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ABSTRACT 

USP1 is a member of the ubiquitin-specific protease (USP) family of deubiquitinating enzymes. 

Efficient USP1 activity requires binding to its cofactor UAF1, and the USP1/UAF1 

deubiquitinase complex has important roles in regulating DNA damage-related processes. USPs 

exhibit a common folding of their catalytic domain with three subdomains termed Thumb, Palm 

and Fingers. The Fingers appears to be the primary site for ubiquitin binding. In USP1, the 

Fingers subdomain also mediates its interaction with UAF1 and thus represents a crucial, yet 

poorly characterized motif in USP1. To explore the role of USP1/UAF1 in ubiquitin-dependent 

nuclear processes, we tested the effect of modulating USP1/UAF1 activity on the level and/or 

localization of conjugated ubiquitin and the DNA damage-related proteins γH2AX, H3K56Ac 

and 53BP1. siRNA-mediated USP1 knockdown or treatment with the novel USP1/UAF1 

inhibitor ML323 increased the recruitment of conjugated ubiquitin and 53BP1 into nuclear foci. 

Strikingly, ectopic coexpression of USP1 and UAF1 depleted conjugated ubiquitin in the 

nucleus and blocked the recruitment of 53BP1 to DNA damage foci. In a direct comparison 

with other overexpressed USPs, USP1/UAF1 behaved as a relatively promiscuous 

deubiquitinase. Experimental and cancer-related mutations in the USP1 Fingers subdomain 

abrogated substrate deubiquitination without interfering with other USP1 activities, such as 

UAF1 binding or autocleavage. These results bring new insight into the function and regulation 

of the USP1/UAF1 complex.  
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Living organisms can be exposed to a variety of endogenous and exogenous DNA damaging 

agents that generate genomic lesions. To preserve genome integrity, cells have evolved a 

complex array of mechanisms to detect, signal and repair DNA damage, which collectively 

constitute the so-called DNA damage response (DDR) [1]. In this cellular response, DNA 

damage induces a relocalization of multiple repair factors into nuclear foci at damage sites [2]. 

Recruitment of these factors is crucially regulated by a complex interplay of protein post-

translational modifications (PTMs) [3]. In particular, the importance of protein ubiquitination in 

several key steps of the DDR is becoming increasingly clear [4].  

Protein ubiquitination involves the sequential activity of three enzymes, an E1 (activating) 

enzyme, an E2 (conjugating) enzyme, and an E3 ubiquitin ligase. Proteins can be tagged at one 

or more lysine residues with a single ubiquitin molecule (monoubiquitinated), or with a chain of 

several ubiquitin moieties (polyubiquitinated) with variable length and linkage topology. 

Ubiquitin tags can be subsequently edited or removed by the activity of deubiquitinating 

enzymes (DUBs). The concerted action of E3 ligases and DUBs renders ubiquitin 

(de)conjugation a very complex and dynamic process that modulates the levels, localization 

and/or function of many cellular proteins [5].  

Several E3 ubiquitin ligases and DUBs have been shown to play a role in DNA damage 

signaling and repair [6]. One of the first DUBs identified as a regulator of DDR was USP1, a 

member of the ubiquitin specific protease (USP) family. USP1 is a nuclear DUB whose 

catalytic activity requires allosteric activation through binding to its cofactor USP1-Associated 

Factor 1 (UAF1) [7]. UAF1 binding is also required by two other USP family members, USP12 

and USP46, to be catalytically active [8]. The USP1/UAF1 complex has been firmly established 

as a key player in two DNA damage-related processes. On the one hand, it contributes to the 

repair of interstrand DNA crosslinks (ICLs) through the Fanconi anemia (FA) pathway, by 

reverting monoubiquitination of FANCD2 [9]. On the other hand, the USP1/UAF1 complex 

participates in translesion synthesis (TLS), a DNA damage tolerance mechanism, by reverting 

monoubiquitination of PCNA [10]. Besides these well-characterized functions, a potential role 

of USP1/UAF1 in additional aspects of the DDR is suggested by several lines of evidence. First, 

double knockout mice lacking both FANCD2 and USP1 exhibit a more severe phenotype than 

knockout mice lacking only USP1 [11]. Second, USP1/UAF1 promotes homologous 

recombination by a yet unknown mechanism that might be unrelated to the FA pathway [12]. 

Third, GFP-USP1 has been shown to be recruited to double-strand DNA breaks (DSBs) induced 

by laser micro-irradiation [13]. Furthermore, it is important to note that the function of 

USP1/UAF1 in the nucleus extends beyond its DDR-related roles to include deubiquitination of 

Inhibitors of DNA binding (ID) proteins that regulate differentiation processes [14]. Altogether, 

these findings suggest that the role of USP1/UAF1 as a regulator of nuclear protein 

ubiquitination deserves further investigation. 
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Like many other proteins that participate in the DDR, USP1 is emerging as a potential target in 

cancer therapy [15]. Overexpression of USP1 is frequently observed in different types of cancer, 

and large-scale genomic analyses have uncovered USP1 gene mutations, albeit at a low 

frequency, in tumor samples [15]. Importantly, interfering with USP1 function in several 

experimental models has been reported to increase cellular sensitivity to a variety of 

chemotherapeutic drugs [11,12,16]. In this regard, a number of USP1/UAF1 small-molecule 

inhibitors have been recently developed [17,18,19]. ML323, the most specific USP1/UAF1 

inhibitor reported up to date [20], constitutes an important tool to investigate USP1/UAF1 

activity and, with further improvement of its pharmacodynamics and pharmacokinetics 

properties, might eventually undergo clinical development.  

Clinical implementation of USP1-targeted therapies would greatly benefit from a deeper 

understanding of its basic biology, which is presently limited by the lack of a three dimensional 

structure of the USP/UAF1 complex. Based on the solved structures of several other USP 

family members [21,22,23], it has been determined that the catalytic domain of USPs shows a 

characteristic folding that resembles an open hand, with three subdomains termed Thumb, Palm 

and Fingers [24,25]. The Fingers subdomain appears to be the primary site for ubiquitin binding 

by USPs. Intriguingly, we have previously shown that the Fingers subdomain of USP1 and 

USP46 also mediates their binding to UAF1 [26]. Thus, this subdomain may be critical in 

regulating USP1/UAF1 activity. In the absence of specific structural information, combination 

of site-directed mutagenesis with functional assays may provide further information about how 

the function of the USP1/UAF1 complex is regulated and may be altered by experimentally-

introduced and naturally occurring Fingers subdomain mutations.  

