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SUMMARY

V(D)J recombination-associated DNA double-strand
breaks (DSBs) are normally repaired by the high-fi-
delity classical nonhomologous end-joining (cNHEJ)
machinery. Previous studies implicated the recombi-
nation-activating gene (RAG)/DNA postcleavage
complex (PCC) in regulating pathway choice by pre-
venting access to inappropriate repair mechanisms
such as homologous recombination (HR) and alter-
native NHEJ (aNHEJ). Here, we report that RAG2’s
‘‘acidic hinge,’’ previously of unknown function, is
critical for several key steps. Mutations that reduce
the hinge’s negative charge destabilize the PCC,
disrupt pathway choice, permit repair of RAG-medi-
ated DSBs by the translocation-prone aNHEJ ma-
chinery, and reduce genomic stability in developing
lymphocytes. Structural predictions and experi-
mental results support our hypothesis that reduced
flexibility of the hinge underlies these outcomes.
Furthermore, sequence variants present in the hu-
man population reduce the hinge’s negative charge,
permit aNHEJ, and diminish genomic integrity.

INTRODUCTION

DNA double-strand breaks (DSBs) must be detected promptly

and repaired accurately to ensure genomic stability. While two

major DSB repair pathways, classical nonhomologous end-

joining (cNHEJ) and homologous recombination (HR), have

been extensively studied (Weterings and Chen, 2008), an

increasing number of additional error-prone joining mechanisms

(e.g., alternative NHEJ [aNHEJ]) are being recognized (Corneo

et al., 2007; Helmink and Sleckman, 2012; Kabotyanski et al.,

1998; Simsek and Jasin, 2010; Zhu et al., 2002). aNHEJ can
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cause chromosome translocations (Mladenov and Iliakis, 2011;

Simsek et al., 2011; Simsek and Jasin, 2010; Yan et al., 2007;

Zhu et al., 2002) and is implicated in oncogenesis (Wang et al.,

2008; Zhu et al., 2002). aNHEJ’s ability to join chromosomal

DSBs (Bogue et al., 1997, 1998; Malynn et al., 1988; Soulas-

Sprauel et al., 2007; Yan et al., 2007) suggests that pathway-

choice control could be an important safeguard of genomic

integrity. Scant evidence, however, links defects in pathway-

choice control with genomic instability.

V(D)J recombination employs DSBs to generate antigen

receptors (Helmink and Sleckman, 2012), providing a tractable,

physiologically relevant model to investigate pathway choice.

The recombination-activating gene 1/2 (RAG1/2) complex

assembles on a pair of recombination signal sequences

(RSSs), forms a synaptic complex (Hiom and Gellert, 1998;

Schatz and Swanson, 2011), generates a pair of DSBs, and

remains associated with the four broken DNA ends in a post-

cleavage complex (PCC) (Agrawal and Schatz, 1997; Jones

and Gellert, 2001), which is essential for pathway-choice control

(Arnal et al., 2010; Corneo et al., 2007; Lee et al., 2004). One

model posits that the PCC forms a scaffold, retaining the broken

DNA ends to facilitate proper repair by cNHEJ and discourage

repair by HR and aNHEJ (Corneo et al., 2007; Lee et al., 2004;

Tsai et al., 2002), both of which could lead to inappropriate

and dangerous outcomes.

To investigate the role of pathway-choice control in maintain-

ing genomic integrity during V(D)J recombination, we focused

on RAG2, which lacks known DNA binding or catalytic activity

but is essential for recombination and has several regulatory

roles. Thymocytes from mice bearing a truncated RAG2 mutant

(RAG2core/core) display genomic instability and, in the absence

of p53, rapidly succumb to thymic lymphomas with complex

chromosomal aberrations involving the Igh and Tcra/d loci

(Deriano et al., 2011). This truncation removes the carboxy (C)

terminus and its regulatory domains (Figure 1A), including a

plant homeodomain (PHD) finger that interacts with active

chromatin (Callebaut and Mornon, 1998; Ji et al., 2010; Jones
s
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Figure 1. Acidic Residues in the Hinge Region of RAG2 Regulate Repair-Pathway Choice

(A) RAG2 schematic.

