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Introduction

By asymmetrically partitioning at mitosis in both developmen-
tal systems and stem cell (SC) compartments, Numb imparts 
alternative fates to daughter cells (Uemura et al., 1989; Rhyu 
et al., 1994; Pece et al., 2011). The function of Numb has been 
linked to its ability to counteract the action of the membrane 
signaling receptor Notch (Guo et al., 1996). Numb can also bind 
to Mdm2 (Juven-Gershon et al., 1998; Colaluca et al., 2008), 
thereby inhibiting its ubiquitin–ligase activity on p53, which 
physiologically destines the latter to proteasomal degradation 
(Honda et al., 1997; Honda and Yasuda, 2000). As a result, 
Numb stabilizes the levels of p53 (Colaluca et al., 2008). This 
mechanism is relevant to fate determination in the mammary 
gland. At mitosis of the mammary SC, Numb partitions prefer-
entially into one of the daughter cells. This in turn imposes to 
that daughter an SC fate as a result of Numb-dependent high lev-
els of p53, which are responsible for its withdrawal into quies-
cence (Tosoni et al., 2015), a hallmark of stemness (Cheung and 
Rando, 2013). These findings are relevant to breast cancer (BC), 

where there is frequent attenuation of Numb expression (Pece et 
al., 2004; Rennstam et al., 2010), an event that correlates with 
an adverse prognosis (Colaluca et al., 2008). We have shown 
that the control of Numb over p53 represents physiologically a 
tumor suppressor barrier that prevents the uncontrolled expan-
sion of the SC compartment (Tosoni et al., 2015, 2017). Loss of 
Numb leads to the emergence of cancer SCs (CSCs), an effect 
that can be rescued by pharmacological inhibition of Mdm2 
with ensuing stabilization of p53 (Tosoni et al., 2015, 2017).

These results argue that restoration of the Numb–p53 axis 
might represent an anti-CSC therapy in Numb-defective BCs. 
In this regard, it is noteworthy that different isoforms of Numb 
exist, which mediate distinct cellular and developmental func-
tions (Verdi et al., 1996, 1999; Dho et al., 1999; Karaczyn et 
al., 2010). The most abundantly expressed isoforms differ in 
the presence of two alternatively spliced exons (Ex3 and Ex9; 
Verdi et al., 1999). Although the biological role and biochemi-
cal interactions of Ex9 have been extensively studied (Verdi et 
al., 1999; Dooley et al., 2003; Toriya et al., 2006; Bani-Yaghoub 
et al., 2007; Bechara et al., 2013; Krieger et al., 2013; Zong et 
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al., 2014; Rajendran et al., 2016), Ex3 remains poorly charac-
terized. In this study, we demonstrate that the sequence encoded 
by Ex3 (11 aa) is responsible for binding to Mdm2 and reca-
pitulates the effects of holo-Numb on p53 and p53-dependent 
phenotypes. We present a detailed structural and biochemical 
characterization of the Numb–Mdm2 binding interface, which 
reveals the molecular basis of the interaction and paves the way 
for the design of small molecules to restore Numb function in 
Numb-defective BCs. Finally, we show that chemoresistance 
and an aggressive disease course in human BCs correlate with 
low expression of p53-stabilizing isoforms 1 and 2 of Numb.

Results

The phosphotyrosine binding (PTB) domain 
of Numb interacts directly with the acidic 
domain of Mdm2
In the context of the Numb–Mdm2–p53 trimeric complex, bind-
ing of Numb to Mdm2 prevents ubiquitination and degradation 
of p53 (Colaluca et al., 2008). However, the Numb–Mdm2 as-
sociation is independent of p53 (Fig. 1 A; Juven-Gershon et al., 
1998; Colaluca et al., 2008). The regions responsible for the 
interaction were mapped by using three GST-fused fragments 
of Mdm2 to recover endogenous Numb or FLAG-tagged Numb 
fragments (derived from the longest Numb isoform, Numb-1, 
containing both Ex3- and Ex9-coded sequences) from cellular 
lysates (Fig. 1, B–E). This allowed mapping of the binding sur-
faces to the central domain of Mdm2 (Mdm2134–334, containing 
its acidic region) and the N-terminal PTB-containing fragment 
(Numb1–340) of Numb. The interaction is direct, as shown by as-
says performed with purified proteins, which further narrowed 
the surfaces to the PTB domain of Numb (Numb20–175, as pres-
ent in the Ex3-containing Numb isoforms) and to a short stretch 
of the acidic domain of Mdm2 (positions 250–290; Fig. 1 F).

