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ABSTRACT 21 

The CMG helicase (CDC45-MCM2-7-GINS) unwinds DNA as a component of eukaryotic 22 

replisomes. Replisome (dis)assembly is tightly coordinated with cell cycle progression to 23 

ensure genome stability. However, factors that prevent premature CMG unloading and 24 

replisome disassembly are poorly described. Since disassembly is catalyzed by 25 

ubiquitination, deubiquitinases (DUBs) represent attractive candidates for safeguarding 26 

against untimely and deleterious CMG unloading. We combined a targeted loss-of-27 

function screen with quantitative, single-cell analysis to identify human USP37 as a key 28 

DUB preventing replisome disassembly. We demonstrate that USP37 maintains active 29 

replisomes on S-phase chromatin and promotes normal cell cycle progression. 30 

Proteomics and enzyme assays revealed USP37 interacts with the CMG complex to 31 

deubiquitinate MCM7, thus antagonizing replisome disassembly. Significantly, USP37 32 

protects normal epithelial cells from oncoprotein-induced replication stress. Our findings 33 

reveal USP37 to be critical to the maintenance of replisomes in S-phase and suggest 34 

USP37-targeting as a potential strategy for treating malignancies with defective DNA 35 

replication control.   36 

 37 
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INTRODUCTION   43 

The eukaryotic cell cycle is a series of highly coordinated events that ensure 44 

successful genome transmission to daughter cells. DNA replication occurs during S 45 

phase of the cell cycle and is tightly regulated to achieve complete genome duplication 46 

and maintain genome integrity1. Accordingly, many cancers with aberrant control over 47 

cell cycle and proliferation exhibit defects in specific aspects of DNA replication. These 48 

defects often lead to replication stress and genome instability, a hallmark, driver, and 49 

exploitable target in cancer. Therefore, uncovering molecular mechanisms underlying 50 

control of DNA replication is of paramount importance to understanding fundamental 51 

aspects of cell proliferation,2 as well as therapeutic vulnerabilities in cancer3. 52 

Broadly, DNA replication in S phase can be divided into three steps: initiation, 53 

elongation, and termination4, 5. Initiation occurs at specific sites known as replication 54 

origins. During G1 phase, minichromosome maintenance (MCM) complexes are loaded 55 

onto DNA throughout the genome as inactive double hexamers to ‘license’ origins for 56 

DNA replication in S phase6. During S-phase, the CDC45 protein associates with a 57 

subset of loaded MCM complexes along with the GINS complex (SLD5 and PLSF1-3) to 58 

generate active CMG helicases7. The heterodimeric TIPIN-Timeless complex is also 59 

tightly associated with the replicative helicase and contributes to both replisome and 60 

genome stability8, 9. As individual origins initiate replication, CMG helicases are 61 

assembled into replisomes, large macro-molecular complexes which are directly 62 

responsible for DNA unwinding and copying during S-phase10. During elongation, two 63 

eukaryotic replisomes unwind DNA, moving in opposite directions and synthesizing 64 

DNA.  65 

Replication termination prior to the start of mitosis is essential for chromosome 66 

segregation fidelity and the maintenance of genome stability11, 12. The termination 67 

process starts when helicases either collide or reach the end of a DNA strand. 68 
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Importantly, replisome unloading relies on the ubiquitin system and the action of at least 69 

two known E3 ubiquitin ligases. During a normal S-phase, unloading is controlled by the 70 

cullin RING ubiquitin Ligase CRL2LRR1 13-15. In response to inter-strand crosslinks, 71 

unloading is coordinated by the RING E3 ligase TRAIP15-18. Both scenarios result in the 72 

ubiquitination of MCM7, which then recruits the conserved AAA+ ATPase enzyme p97 73 

(also known as VCP in metazoans or Cdc48 in budding yeast)13, 14, 19, 20. The segregase 74 

activity of p97/VCP drives extraction and disassembly of replisomes (Fig. 1A). It is 75 

currently unknown if other signals mediate the process. 76 

As cells progress through S phase, replication forks can encounter various 77 

stressors that stall their progression. Since MCM loading is strictly prohibited during S 78 

phase to avoid re-replication, cells load excess MCM complexes onto chromatin in G121, 79 

22. A small percentage of these chromatin-bound MCM complexes are converted into 80 

active CMG helicases as part of replisomes. The excess loaded MCM serves as a 81 

reservoir of licensed “dormant origins” that can fire if cells encounter replication stress 82 

during S phase23, 24. Thus, it is critical to preserve both actively progressing replication 83 

forks and the reservoir of unfired origins which will be needed in the event of replication 84 

stress. Therefore, preventing the premature unloading of both replisomes and loaded but 85 

inactive MCM complexes complements mechanisms that protect acutely blocked forks to 86 

ensure faithful genome duplication25.  87 

To prevent premature replication termination and maintain replication fork 88 

progression, MCM7 ubiquitination is restricted. Current models suggest that cullin-RING 89 

ubiquitin ligases (SCFDia2 and CRL2LRR1 in budding yeast and metazoans, respectively) 90 

differentiate between actively elongating and terminated replisomes by the presence of 91 

the excluded DNA single strand26, 27. Interestingly, interfering with the disassembly 92 

process reduces the rate of DNA replication by impairing the recycling of replisome 93 

subunits to allow for firing of replication origins during late S-phase28. Moreover, because 94 
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origins are only licensed in G1 and fired once and only once in S phase, there are few 95 

opportunities to recover from inappropriate replisome disassembly. We therefore 96 

postulated that previously unknown safeguards are likely to prevent premature CMG 97 

unloading and early termination.  98 

 The ubiquitination system is comprised of a trienzyme cascade (E1-E2-E3 99 

enzymes) to target protein substrates, modulating their half-life, localization, or complex 100 

formation29. Deubiquitinases (DUBs) are catalytic proteases that trim or remove ubiquitin 101 

from substrates and are often critical regulators of ubiquitin signaling cascades30. 102 

Ubiquitination is balanced between the activity of E3 ubiquitin ligases and DUBs, with 103 

many examples of mutual regulation of targets. 104 

The regulation of CMG unloading by ubiquitination of the MCM7 subunit 105 

suggests that DUBs could antagonize that process to prevent premature replisome 106 

unloading in S-phase. However, it is currently unknown if the ubiquitination of MCM7, 107 

and therefore replication termination, is also regulated by DUBs (Fig. 1A). Here, we 108 

identify a DUB of ubiquitin specific protease family, USP37, as a key enzyme that 109 

antagonizes MCM ubiquitination and replisome disassembly. Using a targeted loss-of-110 

function screen, we found that USP37 stabilizes total MCM and active CMG present on 111 

chromatin. Additionally, we found that USP37 associates with the replisome machinery 112 

and restricts its disassembly through deubiquitinating MCM7. Consistent with previous 113 

data showing increased replication stress in the absence of USP37, our results indicate 114 

that USP37-mediated deubiquitination of MCM7 is essential to prevent premature 115 

replisome loss and ensure faithful DNA replication31-34. Because DUBs are potential 116 

therapeutic targets, we demonstrate that loss of USP37 is detrimental to cells expressing 117 

two oncoproteins that induce replication stress, cyclin E1 and c-MYC.  Our findings 118 

highlight USP37 as an essential safeguard for replication fidelity and suggest a possible 119 

role in cancer pathophysiology and treatment.   120 
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RESULTS 121 

A targeted siRNA screen identifies USP37 as a regulator of replisome 122 

disassembly.  123 

To identify negative regulators of MCM complex chromatin binding in S phase, 124 

we employed a previously established single-cell flow cytometry technique to quantify 125 

the amount of chromatin-bound MCM during the cell cycle (Fig. 1B)35. Briefly, following a 126 

pulse of the thymidine analog EdU, we used a high-salt detergent buffer to remove 127 

soluble, non-chromatin-bound proteins, leaving only chromatin bound proteins.  After 128 

fixation, we detected EdU by click-chemistry to measure active DNA replication, stained 129 

cells with DAPI to determine DNA content, and immunolabeled MCM2 as a 130 

representative marker for the DNA-bound MCM2-7 complex. We analyzed non-131 

transformed, hTERT-immortalized retinal pigment epithelial cells (RPE1) which exhibit 132 

intact cell cycle checkpoints.  133 

To examine MCM unloading, we focused on late S and G2 phase cells which are 134 

enriched for terminating replisomes. We defined “late S/G2/M phase” cells as those with 135 

4C DNA content and low EdU incorporation relative to mid-S phase (50% of maximum); 136 

this population also includes M phase cells. We analyzed bound MCM in this defined 137 

sub-population of late S/G2/M cells (complete gating scheme is shown in Supplementary 138 

Fig. 1). Of note, changes in MCM chromatin association in S, G2, and M phase reflects 139 

only MCM retention or unloading and not new MCM loading because all MCM loading is 140 

blocked outside of G1 phase22. 141 

During late S phase, the chromatin-bound MCM complex, which is part of the 142 

CMG helicase, is unloaded during replication termination in a ubiquitin and p97-143 

dependent mechanism19, 20. To validate that our flow cytometry assay accurately 144 

measures MCM unloading, we compared control cells to cells treated with a p97 small 145 

molecule inhibitor (p97i), CB-5083. Indeed, p97 inhibition led to an enrichment in 146 
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chromatin-bound MCM in the late S/G2/M phase population (Fig. 1C). Plotting 147 

chromatin-bound MCM abundance in control cells as a histogram shows a bimodal 148 

distribution: a population with high levels of chromatin-bound MCM which have not yet 149 

undergone replisome disassembly (right peak), and a larger population with lower levels 150 

of chromatin bound MCM, which have undergone replisome disassembly (left peak) (Fig. 151 

1D). Cells treated with the p97 inhibitor showed a wide continuum of chromatin-bound 152 