In this report, we describe the effect that modulating USP1/UAF1 function has on the levels and 

localization of conjugated ubiquitin in the nucleus, as well as on the levels and localization of 

two proteins involved in the response to DSBs, phosphorylated histone H2AX (γH2AX), and 

p53 binding protein 1 (53BP1). Interfering with USP1/UAF1 function increased the number of 

nuclear ubiquitin-containing foci and 53BP1 foci. These findings provide further support to 

previously reported evidence suggesting that USP1/UAF1 may have additional DDR-related 

nuclear functions beyond those in FA and TLS. Most strikingly, we found that ectopic 

expression of USP1/UAF1 led to an apparently complete depletion of conjugated ubiquitin in 

the nucleus and blocked the recruitment of 53BP1 to DNA damage foci. We carried out a direct 

comparison of USP1/UAF1 with several other USPs using general ubiquitin deconjugation as 

cellular readout. The results of this comparison suggest a still unexplored wide range of 

substrate promiscuity in USP family DUBs. Finally, we used depletion of conjugated ubiquitin 

and blockade of 53BP1 foci formation as readouts to further validate ML323 as a USP1/UAF1 

inhibitor and, together with previously described assays, to characterize in detail the phenotypic 

consequences of mutations in USP1 Fingers subdomain. 
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RESULTS  

General protein ubiquitination can be monitored in cells using immunofluorescence with the 

FK2 monoclonal antibody, a well-validated and widely-used reagent that specifically recognizes 

conjugated, but not free ubiquitin [27]. To further investigate the role of the USP1/UAF1 

complex in regulating the ubiquitination of nuclear proteins, we carried out FK2 

immunostaining in 293T cells in which the activity of this complex was modulated using 

different experimental approaches.  

Modulating USP1/UAF1 function affects general ubiquitin conjugation in the nucleus  

On the one hand, we interfered with the activity of USP1/UAF1 by using siRNA-based USP1 

knockdown or by treating the cells with the recently described inhibitor ML323 [20]. USP1 

knockdown was carried our using a pool of three siRNA oligonucleotides that consistently 

reduces USP1 mRNA (not shown) and protein levels (Figure 1A). As shown in Figure 1A, 

USP1 knockdown led to a significant increase in the percentage of cells having more than five 

FK2-positive foci in the nucleus. A similar but slightly more pronounced effect was observed in 

cells treated with ML323 (Figure 1B). On the other hand, we increased the cellular levels of the 

USP1/UAF1 complex by co-transfecting GFP-USP1 and Xpress-UAF1. In these experiments, a 

fusion of GFP to the SV40 nuclear localization signal (NLS-GFP) was included as a negative 

control. Image analysis was used to quantify the intensity of the FK2 immunofluorescence 

signal in transfected cells. Strikingly, overexpression of USP1/UAF1 resulted in a drastic 

reduction of the FK2 signal in the nucleus (Figure 1C). Importantly, the intensity of the FK2 

signal was not reduced when GFP-USP1 was expressed alone, or when a catalytically inactive 

mutant GFP-USP1C90S

Formation of ubiquitin-containing foci, reflecting the recruitment of ubiquitinated proteins to 

the sites of DNA damage, is a hallmark of the DDR [28] and the number of FK2-positive 

nuclear foci is well known to increase when cells are treated with agents that cause DSBs, such 

as the radiomimetic drug neocarzinostatin (NCS) [29,30,31,32]. In line with these reports, we 

found that nearly all 293T cells exhibited more than five FK2-positive foci after NCS treatment 

(not shown). We sought to determine if overexpression of USP1/UAF1 would interfere with the 

formation of NCS-induced FK2 foci. As previously observed in untreated cells, virtually no 

FK2 signal could be detected in NCS-treated cells overexpressing USP1/UAF1 (Figure 1D). In 

contrast, NCS-induced FK2 foci were readily detected in cells overexpressing the NLS-GFP 

control, GFP-USP1 alone or the catalytically inactive GFP-USP1

 was co-expressed with UAF1. 

C90S

These results indicate that interfering with USP1/UAF1 activity promotes the accumulation of 

ubiquitinated proteins into nuclear foci, whereas ectopic overexpression of the USP1/UAF1 

.  
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complex promotes general ubiquitin deconjugation, thus preventing formation of ubiquitin-

containing foci in response to DSBs. 

One of the first steps in the cellular response to DSBs, is the phosphorylation of the histone 

variant H2AX by Ataxia telangiectasia mutated (ATM)-related kinases [33,34]. Phosphorylated 

H2AX (γH2AX) accumulates into the sites of DNA damage, and facilitates the recruitment of 

Mediator of DNA damage checkpoint protein 1 (MDC1) [35]. This protein serves as a binding 

platform for the E3 ubiquitin ligases RNF8 [36,37] and RNF168 [38], which ubiquitinate 

histones H2A and γH2AX, thus promoting the ubiquitination-dependent recruitment of several 

DNA repair factors, including 53BP1 [39]. Interestingly, a previous large-scale siRNA 

screening has identified the DUBs USP1 and USP11 as two of 73 genes that regulate the 

cellular levels of γH2AX in untreated cells, and may participate in DDR signaling [40]. 

Modulating USP1/UAF1 function affects proteins that mediate the cellular response to DSBs 

In order to further evaluate the possible effect that modulating USP1/UAF1 function might have 

on the cellular response to DSBs, we focused on γH2AX and 53BP1, an apical and a 

downstream factor, respectively, in the DSB response. As expected, both proteins readily 

accumulated into nuclear foci in NCS-treated 293T cells (not shown). We also investigated a 

potential effect of USP1/UAF1 on three other histone modifications, related to either DDR 

(H3K56Ac), or to active/repressive chromatin states (H3K4Me3 and H3K9Me3, respectively) 

[41]. 

