buffer B. Protein fractions evaluated by SDS-PAGE, pooled, and concentrated.

For purification of MGMT and PADI4, the supernatant was incubated with glutathione S-sepharose 4B (GE Healthcare Life Sci-

ences) for 3 hours, the resin washed extensively with the lysis buffer, followed by wash buffer (20 mM Tris, pH 8.1, 200 mM NaCl,

10% glycerol, 1 mM DTT, for PADI4) and (100 mM Tris-HCl, pH 7.34, 300 mM NaCl, 5% glycerol for MGMT). PADI4 and MGMT

were eluted from the resin by overnight incubation with 50 units per mL of PreScission protease (GE Healthcare Life Sciences).

For purification of hRpn13 (1–150), hRpn13 Pru R16A or hRpn2 (940–953), the supernatant was incubated for 2 hours with Talon

Metal Affinity resin (Clontech) or 3 hours with glutathione S-sepharose 4B (GE Healthcare Life Sciences), respectively and the resin

washed extensively with buffer C (20 mM sodium phosphate, pH 6.5, 300 mM NaCl, 10 mM bME). hRpn13 (1–150) or hRpn2 (940–

953) was eluted from the resin by overnight incubation with 50 units per mL of PreScission protease (GE Healthcare Life Sciences) in

buffer D (20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM DTT). The eluent was subjected to size exclusion chromatography
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with a Superdex75 column on an FPLC system equilibrated with buffer D for further purification. For the citrullination experiment,

hRpn13 (1–150) and hRpn13 R16A were buffer exchanged and purified by a Superdex75 column on an FPLC system equilibrated

with buffer E (10 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM DTT).

Protein concentrations were estimated by using calculated extinction coefficients for each protein and absorbance at l = 280 nm.

NMR experiments

The 1H, 15N HSQC experiments involving HDAC8 were performed in NMR buffer 1 (50 mM Tris, pH 7.0, 150 mM KCl, 5% glycerol,

1mMTCEP, and 10%D2O); thosewithMGMTwere recorded in NMRbuffer 2 (20mM sodiumphosphate, pH 6.5, 50mMNaCl, 2mM

DTT, and 10% D2O); and experiments recorded with PADI4 were in NMR buffer 3 (50 mM Tris, pH 7.0, 200 mM NaCl, 5% glycerol,

1 mM DTT, and 10% D2O). In all cases, comparative spectra were recorded on 15N-labeled hRpn13 (1–150) in identical buffer

conditions. Proteins were buffer exchanged into NMR buffer by using Zeba Protein Desalting columns (Thermo Fisher Scientific),

with hRpn2 (940–953) pre-mixed with 15N-hRpn13 (1–150) at 2-fold molar excess for 2 hours at 4�C. All NMR experiments were con-

ducted at 25�C on Bruker Advance 600 and 800 MHz spectrometers equipped with cryogenically cooled probes.

Modeling of the HDAC8:hRpn13 Pru complex

HDOCK33 was used with default parameters to perform molecular docking between hRpn13 Pru and HDAC8. The model with the

highest docking score was selected for analysis and display. All figures were generated by using PyMol (PyMOLMolecular Graphics

System, http://www.pymol.org).

CITRULLINATION ASSAYS

Citrullination detection by immunoblotting
Citrullination of hRpn13 (1–150) ormutant hRpn13 Pru R16Awas assayed by incubating 700 nMpurified PADI4 alone or with 2640 nM

purified hRpn13 (1–150) or mutant hRpn13 Pru R16A. Similarly, citrullination of the human 26S proteasome (Enzo Life Sciences) was

performed by incubating 2100 nM purified PADI4 with 100 nM 26S proteasome in a buffer containing 100 mM HEPES, pH 7.6 and

1 mM DTT in the presence of 10 mM CaCl2 or 5 mM EDTA at 37 �C for 0, 30, 60 and 120 minutes. After incubation, deimination re-

actions were stopped by adding 1X SDS buffer, followed by boiling at 95 �C for 5 minutes. Citrullination of hRpn13 (1–150) or 26S

proteasome was determined by immunoblotting or LC-MS experiments. Immunoblotting was performed by using the Anti-

Citrulline (Modified) Detection Kit (Sigma) following the manufacturer’s instructions. Following SDS-PAGE, proteins were transferred

onto a 0.2 mm PDVF membrane (Merck Millipore), blocked and incubated overnight with primary antibodies.

Citrullination detection by mass spectrometry
A citrullination reaction was also performed for an hRpn13 peptide that spans L11 – N20 by incubating 50 mg of the peptide

LVPGSRGASN (synthesized by GenScript) with 500 nM PADI4 in the same buffer as described above for hRpn13 (1–150) with

10 mM CaCl2 or 5 mM EDTA at 37 �C for 120 minutes. Citrullination of hRpn13 (1–150), hRpn13 R16A, and hRpn13 (11–20) was as-

sessed by LC-MS experiments using a 6520 Accurate-Mass Q-TOF LC/MS system equipped with a dual electro-spray source, oper-

ated in the positive-ionmode. 10%of acetonitrile was added to each sample before loading onto the instrument. Data acquisition and

analyses were performed by Mass Hunter Workstation (version B.06.01).

QUANTIFICATION AND STATISTICAL ANALYSIS

RStudio was used to filter RNA-seq and TMT-MS data excluding genes with p-value > 0.05. Spearman Rank correlation plots and

statistical analyses were performed by using GraphPad Prism 8. The Mann-Whitney non-parametric test or the Wilcoxon non-para-

metric test was used for comparison between two groups.
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