MCM, indicating failure to normally disassemble replisomes (Fig. 1D).  153 

To determine if a DUB can antagonize ubiquitin-mediated replisome termination, 154 

we combined a targeted siRNA screen with our flow cytometry-based assay. We 155 

focused on a panel of DUBs that were previously identified to associate with actively 156 

replicating DNA in S phase by “isolation of proteins on nascent DNA” (iPOND)36. These 157 

included the ovarian tumor family deubiquitinase OTUB1 and several of the ubiquitin 158 

specific protease family, including USP1, USP5, USP7, USP11, USP24, USP34, 159 

USP37, USP39, and USP48.  We treated RPE1 cells with either non-targeting siRNA or 160 

siRNA targeting each selected DUB. After approximately one complete cell division cycle 161 

in the presence of siRNA, cells were pulse-labelled with EdU, permeabilized, fixed, and 162 

analyzed for DNA synthesis and chromatin-bound MCM.  163 

The rate of DNA replication during S phase in USP37-depleted cells was the 164 

lowest among all DUBs tested, as evidenced by substantially lower EdU incorporation 165 

per cell (Fig. 1E). These results suggest a critical role for USP37 in S phase progression. 166 

Significantly, among all DUBs tested, only USP37 knockdown resulted in a nearly 167 

unimodal distribution of chromatin-bound MCM in late S/G2/M (Fig. 1F, Supplementary 168 

Fig. 2). Thus, in USP37-depleted cells, nearly all late S/G2/M cells had undergone 169 

replisome disassembly (left peak), and the population of cells retaining high levels of 170 

chromatin-bound MCM was virtually undetectable (Fig. 1F, Supplementary Fig. 3B). 171 

USP37-depleted cells had the lowest level of chromatin-bound MCM in late S/G2/M 172 
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cells, relative to all others tested (Fig. 1F). As expected, USP1 depletion also moderately 173 

impacted MCM retention in late S/G2/M due to known interactions with replication 174 

machinery37-39. Whereas some other DUBs also impacted EdU incorporation, USP37 175 

was the only one whose depletion affected both EdU incorporation and MCM retention 176 

on chromatin in RPE1 cells. Consistently, U2OS cells depleted of USP37 showed 177 

significantly reduced chromatin-bound MCM levels (Supplementary Fig. 3A-C) and 178 

reduced EdU incorporation rate (Supplementary Fig. 3D), suggesting that its role in 179 

replisome disassembly and S phase progression is not cell type-specific. We therefore 180 

extended our investigation of USP37.  181 

 182 

USP37 prevents replisome disassembly in S-phase. 183 

Both active replisomes and licensed inactive (dormant) origins contain bound 184 

MCM complexes. To determine the role of USP37 in specifically delaying disassembly of 185 

active replisomes, we expanded our analysis to CDC45 – one of the core replisome 186 

components – which is only chromatin-bound at active replisomes (Fig. 2A)40, 41. We 187 

generated RPE1 cells stably expressing a doxycycline-inducible, siRNA-resistant version 188 

of full-length USP37 (siRNA resistant denoted by R) (Fig. 2B). We selected single-cell 189 

clones that can express USP37 at near-endogenous or higher levels (Fig. 2C - lane 3). 190 

We then used flow cytometry to analyze the chromatin-bound levels of endogenous 191 

CDC45 in control cells and in cells treated with USP37-targeting siRNA, either with or 192 

without doxycycline induction (Fig. 2B). Depleting endogenous USP37 resulted in less 193 

chromatin-bound CDC45 during the entire S phase (Fig. 2D and E). Importantly, USP37R 194 

expression rescued chromatin-bound CDC45 in S phase, indicating a direct and specific 195 

role for USP37 in preventing replisome disassembly (Fig. 2D and E). Moreover, USP37 196 

expression rescued the reduction in EdU incorporation, indicating that USP37 is critical 197 
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for normal replication in S phase (Fig. 2F). We consider it unlikely that these phenotypes 198 

reflect decreased origin firing because USP37 depletion activates rather than represses 199 

origin firing33, 34. Collectively, these experiments show that USP37 promotes active 200 

replisome retention. 201 

 202 

USP37 interacts with replisome components.  203 

To better understand how USP37 might affect replisome disassembly, we 204 

analyzed USP37-interacting proteins by expressing FLAG-tagged USP37 (FlagUSP37) in 205 

human embryonic kidney (HEK) 293T cells. We performed FLAG immunoprecipitation 206 

(IP) from triplicate samples followed by mass spectrometry-based proteomic analysis 207 

(Fig. 3A). Top hits from our proteomic analysis included the known USP37 interactors 208 

Cyclin A, CDH1, b-TRCP1, and b-TRCP2/FbxW11 (Fig. 3A, Supplementary table 1)42, 43. 209 

Remarkably, among the most enriched and statistically significant interacting proteins 210 

were all of the members of the CMG helicase complex, including MCM2-7, CDC45, 211 

GINS1-4, as well as replisome components Tipin, Timeless, and POLe (Fig. 3A and 3C). 212 

Gene Ontology (GO) analysis of the top 5% of interactors revealed strong enrichment for 213 

proteins involved in DNA replication, mitotic cell cycle progression, and the DNA damage 214 

response (Fig. 3B). We also identified additional proteins involved in DNA replication, 215 

including MCM10 and TOPBP1 (Supplementary table 1). To validate our proteomics 216 

data, we repeated our FlagUSP37 immunoprecipitations and immunoblotted for the 217 

replisome components CDC45, GINS1-2, MCM2, MCM7 and Timeless (Fig. 3D). Our 218 

results suggest that the USP37 deubiquitinase restricts early MCM unloading and 219 

replisome disassembly through interactions with the replisome.  220 

 The USP family of deubiquitinases is characterized by extensions and insertions 221 

into their conserved catalytic domains44. USP37 contains an insertion into its catalytic 222 
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domain that contains three ubiquitin-interacting motifs (UIMs), important for its full 223 

catalytic activity45, 46. Interestingly, USP37 also contains an N-terminal extension that 224 

includes a Pleckstrin Homology (PH) domain of unknown function (Fig. 3E). The CRL2 225 

substrate receptor responsible for MCM7 ubiquitination, LRR1, also contains an N-226 

terminal PH domain which is required to recruit CRL2LRR1 to CMG, leading to MCM7 227 

ubiquitination and replisome disassembly26. We therefore tested whether the USP37 PH 228 

domain is similarly important for USP37 binding to CMG. We examined whether USP37 229 

mutants lacking the PH domain can still interact with CMG components. Importantly, a 230 

FLAG-tagged, truncated version of USP37 lacking the PH domain (∆PH) was unable to 231 

bind CDC45, MCM2 and MCM7, whereas full-length (FL) USP37 readily bound them 232 

(Fig. 3F). Further, the PH domain alone (PH-USP37) was sufficient to bind these core 233 

replisome proteins (Fig. 3F). Expression of eGFP-tagged versions of FL-USP37 and 234 

∆PH-USP37 in U2OS cells showed that both localize to the nucleus (Supplementary Fig 235 

4A). Further, the truncated version of USP37 lacking its PH domain retained its full 236 

enzymatic activity, based on its ability to react with a ubiquitin vinyl-sulfone activity-237 

based probe (Supplementary Fig. 4B)45. Therefore, we conclude that the PH domain is 238 

dispensable for USP37’s catalytic activity and localization to the nucleus but is vital for 239 

the USP37-replisome interaction.  240 

 241 

USP37 regulates the CMG complex by deubiquitinating MCM7 242 

It has been shown previously that replisome disassembly is triggered by MCM7 243 

ubiquitination. Since our results indicate that USP37 preserves active replisome 244 

assembly by binding to the CMG complex, we hypothesized that MCM7 could be 245 

subjected to USP37-mediated deubiquitination. To explore this hypothesis, we first 246 

established that FLAG-tagged USP37 can interact with V5 epitope-tagged MCM7 when 247 

expressed in HEK293T cells (Fig. 4A). Next, we tested if USP37 can regulate 248 
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endogenous MCM7 ubiquitination. We used an RPE1 cell line which stably expresses 249 

6xHis-FLAG-tagged ubiquitin, allowing us to isolate ubiquitinated proteins on Ni-NTA 250 

resin under strong denaturing conditions. As shown in Figure 4A, MCM7-V5 has an 251 

apparent molecular weight of 75 kDa (input panel, lane 1). Following Ni2+ pull down, we 252 

observed a single slower-migrating form of endogenous MCM7 at ~100 kDa by SDS-253 

PAGE which corresponds to ubiquitinated MCM7 because it is absent from cells that do 254 

not express 6xHis-FLAG-Ub (Fig. 4B, compare lanes 1 and 3). Importantly, depleting 255 

USP37 using siRNA led to the appearance of additional, higher molecular weight, 256 

ubiquitinated forms of MCM7 (Fig. 4B), 6xHis-Ub pulldown panel, lane 2). Since 257 

ubiquitinated proteins were isolated under denaturing conditions, these bands represent 258 

MCM7 protein that is covalently conjugated to ubiquitin. These results suggest that 259 

under normal growth conditions, MCM7 ubiquitination is modulated by USP37.  260 

It has been shown that p97 targets ubiquitinated MCM7 for replisome 261 

disassembly19, 20. Therefore, we tested the importance of USP37 in regulating MCM7 262 

ubiquitination when p97 activity is inhibited. Consistent with prior reports, MCM7 263 

ubiquitination was strongly increased in RPE1 cells treated with the p97i CB-5083 (Fig. 264 

4C, 6xHis-Ub pulldown panel, compare lanes 1 and 2). Moreover, MCM7 ubiquitination 265 

was further increased by depleting USP37 in the presence of the p97i (Fig. 4C, lane 3). 266 

This additive effect of p97 inhibition and USP37 depletion on MCM7 ubiquitination 267 

suggests that USP37 and p97 likely function at separate steps in the process (Fig. 4C). 268 

Since p97 acts at the final step of replisome disassembly, these data collectively imply 269 

that USP37 controls unloading at a step prior to disassembly through promoting MCM7 270 

deubiquitination.  271 

The experiments above show that USP37 regulates MCM7 ubiquitination in cells. 272 

We next determined if the deubiquitinating activity of USP37 toward MCM7 could be 273 

recapitulated in vitro. Over the course of this study, we noticed that co-expression of our 274 
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6xHis-FLAG-Ubiquitin plasmid along with the V5-tagged MCM7 (MCM7-V5) in HEK-275 

293T cells led to significant MCM7 ubiquitination, as observed by immunoblot following 276 