The Ex3-encoded sequence of Numb PTB is 
necessary for interaction with Mdm2
In the four isoforms of Numb, the PTB domain is present as a 
short version (PTBo in isoform 3 and 4) or a long one (PTBi 
in isoform 1 and 2), differing for the presence of a stretch of 
11 aa coded by Ex3 (Fig. 2 A). We investigated whether this 
sequence is required for binding to Mdm2. Numb-1 or its iso-
lated PTBi expressed in cells were able to coimmunoprecipitate 
with Mdm2, whereas Numb-3 or its PTBo showed much re-
duced interaction (Fig. 2 B). Next, we performed a quantitative 
characterization of the interaction. For these experiments, be-
cause the minimal Mdm2 fragment (Mdm2250–290) was unsta-
ble at high concentrations, we used the more stable fragment 
Mdm2216–302. In size-exclusion chromatography (SEC), equi-
molar amounts of purified PTBi and Mdm2216-302 eluted in a 
1:1 complex (Fig. 2 C). Finally, purified Numb-1 or the PTBi 
bound to Mdm2216–302 with similar binding affinities, whereas 
the PTBo displayed much higher KD (Fig. 2 D).

The Ex3-encoded sequence of Numb PTB is 
a novel binding surface
We determined the crystallographic structure of Numb-PTBi 
bound to a phosphopeptide (GPpY) derived from a “canonical” 
PTB-binding adapter protein (Li et al., 1998) at 2.8 Å resolu-
tion. In the two crystal forms obtained (Table S1), the canoni-
cal PTB fold was extended by the insertion of the Ex3-encoded 

sequence (Fig.  3  A). The 11-residue Ex3 loop was found to 
adopt three conformations, all characterized by extension of 
helix α2 of one or two turns. Ex3 contributed to the formation 
of a large positively charged patch contributed by lysines 63, 
66, 81, 82, and 85 and arginine 64 from Ex3 and flanking re-
gions in the core PTB fold (Figs. 3 A and S1, A–C). Besides 
Ex3 residues, the overall fold of all PTBi conformers was in-
distinguishable from that of the mouse Numb PTBo (PDB ID 
3F0W), with a root mean square deviation for the Cα trace of 
the common residues of 0.40 Å.  In addition, the “canonical” 
phosphopeptide-binding region of the PTB domain was remote 
and completely distinct from the Ex3-coded region (Figs. 3 A 
and S1, A–C). Indeed, by a variety of approaches, we were able 
to show that the peptide-binding cleft of PTBi is not involved in 
the interaction with Mdm2 (Figs. 3 B and S2, A–C).

These results argue that the Ex3 sequence mediates the 
binding of PTBi to Mdm2. We took advantage of the struc-
ture of the Numb-PTBi to engineer fragments comprising the 
Ex3 region into a thioredoxin scaffold. The Ex3-coded region 
alone (11 aa; Numb68–78) could not be immunoprecipitated 
with Mdm2 (Fig. 3 C). However, the addition of short flanking 
sequences from the Numb-PTBi (Numb63–82 and Numb54–91) 
resulted in a readily detectable interaction in vivo, which 
could be strongly reduced by mutating the positively charged 
residues of the Ex3-coded region into Glu (Numb54–91–mut; 
Fig. 3 C). Quantitative assessment of the interactions reveals 
a hierarchy of affinities, with Numb54–91 fully recapitulat-
ing the binding strength of Numb-PTBi (Fig. 3 D). We con-
cluded that the 11-aa sequence encoded by Ex3 is required 
in the context of a surface that is necessary and sufficient for 
high-affinity Numb binding to Mdm2.