USP1 has turned up in previous high throughput siRNA screens for genes modulating the levels 

of phosphorylated histone γH2AX [40,42]. In line with previous findings [40], siRNA-mediated 

knockdown of USP1 and USP11 in untreated 293T cells increased the nuclear levels of γH2AX 

(Figure 2A), although an increase in the number of γH2AX foci was not evident, in contrast to a 

previous report on the effect of USP11 silencing [43]. Overexpression of GFP-USP1 and 

Xpress-UAF1 did not interfere with the recruitment of γH2AX into NCS-induced nuclear foci, a 

phosphorylation-dependent event (Figure 2A). None of the other histone modifications tested 

was affected by modulating USP1/UAF1 levels. Thus, staining for H3K56Ac (Figure 2B), 

H3K4Me3 (Figure 2C) and H3K9Me3 (Figure 2D) remained unaltered in cells transfected with 

USP1 siRNA or overexpressing the USP1/UAF1 complex. 

In the case of 53BP1, an increased number of nuclear foci was observed when the activity of the 

USP1/UAF1 complex was decreased by using either USP1 siRNA (Figure 2E) or ML323 

treatment (Figure 2F), although only in the case of ML323-treated cells was the percentage of 

cells with more than five 53BP1 foci significantly higher than in control cells. Conversely, 

USP1/UAF1 overexpression (Figure 2G) completely blocked the recruitment of 53BP1 into 

NCS induced-foci, an ubiquitination-dependent event. Blockade of 53BP1 foci formation 

required co-expression of Xpress-UAF1, as well as USP1 catalytic activity.  
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In summary, modulating USP1/UAF1 activity in cells affects the level or recruitment of DSB 

response-related proteins γH2AX and 53BP1. 

The dramatic effect of USP1/UAF1 overexpression on nuclear ubiquitin conjugation prompted 

us to test the possibility that overexpression of other nuclear USP family DUBs might have a 

similar effect. In vitro analyses have shown that USP members are generally promiscuous in 

terms of the type of the ubiquitin linkage they can process [25,44], but little is known about 

their substrate promiscuity in a cellular context. We reasoned that the depletion of conjugated 

ubiquitin, as detected by FK2 immunofluorescence, could represent a useful cellular readout to 

gauge the relative substrate promiscuity of DUBs. In this regard, although FK2 immunostaining 

has been previously performed in cells overexpressing specific USPs, such as USP36 [45], 

USP29 and USP44 [46], USP16 [47], or USP26 and USP37 [48], a systematic comparison of 

how overexpression of different USP family DUBs affects FK2 signal has not yet been 

attempted, to the best of our knowledge.   

A comparison of USP1/UAF1 with other nuclear USPs using depletion of conjugated ubiquitin 

as readout  

To begin addressing this issue, we directly compared the levels of FK2 immunofluorescence 

signal in the nucleus of 293T cells overexpressing five different GFP- or YFP-tagged USPs 

(Figure 3A). Besides USP1, three nuclear USPs [USP3, USP7 and USP22) were tested. We also 

included USP46 in the analysis, as this DUB, like USP1, is activated by UAF1. Since USP46 is 

a cytoplasmic protein, a heterologous NLS was added to force its nuclear accumulation as 

previously described [26]. In these experiments, both GFP-USP1 and NLS-USP46-GFP were 

co-expressed with Xpress-UAF1 and NLS-GFP was used as a negative control. The intensity of 

FK2 immunofluorescence in the nucleus of cells expressing the different USPs was normalized 

using the FK2 intensity in the nucleus of non-transfected cells from the same sample as a 

reference. The relative FK2 intensity was then plotted against the intensity of the nuclear 

GFP/YFP fluorescence (Figure 3B).  

Overexpression of the NLS-GFP control, NLS-USP46-GFP/UAF1, YFP-USP3 or YFP-USP22 

did not affect FK2 immunostaining, even at high expression levels, while a partial decrease in 

the intensity of the FK2 signal was noted in cells expressing moderate-to-high levels of YFP-

USP7.  In the case of USP1/UAF1, a drastic reduction in FK2 signal was clearly evident even in 

cells expressing very low levels of GFP-USP1.  

FK2 immunofluorescence was also carried out in NCS-treated cells overexpressing these five 

different USPs. As shown in Figure 3C, FK2-positive foci were readily detected in cells 

expressing NLS-GFP, NLS-USP46-GFP/UAF1, YFP-USP7 or YFP-USP22. In line with a 

previous report [49], a diffuse FK2 staining, but no NCS-induced foci, was observed in cells 

expressing YFP-USP3. As described above, FK2 signal was virtually undetectable in cells 

expressing of USP1/UAF1. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

In summary, these findings suggest that, when expressed at similar levels, the USP1/UAF1 

complex exhibits comparatively higher substrate promiscuity than other nuclear DUBs in a 

cellular context.  

The drastic reduction in nuclear ubiquitin conjugation and the blockade of 53BP1 recruitment 

into foci in cells overexpressing USP1/UAF1 provide two clear-cut readouts for the activity of 

the complex in intact cells. These readouts could be the basis for a novel immunofluorescence-

based approach to identify inhibitors of USP1/UAF1 function. As a proof-of-concept 

experiment, we sought to evaluate the cellular activity of ML323 using these readouts. To this 

end, cells co-transfected with GFP-USP1 and Xpress-UAF1 were pre-treated with ML323 for 2 

hours, and NCS was then added for an additional 2 hours. As shown in Figure 4, both the 

depletion of conjugated ubiquitin (Figure 4A), and the blockade of 53BP1 recruitment (Figure 

4B) in cells overexpressing the complex, were clearly reverted by ML323, further confirming 

the ability of ML323 to block USP1/UAF1 activity in cells.  

ML323 reverts the effect of USP1/UAF1 overexpression on nuclear ubiquitin conjugation and 

53BP1 recruitment  

The novel readouts for USP1/UAF1 activity described here can also be useful as experimental 

tools to shed further light on how the formation and function of the complex is regulated. In this 

regard, although USP1 deubiquitinase activity is crucially dependent on UAF1 interaction [7], 

and this interaction is mediated by USP1 Fingers subdomain [26], the specific USP1 residues 

that contribute to UAF1 binding remain to be mapped, and the potential effect of Fingers 

subdomain mutations on the activity of the USP1/UAF1 complex has not been investigated. To 

address these issues, we used depletion of conjugated ubiquitin and blockade of 53BP1 foci, 

along with other functional readouts summarized in Table 1, to characterize in detail a series of 

experimental and naturally-occurring USP1 Fingers mutants. 

Functional characterization of experimental mutations in USP1 Fingers subdomain.  