Ub pulldown (Supplementary Fig. 4C). Thus, we devised a strategy to isolate and elute 277 

ubiquitinated proteins, including ubiquitinated MCM7, from HEK-293T cells (see 278 

Methods). We confirmed that we recovered substantial ubiquitinated MCM7 with this 279 

approach by immunoblotting with V5 and MCM7 antibodies (Supplementary Fig. 4C). In 280 

parallel, we produced WT and catalytically inactive (C350S) versions of recombinant 281 

USP37 from baculovirus-infected insect cells (Supplementary Fig. 4D).  282 

To test if USP37 can deubiquitinate MCM7 in vitro, we mixed recombinant 283 

USP37 with our ubiquitinated protein eluate and assessed MCM7 deubiquitination over 284 

time by MCM7 immunoblotting. Significantly, USP37 efficiently removed ubiquitin from 285 

MCM7. This was dependent on USP37 activity, since USP37 harboring a C-S mutation 286 

of its active site cysteine at position 350 was unable to promote MCM7 deubiquitination 287 

(Fig. 4D compare lanes 7 and 8). Thus, USP37 can deubiquitinate MCM7, establishing 288 

that MCM7 ubiquitination is directly antagonized by USP37. Interestingly, USP37 289 

efficiently removed the high molecular weight species of ubiquitinated MCM7 (Fig. 4D, 290 

150 kDa and above), but at the end of the reaction, MCM7 was still modified and 291 

migrated at a position consistent with the retention of ~2-3 ubiquitin molecules (Fig. 4D, 292 

molecular weight species between 75 and 100 kDa). This observation, combined with 293 

the fact that cells treated with p97i and USP37 siRNAs showed a strong increase of high 294 

molecular weight MCM7-Ub (150 kDa and above), suggested that USP37 might prefer to 295 

deubiquitinate longer Ub chains.  296 

To test this possibility, we isolated FLAG-USP37 from HEK293T cells and 297 

incubated it with isolated Ub chains that are 4 ubiquitins in length (tetra-Ub, “Ub4”). To 298 

test the linkage specificity of USP37 in this system, three Ub chain types were 299 

independently examined, containing linkages through either Lysine 11 (K11), K48, or 300 
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K63. During a time course, USP37 rapidly cleaved tetra- and tri-Ub to di-Ub (Fig. 4E 301 

lanes 2-5, 8-11, and 14-17). However, USP37 hydrolyzed di-Ub to mono-Ub much more 302 

slowly (Fig. 4E). We also observed that USP37 prefers K48-linked ubiquitin chains over 303 

K11- or K63-linked ubiquitin chains (Fig. 4E). The catalytically inactive USP37-C350S 304 

mutant had no activity in these assays (Fig. 4E lanes 6, 12, and 18). This preference is 305 

significant because CRL2LRR1 predominately creates K48-linked Ub chains on MCM719, 306 

20. Collectively, these experiments demonstrate that USP37 can deubiquitinate MCM7 307 

and suggest that it does so by preferentially removing long ubiquitin polymers. 308 

 309 

USP37 protects replisomes during oncogene-driven replication stress. 310 

We analyzed coessentiality data from the cancer dependency map (DepMap) 311 

project to determine genes and pathways related to USP37 function. Consistent with our 312 

experimental data showing a role for USP37 in DNA replication, using expression-313 

corrected CERES scores, dozens of genes involved in DNA replication strongly 314 

correlated with USP37, including numerous MCMs, CDC45, and other components of 315 

active replisomes (Fig 5A).  316 

Genome instability is a hallmark of cancer. Loss of function in key genes involved 317 

in genome maintenance (e.g., TP53 and BRCA1) contributes to a significant portion of 318 

cancers47, 48. Conversely, many oncoproteins, including cyclin E and c-MYC, induce 319 

replication stress, which generally increases reliance on the cellular pool of loaded, but 320 

unfired MCM-complexes49. Thus, inactivation of proteins that maintain MCM on 321 

chromatin could represent a vulnerability in cells with oncoprotein activation, suggesting 322 

that cancers undergoing replication stress could be dependent on USP37.  323 

We hypothesized that cells with elevated replication stress would be vulnerable 324 

to loss of USP37. To test the effects of USP37 loss in the context of cyclin E or c-MYC 325 

overproduction, we generated RPE1 cells that stably express either doxycycline-326 
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inducible CCNE1 (the gene for Cyclin E1) or c-MYC (Fig 5B). Upon addition of 327 

doxycycline, these proteins are overproduced (Fig 5C). Cyclin E overproduction alone 328 

reduced the rate of DNA synthesis (EdU/cell) as expected based on previously-329 

documented defects in origin licensing35, 50 (Fig. 5D), and concurrently depleting USP37 330 

caused a further decrease (Fig. 5D). Overproducing c-MYC did not substantially impact 331 

the rate of DNA synthesis in a parallel experiment (Fig. 5F). Although both cyclin E1 and 332 

c-MYC drive S phase when over-produced, their mechanisms only partially overlap 333 

which may explain why cyclin E1 impaired the rate of DNA synthesis whereas c-MYC did 334 

not (Fig. 5D and 5F) 51-54.On the other hand, Cyclin E and c-MYC both stimulated cell 335 

population increase as measured by an assay for total viable cell population (Fig. 5E and 336 

G). Depleting USP37 by siRNA in cyclin E-overproducing cells dramatically reduced total 337 

cell fitness (Fig 5E). Similarly, depleting USP37 in combination with c-MYC 338 

overproduction significantly reduced cell fitness (Fig 5G). Taken together, our results 339 

indicate that USP37-mediated replisome preservation is important for accommodating 340 

oncogene-induced replication stress. 341 

 342 

  343 
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DISCUSSION 344 

Chromosome duplication must occur completely and with high precision to 345 

prevent genome instability, a hallmark of cancer. Critical to this process is the accurate 346 

and timely assembly and disassembly of replisomes. Therefore, both loading and 347 

unloading of the CMG helicase is tightly regulated through many different signaling 348 

pathways and processes55. Unloading of the CMG complex during replication 349 

termination is accomplished by the CRL2LRR1-mediated ubiquitination of MCM7, and 350 

subsequent dismantling of the replisome by the p97 segregase6, 11, 13, 14, 19, 20, 56. The 351 

RING E3 TRAIP can also ubiquitinate MCM7 and does so in response to interstrand 352 

crosslinks57. Premature ubiquitination is prevented, in part, by the excluded DNA strand 353 

during replication26. However, if the LRR1-MCM interface is exposed due to any 354 

mispositioning of the excluded DNA strand, premature replisome disassembly could still 355 

occur. Thus, we hypothesized that an additional safeguard mechanism would exist to 356 

prevent premature replication termination and could be controlled at the level of MCM7 357 

ubiquitination. Here, we demonstrate that premature CMG unloading is prevented by the 358 

USP37 deubiquitinase, which antagonizes MCM7 ubiquitination, thereby limiting 359 

aberrant unloading of the CMG helicase. Prior to our study, an enzyme that directly 360 

antagonizes MCM7 ubiquitination had not been identified.  361 

Since the family of ~100 DUBs enzymatically remove ubiquitin marks from 362 

substrates, we tested if a DUB protects the replisome from premature unloading. USP37 363 

has previously been linked to S-phase and located at replication forks32, 34. Furthermore, 364 

numerous previous studies identified its importance in response to DNA damage and 365 

replication stress33, 34, 58, 59. However, a complete understanding of its role in DNA 366 

replication was not well established. Through a series of complementary approaches, we 367 

discovered that USP37 binds to the replisome, controls the level of polyubiquitin on 368 

MCM7 in cells, and prevents premature CMG unloading. We further identified the 369 
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USP37 PH domain as a potential mediator of the USP37-replisome interaction. Detailed 370 

dissection of how USP37 binds to the replisome will be important to understand how the 371 

activities of LRR1 and USP37 are properly balanced. For example, as both enzymes 372 

have PH domains, it is possible that they compete for binding to the CMG. 373 

 Likewise, understanding the switch between protection by USP37 and LRR1 374 

activity will be pivotal. How is USP37 activity quenched at or removed from CMG, how is 375 

LRR1 activated, and what are the mediating factors governing the timing of these 376 

interactions? USP37 is degraded in G2-phase, in a PLK1 and bTRCP dependent 377 

manner43. Thus, one possibility is that the switch from replisome stabilization to its 378 

disassembly is coordinated with cell cycle progression through the inactivation of S-379 

phase kinases, like CHK1, whose activation is promoted by the presence of single 380 

stranded DNA and is enhanced by USP3733, 34. Subsequent activation of PLK1 to 381 

stimulate USP37 degradation likely accelerates ubiquitin-dependent replisome 382 

disassembly in G2.  383 

Ubiquitin signals generated by E3 ubiquitin ligases are always potentially subject 384 

to editing by DUBs. Deubiquitination can prevent protein degradation by disassembling 385 

proteolytic signals and can also extinguish non-degradative ubiquitin signaling events. 386 

We reasoned that since ubiquitination of MCM7 triggers replisome unloading, that DUBs 387 

could antagonize complex disassembly. We show here that MCM7 ubiquitination is 388 

antagonized by USP37. Interestingly, E3 ligases can assemble ubiquitin chains linked 389 

through each of the lysines in ubiquitin (e.g., K48, K63, etc.), and can also generate 390 

branched chains. Furthermore, DUBs can edit or sculpt these ubiquitin chains or prevent 391 

the formation of branched or mixed chains. Interestingly, in our hands, USP37 reduced 392 

but did not completely abolish ubiquitination of MCM7, suggesting that it may be 393 

removing a specific chain or chain type(s), rather than deubiquitinating the proximal 394 

ubiquitin conjugated directly onto MCM7 (Fig. 4D). Therefore, it remains an open 395 
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question if the ubiquitin chains formed on the replisome are simply trimmed by USP37, 396 

lowering the total amount of polyubiquitination, and/or are edited by USP37 to potentially 397 

facilitate building a qualitatively different ubiquitin signal, thereby indicating the presence 398 

of replication stress or eliciting a cellular response.  399 

Replication stress can arise through endogenous and exogenous sources. A 400 

potential source of replication stress is re-replication. One mechanism that prevents toxic 401 

re-replication is the strict prevention of MCM loading after the start of S phase, ensuring 402 

that MCM loading occurs only in G1. However, since the total amount of loaded MCM 403 

cannot be increased once S-phase begins, cells load more MCM than is needed, and 404 

only a fraction of the total loaded MCM is converted into active CMGs in an unperturbed 405 