Characterization of the PTBi–Mdm2 
interaction
We next investigated the molecular details of the PTBi–Mdm2 
binding interface. Experimental nuclear magnetic resonance 
(NMR) chemical shifts and [15N] relaxation data demonstrate 
that Mdm2216–302 is an intrinsically unstructured and highly 
flexible monomeric protein in solution, as confirmed by static 
light scattering analysis (Fig. S3, A and B), thereby precluding 
crystallographic studies. Therefore, we used NMR spectros-
copy to assess spectral changes upon formation of the PTBi–
Mdm2 complex. First, we analyzed NMR data of specifically 
isotope-labeled PTBi upon addition of unlabeled Mdm2216–302. 
As NMR signals of the Ex3 sequence exhibit signal overlap and 
line broadening, we used site-specific [13C] or stereoarray iso-
tope labeling (SAIL) Phe labeling to enable analysis of the four 
Phe residues in the Ex3 loop. We observed significant changes 
of NMR chemical shifts and/or line broadening upon addition 
of unlabeled Mdm2216–302 involving primarily residues of the 
Ex3 sequence or nearby (Fig. 4, A–D; and Fig. S3, C–E). This 
indicates that Numb-PTBi does not undergo large conforma-
tional rearrangements upon binding to Mdm2 and that residues 
of the Ex3 sequence are directly involved in the interaction. In-
deed, reduction or loss of binding affinity for Mdm2216–302 of 
PTBi mutants in the Ex3 sequence or in the adjacent Lys81-
Lys82 confirms that the insert is the major determinant of the 
interaction (Fig. 4, D–F).

We next mapped the PTBi binding interface onto Mdm2. 
NMR chemical shift perturbations (CSPs) observed for amides 
in Mdm2216–302 upon the addition of equimolar amounts of PTBi 
clustered around two regions containing conserved aromatic 
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Figure 1.  The PTB domain of Numb interacts directly with the acidic domain of Mdm2. (A) HEK293 cells were transfected with siRNA oligonucleotides 
targeting p53 (+) or control oligonucleotides (−) and after 24 h were further transfected with the catalytically inactive Mdm2-C464A mutant (to avoid 
p53 degradation) and FLAG–Numb-1. Immunoprecipitates with anti-FLAG or irrelevant IgG were immunoblotted as shown. Extract was 0.01% of the IP.  
(B) Domain structure of human Numb isoform-1 (Numb-1) and Mdm2. The two regions (Ex3 and Ex9) deriving from differential splicing of exon 3 and 9 are 
both present in Numb-1. PRR, proline-rich region. (C) Pulldown of endogenous Numb (from 1 mg of MCF-10A lysate) with GST-Mdm2 fragments (0.5 µM). 
(Top) Numb IB; (bottom) Ponceau staining. Endogenous Numb is frequently resolved as a doublet (top band, Numb-1 and -3; bottom band, Numb-2 and -4). 
Extract was 0.025% of the IP. (D) The purified GST-Mdm2 fragments shown at the top (0.4 µM) were used to pull down the Numb fragments (from Numb-1; 
expressed as FLAG-tagged in HEK293 cells; 0.75 mg of lysate) shown at the bottom. Top, FLAG IB; bottom, Ponceau staining. Extract was 0.025% of the 
IP. (E) Comparative pulldown of Numb fragments as in D with purified GST-Mdm2134–334 (numbering according to UniProtKB/Swiss-Prot: Q00987). FL, full 
length. (F) The GST-Mdm2 fragments (1 µM) were used to pull down the purified Numb fragment 20–337 and Numb PTBi (bacterially expressed as His 
fusions; 5 µM). Detection was done by Coomassie staining. Asterisks mark Numb20–337. Molecular masses are given in kilodaltons.
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and negatively charged residues (Fig. 5, A–C; and Fig. S3, F 
and G). As the flexible Ex3 loop in PTBi consists of aromatic 
and positively charged residues, this suggests that binding of 
Mdm2 to PTBi is mainly driven by aromatic interactions and 
that they charge complementarily. Accordingly, Mdm2 vari-
ants carrying mutations in the amino acids mapped at the 
binding interface exhibited loss of binding to PTBi (Fig.  5, 
B and C; and Fig.  6, A–C), whereas no effect was observed 
with an Mdm2 variant carrying mutations in amino acids re-
mote from the binding interface (Fig. 6 D). The relevance of 