First, we used ClustalW2-based sequence alignment to compare the Fingers of USP1 with the 

Fingers of USP46, an amino acid segment that also binds UAF1 [26] and the Fingers of USP7, a 

segment that does not bind UAF1, (data not shown). Since the front of the Fingers subdomain 

represents the primary site for ubiquitin binding in most USP-family DUBs [21,22,23], we 

reasoned that residues at the back of the Fingers would be more likely to be involved in 

USP1/UAF1 interaction. As illustrated in Figure 5A, we selected four USP1 residues (R439, 

L441, L446 and S494) that are relatively well conserved in USP46, but not in USP7, and would 

be exposed at the back of the Fingers subdomain in a hypothetical three-dimensional model of 

USP1 based on the solved structure of USP7 [21]. We generated a mutant, termed GFP-USP14m, 

in which these four amino acids were replaced with the corresponding USP7 residues 

(R439Q/L441K/L446R/S494A). In addition to USP14m, three other USP1 mutants, USP1VE, 

USP1IV and USP1VE/IV (Figure 5B) bearing different alanine substitutions in a short sequence 
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motif (495

We have reported before that UAF1 binding is not disrupted by mutation of USP1 

VERIV) that resembles an essential UAF1 binding site in the HPV11 E1 helicase [50] 

were also tested.  
495VERIV 

motif [51]. Here, using a previously described nuclear relocation assay [51], we found that GFP-

USP14m is also able to bind UAF1 (Figure 6A). As a negative control, a deletion mutant lacking 

the Fingers subdomain, YFP-USP1del(420-520), did not induce UAF1 relocation to the nucleus. 

On the other hand, we evaluated the ability of USP1 Finger mutants to undego autocleavage at 

the 670GG diglycine motif, which represents a well-known mechanism that regulates USP1 

function [10], and can be experimentally induced by co-expression with UAF1 [26]. UAF1 co-

expression resulted in autocleavage of wild type USP1 and the Finger mutants (Figure 6B), 

whereas a catalytically inactive mutant (USP1C90S), included as a negative control, did not 

undergo autocleavage when co-expressed with UAF1. Regarding cellular activity, GFP-USP1VE 

retained the ability of wild type USP1 to deplete conjugated ubiquitin and block 53BP1 

relocation to DNA damage foci (Figure 6C, D). In contrast, FK2 staining and 53BP1 foci were 

readily detected in cells overexpressing GFP-USP1IV, GFP-USP1VE/IV and GFP-USP14m. To 

further substantiate these findings, we tested the ability of the mutants to revert hydroxyurea 

(HU)-induced monoubiquitination of PCNA, a well-established physiological substrate of the 

USP1/UAF1 complex. As shown in Figure 6E, expression of wild type GFP-USP1 or the 

mutant GFP-USP1VE reduced the levels of monoubiquitinated PCNA (ubPCNA) in HU-treated 

cells. In contrast, ubPCNA levels in cells expressing GFP-USP1IV, GFP-USP1VE/IV and GFP-

USP14m were similar to those of cells expressing the empty vector or the catalytically inactive 

GFP-USP1C90S

Altogether, our data indicate that mutations in USP1 Fingers may severely impair the ability of 

the USP1/UAF1 complex to deubiquitinate cellular substrates without disrupting the complex or 

interfering with USP1 autocleavage. 

.  

In order to extend our functional analysis to naturally-occurring USP1 mutations, we selected 

two missense mutations in Fingers domain residues (S475Y and D502N), which have been 

detected in endometrial carcinoma and melanoma samples, respectively 

(

Functional characterization of cancer-related mutations in USP1 Fingers subdomain 

http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/), and a third mutation, S575R, 

which is located outside the Fingers but affects the most commonly mutated USP1 residue in 

tumors. GFP-USP1S475Y, GFP-USP1D502N and GFP-USP1S575R were able to promote the nuclear 

relocation of UAF1 (Figure 7A) and undergo UAF1-promoted autocleavage (Figure 7B). 

Subsequent cellular activity assays revealed that the S475Y mutation, but not the other two 

cancer-related mutations tested, abrogates USP1 ability to deplete conjugated ubiquitin (Figure 

7C), prevent 53BP1 recruitment to DNA damage foci (Figure 7D) and reduce ubPCNA levels in 
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cells treated with HU (Figure 7E) or with the DSB-inducer methyl methanesulfonate (MMS) 

(Figure 7F). 

 

DISCUSSION 

The role of the USP1/UAF1 deubiquitinase complex as an important regulator of DNA repair 

has been firmly established. Besides its well-known functions as a key regulator the Fanconi 

anemia (FA) pathway [9] and translesion synthesis (TLS) [10], several observations have been 

reported that, altogether, suggest a potentially broader role of the USP1/UAF1 complex in the 

cellular response to DNA damage [11,12,13]. To further explore this possibility, we tested the 

effect of modulating the function of the USP1/UAF1 complex on general protein ubiquitination, 

as well as on the levels and localization of two proteins involved in the response to DNA double 

strand breaks (DSBs), γH2AX and 53BP1.   

Interfering with USP1/UAF1 activity increased the recruitment of ubiquitinated proteins into 

discrete nuclear foci, albeit not as dramatically as treatment with the DSB-inducing agent NCS. 

In line with the results of previous siRNA screenings [40,42], we found that USP1 knockdown 

has an effect on the levels of γH2AX. Of note, USP1 silencing seems to increase γH2AX levels 

in cells not exposed to DNA damage [40, and the present report), but to decrease γH2AX levels 

in cisplatin-treated cells [42]. Although these seemingly contradictory findings will require 

further clarification, three independent studies, including ours, point to a role for USP1 

modulating the level of H2AX phosphorylation, a key apical event in the response to DSBs. 

Downstream of γH2AX in the DSB repair pathway, we found that interfering with USP1/UAF1 

function increased the number of 53BP1 foci in the nuclei of 293T cells not exposed to 

genotoxic stress, which is consistent with the results of a previous study [52]. We noted that 

ML323 treatment resulted in a more pronounced increase in the number of FK2 or 53BP1 foci 

than USP1 knockdown. This observation may reflect a more complete blockade of USP1/UAF1 

function by ML323, or suggest that the drug has additional effects besides inhibiting 

USP1/UAF1. Al together, the results of our siRNA-based or inhibitor-based experiments support 

previously reported evidence [11,12,13] suggesting a potentially broader role of USP1/UAF1 in 

the response to DNA damage beyond its functions in FA and TLS. 

