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Summary

Targeting protein quality control pathways using proteasome or p97/VCP inhibition can effectively 

treat blood tumors. However, in solid tumors, only p97/VCP inhibitors are effective. To probe 

this difference in efficacy, we tracked HCT116 colon cancer cells using temporal proteomics to 

define the cellular and molecular responses to proteasome and p97 inhibition. Proteins involved in 

general protein quality control pathways were similarly upregulated by both treatments, suggesting 

that the proteotoxic stress caused by inhibitors does not explain the differential therapeutic 

effectiveness. Unexpectedly, proteins specifically dysregulated by two p97 inhibitors are involved 

in cell cycle control. Indeed, eleven cell cycle proteins were downregulated by p97 inhibition 

but not by proteasome inhibition. Western blot analysis validated degradation of Cyclin D1 and 

Securin depends on proteasome but not on p97. Differing regulation of cell cycle proteins by 

p97 and the proteasome may therefore explain the therapeutic efficacy of p97 inhibitors in colon 

cancer.
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eTOC Blurb

Wang et al. perform temporal proteomics of p97 and proteasome inhibition to reveal the 

differential mechanism of action and the distinct regulation of cell cycle oncoproteins. This work 

provides a systematic view of protein markers that are common as well as different caused by 

compounds targeting potential anticancer targets.
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Introduction

Protein homeostasis depends on regulation of protein degradation through the ubiquitin-

proteasome system (UPS) and autophagy. Dysregulation of protein homeostasis is associated 

with cancer and the development of neurodegenerative disease (Cheng et al., 2018). 

Imbalances in protein synthesis caused by mutations in protein coding sequences and 

aneuploidy drive cancer cells toward stronger reliance on protein quality control (PQC) 

mechanisms. Interfering with PQC through proteasome inhibition has proven successful as 

an anticancer treatment, as indicated by FDA approval of two proteasome inhibitors (PI), 

bortezomib and carfilzomib (Deshaies, 2014). In addition to the proteasome, p97 is another 

essential component of the protein homeostasis regulatory network and is implicated in 
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several PQC pathways. p97 is a strong candidate as an alternative anticancer drug target in 

the PQC pathway (Ye et al., 2017). p97 is an ATPase that removes misfolded proteins from 

the endoplasmic reticulum (ER) membrane for proteasomal degradation (Ye et al., 2004, 

Wu and Rapoport, 2018) and also facilitates degradation of substrates embedded in other 

large structures, including mitochondria and chromosomes (Wolf and Stolz, 2012, van den 

Boom and Meyer, 2018, Ravanelli et al., 2020). In addition to its role in regulating protein 

homeostasis, p97 is also involved in non-degradative pathways including Golgi and nuclear 

envelope reassembly and endosomal trafficking (Meyer, 2005, Ramanathan and Ye, 2012, 

Kaneko et al., 2021, Meyer et al., 2002). Recently, p97 is shown to require to clear damaged 

lysosomes (Papadopoulos et al., 2020, Papadopoulos et al., 2017) and maintain lysosomal 

homeostasis (Arhzaouy et al., 2019).

To assess whether p97 is a potential anticancer drug target, groups, including ours, have 

performed chemical screens in search of compounds that directly inhibit the ATPase activity 

of p97. Such screens identified a reversible ATP competitive inhibitor, DBeQ, (Chou et 

al., 2011) and two different allosteric p97 inhibitors, NMS-873 (Magnaghi et al., 2013) 

and UPCDC-30245 (Alverez et al., 2015, LaPorte et al., 2018, Wang et al., 2020). Structure-

activity-relationship (SAR) studies of DBeQ led to a collection of more potent and specific 

p97 inhibitors, including ML240 (Chou et al., 2013) and CB-5083 (Anderson et al., 2015, 

Zhou et al., 2015). CB-5083 strongly inhibited cancer cell proliferation, and was also 

efficacious in inhibiting tumor growth in mouse xenograft models implanted with HCT116 

tumor cells (Anderson et al., 2015). CB-5083 entered phase I clinical trials for multiple 

myeloma and advanced solid tumors in 2015, highlighting p97 as a potential drug target 

in oncology. However clinical development was halted due to off-target effects (Huryn et 

al., 2020). p97 inhibitors remain a promising avenue however, and Cleave Therapeutics 

recently initiated a Phase 1 clinical trial of CB-5339 in patients with acute myeloid 

leukemia (AML) and myelodysplastic syndrome (MDS). The National Cancer Institute 

(NCI) is also evaluating CB-5339 for patients with solid tumors and lymphomas (https://

clinicaltrials.gov/ct2/show/NCT04372641 and NCT04402541).

Current data indicate that p97 inhibitors are promising treatments in solid tumors where 

proteasome inhibitors are ineffective (Yang et al., 2006, Engel et al., 2007, Schmid et 

al., 2008, Trinh et al., 2012). To facilitate the development of p97 inhibitors as potential 

therapeutic agents and help define their clinical application, it is necessary to dissect the 

mechanism of action (MOA) of p97 inhibitors and compare them with proteasome inhibitors 

(PIs). Moreover, identifying specific cellular markers is critical for both the drug discovery 

and development process, to help validate candidate drugs and quantify their effect. In 

this study, we performed proteomic analysis and systematically compared p97 shRNA 

knockdown (KD), and three p97 inhibitors (CB-5083, NMS-873 and UPCDC-30245), 

with the proteasome inhibitor MG132 in HCT116 colon cancer cells. Through proteomic 

analyses we uncover the specific molecular mechanism by which p97 inhibition is distinct 

from proteasome inhibition, potentially relevant to understanding the efficacious effects of 

the former in solid tumors.
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Results

Proteomic profiling and analysis of p97 inhibition and knockdown.

The first orally bioavailable p97 inhibitor, CB-5083, was originally developed using 

xenografts-derived from HCT116 colon cancer cells (Anderson et al., 2015). We therefore 

chose HCT116 cells to evaluate the effect of p97 inhibition, and used proteomic analysis 

with label-free quantification (LFQ), which provides the deepest coverage of unperturbed 

proteomes (Li et al., 2012), to comprehensively measure the functional impact of p97 

knockdown. From a 2h gradient run on nano-LC coupled with Eclipse mass spectrometry 

(MS), 6884 proteins were identified and quantified (Table S1). Principal component analysis 

(PCA) showed that replicate samples had similar principal component scores (Fig. S1a–b), 

indicating that our biological replicates correlated well with each other. By performing 

differential expression (DE) analysis, we have identified 410 proteins that were significantly 

upregulated, and 356 proteins that were significantly downregulated (p-value<0.05) in p97 

KD HCT116 cells (Table S1). DE analysis confirmed that p97 was downregulated by 78% 

and that ATF3 and DDIT3 (CHOP) were upregulated more than 10-fold (Fig. 1a). The 

change in these proteins was consistent with western blot analysis (Fig. S1c–d).

We compared our identified DE proteins to components of the three key unfolded protein 

response (UPR) pathways (Table S1), PERK, ATF6 and IRE1a. p97 knockdown leads to 

DE of 5 proteins in the PERK pathway, 4 proteins in ATF6 pathway and 12 proteins in 

IRE1α pathway. These proteins were all upregulated in p97 KD HCT116 cells, suggesting 

p97 depletion in HCT116 cells activates all three UPR pathways (Fig. 1b). Functional 

enrichment analysis on all DE proteins revealed that multiple well-known p97-associated 

functions were affected by p97 KD, such as PQC, cell proliferation, and transport (Fig. 

1c, Table S1). In addition, our data showed that the Asparagine N-linked glycosylation 

pathway was affected by p97 KD. Asparagine N-linked glycosylation is an important form 

of protein post-translational modification (PTM) and is dependent on ER quality control 

(ERQC) and ER-to-Golgi transport (Shrimal et al., 2019, Dall’Olio et al., 2011). The 

dysregulation of this pathway indicates that p97 may participate in maintaining PTMs. 

Multiple proteins in cellular pathways linked to p97 function were upregulated upon p97 

KD, including proteasome components and E2 ubiquitin-conjugating enzymes (E2s; Fig. 