charge complementarity for the Mdm2–PTBi interaction was 
further supported by the increase in binding observed using a 
phosphomimetic mutant of Mdm2 carrying Asp substitutions 
of the Ser residues in Mdm2 that are phosphorylated in vivo 
(Fig. 6 E; Meek and Knippschild, 2003). Finally, substitution of 
Mdm2 Phe255-Tyr282-Tyr287 with Ala (Fig. S3 G) was suffi-
cient to reduce the interaction of Numb-1 with Mdm2 in cells 
(Fig. 6 F). We concluded that the mechanism of Numb–Mdm2 
recognition is based on multiple hydrophobic and polar interac-
tions contributed by combinations of distinct sites of the acidic 

Figure 2.  The PTBi–Mdm2 interaction requires the Ex3-coded sequence. (A) Schematic representations of the four human Numb isoforms. (B) HEK293 cells 
were cotransfected with Mdm2 and the indicated FLAG-tagged Numb constructs. Anti-FLAG IPs were analyzed in IB as indicated. β-Adaptin was used as 
a positive control for binding to full-length Numb-1/3. (C) SEC elution profiles of the NumbPTBi–Mdm2216–302 complex and of individual subunits with corre-
sponding Coomassie-stained SDS-PAGEs of the peak fractions. Species were injected in a Superdex-200 column at a 300-µM concentration. Mdm2216–302 
in isolation eluted around the 44-kD molecular weight marker as the NumbPTBi–Mdm2216–302 complex because of its unstructured conformation (see also Fig. 
S3, A and B). Because of the highly dynamic nature of the interaction, the Numb–Mdm2 complex partially dissociated during the SEC run. Mdm2216–302 
stained poorly, likely as a result of its acidic composition. (D) FP measurements of binding affinity between rhodamine-labeled Mdm2216–302 and Numb 
isoform-1 full-length, Numb-PTBi, and Numb-PTBo. The data (n = 3; means ± SD) were fitted to a curve as described in the Fluorescence polarization (FP) 
section of Materials and methods. Molecular masses are given in kilodaltons.
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domain of Mdm2 that dynamically engage the isoform-specific 
hydrophobic and positively charged Ex3 sequence of Numb 
(Fig. 6 G). Our combined data (i.e., NMR line broadening of 
residues in the interface) suggest that the PTBi–Mdm2 interac-
tion represents a fuzzy complex (Miskei et al., 2017).

The Ex3-containing region of Numb is 
sufficient to inhibit Mdm2
We reasoned that only the PTBi-containing isoforms of Numb 
should be able to prevent p53 ubiquitination and degradation by 

directly binding to Mdm2. Thus, we initially expressed the differ-
ent isoforms of Numb and tested their ability to form a complex 
with Mdm2. Numb-1 and -2 immunoprecipitated with Mdm2 
with higher efficiency than Numb-3 and -4 (Fig. 7 A). Next, we 
selectively ablated Numb-1/2 or Numb-3/4 (Figs. 7 B and S4 A). 
Depletion of all Numb isoforms or of Numb-1/2 strongly reduced 
p53 levels, whereas silencing of Numb-3/4 had no significant 
effect on p53 levels (Fig. 7 C). Importantly, the reduction in p53 
levels could be rescued by the concomitant silencing of Mdm2 
(Fig. 7 D). Finally, by using p53 mutants restrictively localized to 