(B–F) Quantification of fluorescence-activated cell sorting (FACS) data from three separate experiments for aNHEJ in CHO-K1 cells measuring mutations to

known regulatory regions (B), truncation mutations (C), internal deletions (D), and neutralizing mutations (E and F).

(G) XRCC4-deficient CHO cells were tested for their ability to bypass cNHEJ defects using CJGFP and SJGFP.

(H) Recombination on the chromosomal substrate pMX-INV in SCID-MEFswith the indicated RAG2mutations. Values significantly different fromwild-type RAG1

and RAG2 are marked with an asterisk (Student’s t test, unpaired, two-tailed, equal variance).

Means from three independent experiments are plotted; error bars reflect the SEM. See also Figures S1 and S2.
and Simkus, 2009; Matthews et al., 2007), and a CDK phosphor-

ylation site (T490) that targets RAG2 for destruction at the G1-

to-S transition (Figure 1A; Li et al., 1996; Zhang et al., 2011).

Mutating this residue alone (T490A) stabilizes RAG2 protein

levels throughout the cell cycle, and T490A knockin lymphocytes

contain elevated levels of DSBs (Zhang et al., 2011). These

persistent breaks are pathogenic: in a p53�/� background, these

T490A mice develop thymic lymphomas with antigen receptor

translocations. Rag2core/core p53�/� mice develop lymphomas

much more rapidly and with substantially higher penetrance

than Rag2T490A/T490A mice, suggesting that additional, unidenti-

fied regulatory elements in RAG2’s C terminus safeguard the

genome.
Cel
The C terminus also contains a conserved hinge region (Jones

and Simkus, 2009) that lies after a predicted b-propeller (Calle-

baut and Mornon, 1998) and has a high density of acidic amino

acids (Oettinger et al., 1990). A small region of the hinge (resi-

dues 402–407) interacts with core histones (West et al., 2005),

but the significance of this interaction remains unclear. Nothing

further has been reported as to the hinge’s function (Jones and

Simkus, 2009).

Through a systematic analysis of RAG2’s C terminus, we show

that the hinge is critical for PCC stability, pathway-choice con-

trol, and maintenance of genomic integrity. Based on our data

and structural predictions, we hypothesize that the acidic hinge

is an intrinsically disordered domain (IDD) that regulates joining
l Reports 4, 870–878, September 12, 2013 ª2013 The Authors 871



by modulating the conformation of the RAG2 C terminus.

Furthermore, sequence variants (SVs) in the acidic hinge identi-

fied by human exome sequencing (Tennessen et al., 2012) impair

pathway-choice control and reduce genomic integrity. Together,

our data reveal a novel functional role for RAG2’s acidic hinge

and suggest that RAG2 SVs may undermine genomic stability

in humans.

RESULTS AND DISCUSSION

The Acidic Hinge Restricts Repair-Pathway Choice
We employed established assays (Arnal et al., 2010; Corneo

et al., 2007; Deriano et al., 2009) that measure coding and signal

joint formation by cNHEJ, and coding joints formed by aNHEJ

(CJGFP, SJGFP, and AltGFP, respectively; Figure S1A). The

AltGFP substrate only scores coding joints that have suffered

large deletions and employ a specific microhomology (both

characteristics of aNHEJ). As a negative control, we used an

inactive RAG1 mutant (DDE) (Landree et al., 1999). As expected

(Corneo et al., 2007), both wild-type and core RAG2 produced

robust levels of coding and signal joints (Figure S1B), but only

core RAG2 allowed aNHEJ (Figure 1B).

We first tested two candidate motifs: the PHD finger and

the protein degradation domain. Previously described point

mutations in the PHD finger that selectively disrupt

H3K4me3-recognition (Y415A, M443A, and W453A) (Matthews

et al., 2007) diminished recombination (Figure S1B), consistent

with the reported decrease in protein stability and nuclear

localization (Couëdel et al., 2010), but did not allow aNHEJ

(Figure 1B). Interestingly, a mutant lacking the entire PHD

finger (D414-487) formed normal levels of coding and signal

joints (Figure S1B), like core RAG2, which also lacks the

PHD finger. These results, contrary to the PHD finger point

mutations (Matthews et al., 2007), demonstrate that the PHD

finger is not critical for recombination activity. Unlike core

RAG2, the D414-487 mutant suppressed aNHEJ (Figure 1B),

indicating that the PHD finger does not play a key role in

pathway choice.