1d). The upregulation of proteasome components and E2s may compensate for reduced 

proteolytic activity due to p97 KD. We detected a significant increase in nuclear levels of 

active TCF11 in p97 KD cells (Fig. S1d). This change may contribute to transcriptional 

upregulation of proteasome components, consistent with previous reports (Steffen et al., 

2010, Radhakrishnan et al., 2014). The majority of cell cycle related proteins were 

downregulated by p97 KD, including the MCM complex (Fig. 1d). This finding is consistent 

with the lower proliferation rate of p97 KD cells and with the essential role of p97 in DNA 

replication (Akopian and Rape, 2017, Li and Xu, 2019).

To explore the temporal proteomic profiles of p97 inhibition, we treated HCT116 cells with 

DMSO, and p97 inhibitors (CB-5083, NMS-873 or UPCDC-30245) for 2h, 6h, 10h, 18h, or 

24h in duplicate. To allow consistent comparison between inhibitors, we chose a treatment 

concentration that is 4-fold of the IC50 concentration, to aim for a similar cellular potency 
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and avoid indirect effects caused by cell death (Fig. S2a). We identified 7703 proteins from 

40 samples (Table S2). PCA on the temporal proteomics profiles showed that 2h and 6h 

treatment of CB-5083 and the NMS-873 treatment samples grouped in one cluster while 8h, 

18h and 24h grouped into another cluster (Fig. S2b). Therefore, 6h and 24h likely represent 

reasonable timepoints to probe early and late responses to p97 inhibition. To compare the 

proteomic profile of p97 shRNA KD to that of different p97 inhibitors, we compared the DE 

proteins identified through p97 KD with those identified under different inhibitor treatments 

(p<0.05) at each time point. With the exception of UPCDC-30245, the percentage of 

overlapping DE proteins increased with treatment duration (Fig. 1e). The proteomic profile 

of p97 KD was most similar to later timepoints following pharmacological p97 inhibition 

since p97 depletion by shRNA takes 72h. To reveal the cellular effects common to both p97 

KD and p97 inhibitors, we combined overlapping DE proteins across different timepoints 

for each inhibitor treatment. Functional enrichment analysis on each of these overlapping 

protein sets revealed that overlapping DE proteins from CB-5083 and NMS-873 treatment 

are linked to the same cellular pathways affected by p97 KD (Fig. 1f). Interestingly, we 

found that DE proteins that are affected by both p97 KD and UPCDC-30245 are not linked 

to pathways typically impacted by p97 inhibition, such as protein processing in the ER, UPR 

and asparagine N-linked glycosylation (Fig. 1f). UPR proteins and those linked to protein 

processing in the ER were all upregulated by CB-5083, NMS-873 and p97 KD, but not by 

UPCDC-30245 (Fig. 1g). These data suggest that the MOA of CB-5083 and NMS-873 in 

HCT116 cells is similar to p97 KD but is distinct from the MOA of UPCDC-30245.

Comparative proteomic analysis of p97 and proteasome inhibition reveals differential 
molecular mechanisms.

As a step toward understanding the differential effects of inhibiting p97 and the proteasome 

in cancer treatment, we compared the effect of inhibiting p97 and the proteasome 

using tandem mass tag (TMT) 16-plexed labelling. This technique allowed us to capture 

alterations in the proteome after exposure to MG132 (proteasome inhibitor) and p97 

inhibitors (CB-5083 and NMS-873). Considering our previous results, we chose 6h and 

24h treatments as representative of early (6h) and late (24h) responses to inhibitors. Samples 

were pooled together, fractionated into 8 fractions using high pH reverse chromatography, 

and analyzed using the highly accurate RTS-SPS-MS3 method (Schweppe et al., 2020, Li 

et al., 2012). We identified 7942 proteins, of which 6956 proteins were quantified across 

all 16 samples (Table S3). PCA showed 6h samples clustered separately from 24h samples, 

consistent with LFQ results, and confirmed that treatment time contributed to large changes 

in protein expression (Fig. 2a).

To identify the proteomic changes common to the different p97 inhibitors, we performed 

DE analysis (Table S3) and identified DE proteins (p<0.05) affected in both CB-5083 and 

NMS-873 treated samples (Fig. 2b). As shown in Fig. 2b, we divided the overlapping DE 

proteins into 3 groups (6h, 6h & 24h or 24h) and performed hierarchical clustering on those 

proteins which were significantly dysregulated by p97 inhibitors in respective samples with 

a threshold of |log2FC|>0.5 (Fig. 2c). Clusters 1, 4, and 8 contained proteins upregulated 

by both p97 inhibitors and MG132. Clusters 3, 6, and 10 contained proteins downregulated 

by both p97 inhibitors and MG132. Clusters 2, 7, and 9 contained proteins downregulated 
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by p97 inhibitors but not MG132. Since p97 acts upstream of the proteasome and plays an 

important role in UPS, as expected the majority of DE proteins affected by p97 inhibitors 

were regulated similarly by MG132 (clusters 1, 4, 8, 3, 6 and 10). Functional enrichment 

analysis on the DE proteins dysregulated by both p97 inhibitors and MG132 identified 

pathways related to UPS, such as ERQC, protein processing in ER and UPR (Fig. 2d).

Next, we examined the proteins downregulated by p97 inhibitors but not by MG132 

(clusters 2, 7, and 9). Using hierarchical clustering, we identified 121 proteins that were 

specifically downregulated by p97 inhibitors (Table S3). These proteins are involved in the 

p53 signaling pathway, cell cycle, virus infection and RHO GTPase-related pathways (Fig. 

2e). To compare the cell cycle effects induced by a p97 inhibitor to that induced by a 

proteasome inhibitor, the DNA content was measured in both HCT116 cells after treatments 

with CB-5083 or MG132 for 24h (Fig. S3a) and showed a reduced distribution in the G0/G1 

phase when treated with CB-5083 or MG132. Compared to MG132, CB-5083 is less potent 

in reducing the distribution of cells in G0/G1 phase and in increasing the distribution of cells 

in G2/M phase.

Moreover, we found that the autophagy related proteins BCL2L1, GABARAPL2 (ATG8C), 

TAX1BP1 and p62 (SQSTM1) were downregulated at 6h and upregulated at 24h by p97 

inhibitors in cluster 5. Both TAX1BP1 and p62 were upregulated by MG132 at 6h and 

24h (Fig. S3b). We failed to find any proteins specifically upregulated by p97 inhibitors 

using hierarchical clustering. Therefore, we used a Venn diagram to examine upregulated 

proteins (p<0.05, |log2FC|>0.3) identified from MG132, NMS-873 and CB-5083 treatment 

to identify proteins that were specifically upregulated by p97 inhibitors (Fig. 2f). From the 

Venn diagram, we have identified 210 DE proteins which were specifically upregulated 

by p97 inhibitors but not by MG132 after combining 6h and 24h data (Fig. 2f, Table 

S3). Functional enrichment analysis on these proteins revealed that p97 inhibition had a 

different effect on protein processing in the ER and UPR relative to MG132 treatment. In 

particular, p97 inhibition showed higher potency in activating the IREα and XBP1 pathways 

(Fig. 2g). Four XBP1 activated proteins, DNAJB11, SRPR, SRPRB and SYVN1 were 

significantly upregulated by p97 inhibitors but not by MG132 after 24h treatment (Fig. 2h). 

The upregulation of these four proteins was further validated by western blot (Fig S3c). 

Our results are consistent with reported findings that CB-5083 is more potent at activating 

the XBP1 pathway than PIs in models of multiple myeloma (Le Moigne et al., 2017). 

Taken together, these results validate that our comparative proteomic analysis can reveal the 

differential effect of p97 versus proteasome inhibition.

Overall, these results suggest that p97 inhibition impacts specific cellular pathways that are 

unaffected by proteasome inhibition.

Identifying specific protein markers of p97 inhibition.