Figure 3.  Characterization of the minimal region of Numb binding to Mdm2. (A) Ribbon model of Numb-PTBi in complex with the GPpY phosphopep-
tide. The PTBi Ex3 insert is displayed in red as balls and sticks, and the GPpY peptide is shown in blue. (B) FP measurements of binding affinity between 
rhodamine-labeled Mdm2216–302 and PTBi (reported for comparison; see also Fig. 2 D), PTBi in complex with GPpY (preassembled at a PTBi concentration 
of 200 µM with a 1.5-molar excess of peptide), and PTBi harboring the F162V mutation. As shown, the binding to Mdm2216–302 was not affected by the 
presence of GPpY or by the F162V mutation that impairs the binding of PTBi to the GPpY peptide. n = 4. (C) The thioredoxin (Trx)-based constructs (see 
Fig. 4 D for the amino acid sequence) harboring the fragments of the PTBi indicated at the top (all engineered as GFP fusion proteins; Trx, empty thiore-
doxin scaffold), were transfected in HEK293 cells together with Mdm2. Anti-GFP IPs were immunoblotted as indicated. The Numb 54–91 mutant construct 
harbored four mutations, in which R69, K70, K73, and K78 were replaced with glutamic acid. Total extract was 0.005% of the IP. The black line indicates 
that intervening lanes were spliced out. Molecular masses are given in kilodaltons. l.e., long exposure; s.e., short exposure. (D) FP measurements of binding 
affinity between rhodamine-labeled Mdm2216–302 and Numb-PTBi or the indicated thioredoxin-Numb fusion proteins (bacterially expressed as His fusions). 
The data (n = 3; means ± SD) were fitted to a curve as described in the Fluorescence polarization (FP) section of Materials and methods.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/2/745/1616931/jcb_201709092.pdf by guest on 04 D

ecem
ber 2025



JCB • Volume 217 • Number 2 • 2018750

Figure 4.  Characterization of the PTBi–Mdm2 interface on the PTBi side. (A) Cartoon representation of the crystal structure of PTBi colored as in Fig. 3 A. Am-
ides of residues experiencing chemical shift changes upon Mdm2 binding are displayed as spheres colored in red for strongly affected residues in and 
near the Ex3 insert. (B and C) Selected NMR signals are shown from [1H][15N]HSQC spectra of [15N] uniformly labeled PTBi (B) or for [1H][13C]HSQC 
spectra recorded with Phe-SAIL–labeled PTBi (C), free (black) and in the presence of 1.1–1.2 equivalents of Mdm2216–302 (green). See also Fig. S3, C and 
D. (D) Summary of NMR spectral changes in PTBi (CSP or line broadening) upon Mdm2 binding. Residues that show either CSPs or intensity reductions are 
depicted for >0.15 ppm or >1 SD of mean intensity (light green squares) or >0.3 ppm or >2 SD of mean intensity (dark green squares). Residues whose 
replacement abrogates or does not affect binding to Mdm2216–302 (by FP or GST pulldown experiments) are labeled with black and white circles, respec-
tively. Residues of the PTBi contacting the GPpY peptide in the crystallographic structures are marked with blue circles. The secondary structure of the PTBi 
as defined by crystallographic structures and NMR data are indicated above the sequence with the same color code as in A. (E) FP measurements of the 
binding affinity between rhodamine-labeled Mdm2216–302 and Numb-PTBi WT (PTBi) or mutated as indicated (the PTBi curve is from the same experiment 
described in Fig. 2 D). The data (n = 6; means ± SD) were fitted to a curve as described in the Fluorescence polarization (FP) section of Materials and 
methods. (F) Summary of FP experiments (see E and Fig. 2 D) to measure the binding affinities between rhodamine-labeled Mdm2216–302 and the indicated 
Numb species (means ± SD). FL, full length; PTBi-G/A, G74A-G77A substitutions; PTBi-K/EE, R69E-K70E-K73E-K78E substitutions.
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the nucleus or to the cytoplasm, we showed that Numb-1 affects 
p53 ubiquitination only in the cytoplasm (Fig. 8 A).