We next tested the cell-cycle-regulated degradation motif

using the well-characterized T490A mutant (Li et al., 1996;

Zhang et al., 2011). As expected, T490A formed normal levels

of coding and signal joints (Figure S1B) and reached higher

steady-state levels than its wild-type counterpart (Figure S2A).

We did not, however, observe aNHEJ (Figure 1B), indicating

that the T490A mutant maintains proper pathway-choice

control.

We next examined a series of RAG2 C-terminal truncations

(Figure S1C). Mutants truncated at (or C terminal to) residue

350 were active for recombination, but activity dropped abruptly

upon removal of two additional amino acids (Figure S1C), coin-

ciding with the end of the predicted b-propeller (Callebaut and

Mornon, 1998). Thus, the minimal core of RAG2 that is sufficient

to support recombination includes only residues 1–350, which is

33 amino acids shorter than previously described (Cuomo and

Oettinger, 1994; Sadofsky et al., 1994). Truncations that termi-

nate RAG2 between residue 350 and 410 permit aNHEJ, identi-

fying the region as critical for the pathway-choice control

(Figure 1C).
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The D350–410, D350–383, and D370–383 internal deletion

mutants were active for recombination and allowed aNHEJ

(Figures 1D and S1D), narrowing the candidate region to amino

acids 350–383. This sequence is highly acidic, an evolutionarily

conserved feature that was noted upon the discovery of RAG2

(Oettinger et al., 1990; Figure S2B). We next neutralized

stretches of acidic residues in this region (Figure 1E). All ‘‘neutral-

ized’’ mutants were active for recombination (Figure S1E).

Neutralizations within the critical region (Neut352–360,

Neut370–383, and Neut352–383) allowed substantial aNHEJ

(Figure 1F), whereas Neut394–400 did not. These data identify

acidic amino acids (352–383) that are important for pathway-

choice control. Furthermore, thesemutants allow aNHEJwithout

causing protein accumulation (Figure S2A), indicating that they

ablate pathway-choice control without impairing other functions

of the C terminus.

We hypothesized that the neutralized mutants affect pathway-

choice control owing to a decreased density of negative charge.

To test this, we constructed two ‘‘scrambled’’ mutants (Fig-

ure 1E) that preserve the charge but scramble the hinge’s amino

acid sequence. These mutants, which are fully active for recom-

bination (Figure S1E), did not allow aNHEJ (Figure 1F), indicating

that the negative charge of this region, rather than its specific

amino acid sequence, is important for pathway-choice control.

As a definitive test, we asked whether RAGmutants that allow

aNHEJ could rescue joining in cells deficient for cNHEJ.We used

XRCC4-deficient cells (Li et al., 1995), which are unable to form

coding and signal joints in the presence of wild-type RAG

proteins unless they are complemented with wild-type XRCC4

(Figures 1G and S1F; Corneo et al., 2007). RAG2 mutants that

allow aNHEJ in cNHEJ-proficient cells (Stop352, D350–383,

and Neut370–383) formed substantial levels of coding and signal

joints (Figure 1G), whereas the scrambled mutant did not. We

also tested a chromosomal substrate, pMX-INV (Bredemeyer

et al., 2006; Deriano et al., 2009), in an embryonic fibroblast

cell line from Prkdcscid/scid mice, which, due to a crippled DNA-

dependent protein kinase, are cNHEJ deficient (Blunt et al.,

1995). In agreement with our results in XRCC4-deficient cells,

Stop352, D350–383, and Neut370–383 supported cNHEJ-defi-

cient recombination, but neither wild-type RAG2 nor a scram-

bled mutant was able to bypass the NHEJ defect (Figure 1H).

Together, these results demonstrate that disrupting the hinge

or reducing its negative charge allows RAG-generated DSBs to

access aNHEJ.