In an attempt to gauge to what extent the observed effects are a direct consequence of 

USP1/UAF1 activity, we increased the cellular levels of the complex by co-transfecting GFP-

USP1 and Xpress-UAF1. Two previous DUB overexpression screenings have reported that 

USP1, when expressed alone, does not block 53BP1 recruitment to DNA damage foci [46,48]. 

Strikingly, USP1/UAF1 overexpression (but not overexpression of USP1 alone) resulted in a 

drastic reduction of conjugated ubiquitin in the nucleus, as determined by FK2 immunostaining. 

In a comparison with other USPs, general ubiquitin deconjugation was not observed in the 
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nucleus of cells expressing USP3, USP22 or NLS-USP46, and was only noted in cells 

expressing medium to high levels of USP7. Thus USP1/UAF1 behaves as a relatively more 

promiscuous deubiquitinase, when overexpressed in cells. It is presently unclear if this apparent 

promiscuity reflects non-specific substrate deubiquitination or indicates that USP1 has a larger 

repertoire of specific nuclear substrates than other DUBs. Of note, USP1/UAF1 and USP7 have 

been shown to exhibit relatively higher enzymatic activity when compared to other USPs using 

biochemical analyses with artificial substrates [7,44,53,54]. Our data suggest that this relatively 

higher enzymatic activity in vitro translates into a comparatively higher substrate promiscuity of 

these USPs when ectopically expressed in cells. Such promiscuity limits the usefulness of 

USP1/UAF1 overexpression experiments to explore the role of the complex in specific cellular 

pathways and to identify its physiological substrates. Admittedly, in the context of our study, it 

is not possible to establish to what extent general ubiquitin deconjugation contributes to the 

observed blockade of 53BP1 recruitment to DSB foci in cells overexpressing USP1/UAF1. 

More generally, although the number of DUBs compared in our study is certainly limited, our 

findings suggest that potential promiscuity should be taken into account when interpreting the 

results of DUB overexpression screenings. 

From a practical point of view, general ubiquitin deconjugation and blockade of 53BP1 foci 

recruitment represent two clear-cut readouts for USP1/UAF1 activity in cells, which could be 

easily evaluated using automated microscopy. Using these readouts we have further confirmed 

the ability of ML323 to inhibit USP1/UAF1 activity, providing proof-of-concept evidence that 

they could be the basis for an immunofluorescence-based assay to identify novel USP1/UAF1 

inhibitors. Furthermore, these novel readouts expand the battery of tests that can be used in 

structure-function studies to interrogate the effect of mutations in different domains of USP1. 

Here, we have focused on the Fingers subdomain, a segment that mediates UAF1 interaction 

[26] and that, by analogy to other USPs [21,22,23], would also be involved ubiquitin binding. 

Interestingly, our data show that certain experimental mutations in the Fingers subdomain, 

while preserving the ability of USP1 to bind to and be activated by UAF1 (as determined by its 

ability to undergo autocleavage), abrogate the ability of the USP1/UAF1 complex to promote 

substrate deubiquitination. In our view, there are at least two reasonable explanations for these 

findings. On one hand, it is possible that Finger mutations interfere with the binding of the 

ubiquitin moiety in substrates to the complex. An alternative possibility is that the catalytic 

activity of USP1 is affected by these mutations in such a manner that cleavage of ubiquitin 

moieties is perturbed, but the ability to cleave the peptide bond at the 670GG motif in the USP1 

molecule is retained. More importantly, since there is still limited knowledge on the effect that 

cancer-related missense mutations may have on DUB function, we extended this analysis to 

naturally occurring USP1 Fingers mutations that have been detected in tumor samples. 

Previously, we have identified a cancer mutation (L699P) that hampers USP1 autocleavage 
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[26]. Here, we identify a single aminoacid change in the Fingers subdomain (S475Y) that 

abrogates substrate deubiquitination without impairing UAF1 binding or autocleavage. Cancer-

related missense mutations that result in decreased deubiquitination activity have been identified 

in other DUBs, including USP7 [55]. However, to the best of our knowledge the S575Y 

substitution is the first cancer-related loss-of function missense mutation identified in USP1.  

MATERIALS AND METHODS  

The plasmid encoding wild type GFP-USP1 was kindly provided by René Bernards 

(Netherlands Cancer Institute, Amsterdam). Plasmids containing the full- length cDNA of USP3 

and USP7 were provided by Pier Paolo Di Fiore (University of Milan) and Roger Everett 

(University of Glasgow), respectively. A plasmid encoding Flag-HA-USP22 was provided by 

John W. Harper (Harvard Medical School, Boston) through Addgene (#22575). Finally, the 

plasmid encoding, Xpress-UAF1 was provided by Jae U. Jung (University of Southern 

California, Los Angeles). The plasmids encoding YFP-USP3 and YFP-USP7, NLS-USP46-

GFP, YFP-USP1Del(420-520), GFP-USP1

Plasmids, cloning procedures, siRNAs and site-directed mutagenesis 

C90S

A pool of three siRNAs (Ambion, Life Technologies) targeting USP1 (s14723, s14724, s14725) 

and a pool of two siRNAs targeting USP11 (s15739, s15740) were used in knockdown 

experiments. Scramble siRNA silencer select siRNA #1 was used as a negative control. 

 and UAF1-mRFP were generated as previously 

described [26,51,56]. To generate the plasmid encoding YFP-USP22, USP22 cDNA was 

amplified by PCR using high fidelity Pfu UltraII fusion HS DNA polymerase (Stratagene), and 

subcloned into pEYFP-C1 (Clontech) as a KpnI/BamHI fragment.  

USP1 mutations were introduced using the Quick-Change Lightning Site-Directed Mutagenesis 

Kit (Stratagene), according to manufacturer’s directions. All the new constructs generated were 

subjected to DNA sequencing (Stabvida), and the absence of any unwanted mutation was 

confirmed. The sequences of the oligonucleotides used in cloning and site-directed mutagenesis 

are available upon request. 