We investigated whether the isoform-specific reduction of 
p53 levels depended on direct ubiquitination of p53 by Mdm2. 
In an in vivo ubiquitination assay, expression of Mdm2 and p53 
in p53-null H1299 cells yielded a basal level of p53 ubiquiti-
nation, which could be reverted by concomitant expression of 
Numb-1 but not Numb-3 (Figs. 8 B and S4 B). Similarly, in an 
in vitro ubiquitination assay (containing E1, E2, GST-Mdm2, 
Ub, ATP, and p53), the addition of purified PTBi but not of 
PTBo inhibited ubiquitination of p53 (Fig. 8 C). Importantly, 
addition of thioredoxin-scaffolded Numb63–82 and Numb54–91 
inhibited the reaction to extents comparable to their binding af-
finities for Mdm2, an effect that was not exerted by the binding 
mutant Numb54–91–mut (Fig. 8 C).

PTBi-containing isoforms of Numb 
sustain p53-mediated responses to 
chemotherapeutic agents
Numb ablation results in impaired p53 levels and transcrip-
tional activity in response to genotoxic stress in MCF-10A cells 
(Fig. 9 A; Colaluca et al., 2008). To test whether this function 
is isoform specific, we selectively silenced isoforms-1/2 versus 
isoforms-3/4 in MCF-10A cells. Silencing of Numb-1/2 but not 
Numb-3/4 significantly affected p53 levels and activation in 
response to cisplatin (Figs. 9 A and S4 C). Consistent with the 
notion that Mdm2 is a transcriptional target of p53 in a negative 
feedback loop (Barak et al., 1993; Haupt et al., 1997; Kubbutat 
et al., 1997; Wu and Levine, 1997), Mdm2 levels were also 
markedly reduced upon cisplatin treatment in Numb-1/2 (or in 
Numb total) depleted cells (Fig. 9 A).

Figure 5.  Characterization of the PTBi–Mdm2 interface on the Mdm2 side. (A) Region of [1H][15N]HSQC NMR spectra of [15N]-labeled Mdm2216–302 free 
(black) or in the presence of 1.1 equivalents of PTBi (red). (B) Summary of the NMR spectral changes upon binding of PTBi to Mdm2216–302. Residues which 
have a corresponding peak shift in the presence of Numb-PTBi are denoted with boxes with pink indicating 0.1–0.2 ppm and red indicating >0.2 ppm 
(see also Fig. S3 G). Results of the biochemical validation of Mdm2 residues at the interface with Numb-PTBi are shown in circles with the same color code 
as in Fig. 4 D (see also C and Fig. 6, A–F). (C) Summary of effects on binding to PTBi for all Mdm2 mutants tested. The mutants are shown aligned to a 
phylogenetic comparison among eight orthologues to evidence residue conservation and chemical nature of the residues. Top: Mdm2 residues are colored 
according to their conservation, which was calculated based on the alignment of eight orthologues from Homo sapiens, Mus musculus, Gallus gallus, Xeno-
pus laevis, Xenopus tropicalis, Danio rerio (Zebrafish), Takifugu rubripes (Fugu), and Callorhinchus milii (Elephant shark). (Middle: same alignment as above, 
with colors reflecting the chemical nature of the side chains. Hydrophobic side chains are in blue, negatively charged are in purple, and Ser/Thr/Gln are 
in green. (Bottom: summary of the Mdm2 mutants used in binding assays of Fig. 6 (A–E) to characterize the Mdm2–Numb-PTBi interface.
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Alterations of Numb-1/2 levels should result also in per-
turbations in p53-mediated responses such as DNA damage 
repair. The phosphorylation at serine 139 of histone H2AFX 
(γ-H2AX) and the number of γ-H2AX foci are considered to 
be a marker of DNA damage and their persistence an indica-
tion of prolonged DNA damage (Rogakou et al., 1998; Paull 
et al., 2000). MCF-10A cells were treated with cisplatin and 
then washed free of the drug and monitored for ≤24  h.  In 
p53-knockdown (KD), total Numb-KD, and Numb-1/2–KD 
cells, we detected after 24 h an increased number of cells with 
>10 γ-H2AX foci than in control and Numb-3/4–KD cells, 
indicating persistence of DNA damage during the cisplatin 
chase (Fig. 9, B and C).