S-phase. Failing to load an excess of MCM complexes can be detrimental. Similarly, 406 

premature CMG unloading during S phase, prior to the completion of DNA replication, 407 

might also be detrimental.  408 

The need for excess MCM is particularly important when cells encounter 409 

replicative stress, which can convert the backup, excess MCM into active replisomes. 410 

Replicative stress can occur in response to both chemical stressors that impact the DNA 411 

(e.g., topoisomerase inhibitors) and the activation of oncoproteins, like cyclin E1 and c-412 

MYC. The latter induces replication stress through various mechanisms, including 413 

mismanaging CMG assembly or activation. Cyclin E1 drives premature S phase entry 414 

before enough MCMs are loaded onto chromatin in G1 phase, which results in 415 

underlicensing50, 60. Thus, cells overproducing cyclin E1 are depleted of the normally 416 

available backup pool of licensed origins. Moreover, it has been reported that both cyclin 417 

E and c-MYC deregulation induce premature and disrupted origin firing in intragenic 418 

regions53, 61. In addition, cells overproducing c-MYC over activate their licensed origins in 419 

S phase through promoting CDC45 and GINS recruitment to MCM hexamers62.  420 
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Excessive origin activation in S phase also depletes cells of their dormant origin 421 

pool63. Notably, G1 phase is the only window available for cells to license origins, and 422 

there are multiple regulatory pathways that strictly inhibit licensing in S phase to prevent 423 

re-replication64. Thus, in both cases of oncogene-induced CMG mismanagement, the 424 

fired origins in S phase must be protected from premature disassembly to prevent under 425 

replication and genome stability. Consistent with this idea, we demonstrate that USP37 426 

depletion in cells overproducing cyclin E1 or c-MYC dramatically undermines S phase 427 

progression and cell fitness. We suggest this USP37-mediated mechanism 428 

complements other replication fork protection mechanisms to preserve replication 429 

capacity in S phase65.  430 

From a therapeutic perspective, DNA damaging agents are often used in cancer 431 

chemotherapies. However, many have unwanted side effects. Previous reports show 432 

that USP37 depletion can sensitize cells to these agents34, 58, 66. This sensitization 433 

suggests that inhibiting USP37 could be advantageous, in combination with cancer 434 

therapeutics, to selectively target malignant cells. Currently, few small molecules that are 435 

potent and selective DUB inhibitors exist but identifying them remains a promising and 436 

underutilized approach for the treatment of cancer. 437 

 438 
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FIGURES AND FIGURE LEGENDS 473 

474 
Figure 1. A targeted siRNA screen identifies USP37 as the antagonizing DUB for 475 
replisome disassembly. 476 
 477 
A. Model displaying the molecular players involved in replication termination. During 478 

replication termination, the CMG replicative helicase (CDC45-MCM2-7-GINS) is 479 
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poly-ubiquitinated with lysine 48 (K48) ubiquitin linkages and the replisome is 480 
disassembled through p97. A deubiquitinase (DUB) could antagonize the 481 
ubiquitination-dependent disassembly to prevent premature replisome disassembly.  482 

B. Workflow for chromatin flow cytometry assays to study replication and bound MCM. 483 
RPE1-hTert cells were treated for 24 hours with either p97i or a panel of siRNAs to 484 
knock down selected DUBs individually (siDUB). Cells were labelled with EdU 485 
(thymidine analog) 30 minutes prior to harvesting, then soluble proteins were pre-486 
extracted to retain only chromatin-bound proteins such as MCM2 (one of the 487 
replisome components). Cells were then fixed and stained for EdU (for active DNA 488 
synthesis), MCM2 (as a representative subunit for the MCM2-7 complex), and DAPI 489 
(for total DNA content) for flow cytometric analysis.  490 

C. Chromatin flow cytometry for RPE1-hTert cells treated with 20 nM siControl or 1.25 491 
μM of CB-5083 (p97 inhibitor) for 24 hours, and pulsed with EdU for 30 min before 492 
harvesting. Cells were stained for bound MCM2, and DAPI (for DNA content). In the 493 
late S/G2/M gate, control cells are divided into high (>103) versus low (<103) bound 494 
MCM. Representative of two biological replicates.  495 

D. Histograms of the late S/G2/M-MCMDNA-positive cells from (C).  496 
E. RPE1-hTert cells were treated with siControl or siDUB at 20 nM as indicated. Box 497 

and whisker plots for EdU intensity per cell in S phase. Cells in each sample were 498 
randomly down sampled to 2400 cells per sample. Data is combined from two 499 
independent biological replicates. Relative fold-change of the means of EdU intensity 500 
from the two replicates was computed: siControl versus siUSP37, unpaired two tailed 501 
t-test, p=0.0115. 502 

F. Bound MCM in late S/G2/M from cells treated as in (E). Left: Histograms of 503 
normalized counts of the late S/G2/M-MCMDNA-positive cells. Right: Relative 504 
percentage of high MCM, late S/G2/M-MCMDNA-positive cells from at least two 505 
independent biological replicates; mean with error bars ± SEM. Unpaired two tailed t-506 
test for the means of the three replicates for siControl versus siUSP37, p<0.0001. 507 
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509 
Figure 2. USP37 prevents replisome disassembly in S phase 510 

A. Illustration of CMG at active replisomes versus MCM loaded at unfired-origins that 511 
lack CDC45.  512 

B. Workflow. Cells were treated with siControl or siUSP37; doxycycline was added 513 
concurrently with the siRNA treatment to express the siRNA-resistant USP37. Cells 514 
were EdU-labelled and harvested after 24 hours and analyzed by flow cytometry for 515 
endogenous bound CDC45 and DNA synthesis. 516 

C. Immunoblotting for endogenous and ectopic USP37 in RPE1-hTert cells treated with 517 
siControl or siUSP37 at 5 nM ± doxycycline at 20 ng/mL. Representative of four 518 
biological replicates.  519 

D. Chromatin flow cytometry for the same samples in (B). Cells were stained for bound 520 
CDC45, EdU incorporation (for DNA synthesis) and DAPI (for DNA content). Data 521 
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shown from S phase cells only (1500 cells in each plot). Representative of four 522 
biological replicates. 523 

E. Quantification of (D). Box and whisker plots for chromatin-bound CDC45 intensity per 524 
cell in S phase. The aggregate of four biological replicates was randomly down 525 
sampled to ~9600 cells per sample. Relative fold-change of the means of bound 526 
CDC45 intensity from the four replicates was computed: siControl versus siUSP37 or 527 
siUSP37 vs siUSP37 + USP37R, unpaired two tailed t-test, p=0.0113, 0.0190, 528 
respectively. 529 

F. Box and whisker plots for EdU intensity per cell in S phase from cells treated as 530 
outlined in (B). The aggregate of three biological replicates was randomly down 531 
sampled to 7500 cells per sample. Relative fold-change of the means of EdU 532 
intensity from the three replicates was computed: siControl versus siUSP37 or 533 
siUSP37 vs siUSP37 + USP37R, unpaired two tailed t-test, p=0.0748, 0.0455, 534 
respectively. 535 
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537 
Figure 3. USP37 interacts with the replisome components  538 
A. Triplicate samples of HEK293T cells expressing FLAG-tagged USP37 or an empty 539 

vector (EV) control were subjected was FLAG immunoprecipitation. 540 
Immunoprecipitates were washed, eluted and subjected to proteomic analysis. 541 
Proteins enriched in USP37 IPs, compared to controls, are shown. 542 

B. Gene Ontology analysis was performed on significantly enriched proteins to reveal 543 
the majority of USP37 interactors are involved in DNA replication and cell cycle 544 
progression.  545 

C. All components of the CMG complex were enriched in the FLAG-USP37 IP-MS. The 546 
fold enrichment over control, p-value, and number of peptides identified are shown.  547 

D. HEK293T cells were transfected for 48 hours with FLAG-tagged USP37 or an empty 548 
vector as a control. FLAG-USP37 was subjected to FLAG immunoprecipitation and 549 
analyzed by immunoblot. The indicated endogenous components of the CMG 550 
complex were co-precipitated by USP37.  551 

E. USP37 schematic. FL in (F) corresponds to full length USP37, D corresponds to 552 
USP37 lacking the PH domain, and PH corresponds to a USP37 fragment containing 553 
the PH domain only. 554 

F. The interaction between USP37 FL, Δ, or PH was assessed as described in D. 555 
USP37 interacts with the CMG complex through its PH domain. 556 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2024. ; https://doi.org/10.1101/2024.09.03.610997doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.03.610997
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28 

557 
Figure 4. USP37 regulates the CMG complex by deubiquitinating MCM7 558 

A. HEK293T cells were transfected for 48 hours with MCM7-V5, alone or in combination 559 
with FLAG-USP37. MCM7 interacts with USP37, as observed by immunoblot using 560 
the indicated antibodies. 561 

B. USP37 was knocked down using siRNA for 48 hours in RPE1 cells stably expressing 562 
a 6His-FLAG-tagged ubiquitin construct. Ubiquitinated proteins were pulled down 563 
using Ni-NTA, revealing that USP37 siRNA increases endogenous MCM7 564 
ubiquitination, as observed by immunoblotting. 565 

C. MCM7 ubiquitination was analyzed as described in B, except that cells were treated 566 
with 5 µM of the p97i CB-5083 for the last 4 hours before harvesting. Inhibition of 567 
p97 strongly increases MCM7 ubiquitination, and this is even more pronounced after 568 
USP37 knock down. 569 

D. Ubiquitinated MCM7 isolated from HEK293T cells was mixed with 100 nM of 570 
recombinant USP37 WT or a catalytically inactive mutant (C350S). The in vitro 571 
deubiquitination assay shows that USP37 WT, but not C350S, deubiquitinates Ub-572 
MCM7. 573 