In order to validate the 121 downregulated proteins that are specifically affected by p97 

inhibitors (Table S3), we compared these with the proteins that were downregulated by 

p97 KD and found 33 overlapping proteins (Fig. 3a). Comparing our data to two published 

studies in HEK293 and U2OS cells revealed that the 33 proteins are also downregulated by 

p97 KD and NMS-873 treatment in other datasets (Fig. 3b) (Heidelberger et al., 2018, Xue 
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et al., 2016). This comparison demonstrated these 33 protein levels are regulated similarly 

by p97 inhibition in HCT116, HEK293, and U2OS cells. We further analyzed the 210 

upregulated proteins (Table S3) and found that the 21 most significantly upregulated proteins 

were affected by p97 inhibitors but not by MG132 (Fig. 3c). We further compared the fold 

change calculated from TMT experiments with that from LFQ results for the 21 upregulated 

and 33 downregulated proteins and in samples treated with p97 inhibitors or MG132. Six 

out of the 54 proteins were also identified in our LFQ runs and showed time-dependent 

changes in response to p97 inhibitors (Fig. 3d). Of the six proteins, the regulation of 

CCNB1, PAID4 and HMMR were validated through western blot analysis (Fig. S3d) and 

Benjamini-Hochberg adjusted p-values for FDR less than 0.05 at least in one condition for 

all six proteins (Table S3). Our results indicate that these 6 proteins are affected by p97 but 

not proteasome inhibition, and are potential markers that distinguish these two treatments.

p97 inhibition blocks E2F1-mediated transcription via downregulation of the CCND-CDK4/6 
complex.

To further examine mechanisms specific to p97, rather than proteasome, inhibition we 

focused on the proteins specifically downregulated by the former treatment. To investigate 

whether the protein translation was inhibited by p97 or proteasome inhibitor, we examined 

the phosphorylation state of eukaryotic translation initiation factor 4E-binding protein 1 

(4E-BP1). Phosphorylation of 4E-BP1 serves to increase total protein translation (Walejko 

et al., 2021). After 6h of treatments, both MG132 and p97 inhibitors inhibit global protein 

translation, to a greater extent in MG132 treated cells (Fig. S4a). 20 of the 33 proteins 

we identified are downregulated by NMS-873 at RNA levels in U2OS cells (Fig. 3b) in 

a previous dataset which sought to identify general p97 substrates (Heidelberger et al., 

2018). The effect of p97 inhibition on specific protein levels likely arises from a change 

in transcript levels. To examine how transcript levels might be affected, we examined 

potential transcription factor binding sites (TFBSs) in the promoters of these 33 genes in 

the TRANSFAC database. This search revealed putative binding sites for two transcription 

factors, E2F1 and MYB (Fig. 4a). By examining protein-protein interaction networks 

related to E2F1 and MYB in the STRING database (https://string-db.org/), we found 11 

E2F1 interactors (Fig. S3b) and 11 MYB interactors (Fig. S3c). Two proteins, Cyclin A2 

(CCNA2) and CDC6, are E2F1 interactors and are also significantly dysregulated in our 

TMT proteomic analysis following proteasome and p97 inhibition (Fig. S3d, Table S4). In 

addition, some of the proteins downregulated by p97 inhibition (Fig. 4a), such as DHFR, 

TK1 and RRM2, have previously been experimentally validated as E2F1-specific target 

genes (Wells et al., 2002, Chen et al., 2012, Fang et al., 2015). We therefore decided 

to further investigate the role of E2F1, rather than MYB, in cells responding to p97 and 

proteasome inhibition.

To determine if the decreased expression of E2F1 target genes was caused by the 

downregulation of E2F1 levels due to ER stress (Pagliarini et al., 2015), we used qPCR 

and western blot to evaluate E2F1 levels. E2F1 RNA levels were strongly downregulated 

by MG132 and slightly downregulated by p97 inhibitors (Fig. S3e), consistent with the 

fact that ER stress induces the downregulation of E2F1. However, the protein level of 

E2F1 was not significantly affected by p97 inhibitors and was increased by MG132 (Fig. 
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S3f). The transcriptional activity of E2F1 can also be repressed through the formation of 

a complex with the tumor suppressor protein retinoblastoma (RB1) (Fig. 4b) (McNair et 

al., 2018). Hyperphosphorylation of RB1 by cyclin-D–cyclin-dependent kinase 4/6 complex 

(CCND1-CDK4/6) inactivates RB1 and induces the release of the E2F1 from the complex 

(Burkhart and Sage, 2008). The newly released E2F1 leads to transcriptional activation 

of target genes (Lange and Yee, 2011). From our proteomic analysis, CCND1 (cyclin 

D1) and CDK4/6 were all significantly downregulated by p97 inhibitors but upregulated 

by MG132 (Fig. 4c). This downregulation of CCND1 and CDK4 was further confirmed 

by western blot (Fig. 4d). By performing a published E2F1 reporter assay (Neuman et 

al., 1994), we found both MG132 and p97 inhibitors reduce the transcriptional activity 

of E2F1, and the IC50 of p97 inhibitors is 2-fold lower than that of MG132 (Fig. 4e). 

Additionally, qPCR analysis indicates that mRNA levels of the E2F1 target gene DHFR are 

also downregulated by p97 inhibitors (Fig. 4f). Our data suggests the transcriptional activity 

of E2F1 is decreased by p97 inhibition and leading to downregulation of E2F1 target genes. 

Furthermore, the downregulation of CCND1 occurred after the upregulation of ATF3 (Fig. 

4f). ATF3 is a stress-inducible gene, which binds to the cyclin D1 promoter and represses its 

transcription (Lu et al., 2006). Therefore, the upregulation of ATF3 potentially contribute to 

the downregulation of CCND1.

We hypothesized that CCND1 and CDK4/6 upregulation by MG132 promotes RB1 

hyperphosphorylation. However, the western blots showed that MG132 treatment instead 

reduced phosphorylation of RB1 in addition to reducing the mRNA level of DHFR (Fig. 4e 

and f), indicating that the transcriptional activity of E2F1 was also inhibited by MG132. To 

reveal why the upregulated CCND1-CDK4/6 complex does not promote phosphorylation of 

RB1 (Fig. 4b and c), we focused on the CKI (cyclin-dependent kinase inhibitor) and found 

that p21 (CDKN1A) was significantly upregulated by MG132 but not by p97 inhibitors 

(Fig. 4c and d). This suggests that upregulation of p21 can block the increased activity of 

CCND1-CDK4/6 complex in MG132 treated cells and reduce RB1 phosphorylation.

Taken together, our results suggest that HCT116 cells respond to proteasome and p97 

inhibition by upregulating ATF3 mRNA and protein levels (Fig. 4c, d and e) leading to 

a subsequent reduction in CCND1 mRNA (Fig. 4e). Unlike proteasome inhibition which 

increases cyclin D1 and CDK4/6, what distinguishes p97 inhibition is the reduction of all 

three of these oncoproteins at the protein level. Our results indicate that both cyclin D1 

and p21 play an important role in regulating the E2F1 pathway in cells treated with p97 

inhibitors or MG132. Overall, both MG132 and p97 inhibitors lead to the reduction of 

unphosphorylated RB1 which, as a result, sequesters E2F1 and blocks its transcriptional 

activity.

p97 inhibition promotes the downregulation of cell cycle oncoproteins.

Functional enrichment analysis on proteins specifically downregulated by p97 inhibitors 

revealed that cell cycle factors are highly associated with p97 inhibition (Fig. 2e). To follow 

up on this effect, we examined TMT experiments for cell cycle proteins that are significantly 

differentially expressed (Table S4) with Benjamini-Hochberg adjusted p-values for FDR less 

than 0.05 highlighted yellow. We found that eleven cell cycle proteins – Securin (PTTG1), 
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Cyclin D1 (CCND1), MYC, Survivin (BIRC5), Emi1 (FBXO5), CDC20, Bub1, CDC25B, 

ORC6, GMNN, RRM2– are specifically downregulated after 6h and 24h treatment with p97 

inhibitors only (Table 1). To exclude cell-specific effects, we detected the representative 

cell cycle proteins, Cyclin D1, Myc, Securin, Survivin and CDC20 in HT29 cells treated 

with p97 inhibitors or MG132, and found all the five proteins displayed similar changes as 

observed in HCT116 cells (Fig. S5a). To probe the effect at the transcriptional level, we 

determined the RNA levels of Myc, Securin, Emi1 and CDC20 after 6h treatment (Fig. 5a) 

and found only CDC20 was downregulated by CB-5083. We focused on the most affected 

two proteins, cyclin D1 and Securin, to investigate how protein levels are affected by both 

proteasome and p97 inhibition.