Human embryonic kidney 293T (HEK293T) cells were grown in Dulbecco’s modified Eagle’s 

medium, supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml 

streptomycin (all from Invitrogen). Twenty four hours before transfection, cells were seeded 

onto 12-well or 6-well tissue culture plates. Plasmid transfections were carried out using X-

tremeGENE 9 transfection reagent (Roche Diagnostics) following manufacturer’s protocol. 

siRNA transfections were carried out using Lipofectamine RNAiMAX (Invitrogen). 10 nM 

siRNA was used per sample.  

Cell culture, transfections and drug treatments 

Cells were treated with the following drugs: ML323 (Calbiochem) at 50μM for 4 or 16h, 

neocarzinostatin (NCS, Sigma-Aldrich) at 100mg/ml for 2 or 4h, hydroxyurea (HU, Sigma-
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Aldrich) at 4mM for 24 h and Methyl methanesulfonate (MMS, Sigma-Aldrich) at 1mM for 1h. 

MMS treatment was followed by a 3 h recovery in drug-free medium. 

Cells, growing onto sterile coverslips, were fixed with 3,7% formaldehyde in phosphate-

buffered saline (PBS) for 30 min, permeabilized with 0,2% Triton X-100 in PBS for 10 min, 

blocked for 1h in blocking solution (3% BSA in PBS) and incubated with primary antibodies 

diluted in blocking solution for 1h at room temperature. The following primary antibodies and 

dilutions were used: FK2 (Enzo, 1:500), γH2AX-Ser319 (Millipore, 1:500), 53BP1 (Novus, 

1:200), H3K56Ac (Abcam, 1:200), H3K4Me3 (Abcam, 1:200) and H3K9Me3 (Cell Signaling 

Technology, 1:100). Cells were next washed with PBS and incubated with secondary antibodies 

(Alexa Fluor 488 anti-mouse and Alexa Fluor 594 anti-mouse/rabbit; Invitrogen, 1:400) for 1h 

at room temperature. Coverslips were washed with PBS and mounted onto microscope slides 

using Vectashield mounting medium with DAPI (Vector Laboratories). Samples were analyzed 

using an Olympus Fluoview FV500 confocal microscope equipped with FV-viewer software. 

To avoid bias in the quantitation of FK2 and 53BP1 foci, slides were coded, and images were 

taken and examined by an observer unaware of the identity of the samples. 

Immunofluorescence, confocal microscopy and image analysis 

Image analysis with ImageJ software was used to quantify the intensity of the FK2 or γH2AX 

immunoflorescence signal, as well as the intensity of GFP/YFP fluorescence.  

The number of cells examined in each experiment is indicated in the corresponding Figure 

legend. 

Cells were washed with ice-cold PBS and collected in lysis buffer containing 10 mM sodium 

phosphate (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM β-glycerophosphate, 

0.5% NP40, 10 mM phenylmethylsulfonylfluoride, 10 mM sodium orthovanadate, 10 μg/ml 

protease inhibitor cocktail (Roche), and 50 mM N-ethylmaleimide (Thermo Scientific). Protein 

concentration was determined using the DC Protein Assay (Bio-Rad). Protein samples were 

separated in 12% or 8% SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad). 

Prior to antibody incubation, membranes were stained with Ponceau to assess protein loading. 

Membranes were blocked with 5% non-fat dry milk in TTBS and blotted with primary 

antibodies. The following primary antibodies and dilutions were used: anti-Xpress (Invitrogen, 

1:5000), anti-PCNA (Santa Cruz 1:400), anti-GFP (Chromotek, 1:1000), anti-β-actin (Sigma-

Aldrich, 1:3000) and anti-α-tubulin (Sigma-Aldrich, 1:5000). Subsequently, membranes were 

incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies 

(Santa cruz, 1:3000), and developed with ECL reagent (Thermo Scientific). Semiquantitave 

analysis of immunoblot bands was performed by densitometry using Quantity One software 4.6 

(Bio-Rad Laboratories). 

Immunoblot analysis 

Statistical analysis 
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Statistical calculations were performed with Graphpad Prism Software (Graphpad, San Diego, 

CA, USA). All analyses are two-tailed Student´s t-test and error bars represent standard-error of 

the mean (SEM). 
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SUPPORTING INFORMATION  

Figure S1: Efficacy of siRNA-mediated knockdown of USP1 and USP11.  

 

 

 

FIGURE LEGENDS 

Figure 1. Effect of modulating USP1/UAF1 function on general ubiquitin conjugation in 

the nucleus.  

A. Immunoblot shows efficacy of USP1 silencing in 293T cells using a pool of three siRNAs 

targeting USP1 (siUSP1). A scramble siRNA was used as negative control (siCTRL). Confocal 

microscopy images show representative examples of FK2 immunostaining in 293T cells 

transfected with a control siRNA or with USP1-targeting siRNAs. DAPI was used to 

counterstain the nucleus (DNA panels). Graph represents the percentage of cells showing more 

than five FK2-positive nuclear foci in each condition. B. Confocal microscopy images of FK2 

immunostaining in 293T cells untreated (UT) or treated with the USP1/UAF1 inhibitor ML323 

(50μM) for 16h. Graph represents the percentage of cells showing more than five FK2-positive 

nuclear foci in each condition. In panels A and B, the data shown in the graphs correspond to 

the mean of four independent experiments and error bars indicate the standard error of the mean 

(SEM). 100 cells per condition were examined in each experiment. *p<0.05; **p<0.01 

(Student´s t-test). C. Confocal microscopy images of FK2 immunostaining in 293T cells 

transfected with expression plasmids encoding a NLS-GFP negative control (NLS), GFP-USP1 

alone (USP1), GFP-USP1 wild type (USP1WT) plus Xpress-UAF1, or a catalytically inactive 

GFP-USP1 mutant (USP1C90S

Figure 2. Effect of modulating USP1/UAF1 function on γH2AX, H3K56Ac, H3K4Me3, 

H3K9Me3 and  53BP1. 