E. Flag-tagged USP37 was ectopically expressed for 48 hours and subsequently 574 
purified from HEK-293T cells by FLAG immunoprecipitation. USP37 575 
immunoprecipitates were mixed with 1 µM of K11, K48 or K63 tetra-ubiquitin chains, 576 
revealing that USP37 cleaves Tetra- and Tri-Ub more efficiently than Di-Ub. 577 
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579 
Figure 5. USP37 protects replication efficiency and proliferation in oncoprotein-580 
expressing cells. 581 

A. Expression-corrected CERES correlation scores were downloaded from The 582 
DepMap database for genes similar to USP37 knockout. Proteins involved in DNA 583 
replication and the DNA damage response are significantly enriched. Proteins are 584 
color coded similarly to Figure 3A (MCMs = blue, CDC45 = purple, polymerases = 585 
brown). 586 

B. RPE1-hTert cells engineered for either doxycycline-inducible Cyclin E1 or c-MYC 587 
were treated to induce expression simultaneously with USP37 depletion to examine 588 
effects on DNA replication and cellular fitness.  589 

C. Immunoblotting for USP37, Cyclin E1 or c-MYC in RPE1-hTert cells as outlined in B. 590 
siControl or siUSP37 were used at 5 nM. Doxycycline was added simultaneously 591 
with the siRNA at 100 or 25 ng/mL to overproduce Cyclin E1 or c-MYC for 24h, 592 
respectively as indicated. Representative of two biological replicates.  593 

D. EdU intensity per cell for the experiment described in (B) to overproduce Cyclin E1. 594 
The aggregate of two biological replicates was randomly down sampled to 2000 595 
cells per sample. Relative fold-change of the means of EdU intensity from the two 596 
replicates: siControl versus siUSP37+ Cyclin E1 or siUSP37 versus siUSP37+ 597 
Cyclin E1 or Cyclin E1 versus siUSP37+ Cyclin E1, was computed, unpaired two 598 
tailed t-test, p=0.0009, 0.0006, 0.3059, respectively. 599 
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E. Normalized fitness for RPE1-hTert Cyclin E1 cells treated with siControl or siUSP37 600 
with or without overexpression of Cyclin E1 to induce replication stress for five days 601 
total. n = 3 biological replicates. * = p ≤ 0.05, ** = p ≤ 0.01 by one-way ANOVA. 602 

F. EdU intensity per cell for the experiment described in (B) to overproduce c-MYC. 603 
The aggregate of two biological replicates was randomly down sampled to 2000 604 
cells per sample. Relative fold-change of the means of EdU intensity from the two 605 
replicates: siControl versus siUSP37+ c-MYC or siUSP37 versus siUSP37+ c-MYC 606 
or c-MYC versus siUSP37 + c-MYC, was computed, unpaired two tailed t-test, 607 
p=0.2044, 0.7278, 0.4, respectively. 608 

G. Normalized fitness for RPE1-hTert c-Myc cells treated with siCTRL or siUSP37 with 609 
or without overexpression of c-MYC to induce replication stress for three days total. 610 
n = 3 biological replicates. * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.001 by one-way 611 
ANOVA. 612 

 613 

  614 
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615 
Supplementary fig. 1. Flow cytometry gating scheme.  616 

A. Example of control RPE1-hTert cells. Cells are gated on FS-area versus SS-area to 617 
exclude debris. 618 

B. Singlets or individual cells are gated on DAPI area versus DAPI height to exclude 619 
doublets. 620 

C. Cell cycle phases are determined based on DAPI and EdU staining for DNA content 621 
and DNA synthesis, respectively. An EdU negative sample was used to determine 622 
the gate for S phase cells (EdU positive). G1 cells have 2C DNA content and are 623 
EdU negative. Late S/G2/M cells have 4C DNA content and EdU intensity: max: 624 
~50% of the max EdU intensity, and min: EdU negative.  625 

D. MCM2 was detected using anti-MCM2 antibody in cells stained with DAPI. Left: A 626 
negative control sample (unstained with MCM2 antibody but stained with secondary 627 
antibody and DAPI) was used to define background MCM2 staining. Middle: 628 
Chromatin extracted RPE1-hTert cells show a distribution of bound MCM during G1 629 
phase, and a gradual decrease in bound MCM during S phase. Right: The late 630 
S/G2/M gate determined in (C) is divided into high bound MCM gate (>103) which 631 
includes cells retaining high MCM intensity, and low bound MCM gate (<103) which 632 
includes cells that have already unloaded MCM. 633 

 634 
  635 
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636 
Supplementary fig. 2. Bound MCM versus DNA content flow cytometry plots for 637 
the siRNA DUB screen. 638 

A-C. Chromatin flow cytometry for RPE1-hTert cells treated with 20 nM siControl or a 639 
panel of siRNAs targeting selected DUBs for 24 hours. Cells were stained for bound 640 
MCM2, and DAPI (for DNA content). Cells in each sample were randomly down sampled 641 
to 4000 cells per sample. All plots are from the same flow cytometry run. Representative 642 
of two biological replicates.  643 

  644 
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645 
Supplementary fig. 3. USP37 preserves loaded MCM in late S/G2/M and ensures 646 
replication progression in U2OS cells 647 

A. Immunoblotting for USP37 in U2OS cells treated with 20 nM siControl or siUSP37 for 648 
24 hours. Representative of two biological replicates.  649 

B. Chromatin flow cytometry for the same cells as in (A). Cells were pulsed with EdU for 650 
30 min before harvesting. Cells were stained for bound MCM2, EdU incorporation 651 
(for DNA synthesis) and DAPI (for DNA content). In the late S/G2/M gate, control 652 
cells show more cells in the high chromatin bound MCM gate while cells depleted for 653 
USP37 show less cells in the high chromatin MCM gate. Cells were randomly down 654 
sampled to 15,000 cells per sample. Representative of two biological replicates. 655 

C. Relative percentage of high MCM, late S/G2/M-MCMDNA-positive cells from two 656 
biological replicates; mean with error bars ± SEM, unpaired two tailed t-test, 657 
p=0.0585.  658 

D. Box and whisker plots for EdU intensity per cell in S phase from the same samples 659 
as in (C). The aggregate of two biological replicates was randomly down sampled to 660 
4000 cells per sample. Relative fold-change of the means of EdU intensity from the 661 
two replicates was computed, unpaired two tailed t-test, p=0.0211. 662 

E. Stacked bar graphs of the cell cycle phase distribution from the two biological 663 
replicates; mean with error bars ± SEM. 664 

  665 
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 666 
Supplementary fig. 4 667 

A. eGFP-tagged USP37 FL and Δ were ectopically expressed in U2OS cells for 24 668 
hours. The day after, cells were seeded on glass coverslips and after 48 hours, cells 669 
were fixed and imaged using confocal microscopy. Both FL and Δ show similar 670 
nuclear localization. 671 

B. eGFP-tagged USP37 FL or Δ were ectopically expressed in HEK293T cells. After 24 672 
hours, cell lysates were prepared and mixed with 5 µM of the HAUb-VS probe. 673 
Fluorescent scan shows that both USP37 FL and Δ have similar enzymatic 674 
capability. 675 

C. HEK293T cells were transiently transfected with a 6His-FLAG-tagged ubiquitin 676 
construct alone, a MCM7-V5 construct, either alone or in combination. Ubiquitinated 677 
proteins were isolated using Ni-NTA purification under strong denaturing conditions. 678 
MCM7 is heavily ubiquitinated under these conditions, as observed by 679 
immunoblotting. 680 

D. Recombinant USP37 WT or its catalytically inactive mutant (C350S) produced in 681 
insect cells were stained by Coomassie Brilliant Blue staining. 682 

 683 

  684 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2024. ; https://doi.org/10.1101/2024.09.03.610997doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.03.610997
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