Since p97 is involved in both the proteasomal and autophagy degradation pathways, we 

next tested which process is linked to the changes seen in cyclin D1 levels upon p97 

inhibition. We co-treated cells with CB-5083 and either the proteasome inhibitor MG132 or 

the autophagy inhibitor Bafilomycin A1 (Baf A1). Our results showed that MG132 treatment 

rescued CB-5083 mediated cyclin D1 downregulation at the protein level but not at the 

mRNA level while Baf A1 had no effect on cyclin D1 levels (Fig. 5b and c). In addition, 

there was a greater reduction in cyclin D1 protein in samples co-treated with CB-5083 and 

MG132 than those treated with MG132 treatment alone. This result indicates that CB-5083 

may promote cyclin D1 degradation in HCT116 cells. We further examined cyclin D1 

degradation in the cytosol and nucleus (Fig. S5b) and found that in both the cytosol and 

nucleus, cyclin D1 turnover was blocked by MG132. Due to the short half-life of cyclin D1 

(less than 30 minutes), we found that CB-5083 only slightly accelerated nuclear, but not 

cytosolic, cyclin D1 degradation in HCT116 cells (Fig. S5c).

We also examined Securin protein degradation from the cytosol and nucleus and found 

that it was blocked by MG132 (Fig. 5d, Fig. S5b). In addition, CB-5083 and MG132 co-

treatment reduced the stabilization effect of MG132 on Securin (Fig. 5d and e), suggesting 

that the degradation of Securin does not depend on p97. When the cells were pretreated 

with MG132 for 1h to buildup Securin, CB-5083 slightly accelerated the degradation of 

Securin in both HCT116 and HT29 cells (Fig. 5f and g). We confirmed that cyclin D1 and 

Securin are proteasome substrates and do not require p97 for degradation by proteasome. 

Overall, p97 inhibitors did not increase the protein level of these cell cycle oncoproteins, and 

instead downregulated protein levels. These results distinguish the role of p97 from that of 

the proteasome in regulating cell cycle proteins.

Discussion

While previous studies have used proteomics to examine potential p97 partners and 

substrates in HEK293, and 293T cells, none of these have obtained temporal profiles and 

examined mechanisms that are potentially linked to the specific therapeutic effects of p97 

inhibition (Alexandru et al., 2008, Raman et al., 2015, Rosenow, 1990). Two studies used 

proteomic profiling in U2OS cell (Heidelberger et al., 2018) and HEK293 cells (Xue et al., 

2016). One study performed proteomic profiling of NMS-873 after 6 h treatment in HCT116 

cells (Her et al., 2016). These studies identified interesting p97 functions and substrates that 

are degraded in a p97-dependent manner. Here, however, we have conducted a systematic 
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analysis of p97 inhibition over time, using genetic knockdown and three small molecule 

inhibitors with different binding modes. Previous studies have also shown that p97/VCP is 

involved in multiple cellular processes (Stach and Freemont, 2017) and that p97 inhibition is 

a potentially promising therapeutic strategy for treating cancers, neurodegenerative disease 

and virus infection (Huryn et al., 2020). However, most published studies on the cellular 

effects of p97 inhibition have focused on one or a few aspects of p97 functions, such as 

p97-adaptor binding (Xue et al., 2016, Her et al., 2016) and the degradation of ubiquitinated 

proteins through endoplasmic-reticulum-associated protein degradation (ERAD) (Braun and 

Zischka, 2008). Here we used mass spectrometry-based quantitative proteomics to reveal 

a comprehensive picture of the proteomic and cellular pathways altered in HCT116 cells 

in response to both genetic and pharmacological p97 inhibition. We then compared the 

proteomic profiles of p97 inhibition to those of proteasome inhibition at several time points.

Our data reveal the overall influence of p97 inhibition on cellular functions (Fig. 1c and 

f), and argue that p97 KD upregulates formation of proteasome as well as E2 ubiquitin-

conjugating enzyme complexes to compensate for reduced proteolytic activity (Fig. 1d). 

In addition, we compared the proteomic changes induced by p97 shRNA KD to those 

induced by three p97 inhibitors and found that inhibition by CB-5083 and NMS-873 is 

more similar to p97 KD than UPCDC-30245. Specifically, UPR and factors associated with 

protein processing in the ER pathway were upregulated by both CB-5083 and NMS-873 as 

well as p97 KD (as previously reported), but not by UPCDC-30245 (Fig. 1g) (Magnaghi 

et al., 2013, Her et al., 2016, Anderson et al., 2015, Bastola et al., 2016, Zhao et al., 

2020, Garrison and Bangs, 2020, Wang et al., 2020). This result is consistent with our 

previous study as demonstrated by western blot analysis of two UPR markers (CHOP and 

ATF4) and two autophagy markers (p62 and LC3) (Wang et al., 2020). It is possible that 

UPCDC-30245 is inhibiting distinct p97 complexes or inhibiting other proteins that directly 

affect the autophagy machinery. Further studies will reveal whether these possibilities are 

the case (Chou and Deshaies, 2011).

The cell fate decisions under ER stress could be divided into two stages, the adaptive 

response phase (early stage) and apoptotic phase (late stage) (Hetz, 2012, Corazzari et al., 

2017). During the early stage, global protein translation is inhibited by PERK (Harding et 

al., 2000) and selective degradation of mRNA (Hollien et al., 2009, Hollien and Weissman, 

2006) and autophagy is activated (Kroemer et al., 2010) to reduce the influx of proteins 

into the ER and reestablish homeostasis. Prolonged stress conditions and CHOP activation 

results in pro-death signaling overweighing pro-survival signaling, which leads to apoptosis 

(Corazzari et al., 2017, Hetz and Papa, 2018). We used temporal proteomics to identify 

representative time points for the different cell fate decisions induced by p97 inhibition. We 

found that 6h and 24h provide representative time points that reveal early and late proteomic 

changes in response to p97 inhibition (Fig. S2b).

We next compared the proteomic profile of p97 inhibition to the proteomic profile of 

proteasome inhibition. Proteasome inhibition and p97 inhibition had a similar effect on 

some protein clusters (Fig. 2c). However, p97 inhibitors activated the XBP1 pathway more 

potently than MG132 (Fig. 2g and h), consistent with what has been reported in models 

of multiple myeloma (Le Moigne et al., 2017). In addition, both TAX1BP1 and p62 were 
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downregulated by p97 inhibitors but upregulated by MG132 after 6h treatment, revealing 

differential effects of p97 and proteasome inhibition on autophagy (Fig. S3b). This supports 

the notion that upregulation of autophagy is a possible mechanism by which resistance to 

proteasome inhibition emerges. In addition, this reveals that p97 inhibition blocks two major 

proteasome degradation pathways (Chou et al., 2011). TMBIM6 (Bax inhibitor 1) enhances 

autophagy via regulating lysosomal calcium and accelerates p62 degradation (Kim et al., 

2020). The rapid upregulation of TMBIM6 by p97 inhibitors, but not by MG132, may 

explain the downregulation of p62 at 6h (Fig. 3a and d).

The most striking difference between p97 and proteasome inhibition is that many cell cycle 

proteins were specifically downregulated by p97 inhibition. Since the discovery of yeast 

p97 via isolation of temperature-sensitive Cdc48 mutants (Moir et al., 1982), the role of 

p97 in regulating the cell cycle has focused on its ability to extract cell cycle proteins from 

complexes and deliver them to the proteasome for degradation. Based on this, p97 and the 

proteasome could be considered to regulate the cell cycle as part of the same pathway. For 

example, they are both recruited to K11/K48 ubiquitinylated H2B, promoting its degradation 

and maintaining cell identify during cell division (Oh et al., 2020). Studies have reported 

both p97 inhibition and MG132 treatment lead to HCT116 cells arresting in the G2-M phase 

(Magnaghi et al., 2013, Kim et al., 2004). However, we have here identified two major 

differences between the effect of p97 inhibition and proteasome inhibition on cell cycle 

regulation:

1. The mechanism underlying E2F1 inhibition by p97 inhibitors is different from 

MG132. p97 ATPase activity is required to maintain levels of the CCND1-

CDK4/6 complex, whereas proteasome activity degrades p21 protein, and 

therefore promotes active CCND1-CDK4/6 complex. The overall effect is the 

same for both inhibitors, reduced Rb1 phosphorylation and E2F1 sequestration 

and thus reduced mRNA levels of the E2F1 target genes (Fig. 4b–d).

2. That p97 inhibitors and proteasome inhibitors have important opposing effects 

on the protein levels of several cell cycle that are also oncoproteins (Table 1). 