) plus Xpress-UAF1. The nucleus of a representative transfected 

cell in each sample is circled by a dotted line. The intensity of the FK2 immunofluorescence 

signal in the nucleus of at least 50 transfected cells with similar GFP expression levels per 

sample was quantified using Image J software. In the graph on the right, each dot represents the 

intensity of the FK2 signal in the nucleus of a single cell, and the bar indicates the median. The 

data shown correspond to one experiment. Two independent experiments were performed with 

similar results. D. Confocal microscopy images show FK2 immunostaining in 293T cells 

transfected as in panel C, and treated with 100mg/ml neocarzinostatin (+NCS) for 4h.  
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A. Immunoblot shows efficacy of USP11 silencing in 293T cells using a pool of two siRNAs 

targeting USP11 (siUSP11). A scramble siRNA was used as negative control (siCTRL). The 

graph below represents the intensity of γH2AX immunofluorescence signal in the nucleus of 

293T cells transfected with a control siRNA, or with siRNAs targeting USP11 and USP1. The 

intensity of the γH2AX signal in the nucleus of at least 100 cells per sample was quantified 

using Image J software. Each dot in the graph represents the intensity of the γH2AX signal in 

the nucleus of a single cell, and the bar indicates the median. The data shown correspond to one 

experiment. Two independent experiments were performed with similar results. On the right, 

confocal microscopy images showing examples of γH2AX immunostaining in 293T cells 

transfected with expression plasmids encoding YFP (vector) or co-transfected with plasmids 

encoding GFP-USP1 and Xpress-UAF1 (USP1/UAF1). Cells were treated with NCS 

(100mg/ml) for 4h to induce the recruitment of γH2AX into nuclear foci. B. On the left, 

confocal microscopy images showing representative examples of H3K56Ac immunostaining in 

293T cells transfected with a control siRNA (siCTRL) or with a pool of three siRNAs tartegint 

USP1 (siUSP1). On the right, confocal microscopy images showing representative examples of 

H3K56Ac immunostaining in 293T cells transfected with expression plasmids enconding YFP 

(vector) or co-transfected with plasmids encoding GFP-USP1 and Xpress-UAF1 (USP1/UAF1) 

and treated with NCS (100mg/ml) for 4h. C, D. Confocal microscopy images showing 

representative examples of H3K4Me3 and H3K9Me3 staining in 293T transfected as in panel B. 

E. Confocal microscopy images showing representative examples of 53BP1 immunostaining in 

293T cells transfected with a control siRNA (siCTRL) or with a pool of three siRNAs targeting 

USP1 (siUSP1). Graph represents the percentage of cells showing more than five 53BP1 

nuclear foci in each condition. F. Confocal microscopy images of 53BP1 immunostaining in 

293T cells untreated (UT) or treated with ML323 (50μM) for 16h. Graph represents the 

percentage of cells showing more than five 53BP1 nuclear foci in each condition. In panels E 

and F, the data shown in the graphs correspond to the mean of four independent experiments 

and error bars indicate the standard error of the mean (SEM). 100 cells per condition were 

examined in each experiment. ns= non-significant; **p<0.01 (Student´s t-test). G. Confocal 

microscopy images showing representative examples of 53BP1 immunostaining in 293T cells 

transfected with expression plasmids encoding a NLS-GFP negative control (NLS), GFP-USP1 

alone (USP1), GFP-USP1 wild type (USP1WT) and Xpress-UAF1, or a catalytically inactive 

GFP-USP1 mutant (USP1C90S) and Xpress-UAF1. Cells were treated with NCS (100mg/ml) 4h 

before fixation. Graph represents the percentage of cells showing more than five 53BP1 nuclear 

foci in each sample. The data shown correspond to the mean of three independent experiments 

and error bars indicate the standard error of the mean (SEM). 100 cells per condition were 

examined in each experiment. **p<0.01 (Student´s t-test). 
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Figure 3: Comparison of USP1/UAF1 with other nuclear USPs using depletion of 

conjugated ubiquitin as readout. 

 A. Confocal microscopy images show examples of FK2 immunostaining in 293T cells 

transfected with expression plasmids encoding a NLS-GFP negative control (NLS), GFP-USP1 

plus Xpress-UAF1 (USP1/UAF1), NLS-USP46-GFP plus Xpress-UAF1 (USP46/UAF1), YFP-

USP3, YFP-USP7 or YFP-USP22. B. Using Image J software, the intensity of the FK2 

immunofluorescence and the YFP/GFP fluorescence in the nucleus of 50 cells per sample was 

quantified. FK2 intensity was normalized using the intensity of the signal in the nucleus of non-

transfected cells, and then plotted against the YFP/GFP intensity. Each dot in the graph 

represents a single cell. Trend lines were added using Excel. The data shown correspond to one 

experiment. Three individual experiments were carried out, with similar results. C. Confocal 

microscopy images show examples of FK2 immunostaining in 293T cells transfected as in panel 

A, and treated with 100mg/ml neocarzinostatin (+NCS) for 4h.  

Figure 4: ML323 reverts the effect of USP1/UAF1 overexpression on nuclear ubiquitin 

conjugation and 53BP1 recruitment.  

A. Confocal microscopy images showing examples of FK2 immunostaining in 293T cells co-

transfected with expression plasmids encoding GFP-USP1 and Xpress-UAF1. 24h after 

transfection, cells were either left untreated (upper set of panels) or treated with ML323 (50μM) 

for 2h (lower set of panels). NCS (100 mg/ml) was subsequently added, and samples were 

incubated for additional 2h before being fixed and immunostained. B. Confocal microscopy 

images show examples of 53BP1 immunostaining in 293T cells transfected and treated as in A. 

Figure 5: Description of the experimental mutations introduced in USP1 Fingers 

subdomain.  

A. ClustalW2-based sequence alignment of amino acid segments in the Fingers subdomains of 

USP1 (residues 420-520), USP46 (residues 165-259) and USP7 (residues 314-411). Letters are 

colored according to the physicochemical properties of the represented residue 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/help/faq.html), and arrowheads indicate those 

residues whose properties are similar in USP1 and USP46, but different in USP7. Asterisks 

indicate the four cysteine residues that form a zinc-binding motif conserved in most USPs, 

including USP1 and USP46, but not in USP7 (24). Below, a model of USP1 catalytic domain 

based on homology with USP7 structure 1NB8 (21) is shown as a surface representation, 

depicted with Pymol program, and omitting the USP1 inserted domains not present in USP7. 