Acidic Hinge Mutants Destabilize the RAG PCC
We hypothesized that the mechanism by which the RAG2’s

acidic region affects pathway choice might involve the PCC

(since by retaining the DNA ends, the PCC influences their fate

after cleavage; Agrawal and Schatz, 1997; Jones and Gellert,

2001; Lee et al., 2004). To test this hypothesis, we employed

purified RAG proteins to measure the stability of the postcleav-

age signal end complex (SEC; Figure 2A). As expected (Deriano

et al., 2011), SECs containing core RAG2 showed greater signal

end release than complexes containing the wild-type protein

(Figures 2B and 2C). SECs containing the Neut370–383 RAG2

mutant showed a similar increase in end release, whereas those

containing a scrambled RAG2 mutant did not. These data
s
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Figure 2. Charged Residues in the Acidic Region Stabilize the RAG-DNA PCC

(A) Biochemical end-release assay.

(B) Gels for end-release assays, with the challenge temperatures indicated. PK samples were treated with proteinase K and SDS.

(C) Quantification of signal end release. Error bars represent the SEM (*p < 0.05, Student’s t test).

(D and E) Hybrid joint formation measured by semiquantitative PCR (D) and sequence analysis (E).

See also Figure S2.
implicate the acidic hinge in forming ormaintaining the proper ar-

chitecture of the SEC.

One can also probe the influence of the hinge on the structure

of the PCC in cells bymeasuring inversional recombination. RAG

mutants that destabilize the PCC in vitro also increase the for-

mation of alternative, nonfunctional products in which signal

and coding ends are incorrectly joined (Deriano et al., 2009,

2011), indicating that postcleavage processing has been altered.

We observed increased hybrid joint formation with core RAG2

and Neut370–383 (Figures 2D and 2E), indicating that altering

the acidic character of the hinge region favors formation of

abnormal PCCs that fail to coordinate inversional joining, which

requires coordination of all four ends. Thus, in every case in

which we observed a breach in pathway-choice control, we

also found evidence for an altered PCC.
Cel
RAG2’s Acidic Hinge Is Important for Genomic Stability
Using fluorescence in situ hybridization (FISH) on the Igk locus,

we tested the effects of RAG2 mutants on genomic stability in

complemented RAG2�/� pre-B cells (Bredemeyer et al., 2006;

Figures 3A and 3B). As expected (Yin et al., 2009), we observed

only background levels of aberrant events in cells comple-

mented with wild-type RAG2 (0.8%, similar to levels observed

in RAG2-deficient cells infected with an empty vector; Figures

3C and 3D). In contrast, core RAG2-expressing cells displayed

substantial levels (4.4%) of aberrant events, signifying genomic

instability and in agreement with our previous analysis of

Rag2core/core mouse thymocytes (Deriano et al., 2011). Cells

expressing Neut370–383 also exhibited increased levels of

aberrant metaphases (3.9%), whereas a scrambled mutant

that retains the negative charge did not (0.8%). Aberrant
l Reports 4, 870–878, September 12, 2013 ª2013 The Authors 873



Figure 3. The Acidic Region in RAG2 Promotes Genomic Stability

(A) RAG2 messenger RNA (mRNA) expression in complemented RAG2�/� pre-B cells.

(B) Top: Igk locus with BAC probes for DNA FISH. Bottom: schematic of normal and aberrant metaphases.

(C) Metaphases from complemented RAG2�/� preB cells with the BAC probes indicated in (A) and an FITC-chr6 paint.

(D) Percentages of aberrant metaphases identified at the Igk locus. Results from three separate experiments (Figure S3) were collected and combined. Statistical

analysis was conducted using a one-tailed Fisher’s exact test for comparisonwith thewild-type-complemented aberrantmetaphases. Error bars reflect the SEM.
metaphases, including chromosomal breakage and fusion

events (Figure 3C), were quantified and the data from three sepa-

rate experiments are shown in Figure S3A. Together, these re-

sults demonstrate that Neut370–383 RAG2, which bears only

seven alanine substitutions and, unlike RAG2T490A and other

truncation mutants, does not alter protein levels (Figure S2A),

nevertheless promotes substantial genomic instability at an

endogenous locus.