Although both MG132 and p97 inhibitors can affect the cell cycle (Fig. S3a), 

our proteomics data suggest that the molecular mechanism by which they affect 

cell cycle is different. We therefore selected two proteins, cyclin D1 and Securin, 

and determined their half lives in the presence of p97 or proteasome inhibitors. 

While we expected to see stabilization of cyclin D1 and Securin with MG132 as 

both are proteasome substrates, we also found that p97 inhibitors do not stabilize 

degradation of cyclin D1 and Securin. Congruently, Parisi et al. showed that p97 

and yeast Cdc48 prevent degradation of ubiquitinated cyclin D1 and that the first 

generation p97 inhibitor, DBeQ, promotes cyclin D1 degradation (Parisi et al., 

2018).

One of the major hallmarks of cancer is upregulation of cell cycle oncoproteins. The 

CCND-CDK4/6-INK4-Rb pathway is more frequently dysregulated in solid tumors and 

plays a central role in tumorigenesis and progression (Schettini et al., 2018). Of the eleven 

cell-cycle proteins specifically downregulated by p97, ten are significantly upregulated in 

TCGA-COAD patient tumors compared to normal matched tissue and most are upregulated 
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in other GI cancers as well. (Fig. S6). Overexpression of some these proteins, such as Cyclin 

D1 is an unfavorable prognostic factor and is associated with tumor size and metastasis 

(Qie and Diehl, 2016). Mutations that directly perturb the degradation of Cyclin D1 and 

its nuclear export are also frequently observed in esophageal and uterine cancers (Benzeno 

et al., 2006). Therefore, targeting the Cyclin D1-CDK4/6-INK4-Rb pathway represents a 

valid treatment in a broad spectrum of solid tumors and numerous inhibitors of CDK4/6 

are currently under development and in clinical trials (Qie and Diehl, 2016). Inhibition of 

p97 impairs the Cyclin D1-CDK4/6-INK4-Rb pathway and the transcriptional activity of 

E2F1. That leads to the direct downregulation of cell cycle proteins and the deficit cell cycle. 

The deficit cell cycle may further amplify the downregulation of cell cycle proteins. Taken 

together, we propose that the down regulation of cell cycle proteins potentially explains 

why p97 inhibitors were effective in solid tumor models (Anderson et al., 2015) while 

proteasome inhibitors, which stabilizes cell cycle oncoproteins, are largely ineffective.

A better understanding of the diversity and complexity of ubiquitin signaling in cell cycle 

regulation will shed new light on the precise control of cell cycle progression and guide 

anticancer drug development (Dang et al., 2021). Our findings demonstrated the value 

of chemical tools in combination with accurate temporal proteomic measurement. Our 

results also provide strong evidence for p97’s critical role in regulating many cell cycle 

oncoproteins, solidifying its potential as an excellent drug target in cancers that exhibit 

upregulated cell cycle oncoproteins.

Significance

Small molecule inhibitors of p97/VCP are being developed as anticancer drug. Our study 

aimed to identify the distinct mechanism of action of three classes of p97 inhibitors by 

comparing with genetic knockdown of the p97 and with a proteasome inhibitor. To reveal 

early and late responders, we used label free proteomics to compare 5 time points for 4 

compounds. To quantify the differential expressed proteins more precisely, we used TMT 

labeling to compare 6h and 24h. We used qPCR and western blot to reveal the unique 

mechanism regulated by p97 inhibition. We demonstrated that p97 inhibition blocks E2F1-

mediated transcription via downregulation of the CCND-CDK4/6 complex and promotes the 

downregulation of cell cycle oncoproteins.

STAR★Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Tsui-Fen Chou (tfchou@caltech.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability—All relevant data generated during this study are included 

in the article and the supplementary Information. The mass spectrometry raw data related to 

Fig. 1a–d are deposited to the ProteomeXchance Consortium (https://www.ebi.ac.uk/pride/) 
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via the PRIDE repository with the dataset identifier PXD025094 and 10.6019/PXD025094”. 

The mass spectrometry raw data related to Figs. 1e–g with dataset identifier PXD025167 

and 10.6019/PXD025167”. The mass spectrometry raw data related to Fig. 2 with dataset 

identifier PXD025225 and 10.6019/PXD025225”. This paper does not report original code. 

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

Experimental model and subject details

Cell lines—The human colon cancer cell lines HCT116 (ATCC, cat# CCL-247) was 

established from a tumor sample collected from an adult male with colorectal carcinoma, 

and HT29 (ATCC, cat# HTB-38) was isolated from a primary adenocarcinoma of the 

colon from a 44 year old female donor. Both cell lines were grown in RPMI1640 medium 

(Corning, Cat# 10–040-CM) supplemented with 10% FBS (R&D, Cat# S11150) and 1% 

penicillin-streptomycin (Gibco, Cat# 15140–122), and cultured at 37 °C in a 5% CO2 

incubator. Cells were tested for mycoplasma routinely using MycoAlert PLUS Mycoplasma 

Detection Kit (Lonza, cat# LT07–710).

Cell samples prepared for mass spec, qPCR, and western blot experiments were plated in 

6-well plates at a density of 1.5 × 106/well in RPMI1640 medium supplemented with 5% 

of FBS and 1% of penicillin-streptomycin. Twenty-four hours after seeding, the cell plates 

were changed with 2 mL fresh medium per well. Then 10 μL of compound prepared in 

DMSO was added into each well, 10 μL DMSO was added to the vehicle control well. Plates 

were incubated at 37 °C in a 5% CO2 incubator until harvesting for experiments.

Stable HCT116 cell lines expressing doxycycline-inducible shRNA against non-targeting 

control or p97 were generated through the TripZ lent-viral shRNA system (Thermo Fisher 

Scientific) as described previously (Radhakrishnan et al., 2014). The targeted sequence for 

p97 is 5’-AAACAGCCATTCTCAAACAGAA-3’. The nontargeting control shRNA comes 

directly from Thermo Fisher Scientific. The control or p97 shRNA plasmid and lentivirus 

packaging plasmids (pHDM-G, CAG4-RTR2 and CAGGHIVgpco) were transiently co-

transfected into 293T cells with BioT reagent. Then, the supernatant containing lentivirus 

particles was harvested at 24 and 48 hours post transfection, and was filtered through 0.45 

μM filter. Next, HCT116 cells were seeded and transduced with lentivirus in the presence of 

8 μg/mL Polybrene, and 5 μg/mL Puromycin was used to generate stable cell lines. HCT116 

cells transfected with doxycycline-inducible expressing control shRNA or p97 shRNA cells 

were cultured in the presence of 1 μg/ml doxycycline for 72 hours, and cell pellets were 

harvested and further prepared for mass spec, qPCR, and western blot.

Method details

Quantitative real-time PCR—After harvesting cells, pellets were re-suspended in DPBS/

TRIzol-LS mixture (v/v 1:3). Total RNA was extracted from the TRIzol-LS mixture 

using Direct-zol RNA MiniPrep plus kit (Zymo Research, cat# R2072) according to the 

manufacturer’s instructions. RNA concentrations were measured using a NanoDrop Lite 

UV visible spectrophotometer (Thermo Scientific, cat# S/N 2361). 1 μg total RNA was 

reverse transcribed into complementary DNA using SensiFAST™ cDNA Synthesis Kit 

Wang et al. Page 13

Cell Chem Biol. Author manuscript; available in PMC 2023 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Bioline, cat# BIO-65054). qRT-PCR reactions were performed using primers and PowerUp 

SYBR Green Master Mix (Thermo Scientific, cat# A25742), or qPCR probes and TaqMan 

Universal Master Mix II no UNG (Thermo Scientific, cat# 4440040) on the QuantStudio™ 5 

Real-Time PCR System (Thermo Scientific, cat# A28140). 2ˆ(−ΔCT) values were calculated 

after normalizing to GAPDH levels.

Western blot—After harvesting, cell pellets were re-suspended in 150 μL lysis buffer (50 

mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100 with protease inhibitor tablet, 50 

μM MG132, and 50 mM NEM), and incubated on ice for 10 min with occasional vortex. 