MATERIAL AND METHODS 685 

Cell culture 686 
All cells were tested for mycoplasma and confirmed negative. RPE1-hTERT, U2OS, and 687 
HEK293T cells were cultured and incubated in Dulbecco’s modified Eagle Medium 688 
(DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1x Pen-Strep at 689 
37°C in a 5% CO2 incubator. RPE1-hTERT and U2OS cells were used for flow cytometry 690 
experiments. HEK293T cells were used for lentivirus packaging and transient 691 
transfections.   692 
 693 
Molecular biology 694 
pDEST-HA-FLAG USP37 was a kind gift from Dr. Wade Harper (Addgene, cat. #22602). 695 
USP37 and mutants were subcloned into pcDNA3.1 (+) with an N-terminal Flag tag 696 
using Gibson assembly. To generate the EGFP-USP37 full length or ΔPH constructs, 697 
EGFP was first subcloned from a pCCL-EGFP vector (described in 67) into an empty 698 
pcDNA3.1(+) vector (Thermo Fisher, cat. #V79020) using HindIII and BamHI restriction 699 
sites to generate the pcDNA3.1(+)-EGFP vector. Then, USP37 and mutants were 700 
inserted using Gibson assembly. Doxycycline-inducible, siRNA resistant USP37R was 701 
then made by two consecutive Gibson assembly reactions to introduce silent mutations 702 
corresponding to two siRNAs. First, the primer pair 5’-703 
GCAACAGAACTCAGTCTTCAAGAGTTTAACAACTCCTTTGTGGATGCATTGG-3’ and 704 
5’-CTCTTGAAGACTGAGTTCTGTTGCGCGCTTGAGGTCATCATCTTCTTTCTGTTCC-705 
3’ were used to alter coding starting at aa833. Simultaneously, the Flag tag was 706 
removed. In a second, separate reaction, the primer pair 5’- 707 
CCAGAGCCTATACATGTCCAGTGATTACTAATTTGGAGTTTGAGGTTCAGC-3’ and 708 
5’-CCAAATTAGTAATCACTGGACATGTATAGGCTCTGGTAGCTGAAATATCTGG-3’ 709 
were used to alter the coding sequence starting at aa470. All constructs were confirmed 710 
by Sanger sequencing covering the full insert (Azentra). pLenti6-MCM7-V5 was a kind 711 
gift from Dr. Lynda Chin (Addgene, cat. #31212). 712 
 713 
Immunoblotting 714 
After harvesting, cell pellets were washed with cold 1x PBS and lysed for 30 minutes in 715 
cold CSK buffer: (300 mM sodium chloride, 200 mM sucrose, 3 mM magnesium 716 
chloride, and 10 mM PIPES pH 7.0), which was supplemented with 0.5% triton X-100 717 
(Sigma-Aldrich Chemistry) and a mixture of protease inhibitors: (1 µg/mL pepstatin A, 718 
0.1 mM AEBSF, 1 µg/mL aprotinin and 1 µg/mL leupeptin), and phosphatase inhibitors: 719 
(1 mM β-glycerol phosphate, 10 µg/mL phosvitin and 1 mM Na-orthovanadate). Samples 720 
were cold centrifuged at maximum speed for 7.5 minutes. Protein content in the 721 
supernatants was quantified using Bradford assay (Biorad). Samples were diluted in 722 
SDS loading buffer to a final concentration of 1% SDS and 2.5% beta-mercaptoethanol, 723 
and boiled for 5 minutes. 20 ug of protein was run on 8% SDS-polyacrylamide gels, 724 
followed by wet transfer onto polyvinylidene difluoride (PVDF) membranes (Thermo 725 
Fisher Scientific). Ponceau S staining (Sigma-Aldrich) was used as the loading control in 726 
all experiments. Membranes were then blocked for 1 hour at room temperature in 5% 727 
milk diluted in Tris-buffered-saline-0.1% Tween 20 (TBST). Primary antibody was diluted 728 
in 2.5% milk-TBST and incubated with membranes overnight at 4°C. Blots were washed 729 
the next day 3x with 1x TBST and incubated with the secondary antibody for 1 hour at 730 
room temperature. Blots were washed 3x with 1x TBST then incubated with ECL Prime 731 
(Amersham) for 5 minutes and imaged using a Chemidoc Imaging system (BioRad). 732 
 733 
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The following antibodies were used in this study: primary antibodies; USP37 (1:2000, 734 
Bethyl laboratories, A300-927A), Cyclin E1 (1:2000, Cell Signaling Technology, 4129), c-735 
MYC (1:1000, Invitrogen, clone 9E10, MA1-980), MCM7 (1:1000, Cell Signaling 736 
Technology, 3735), CDC45 (1:1000, Cell Signaling Technology, 3673), MCM2 737 
(1:10,000, BD, 610700), GINS1 (1:1000, EMD Millipore, MABE2033), GINS2 (1:500, 738 
ABClonal, A9172), Ubiquitin (1:5000, Cell Signaling Technology, 3933S), TIMELESS 739 
(1:1,000, Santa Cruz, #sc-393122), V5 (1:5,000, Thermo, # R960-25) and secondary 740 
antibodies; donkey anti-rabbit IgG HRP-conjugated (1:10,000, Jackson 741 
ImmunoResearch, 711-035-152), donkey anti-mouse IgG HRP-conjugated (1:10,000, 742 
Jackson ImmunoResearch, 715-035-150).  743 
 744 
Quantitative chromatin-bound MCM and CDC45 flow cytometry 745 
To label cells that are actively dividing, cells were incubated with 10 μM of EdU (Santa 746 
Cruz Biotechnology) for 30 minutes prior to harvesting. Cells were harvested and soluble 747 
proteins were pre-extracted on ice for 8 minutes using CSK buffer: (300 mM sodium 748 
chloride, 200 mM sucrose, 3 mM magnesium chloride, and 10 mM PIPES pH 7.0) 749 
supplemented with 0.5% triton X-100 and a mixture of protease and phosphatase 750 
inhibitors as discussed above. Cells were washed in 1% BSA-PBS and fixed in 4% 751 
paraformaldehyde (Sigma-Aldrich Chemistry) diluted in PBS for 15 minutes at room 752 
temperature. Cells were washed in 1% BSA-PBS and stored at 4°C until staining.  753 
 754 
For EdU detection, cells were incubated in EdU labelling solution: (1 μM Alexa-fluor 647 755 
or 488 azide (Life Technology), 1 mM CuSO4, and 100 mM ascorbic acid diluted in PBS) 756 
for 30 minutes at room temperature in the dark. Cells were washed in 1% BSA-PBS + 757 
0.1% NP-40 solution. For primary antibody staining, cells were incubated in MCM2 758 
antibody (1:190, BD biosciences, cat. #610700) or CDC45 antibody (1:50, Cell Signaling 759 
Technology, cat. #11881) diluted in 1% BSA-PBS + 0.1% NP-40 for 1 hour at 37°C in 760 
the dark. Cells were washed in 1% BSA-PBS + 0.1% NP-40 solution. For secondary 761 
antibody staining, cells were incubated in donkey anti-mouse secondary antibody 762 
conjugated to Alexa-fluor 488 for MCM2 or donkey anti-rabbit secondary antibody 763 
conjugated to Alexa-fluor 647 for CDC45 (1:1000, Life Technology) for 1 hour at 37°C in 764 
the dark. Cells were washed in 1% BSA-PBS + 0.1% NP-40 solution. Finally, cells were 765 
incubated in 1 μg/mL DAPI (Sigma-Aldrich Chemistry) and 100 μg/mL RNase (Sigma-766 
Aldrich Chemistry) diluted in 1% BSA-PBS + 0.1% NP-40 for 1 hour at 37°C in the dark 767 
or overnight at 4°C. Data were collected the next day on Attune NxT Flow cytometer and 768 
analyzed with FCS Express 7 software. Data analysis was performed as described in35. 769 
Control samples were not incubated in EdU labelling solution or MCM2 or CDC45 770 
antibody to determine thresholds for positive EdU and MCM gating (Supplementary Fig. 771 
#1).  772 
 773 
Flow cytometry statistical analysis 774 
 775 
For the MCM quantification, the percentage of cells in the high MCM gate in late S/G2/M 776 
was determined with FCS Express 7 software for each sample in each biological 777 
replicate. Control was set to 1 and the relative fold-change in the percentage of high 778 
MCM cells was computed. For the CDC45 and EdU quantification, GraphPad Prism v10 779 
was used to calculate the means of the single-cell fluorescence intensities for each 780 
sample in each biological replicate. Relative fold-change among the means was 781 
computed for pairwise comparisons. Unpaired two-tailed t-test was used to calculate p-782 
values, assuming equal standard deviation (without Welch’s correction). Statistics were 783 
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applied only to the means of independent experiments and not to single cells within an 784 
experiment. Outliers were removed using ROUT (Q = 2%) when necessary.  785 
 786 
siRNA transfection 787 
Appropriate siRNAs were transfected into cells using Lipofectamine RNAiMAX 788 
(Invitrogen) according to manufacturer’s instructions. Briefly, siRNAs or Lipofectamine 789 
were individually mixed in Opti-MEM (Gibco), and then added together as a mixture to 790 
target cells in antibiotic-free DMEM supplemented with 10% FBS and L-glutamine after 791 
aspirating the original culture media. Samples were collected 24 hours after siRNA 792 
treatment and/or doxycycline addition. For the siRNA screen in Fig. 1 and for 793 
Supplementary Fig. 3, a mixture of 4 siRNAs were used for USP37 knockdown (5 nM 794 
each). For the rescue experiments in Fig. 2 and for Fig. 5, 5 nM of siUSP37-1 was used. 795 
The siRNAs used in this study were synthesized by Thermo Scientific. 796 
The siRNA sequences and their final concentrations are as follows: 797 
 798 
siLuciferase (control siRNA): 5 or 20 nM, 5’ UCGAAGUACUCAGCGUAAG 3’ 799 
 800 
siUSP37-1: 5 nM for the siRNA screen and for the rescue experiments: 5’ 801 
CAAAAGAGCUACCGAGUUA 3' 802 
 803 
siUSP37-2: 5 nM, 5’ GCAUACACUUGCCCUGUUA 3’  804 
 805 
siUSP37-3: 5 nM, 5’ AAACAAAGCCGCCUAAUGU 3’  806 
 807 
siUSP37-4: 5 nM, 5’ GAGGAUCGAUUAAGACUGU 808 
 809 
siUSP1 pool: 20 nM, 5’ GCAUAGAGAUGGACAGUAU 3’, 5’ 810 
GAAAUACACAGCCAAGUAA 3’, 5’ CAUAGUGGCAUUACAAUUA 3’, 5’ 811 
GCACAAAGCCAACUAACGA 3’ 812 
 813 
siUSP5 pool: 20 nM 5’ GAGCUGACGUGUACUCAUA 3’, 5’ 814 
GGACAACCCUGCUCGAAUC 3’, 5’ GGAGAGACAUUUCAAUAAG 3’, 5’ 815 
GAUCUACAAUGACCAGAAA 3’  816 
 817 
siUSP7 pool: 20 nM, ,5’ CUAAGGACCCUGCAAAUUA 3’, 5’ 818 
GUGGUUACGUUAUCAAAUA 3’, 5’ UGACGUGUCUCUUGAUAAA 3’, 5’ 819 
GAAGGUACUUUAAGAGAUC 3’  820 
 821 
siUSP11 pool: 20 nM 5’ GGGCAAAUCUCACACUGUU 3’, 5’ 822 
GAACAAGGUUGGCCAUUUU 3’, 5’ GAUGAUAUCUUCGUCUAUG 3’, 5’ 823 
GAGAAGCACUGGUAUAAGC 3’  824 
 825 
siUSP24 pool: 20 nM, ,5’ GGACGAGAAUUGAUAAAGA 3’, 5’ 826 