RAG2 Neutralization Mutations Diminish the Hinge
Flexibility
The acidic hinge is thought to be an unstructured stretch of amino

acids linking the globular b-propeller and PHD finger (Callebaut

and Mornon, 1998). We hypothesized that hinge-like flexibility

might be critical for proper end processing. To investigate this,

we employed software that predicts the inherent flexibility of a

protein sequence based on defined parameters (sequence,
874 Cell Reports 4, 870–878, September 12, 2013 ª2013 The Author
sequenceprofiles, predicted secondary structure, solvent acces-

sibility, backbone dihedral torsion angles, residue flexibility, and

B-factors;Ferronetal., 2006;Mizianty et al., 2010). Threedifferent

algorithms predicted low flexibility within the proposed b-propel-

ler region and the PHD finger, whereas the acidic hinge was far

more flexible (Figure S3B). TheNeut352–383mutation, which de-

stabilizes the PCC and ablates pathway-choice restriction, sub-

stantially decreased predicted flexibility in this region, whereas

a scrambled mutation that retains the charge did not. Together,

these data indicate that the high concentration of charged resi-

dues in this region, which contribute to the flexibility of the acidic

hinge, is necessary to enforce the pathway-choice control.

Human RAG2 SVs Decrease Hinge Flexibility, Permit
aNHEJ, and Decrease Genomic Integrity
A search of the human exome project database (Tennessen

et al., 2012) revealed four SVs in the hinge, three of which
s



Figure 4. Human SVs Permit aNHEJ and Impair Genomic Stability

(A) Structurally predictive software to measure the inherent disorder and flexibility of the acidic hinge was used to compare the identified human RAG2 mutations

with the wild-type sequence.

(B) Human RAG2 acidic region SVs were tested for their ability to permit aNHEJ.

(C) Metaphases from cells expressing the indicated RAG2 mutants with the Igk locus on chromosome 6.

(D) Quantification of aberrant metaphases observed in (C). Results from separate experiments (Figure S4) were collected and combined. Statistical analysis was

conducted using a one-tailed Fisher’s exact test for comparison with the wild-type-complemented aberrant metaphases. Error bars reflect the SEM.
(N364K, D380Y, D400H) decrease negative charge and

predicted hinge flexibility (Figure 4A). These three variants

permit joining by aNHEJ (Figure 4B), whereas a fourth variant

that does not alter the charge (F386L) or the predicted flexibility

(Figure 4A) is not permissive for aNHEJ. RAG2�/� pre-B

cells complemented with the indicated human SVs dis-

played increased aberrant metaphases with breaks at the

endogenous Igk locus (Figure 4C). These data provide addi-

tional support for the importance of negative charge and flexi-

bility of the acidic hinge, and suggest the intriguing possibility

that RAG2 SVs present in the human population predispose

to genomic instability.

The steps in which the broken DNA is moved from the PCC to

the NHEJ pathway remain murky; however, our results show that

DNA ends are not relinquished haphazardly. Although the poten-
Cel
tial for joining broken DNA ends by aNHEJ is present in most of

our experiments, unless we tamper with the acidic hinge, aNHEJ

is excluded. Mutation of the acidic hinge creates correlated

changes in the structure of the PCC, as probed in cells (by hybrid

joint formation) and biochemically (by signal end release). At a

more macroscopic level, we observe concomitantly increased

genomic instability at the rearranging Igk locus. Interestingly,

fusion events involving the Igk locus were only observed

following recombination with charged-disrupted RAG2 mutants

(Figure S4). Regardless of the cause-and-effect relationships

between these observations (which are suggestive), we can

safely conclude that the acidic hinge is a necessary element

for directing the proper outcome of V(D)J recombination and

that it is a key component of the overall genome guardian func-

tions performed by RAG2.
l Reports 4, 870–878, September 12, 2013 ª2013 The Authors 875



We hypothesize that these postcleavage effects require

the hinge-like mobility of the acidic region. Although even a

single neutralizing point mutation affects pathway choice, 33

amino acids within the acidic hinge can be shuffled without

resulting in defects in postcleavage function. This suggests

that the hinge functions in the PCC without assuming a specific

folded configuration. While this is compatible with the hinge

serving as a simple linker, IDDs in other DNA binding and

catalytic protein complexes are starting to be appreciated as

exceptional components in protein structure (Dyson, 2011;

Fuxreiter, 2012; Fuxreiter et al., 2011; Vuzman and Levy,

2012). IDDs can tune the binding affinities of a protein or

complex, providing a flexible interaction surface for diverse

protein partners, or regulating catalysis by shielding or unveiling

catalytic sites.