Samples were then centrifuged at 15000 rpm at 4 °C for 10 min, and 120 μL of the 

supernatant was transferred into a new 1.5 mL tube. Total soluble protein concentrations 

were measured using the Bradford reagent (Bio-Rad, cat# 5000006). After that, 40 μL 

of 4 × Laemmli sample buffer (Bio-Rad, cat# 161–0774) containing 0.1 M DTT (Cytiva, 

cat#17–1318-02) was mixed with the samples and heated for 5 min at 95 °C. Equal amounts 

of protein samples were loaded and separated using 4–20% Mini-PROTEAN TGX precast 

gels (Bio-Rad, cat# 456–1096) and transferred to nitrocellulose membranes using Trans-Blot 

Turbo Transfer System (Bio-Rad, cat# 170–4155). Membranes were blocked with 5% w/v 

nonfat milk prepared in TBST buffer, incubated with primary antibodies overnight at 4 °C, 

washed with 5% milk (10 min × 3 times), incubated with proper secondary antibodies for 

2 h at room temperature, and washed with TBST buffer (5 min × 3 times). The blots were 

imaged using ECL reagent (MilliporeSigma, cat# WBKLS0500) and the ChemiDoc MP 

Imaging System (Bio-Rad). Blot densities were analyzed using Image Lab 6.0.1 software 

(Bio-Rad).

Flow cytometric analysis of DNA content—After 24h of treatments with DMSO, 2 

μM of CB-5083 or 1 μM of MG132, cells were detached with TrypLE™ Select Enzyme 

(Gibco, 50–591-420). The analysis of DNA content assay was performed using Cell Cycle 

Analysis Kit (Sigma-Aldrich, MAK344) following the manufacturer’s instructions.

E2F1 reporter assay—HCT116 cells (2*106) were transfected with 2 μg pGL2-AN 

plasmid (Addgene: 20950) in one well of 6 well plate using BioT transfection reagent 

(B01–01, Bioland Scientific). After 24h, transfected cells were re-plated in 384 well plate 

(1*10^4 cell per well in 30 μL media) and incubated for 16h. Compounds (0–42 μM, 

3-fold serial dilution for MG132, CB-5083 or NMS-873) were added to cell in triplicate. 

10 μL of luciferin (2 mg/mL in DPBS) was add to each well 8h after the treatments. The 

luminescence was detected with Synergy Neo2 (BioTek) after 10 minutes incubation at 

room temperature.

Label-free proteomics—Cells were harvested and spun down to remove the supernatant. 

LC-MS samples were prepared using the Thermo EasyPep Mini MS Sample Prep Kit 

(Thermo Scientific, cat# A4006) according to the manufacturer’s instructions. Samples 

were then re-suspended in 0.1% formic acid (Thermo, cat# 85178) solution, and peptide 

concentration was tested using the Pierce Quantitative Fluorometric Peptide Assay (cat# 

23290).
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LC-MS/MS experiments were performed by loading 1 μg sample onto an EASY-nLC 1000 

(ThermoFisher Scientific, San Jose, CA) connected to an Orbitrap Eclipse Tribrid mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA). Peptides were separated on an 

Aurora UHPLC Column (25 cm × 75 μm, 1.6 μm C18, AUR2–25075C18A, Ion Opticks) 

with a flow rate of 0.4 μL/min and for a total duration of 131 min. The gradient was 

composed of 3% Solvent B for 1 min, 3–19% B for 72 min, 19–29% B for 28 min, 29–41% 

B for 20 min, 41–95% B for 3 min, and 95–98% B for 7 min. Solvent A consists of 

97.8% H2O, 2% ACN, and 0.2% formic acid, and solvent B of 19.8% H2O, 80% ACN, 

and 0.2% formic acid. MS1 scans were acquired with a range of 400–1600 m/z in the 

Orbitrap at 120k resolution. The maximum injection time was 50 ms, and the AGC target 

was 2 × 105. MS2 scans were acquired using quadrupole isolation mode and higher-energy 

collisional dissociation (HCD) activation type in the Iontrap. The isolation window was 1.4 

m/z, collision energy was 35%, maximum injection time was 35 ms, and the AGC target was 

1×104. Other global settings were set to the following: ion source type, NSI; spray voltage, 

2500 V; ion transfer tube temperature, 300 °C. Method modification and data collection 

were performed using Xcalibur software (Thermo Scientific).

TMT label proteomics—Sample preparation and determination of peptide concentrations 

were performed as described in “Label-free proteomics”. 20 μg of peptide from each sample 

was transferred into a new 1.5 mL tube and dried using a vacuum centrifuge. 40 μL of 100 

mM TEAB (Sigma, cat# 17902) was added to dissolve the sample. TMTpro 16plex reagents 

(Thermo, cat# A44522) were dissolved with anhydrous acetonitrile (Sigma, cat# 900644), 

added 10x by weight to each sample and incubated for 2 hours at room temperature. The 

reaction was quenched by adding 2 μL of 0.5% hydroxylamine (Thermo, cat# 90115) and 

incubated for 15 min at room temperature. Samples were combined and dried using vacuum 

centrifugation. Samples were then re-suspended with 0.1% TFA (Thermo, cat# 85183), 

and separated into 8 fractions using the High pH reversed-phase peptide Fractionation Kit 

(Thermo, cat# 84868). After that, the fractions were dissolved with 0.1% FA and peptide 

concentrations were tested through Pierce Quantitative Colorimetric Peptide Assay (cat# 

23275).

TMT labeling LC-MS/MS experiments were performed using an EASY-nLC 1000 

connected to an Orbitrap Eclipse Tribrid mass spectrometer. 1 μg of sample was loaded 

onto an Aurora UHPLC Column and separated over 136 min at a flow rate of 0.4 μL/min 

with the following gradient: 2–6% Solvent B (7.5 min), 6–25% B (82.5 min), 25–40% B 

(30 min), 40–95% B (1 min), and 95% B (15 min). Solvent A consisted of 97.8% H2O, 

2% ACN, and 0.2% formic acid, and solvent B consisted of 19.8% H2O, 80% ACN, and 

0.2% formic acid. An MS1 scan was acquired in the Orbitrap at 120k resolution with a 

scan range of 350–1600 m/z. The AGC target was 8 × 105, and the maximum injection 

time was 50 ms. Dynamic exclusion was set to exclude features after 1 time for 60 s with a 

5-ppm mass tolerance. MS2 scans were acquired with collision-induced dissociation (CID) 

activation type with the Iontrap. The isolation window was 0.4 m/z, the collision energy was 

35%, the maximum injection time was 45 ms and the AGC target was 104. MS3 scans were 

acquired with higher-energy collisional dissociation (HCD) activation type in the Orbitrap at 

50k resolution with a scan range of 100–500 m/z. The isolation window was 0.7 m/z, the 

Wang et al. Page 15

Cell Chem Biol. Author manuscript; available in PMC 2023 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



collision energy was 55%, the maximum injection time was 86 ms and the AGC target was 

2.5 × 105. Ion source settings were as follows: ion source type, NSI; spray voltage, 2200 V; 

ion transfer tube temperature, 300 °C. System control and data collection were performed by 

Xcalibur software.

Quantification and statistical analysis

Proteomic analysis was performed using Proteome Discoverer 2.4 (PD 2.4, Thermo 

Scientific) software, the Uniprot human database and SequestHT with Percolator validation. 

Percolator FDRs were set at 0.001 (strict) and 0.01 (relaxed). Peptide FDRs was set at 

0.001 (strict) and 0.01 (relaxed), with medium confidence and a minimum peptide length 

of 6. Carbamidomethyl (C) was set as a static modification; oxidation (M) was set as 

a dynamic modification; acetyl (protein N-term), Met-loss (Protein N-term M) and Met-

loss+acetyl (Protein N-term M) were set as dynamic N-Terminal modifications. For TMT 

label proteomic data analysis, TMTpro (Any N-Terminus) was set as a static N-Terminal 

Modification; TMTpro (K) and carbamidomethyl (C) were set as static modifications; 

oxidation (M) was set as a dynamic modification; acetyl (protein N-term), Met-loss (Protein 

N-term M) and Met-loss+acetyl (Protein N-term M) were set as dynamic N-Terminal 

modifications.