AGGGAAACCUUACCUGUUA 3’, 5’ CCACAGCUUUGUUGAAUGA 3’, 5’ 827 
GUAGAAGCCUUGUUGUUCA 3’   828 
 829 
siUSP34 pool: 20 nM, 5’ GAAAUUGACUCUCCUUAUU 3;, 5’ 830 
UAACAUGGCUGACUUAAUG 3’, 5’ GCAAUGAGGUUAAUUCUAG 3’, 5’ 831 
GGACCAAAUUUACAUAUUG 3’  832 
 833 
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siUSP39 pool: 20 nM, 5’ GAUCAUCGAUUCCUCAUUG 3’, 5’ 834 
CAAGUUGCCUCCAUAUCUA 3’, 5’ UCACUGAGAAGGAAUAUAA 3’, 5’ 835 
ACAUAAAGGCCAAUGAUUA 3’  836 
 837 
siUSP48 pool: 20 nM, 5’ CUACAUCGCCCACGUGAAA 3’, 5’ 838 
GCACUCUACUUAUGUCCAA 3’, 5’ GGCAGAGAGUCUAAGCUUU 3’, 5’ 839 
CGAAUUGCUUGGUUGGUAU 3’  840 
 841 
siOTUB1 pool: 20 nM, 5’ GACGGACUGUCAAGGAGUU 3’, 5’ 842 
GACGGCAACUGUUUCUAUC 3’, 5’ CCGACUACCUUGUGGUCUA 3’, 5’ 843 
GACAACAUCUAUCAACAGA 3’  844 
 845 
Cell line generation 846 
Lentiviral expression plasmids used were: pINDUCER20-USP37, pINDUCER20-cyclin 847 
E1, pINDUCER20-HA-HA-c-Myc, pCCL-WPS-mPGK_6his-FLAG-ubiquitin vectors67. To 848 
generate RPE1-hTERT cells stably expressing siRNA-resistant USP37 or cyclin E1 or 849 
HA-HA-c-Myc or 6his-FLAG-ubiquitin, lentivirus stocks were generated by co-850 
transfecting HEK293T cells with the indicated lentiviral expression plasmid in addition to 851 
VSVG and ΔNRF (gifts from J. Bear) virus packaging plasmids using 50 μg/mL 852 
polyethylenimine (PEI)-Max (Sigma Aldrich Chemistry). RPE1-hTERT cells were 853 
transduced with the appropriate collected lentivirus using 8 μg/mL polybrene (Millipore) 854 
for 24 hours. Cells transduced with any of the pINDUCER20 plasmids were drug-855 
selected using 500 μg/mL geneticin (Gibco) for 5 days. To pick individual clones from 856 
RPEs expressing siRNA-resistant USP37 or HA-HA-c-Myc, 2500 cells were plated 857 
sparsely in a 15 cm dish for clonal selection. Protein expression was confirmed by 858 
immunoblotting.  859 
 860 
Immunoprecipitation  861 
Exogenous IP 862 
 863 
For immunoprecipitation experiments using overexpressed proteins, DNA constructs 864 
were transfected using PolyJet (SignaGen) in HEK293T cells that were seeded in 10 cm 865 
dishes. After 48h, cells were washed in PBS, harvested in PBS, then pelleted by 866 
centrifugation at 1,500×g for 3 minutes at 4°C. Cell pellets were lysed on ice for 10 867 
minutes using NETN lysis buffer supplemented with 10 μg/mL aprotinin, 10 μg/mL 868 
leupeptin, 10 μg/mL pepstatin A, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 869 
and 1 mM AEBSF (4-[two aminoethyl] benzenesulfonyl fluoride). Lysates were clarified 870 
by centrifugation at maximum speed (14,000 rpm) for 10 minutes at 4°C using a 871 
benchtop microcentrifuge, and protein concentration was determined using Bradford 872 
(Biorad). Prior to IP, 10% of the total protein was removed as the input, while the 873 
remaining lysate was mixed with 25 μL of Anti-FLAG M2 Affinity Gel (Sigma, cat. 874 
#F2426) to isolate FLAG-tagged USP37. Immunoprecipitations were performed for 2h at 875 
4°C while rotating, after which the beads were washed 4 times using NETN lysis buffer. 876 
After the final wash, the beads were resuspended in 2x Laemmli sample buffer and 877 
boiled at 95°C for 5 minutes. Input and IP samples were separated by SDS-PAGE and 878 
analyzed by immunoblotting. 879 
 880 
USP37 IP-MS 881 
 882 
To define the interactome of USP37, FLAG-EV or FLAG-USP37 was transfected into 883 
HEK293T cells seeded in 10 cm dishes, in triplicate, using 2 plates per condition. Cells 884 
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were transfected with 2.5 µg of FLAG-USP37 using PolyJet (SignaGen) according to the 885 
manufacturer’s instructions. The day after, cells were amplified by transferring them to 886 
15 cm dishes. After 48h of expression, cells were washed with PBS, collected and lysed 887 
in NETN lysis buffer supplemented with 10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 888 
μg/mL pepstatin A, 1 mM sodium orthovanadate, 1 mM sodium fluoride, and 1 mM 889 
AEBSF (4-[two aminoethyl] benzenesulfonyl fluoride). Lysates were snap frozen 2x 890 
using liquid nitrogen and clarified by centrifugation at 14,000 rpm for 15 minutes at 4°C. 891 
Protein concentration was determined and normalized using Bradford assay, and 18 mg 892 
of protein per sample were used. Samples were mixed with 50 µl of EZview Anti-FLAG 893 
M2 Affinity Gel (Sigma, cat. #F2426), and immunoprecipitation was performed for 4h at 894 
4°C. After IP, samples were washed 3x using NETN lysis buffer followed by 3 washes 895 
using PBS. Beads were covered in PBS and frozen at –80C until further analysis by 896 
mass spectrometry (see below). 897 
 898 
Mass spectrometry 899 
Immunoprecipitated protein samples were subjected to on-bead trypsin digestion as 900 
previously described68. Briefly, after the last wash step of the immunoprecipitation, 901 
beads were resuspended in 50µl of 50mM ammonium bicarbonate, pH 8. On-bead 902 
digestion was performed by adding 1µg trypsin and incubated with shaking, overnight at 903 
37ºC. The following day, 1ug trypsin was added to each sample and incubated shaking, 904 
at 37ºC for 3 hours.  Beads were pelleted and supernatants were transferred to fresh 905 
tubes. The beads were washed twice with 100µl LC-MS grade water, and washes were 906 
added to the original supernatants. Samples were acidified by adding TFA to final 907 
concentration of 2%, to pH ~2. Peptides were desalted using peptide desalting spin 908 
columns (Thermo Scientific), lyophilized, and stored at -80ºC until further analysis. 909 
 910 
LC-MS/MS 911 
 912 
Immunoprecipitation samples were analyzed by LC-MS/MS using an Easy nLC 1000 913 
coupled to a QExactive HF mass spectrometer (Thermo Scientific). Samples were 914 
injected onto an Easy Spray PepMap C18 column (75 μm id × 25 cm, 2 μm particle size) 915 
(Thermo Scientific) and separated over a 2 hr method. The gradient for separation 916 
consisted of 5–45% mobile phase B at a 250 nl/min flow rate, where mobile phase A 917 
was 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in 918 
ACN. The QExactive HF was operated in data-dependent mode where the 15 most 919 
intense precursors were selected for subsequent fragmentation. Resolution for the 920 
precursor scan (m/z 300–1600) was set to 120,000, while MS/MS scans resolution was 921 
set to 15,000. The normalized collision energy was set to 27% for HCD. Peptide match 922 
was set to preferred, and precursors with unknown charge or a charge state of 1 and ≥ 7 923 
were excluded. 924 
 925 
Data analysis  926 
 927 
Raw data files were searched against the reviewed human database (containing 20,396 928 
entries), appended with a contaminants database, using Andromeda within MaxQuant 929 
(v1.6.15.0). Enzyme specificity was set to trypsin, up to two missed cleavage sites were 930 
allowed, and methionine oxidation and N-terminus acetylation were set as variable 931 
modifications. A 1% FDR was used to filter all data. Match between runs was enabled (5 932 
min match time window, 20 min alignment window), and a minimum of two unique 933 
peptides was required for label-free quantitation using the LFQ intensities. 934 
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Perseus was used for further processing69. Only proteins with >1 unique+razor peptide 935 
were used for LFQ analysis. Proteins with 50% missing values were removed and 936 
missing values were imputed from normal distribution within Perseus. Log2 fold change 937 
(FC) ratios were calculated using the averaged Log2 LFQ intensities of FlagUSP37 IP 938 
compared to control IP, and students t-test performed for each pairwise comparison, 939 
with p-values calculated. Proteins with significant p-values (<0.05) and Log2 FC >1 were 940 
considered biological interactors. 941 
 942 
Gene ontology analysis was performed on the top 5% of interactors determine by 943 
expression over control using Metascape70.  944 
 945 
In vivo ubiquitination assay  946 
For experiments using RPE1, parental or cells stably expressing a 6His-Flag-Ubiquitin 947 
construct (RPE1-6HF-Ub) were seeded in 10-cm dishes and transfected with 20 nM of 948 
the indicated siRNAs the day after. Knockdown was performed for 48 hours and 5x 10-949 
cm dishes of cells at ~90% confluence were used for each experimental condition. For 950 
the experiment described in Fig 4B,C, cells were treated with 5 µM of the p97 inhibitor 951 
CB-5083 (Selleck Chem Cat. #S8101) for the final 4 hours prior to harvesting. The in 952 
vivo ubiquitination assay was then performed essentially as described previously with 953 
minor adjustments71. Briefly, cells were washed twice with 5 ml of PBS per dish and 954 
collected in 5 ml of PBS per experimental condition. 10% of the cell suspension (500 μl) 955 
was removed to prepare inputs using a standard cell lysis buffer containing 1% Tween20 956 
supplemented with protease inhibitors. The remaining 90% was centrifuged at 1,000g for 957 
5 mn and resuspended in 8 ml of 6M guanidine-HCl containing buffer supplemented with 958 
10 mM β-Mercaptoethanol and 15 mM Imidazole. His6-tagged ubiquitinated proteins 959 
were then captured on Ni2+-NTA agarose beads (Qiagen, cat. #30210) overnight at 4 960 
degrees. After extensive washes of the beads using 8M Urea containing buffers, pull-961 
down eluates as well as inputs were separated on SDS-PAGE gels and analyzed by 962 
immunoblot. For experiments using HEK-293T, cells were seeded in 10 cm dishes and 963 
transfected as indicated using PolyJet (SignaGen) and following the manufacturer’s 964 