IDDs seem well suited to the challenges of V(D)J recombina-

tion, because as in other site-directed DNA transactions (Li

et al., 2006; Rice and Baker, 2001), it appears that protein/DNA

complexes are restructured throughout the reaction. For V(D)J

recombination, engagement of target sequences occurs in a

stepwise manner, culminating in a paired synaptic complex.

RAG2 influences the quality and degree of binding in the com-

plex (Jones and Simkus, 2009; Schatz and Swanson, 2011)

and is important for discriminating between proper and improper

recombination targets (Grundy et al., 2010; Shimazaki et al.,

2009). Conformational changes ensue at the point of full cleav-

age, based upon the demonstration that a PCC formed of core

RAG proteins and signal ends is much more stable than the pre-

cleavage (synaptic) complex (Jones and Gellert, 2001). Tight

product binding, a strategy for imposing directionality toward

cleavage (Li et al., 2006; Rice and Baker, 2001), may engender

further remodeling of the complex to provide access to the

cNHEJ machinery. All of the above processes involve tuning of

binding interactions, something for which IDDs are well adapted

(Dyson, 2011; Fuxreiter, 2012; Fuxreiter et al., 2011; Vuzman and

Levy, 2012).

The notion that the PCC is a central hub for transmitting and

responding to signals that ensure proper V(D)J joining is rein-

forced by the fact that the PCC recruits general DNA damage

repair/damage sensors (ATM and the Mre11 complex). Both of

these factors affect the stability of the PCC in vivo (Bredemeyer

et al., 2006; Deriano et al., 2009). Atm�/� mice are unable to

trigger ATM/p53-dependent DNA damage checkpoints (Zha

et al., 2010). Interestingly, Rag2core/core p53�/� mice phenocopy

the Atm�/� mice and may also be unable to correctly respond to

the checkpoint (Deriano et al., 2011). We speculate that this

response is a mediated by a conformational change involving

the acidic hinge.

Interestingly, human SVs that reduce the acidic charge in

the hinge region permit repair by the translocation-prone

aNHEJ machinery and decrease genomic integrity. Currently,

there is no evidence to suggest that these rare SVs are

pathogenic, but it is conceivable that under the right circum-

stances, they might lead to diminished fidelity of V(D)J re-

combination. Given the enormous number of developing

lymphocytes in humans (9 3 1011 each day; Saada et al.,

2007), even a slight decrease in fidelity might have significant

consequences.
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EXPERIMENTAL PROCEDURES

Mutagenesis was carried out using the QuikChange II Site-Directed Mutagen-

esis Kit (Stratagene) or overlapping PCR, confirmed by sequence analysis.

Glutathione S-transferase (GST)-tagged RAG proteins were isolated from Chi-

nese hamster ovary (CHO) cells and assayed for complex stability. Tomeasure

protein levels, hemagglutinin (HA)-tagged RAG2 protein from transfected cells

was detected using an antibody to the HA tag (Roche). NHEJ-deficient chro-

mosomal recombination was measured in Prkdcscid/scid mouse embryonic fi-

broblasts (MEFs) containing the pMX-INV substrate. Hybrid joining was

measured on recovered pJH299 following transient transfection with RAG1

and RAG2. Instability at the Igk locus was assayed by complementing V-abl-

transformed RAG2�/� pre-B cells with a RAG2 retroviral construct (pMIT-

RAG2-IRES-CD90.1), treating with STI571 (Novartis), and fixing. Bacterial

artificial chromosome (BAC) RP24-507J1 and BAC RP24-218K16 were

labeled with Alexa Fluor 594 and Cy3, respectively (Molecular Probes). Mouse

fluorescein isothiocyanate (FITC) chromosome 6 paint (Cambio) was prepared

according to the supplier’s instructions. Metaphases were analyzed using a

MetaSystems Metafer and Isis fluorescence imaging. A number of samples

were independently rescored by an outside investigator, with fully consistent

results. For disorder and flexibility predictions, RAG2 sequences were pro-

cessed through the mFDP, IUPREDL, and IUPREDS algorithms. A detailed

description of the materials and methods used in this work is provided in the

Extended Experimental Procedures.
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