The structure of the USP catalytic domain resembles an “open right hand”, and both front and 

back views of the “hand” are shown. The Fingers sub-domain segment (residues 420-520) is 

colored cyan. Taking into account that Fingers subdomain sequences in USP1 and USP46, but 

not in USP7, mediate binding to UAF1 (26, and data not shown), and that the “front” side of the 

Fingers subdomain is involved in ubiquitin binding in USP-family DUBs (21-23), we 
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hypothesized that some USP1 residues conserved in USP46 but not in USP7, and located on the 

“back” side of the Fingers might be particularly relevant for UAF1 binding and other specific 

functional properties of USP1 Fingers. Four USP1 residues that fulfill these requirements, 

R439, L441, L446 and S494 (indicated by black arrowheads in the alignment and highlighted in 

dark red in the model) were replaced with the corresponding USP7 residues to create the 

USP14m mutant (R439Q/L441K/L446R/S494A). B. Amino acid sequence of USP1 segment 

480-520 indicating the position of a VEIRV motif that resembles the essential UAF1 binding 

site in the HPV11 E1 helicase (50). Three different mutant versions of USP1 (USP1VE, USP1IV 

and USP1VE/IV

Figure 6: Characterization of experimental mutations in USP1 Fingers subdomain. 

), bearing the indicated alanine substitutions in this motif were tested. 

 A. Confocal microscopy images showing examples of 293T cells co-expressing UAF1-mRFP 

(red) and different GFP-USP1 constructs (green). B. Immunoblot analysis to test the ability of 

experimental USP1 Finger mutants to undergo UAF1-induced autocleavage.  293T cells were 

transfected with the indicated GFP-USP1 variants either alone (-) or in combination with 

Xpress-UAF1 (+). Anti-GFP antibody was used to detect GFP-USP1 and anti-Xpress antibody 

was used to detect Xpress-UAF1. α-tubulin was used as a loading control. The higher molecular 

weight band in the “USP1” blot corresponds to non-cleaved GFP-USP1, whereas the lower 

band corresponds to the N-terminal fragment that results from autocleavage at the 670GG motif. 

C. Confocal microscopy images showing examples of FK2 immunostaining in 293T cells co-

transfected with expression plasmids encoding Xpress-UAF1 and either GFP-USP1 wild type 

(WT) or Finger subdomain mutant variants of GFP-USP1. Cells were treated with NCS 

(100mg/ml) 4h before being fixed and immunostained. D. Confocal microscopy images 

showing examples of 53BP1 immunostaining in 293T cells transfected and treated as in panel 

C. E. Immunoblot analysis of 293T cells co-transfected with Xpress-UAF1 and either empty 

YFP-vector, GFP-USP1WT, the catalytically inactive mutant USP1C90S

Figure 7: Characterization of cancer-related mutations in USP1 Fingers subdomain.  

 or the four USP1 Fingers 

subdomain mutants. Cells were either left untreated (UT) or treated with 4mM hydroxyurea for 

24h. Using an anti-PCNA antibody, monoubiquitinated PCNA (ubPCNA) is detected as a band 

migrating slightly above the non-ubiquitinated form (PCNA). Anti-GFP and anti-Xpress 

antibodies were used to confirm expression of the transfected proteins. β-actin was used as a 

control for equal loading of the protein samples. The dotted line indicates that the panel is a 

composite of two images from a single exposure of the same gel. The ratio of ubiquitinated to 

non-ubiquitinated PCNA (ubPCNA/PCNA ratio) was determined by densitometry analysis of 

the immunoblot bands and normalized using the ubPCNA/PCNA ratio in cells expressing wild 

type GFP-USP1 as a reference. The graph on the right shows the results of this analysis. The 

data represent the mean and SEM of 3 independent experiments.  
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A. Confocal images showing examples of 293T cells co-expressing UAF1-mRFP (red) and 

different GFP-USP1 constructs (green). B. Immunoblot analysis to test the ability of USP1 

cancer-related mutants to undergo UAF1-induced autocleavage. 293T cells were transfected 

with the indicated GFP-USP1 variants either alone (-) or in combination with Xpress-UAF1 (+). 

Anti-GFP antibody was used to detect GFP-USP1 and anti-Xpress antibody was used to detect 

Xpress-UAF1. α-tubulin was used as a loading control. C. Confocal microscopy images 

showing examples of FK2 immunostaining in 293T cells co-transfected with expression 

plasmids encoding Xpress-UAF1 and either GFP-USP1 wild type (WT) or three different USP1 

mutant variants that have been identified in tumor samples (USP1S475Y, USP1D502N and 

USP1S575R). Cells were treated with NCS (100mg/ml) 4h before fixation. The nucleus of a 

representative cell in each sample is circled by a dotted line. D. Confocal microscopy images 

showing examples of 53BP1 immunostaining in 293T cells transfected and treated as in panel 

C. E. Immunoblot analysis of 293T cells co-transfected with Xpress-UAF1 and either empty 

YFP-vector, GFP-USP1WT, the catalytically inactive mutant USP1C90S

Table 1. Results of the characterization of USP1 Fingers subdomain mutant variants using 

a battery of functional tests. 

 or the three cancer-

related USP1 mutants. Cells were either left untreated (UT) or treated with 4mM hydroxyurea 

for 24h. The non-ubiquitinated (PCNA) and monoubiquitinated (ubPCNA) forms of PCNA 

were detected using an anti-PCNA antibody. Anti-GFP and anti-Xpress antibodies were used to 

confirm expression of the transfected proteins. β-actin was used as a control for equal loading of 

the protein samples. The dotted line indicates that the panel is a composite of two images from a 

single exposure of the same gel. The ratio of ubiquitinated to non-ubiquitinated PCNA 

(ubPCNA/PCNA ratio) was determined by densitometry analysis of the immunoblot bands and 

normalized using the ubPCNA/PCNA ratio in cells expressing wild type GFP-USP1 as a 

reference. The graph on the right shows the results of this analysis. The data represent the mean 

and SEM of 3 independent experiments. F. Immunoblot analysis of 293T cells co-transfected as 

in panel E and either left untreated (UT) or treated with 1mM MMS for 1h, followed by a 3 h 

recovery in drug-free medium. The numbers below the ubPCNA bands indicate the 

ubPCNA/PCNA ratio. 

   TEST   

USP1 variant 
UAF1 

relocation 
Autocleavage 

FK2 

depletion 

Blockade of 

53BP1 foci  

PCNA 

deubiquitination 

WT + + + + + 

C90S + - - - - 

Del (420-520) - n.t.* n.t n.t n.t 
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*n.t.: not tested 

VE + + + + + 

IV + + - - - 

VE/IV + + - - - 

S475Y + + - - - 

D502N + + + + + 

S575R + + + + + 
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