instructions. The in vivo ubiquitination assay was then performed exactly as described 965 
previously in 72. 966 
 967 
In vitro deubiquitination of Ub-MCM7 by recombinant USP37 968 
Purification of recombinant USP37 969 
Purification of FL USP37 (1-979) from baculoviral infected insect cells was performed as 970 
described in 73. In brief, USP37 was inserted into pFastbac vector containing an N-971 
terminal GST tag, a TEV protease site, and a Flag tag, as well as a C-terminal 6xHis tag. 972 
Baculoviral infected Tni cells (Expression Systems) were harvested approximately 72 973 
hours after infection and resuspended in a buffer containing 50mM Tris pH 7.6, 200mM 974 
NaCl, 2.5% glycerol, 5mM DTT, and protease inhibitors. After lysis by sonication, lysates 975 
were clarified by centrifugation for 1 hour at 35000 x g. Lysates were incubated in batch 976 
with GS4B resin (Genesee Scientific) for 1 hour at 4ºC before elution with lysis buffer 977 
supplemented with additional 50 mM Tris pH 7.6 and 10mM glutathione. Isolated protein 978 
was subjected to GST tag removal overnight with treatment by TEV protease. USP37 979 
was then further purified by anion exchange chromatography and finished with size-980 
exclusion chromatography over an SD200 10/300 Increase (Cytiva) into a buffer 981 
containing 20 mM HEPES pH 8.0, 200 mM NaCl, 1 mM DTT.  982 
 983 
Deubiquitination assay 984 
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For the assays described in Fig 4D, we first generated ubiquitinated MCM7 by 985 
transfecting 6x 10 cm of HEK-293T cells, with 2.5 µg of 6His-Flag-Ubiquitin and 2.5 µg 986 
of MCM7-V5 plasmids per plate using PolyJet (SignaGen) and following the 987 
manufacturer’s instructions. After 48 hours of transfection, cells were washed with PBS 988 
and harvested by scraping followed by centrifugation at 1,500 rpm for 3 min. Cell pellets 989 
corresponding to 3x 10 cm were resuspended in 12 ml of 6 M guanidine-HCl containing 990 
buffer supplemented with 10 mM β-Mercaptoethanol and 15 mM Imidazole. After 991 
sonication and filtering of lysates on 0.40 µm cell strainer (REF), His6-tagged 992 
ubiquitinated proteins were isolated on Ni2+-NTA agarose beads (Qiagen #30210) for 4 993 
hours at RT. Beads were washed extensively using 8 M Urea containing buffers (see 994 
above), and after the last wash, beads were resuspended in 50 mM Tris pH 8.0, 50 mM 995 
NaCl, plus 0.1% Triton X-100. After 10 min of equilibration, beads were washed once 996 
with buffer without detergent, once with buffer including 0.1% Trixton X-100, after which 997 
His6-tagged ubiquitinated proteins were eluted in 50 mM Tris pH 8.0, 50 mM NaCl 998 
containing 250 mM Imidazole. Elution was performed twice for 15 min at RT, and 600 µl 999 
of eluate was ultimately collected then kept at -80 or used immediately for 1000 
deubiquitination assay. The deubiquitination assay was then conducted as follows. 1001 
Recombinant DUBs were diluted in DUB buffer (50 mM Tris pH 8.0, 50 mM NaCl, 10 1002 
mM DTT) and incubated at RT for 10 min. Ubiquitinated proteins isolated from HEK-1003 
293T cells were also diluted in DUB buffer and incubated at RT for 10 min (usually, 5 µl 1004 
of ubiquitinated proteins and 5 µl of DUB buffer per time point were used). Reactions 1005 
were started by mixing the DUB with the ubiquitinated sample, placed at 30 degrees, 1006 
and aliquots were taken at the indicated time points then quenched with 4X Laemmli 1007 
buffer. Reaction products were boiled and separated on SDS-PAGE gels and analyzed 1008 
by immunoblot. 1009 
 1010 
Cleavage assay of K11, K48 or K63 Tetra-ubiquitin chains by Flag-USP37 1011 
The assay was conducted largely as described in 74. HEK-293T cells were seeded in 10 1012 
cm dishes and transfected the day after using PolyJet (SignaGen) and following the 1013 
manufacturer’s instructions. Two 10 cm dishes were transfected with 5 μg of Flag-1014 
USP37 per plate, and cells were harvested 24 hours after transfection. Cells were lysed 1015 
for ~10 min in phosphate lysis buffer (50 mM NaH2PO4, 150 mM NaCl, 1% Tween-20, 1016 
5% Glycerol, pH 8.0) supplemented with 2 μg/ml pepstatin, 1 mM AEBSF [4-(2 1017 
Aminoethyl) benzenesulfonyl fluoride], 1 mM Na3VO4 and 10 mM DTT. After 1018 
centrifugating debris for 10 min at 14,000 rpm, anti-Flag M2 beads (F2426-1ML Millipore 1019 
Sigma) were added to the lysate for 1 hour to immunoprecipitate Flag-USP37. Beads 1020 
were washed once with lysis buffer, once with PBS then once with DUB buffer (50 mM 1021 
Tris pH 7.5, 50 mM NaCl, 10 mM DTT) and split into 3 different tubes. The beads were 1022 
centrifuged, resuspended in 25 μl of DUB buffer and incubated for 10 min at room 1023 
temperature. In parallel, K11, K48 or K63 Tetra-ubiquitin chains (UC-45, UCB-210, UC-1024 
310, R&D Sytems) were prepared in DUB buffer at a final concentration of 2 μM then 1025 
mixed with the USP37 immunoprecipitates. Aliquots of 10 μl were collected at the 1026 
indicated time points, quenched with 5 μl of 4X laemmli buffer and separated by SDS-1027 
PAGE then analyzed by immunoblot. 1028 
 1029 
Fluorescence of EGFP-USP37 FL or ΔPH 1030 
U2OS cells were seeded in 6 cm dishes to reach 90% of confluency the day of 1031 
transfection. Cells were then transfected with 2.5 µg of EGFP-USP37 FL or ΔPH domain 1032 
using PolyJet (SignaGen) and following the manufacturer’s instructions. The day after, 1033 
cells were plated on glass cover slips in 6-well plate format and incubated for another 24 1034 
hours. After 48 hours of transfection, cells were washed twice with PBS, fixed with 3.7% 1035 
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formaldehyde in PBS for 10 min at RT, washed with PBS twice, permeabilized with 0.2% 1036 
Triton X-100 in PBS for 3 min, washed with PBS twice again, and nuclei were stained with 1037 
10 µg/ml of Hoechst in PBS for 5 min. Cells were washed with PBS twice, then in water 1038 
two more times and cover slips were mounted on cover slides and imaged using a Revolve 1039 
microscope system (ECHO). 1040 
 1041 
Charging of EGFP-USP37 FL or ΔPH with HA-Ub-VS in HEK-293T cell lysates 1042 
The assay was conducted largely as described in 75. HEK-293T cells were seeded in 10 1043 
cm dishes and transfected with 5 µg of EGFP-USP37 FL or ΔPH domain using PolyJet 1044 
(SignaGen) and following the manufacturer’s instructions. Cells were lysed 24 hours after 1045 
transfection in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton 1046 
X-100) supplemented with 2 μg/ml pepstatin, 1 mM AEBSF [4-(2 Aminoethyl) 1047 
benzenesulfonyl fluoride], 1 mM Na3VO4 and 10 mM DTT. Lysis was performed on ice for 1048 
~10 min, debris were centrifuged for 10 min at 14,000 rpm and protein concentration was 1049 
determined using Bradford reagent (Bio-Rad). To monitor the reactivity of either EGFP-1050 
USP37 FL or ΔPH with ubiquitin, 10 μl of each lysate containing 20 μg of total protein was 1051 
combined with 10 μl of reaction buffer (50 mM Na2HPO4, 500 mM NaCl and 10 mM DTT, 1052 
pH 7.9) containing 10 μM of HA-Ub-VS (R&D Systems, cat. #U-212). Reaction mixtures 1053 
were incubated at 37°C for 2 hours and quenched by addition of 10 μl of 4X sample buffer. 1054 
Samples were immediately separated by SDS-PAGE and the gel was scanned for EGFP 1055 
fluorescence using a Typhoon FLA 9500. Equal protein loading was visualized by QC 1056 
Colloidal Coomassie Blue staining (Bio-rad) following the manufacturer’s instructions. 1057 
 1058 
DepMap data 1059 
Expression corrected CERES gene correlation scores to USP37 knockout were 1060 
downloaded from The Cancer Dependency Map v24Q2, accessed on June 13th, 2024. 1061 
Data was plotted in GraphPad Prism v10. 1062 
 1063 
Cell fitness assays 1064 
RPE1 hTERT cells expressing doxycycline inducible Cyclin E1 or c-Myc were used for 1065 
cell viability assays. Cells were plated in 6cm dishes and allowed to expand for 24 hours, 1066 
after which media was changed for media containing either 100 ng/mL (Cyclin E1) or 25 1067 
ng/mL (c-MYC) of doxycycline. After 24 hours of induction, 4000 cells/well were plated 1068 
into 24 well plates. Either siControl or siUSP37 was transfected using RNAiMax and 1069 
OptiMEM either with or without indicated doxycycline concentration for 24 hours. After 1070 
transfection, media was replaced with fresh media with or without doxycycline for an 1071 
additional 72 hours (Cyclin E1) or 24 hours (c-MYC). Cell viability/fitness/proliferation 1072 
was measured with resazurin sodium salt (Sigma Aldrich, cat. #R7017, 44 µM final 1073 
concentration), which was added for 2 hours before reading. Fluorescence intensity was 1074 
measured with 570 emission and 590 excitation wavelengths. Data was background 1075 
subtracted with wells containing media plus reagent but no cells. Each well was 1076 
normalized to the averaged siControl wells without doxycycline. Values represent means 1077 
of 3 biological replicates ± SEM. Significance was determined with one-way ANOVA.  1078 
 1079 
Chemical reagents/inhibitors 1080 
The following chemicals/inhibitors were used in this study: Doxycycline (dox) 1081 
(CalBiochem, cat. # 32485) was used at 20 ng/mL for the rescue experiments, and 100 1082 
or 25 ng/mL for the Cyclin E1 or c-MYC overproduction experiments; p97 inhibitor 1083 
(Selleck, cat. #S8101) was used at 1.25 μM for the flow cytometry experiments.  1084 
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