Protein abundance normalization was performed relative to the total peptide amount. DE 

analysis was performed with limma using R studio following the user guide 7 or one-tailed 

Student’s t-test with PD 2.4. PCA analyses were conducted with PD 2.4 and plotted using 

GraphPad Prism 7.0. The volcano and heatmap figures were plotted by Prism 7.0. The 

Venn diagram was plotted using Origin 2019b. Gene ontology analysis was performed using 

g:Profiler (website (https://biit.cs.ut.ee/gprofiler/gost). Other statistical analyses were carried 

out by one-tailed Student’s t-test or one-way ANOVA using Prism 7.0. Three independent 

biological replicates were used. P-values < 0.05 are reported as statistically significant and 

are depicted as follows throughout the manuscript: * p < 0.05, ** p < 0.01, **** p < 0.0001.
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Highlights

1. Proteomics of p97 and proteasome inhibition reveals distinct molecular 

mechanisms.

2. p97 Inhibition activates the IREα and XBP1 pathways more than that of 

proteasome.

3. p97 Inhibition blocks E2F1-mediated transcription via reducing CCND-

CDK4/6 levels.

4. Inhibition of p97 promotes the downregulation of cell cycle oncoproteins.
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Fig. 1. Proteomic analysis of p97 inhibition with shRNA knockdown and pharmacological 
inhibitors in HCT116 cells.
(a) Volcano plot displaying the proteomic changes following p97 knockdown, Log2FC 

indicates the logarithm to the base 2 of fold change, n=3. (b) Venn diagram displaying UPR 

proteins that are DE caused by p97 KD. (c) Representative KEGG or Reactome pathways 

affected by p97 KD. (d) Heatmap showing fold change in proteasome proteins, cell cycle 

related proteins and E2 ubiquitin-conjugating enzymes which are significantly dysregulated 

by p97 KD. (e) The percentage of overlapping DE proteins following p97 KD and p97 

inhibitor treatment increases time-dependently. This percentage was calculated by dividing 

the number of overlapping proteins by the sum of all DE proteins identified by p97 KD 

and/or inhibitor treatment. HCT116 cells were treated with 4 μM UPCDC-30245, 2 μM 

CB-5083 or 4 μM of NMS-874 for the indicated time points, n=2. (f) Functional enrichment 

analysis on proteins affected by both p97 KD and p97 inhibitors. (g) Heatmap displays 

the fold change of DE proteins participating in the four cellular pathways affected by p97 

inhibition. (See Table S1–2).
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Fig. 2. Comparison of the temporal proteomic profile resulting from treatment with p97 
inhibitors and treatment with MG132.
(a) PCA of TMT-labeled proteomic data. Cells were treated with 1 μM MG132, 2 μM 

CB-5083 or 4 μM of NMS-874 for 6h or 24h, n=2. (b) Venn diagram displays the number 

of proteins that were dysregulated by NMS-873 and CB-5083 treatment. We found that 

the DE proteins regulated by both p97 inhibitors can be separated into 3 groups. Group 1 

contains 233 DE proteins that were only differentially expressed at 6h (6h, black rectangle), 

group 2 contains 349 DE proteins at both 6h and 24h (6h & 24h, blue rectangle), and group 

3 contains 302 DE proteins differentially expressed only at 24h (24h, red rectangle). (c) 

Hierarchical clustering of proteins regulated by both NMS-873 and CB-5083. M, C and N 

represents MG132, CB-5083 and NMS-873 respectively. (d) Pathway analysis on proteins 

regulated both by MG132 and p97 inhibitors. (e) Pathway analysis on proteins specifically 

downregulated by p97 inhibitors. (f) Venn diagram of the proteins upregulated by MG132, 

NMS-873 and CB-5083. (g) Pathway analysis on proteins specifically upregulated by p97 

inhibitors. (h) Log2FC of four XBP1 activates genes which were significantly upregulated 

by CB-5083 (CB) and NMS-873 (NMS) after 24h of treatment (p<0.05), but not by MG132 

(MG). (See Table S2).
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Fig. 3. Identifying specific markers of p97 inhibition.
(a-b) Heatmap of proteins specifically downregulated by p97 inhibitors in HCT116 cells (a), 

in HEK293 and U2OS cells (b). The log2 fold change data of these proteins in HEK293 

and U2OS cells was obtained from published results. Protein indicates proteomic data and 

RNA indicates RNAseq data. HEK293 cells were treated with p97 shRNA and NMS-873, 

U2OS cells were treated with NMS-873 and MG132. Blank indicates the protein was not 

detected. (c) Heatmap showing proteins upregulated by both CB-5083 and NMS-873, but 

not by MG132, after 6h or 24h of treatment. Of the 210 upregulated overlapping DE proteins 

(p<0.05) (Fig. 2f, SI table 8), the heatmap displays those which had log2FC>0.5 when 

treated by p97 inhibitors and log2FC<0.3 when treated by MG132. (d) Temporal proteomic 

profile of 6 potential p97 inhibition specific markers. Samples were treated with CB-5083 

(green), NMS-873 (red) and MG132 (black) and data was collected from LFQ results. For 

Fig. 3a–c, M, C and N indicates MG132, CB-5083 and NMS-873 treatment respectively, 

shRNA represents p97 KD. (See Table S3, BH adjusted p-values for FDR less than 0.05 

highlighted yellow).
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Fig. 4. p97 inhibition impairs the transcriptional activity of E2F1 by downregulating the 
CCND1/CDK complex.
(a) The putative transcription factor binding sites (TFBSs) of the 33 proteins which were 

specifically downregulated by p97 inhibition. Data was analyzed using the g:Profiler. Blue 

indicates the gene is a potential target of transcription factor c-Myb or E2F1. Blank 

indicates it is not a target gene. (b) Depiction of the known regulatory network of the 

CCND1/CDK/RB1/E2F1 pathway. (c) Log2 fold change of the proteins regulating E2F1 

function which were significantly affected by MG, CB and NMS in our TMT results. (d) 

The dysregulation of E2F1 related proteins as confirmed by western blot. HCT116 cells 

were treated with 1 μM MG132, 2 μM CB-5083 or 4 μM of NMS-874 for 6h. (e) The 

transcriptional activity of E2F1 was measured using E2F1 reporter assay. HCT116 cells 

were transfected with pGL2-AN plasmid for 24h. Then cells were plated in 384 well plate 

and incubated for 16h. The luminescence were detected after 8h treatment with MG132, 

CB-5083 or NMS-873. Data are shown as mean ± SD, n=3. (f) qRT-PCR analysis of 

ATF3, DHFR and CCND1 RNAs following treatment with MG132, CB-5083 or NMS-874. 

HCT116 cells were treated for 2, 6 and 24h using the same concentration as proteomic and 

western blot assay (n=4). (See Fig. S4 and Table S4).
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Fig. 5. p97 promotes the stability of cell-cycle oncoproteins.
(a) qRT-PCR analysis of Myc, Securin, Emi and CDC20 mRNA levels. HCT116 cells were 

treated with 1 μM of MG132 or 2 μM of CB-5083 for 6h, n=4. (b-c) MG132 rescued 

CB-5083 mediated cyclin D1 downregulation at the protein level (b) but not at the mRNA 

level (c) while Baf A1 had no effect on cyclin D1. The concentration of MG132, CB-5083 

and Baf A1 was 1 μM, 2 μM and 10 μM respectively. Cells were treated for 6 hours, n=4, 

**** indicates p<0.001. (d-e) The half-life of Securin in HCT116 cells. HCT116 cells were 

treated with 1 μM of MG132, 2 μM of CB-5083, 1 μM of MG132 plus 2 μM of CB-5083 or 

DMSO. 50 μM of CHX was added immediately after compounds treatment, n=3, * indicates 

p<0.05. (f-g) The degradation of Securin was detected in the total lysate of HCT116 and 

HT29 cells. Cells were pretreated with 2 μM of MG132 for 1h. Then harvest the cells as 

0 minute samples, or replace the culture media with fresh media and add DMSO, 2 μM of 

CB-5083 or 1 μM of MG132 together with 50 μM of CHX for 60, 90, 120,180 minutes, n=3, 

* indicates p<0.05, ** p < 0.01. For fig. 5b–g, D, B, M, C and N represents DMSO, Baf 

A1, MG132, CB-5083 and NMS-873 respectively. Data are shown as mean ± SD. Statistical 

analysis was performed using one-way ANOVA. (See Fig. S5).
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Table 1.

Cell cycle proteins specifically downregulated by p97 inhibitors.

Description Gene name

Log2FC

Cell cycle6h 24h

MG132 CB-5083 NMS-873 MG132 CB-5083 NMS-873

Securin PTTG1 1.4 −0.9 −1.2 −0.1 −1.9 −2.9 M

G1/S-specific cyclin-D1 CCND1 0.2 −1.4 −1.8 0.4 −2.0 −3.2 G1/S

Myc proto-oncogene protein MYC 1.2 −0.5 −1.1 0.2 −0.7 −1.1 G1/S

Baculoviral IAP repeat-
containing protein 5 BIRC5 0.6 −0.5 −0.5 1.0 −0.8 −2.0 M/check point

F-box only protein 5 FBXO5 0.2 −0.8 −1.1 1.5 −1.0 −2.4 M/G1

Cell division cycle protein 20 
homolog CDC20 0.8 −0.4 −0.6 1.1 −1.5 −2.8 M/check point

Mitotic checkpoint serine/
threonine-protein kinase BUB1 BUB1 1.2 −0.3 −0.4 1.4 −1.1 −2.1 M/check point

M-phase inducer phosphatase 2 CDC25B 0.3 −1.1 −1.6 −0.2 −1.6 −2.2 S/G2/M

Origin recognition complex 
subunit 6 ORC6 0.3 −0.4 −0.5 1.0 −0.3 −0.6 G1/S/ch eckpoint

Geminin GMNN 0.9 −0.4 −0.6 1.4 −1.1 −1.8 G1/S

Ribonucleoside-diphosphate 
reductase subunit M2 RRM2 0.6 −0.2 −0.3 1.2 −1.1 −2.7 G1

TMT label proteomic results for 6h and 24h treatment. Log2FC indicates log2 fold change (compound vs DMSO). BH adjusted p-values with FDR 
less than 0.05 see Table S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti- Cyclin D1 Santa Cruz Cat# sc-8396; AB_627344

Anti-DHFR Thermo Fisher Cat# PA5–30992; AB_2548466

Anti-p62 MBL Cat# M162–3; AB_1279299

Anti-ATF3 CST Cat# 18665; AB_2827506

Anti-p21 BD Cat# 610233; AB_397628

Anti-CDK4 Santa Cruz Cat# sc-23896; AB_627239

Anti-pRB Santa Cruz Cat# sc-377528

Anti-E2F1 Santa Cruz Cat# sc-251; AB_627476

Anti-Securin Abcam Cat# Ab3305; AB_2173413

Anti-GAPDH CST Cat# 2118; AB_561053

Anti-Lamin B1 Proteintech Cat# 66095–1-Ig; AB_11232208

Anti-k48 Boston Biochem Cat# A-101; AB_10699867

Anti-TCF11 Santa Cruz Cat# sc-13031; AB_2298615

Anti-p97 Thermo Fisher Cat# MA3–004; AB_2214638

p-4E-BP1 Santa Cruz Cat# sc-293124

Anti-DNAJB11 Santa Cruz Cat# sc-271240; AB_10608210

Anti-SYVN1 Thermo Fisher Cat# 13473–1-AP; AB_2287023

Anti-SRPRB Santa Cruz Cat# sc-376723

Anti-SRPR Thermo Fisher Cat# A305–140A; AB_2631535

Anti-CCNB1 Millipore Cat# 05–373; AB_309701

Anti-HMMR Santa Cruz Cat# sc-515221

Anti-PDIA4 Santa Cruz Cat# sc-376230; AB_10988045

Goat Anti-Rabbit IgG-HRP Conjugate BIO-RAD Cat# 170–6515; AB_11125142

Goat Anti-Mouse IgG-HRP Conjugate BIO-RAD Cat# 170–6516; AB_11125547

Chemicals, peptides, and recombinant proteins

CB-5083 MedKoo Biosciences Cat# 206489

NMS-873 MedKoo Biosciences Cat# 406458

UPCDC-30245 Sigma Cat# SML1674

MG132 Selleckchem Cat# S2619

Baf-A1 Selleckchem Cat# S1413

RPMI-1640 medium Corning, Cat# 10–040-CM

Heat-inactivated fetal bovine serum (FBS) R&D, Cat# S11150

penicillin-streptomycin (100x) Gibco Cat# 15140–122

TrypLE™ Select Enzyme Gibco Cat# 50–591-420

Dulbecco's PBS (DPBS) Sigma Cat# D8537–1

10xTBST Bioland Cat# TBST01–03

4–20% Mini-PROTEAN TGX precast gels Bio-Rad Cat# 456–1096
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ECL reagent MilliporeSigma Cat# WBKLS0500

DTT Cytiva Cat# 17–1318-02

UltraPure™ DNase/RNase-Free distilled water Thermo Scientific Cat#10977035

TRIzol™ LS Reagent Thermo Scientific Cat# 10296010

Direct-zol RNA MiniPrep plus kit Zymo Research Cat# R2072

SensiFAST™ cDNA Synthesis Kit Bioline Cat# BIO-65054

PowerUp SYBR Green Master Mix Thermo Scientific Cat# A25742

TaqMan Universal Master Mix II no UNG Thermo Scientific Cat# 4440040

DMSO Fisher Scientific Cat# BP231–1

Absolute Ethanol (200 proof) Fisher Scientific Cat# BP2816–500

Triethylammonium bicarbonate buffer (TEAB) Sigma Cat# 17902

Thermo EasyPep Mini MS Sample Prep Kit Thermo Scientific Cat# A4006

High pH reversed-phase peptide Fractionation Kit Thermo Scientific Cat# 84868

Hydroxylamine Thermo Scientific Cat# 90115

TMTpro 16plex reagents Thermo Scientific Cat# A44522

LC-MS grade formic acid (FA) Thermo Scientific Cat# 85178

Water, Optima™ LC/MS Grade Fisher Scientific Cat# W6500

Acetonitrile (ACN), LC-MS Grade Fisher Scientific Cat# PI51101

Trifluoroacetic acid (TFA) Thermo Scientific Cat# 85183

BioT transfection reagent Bioland Scientific Cat# B01–01

D-Luciferin Medchemexpress Cat# HY-12591A

Polybrene Infection / Transfection Reagent Sigma Cat# TR-1003

Puromycin Thermo Scientific Cat# A1113802

N-Ethylmaleimide (NEM) Medchemexpress Cat# HY-D0843

Sodium Chloride (NaCl) Fisher Scientific Cat# S271–10

4 × Laemmli sample buffer Bio-Rad Cat# 161–0774

TaqMan qPCR probe_GAPDH Thermo Fisher Hs02786624_g1

TaqMan qPCR probe_p97 Thermo Fisher Hs00997642_m1

TaqMan qPCR probe_CHOP Thermo Fisher Hs00358796_g1

TaqMan qPCR probe_ATF3 Thermo Fisher Hs00231069_m1

Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat# G7573

Pierce Quantitative Fluorometric Peptide Assay Thermo Fisher Cat# 23290

Pierce Quantitative Colorimetric Peptide Assay Thermo Fisher Cat# 23275

MycoAlert PLUS Mycoplasma Detection Kit Lonza Cat# LT07–710

Cell Cycle Analysis Kit Sigma-Aldrich Cat# MAK344

Deposited data

p97 KD proteomic raw data This paper PRIDE: 10.6019/PXD025094

p97 inhibitors and MG132 proteomic raw data This paper PRIDE: 10.6019/PXD025167

TMT labeling proteomic raw data This paper PRIDE: 10.6019/PXD025225
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Experimental models: Cell lines

HCT116 cell line ATCC Cat# CCL-247

HT29 cell line ATCC Cat# HTB-38

Oligonucleotides

See Table S10 This paper N/A

Recombinant DNA

TripZ lent-viral shRNA system Thermo Fisher Scientific N/A

The nontargeting control shRNA Thermo Fisher Scientific N/A

pGL2-AN plasmid Neuman et al., 1994 Addgene 20950

Software and algorithms

FlowJo BD Biosciences https://www.flowjo.com/

Proteome Discoverer 2.4 Thermo Fisher Scientific https://www.thermofisher.com/us/en/home.html

Prism GraphPad https://www.graphpad.com/scientific-software/prism/

ImageLab™ software BioRad https://www.bio-rad.com/

Xcalibur v.4.0 Thermo Scientific https://www.thermofisher.com/us/en/home.html

Sequest HT Thermo Scientific https://www.thermofisher.com/us/en/home.html

RStudio v.1.2.5033 RStudio https://www.rstudio.com

Limma package Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/html/
limma.html

R v.3.6.3 The R Foundation https://www.r-project.org/
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