These results demonstrate that the presence of the 11-aa 
insert encoded by Ex3 in the PTBi of Numb sustains p53- 
mediated responses to genotoxic stress. This predicts that BCs 
with reduced levels of isoform-1/2 should display resistance 
to genotoxic agents. To address this issue, we used 13 primary 
lines of mammary epithelial cells from BC patients (all lines 
harbored WT p53). In these cells, there was a significant in-
verse correlation between the mRNA levels of Numb-1/2 and 
cisplatin sensitivity, whereas no significant correlation could be 
evidenced with Numb-3/4 (Fig.  10, A–C). To assess whether 
the scarce effect of cisplatin in Numb-1/2LOW cells was caused 
by a lack of p53-mediated responses, we restored the lev-
els of p53 with the Mdm2 inhibitor Nutlin-3 (Vassilev et al., 

Figure 6.  Biochemical validation of the 
Mdm2 determinants required for binding to 
Numb-PTBi. (A–E) Pulldown experiments with 
the GST proteins indicated on top (1  µM; 
Mdm2 mutants are graphically shown in 
Fig. 5 C; in Mdm2 QEL/A, the stretch 272–
274 is mutated into three Ala) incubated with 
increasing concentrations (indicated by trian-
gles, 2 and 4 µM, except for E, in which 1 and 
2 µM were used) of PTBi (bacterially expressed 
and cleaved from the His moiety). Detection 
was by Coomassie staining. The position of 
the PTBi is indicated by asterisks. The other 
bands correspond with the GST fusion pro-
teins. In A–D, Mdm2 mutants were engineered 
in the Mdm2250–290 background. In E, Mdm2 
mutants were engineered in the Mdm2216–302 
background so that mutagenesis of Ser246–
248 could also be included. In C, the different 
migration of the Mdm2 mutants was probably 
caused by the alterations of the charges intro-
duced by mutagenesis. (F) HEK293 cells were 
transfected with the Mdm2 constructs and 
FLAG-tagged Numb isoform-1 or -3 as shown 
on top. Mdm2-mut represents the F255A-
Y282A-Y287A mutant carrying mutations in 
the Tyr and Phe residues important for direct 
interaction between the acidic domain and 
the PTBi (see also Fig. S3 G). Lysates were 
immunoprecipitated with anti-FLAG antibodies 
and immunoblotted as indicated. As shown, 
the Mdm2 mutant could not be efficiently co-
immunoprecipitated with the PTBi-containing 
Numb-1.  Numb-3 was used as a negative 
control for the specificity of the observed in-
teractions. Total extract was 0.002% of the 
IP. Molecular masses are given in kilodaltons.  
(G) Schematic representation indicating that 
the PTBi–Mdm2 interaction interface represents 
a fuzzy complex, where two intrinsically disor-
dered regions in both binding partners interact 
and retain dynamic and intrinsic disorder in 
the complex. Multiple negatively charged and 
hydrophobic motifs of Mdm2216–302 (green) en-
gage the PTBi insert by charge complementar-
ity with Lys residues and stacking interactions 
with phenylalanines (red). 
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2004). This restored the sensitivity to cisplatin in Numb-1/2LOW 
cells (Fig. 10, D and E).

Numb isoforms predict an aggressive 
disease course in human BCs
We have previously shown that loss of Numb expression is 
relevant to BCs and predicts a poor prognosis (Colaluca et 
al., 2008). We reasoned that BCs displaying reduced levels of 
Numb-1/2, being resistant to genotoxic agents, might also dis-
play poorer disease outcome. Thus, we assessed the relevance 
of the Numb isoforms, measured by reverse transcription–quan-
titative PCR (qPCR; RT-qPCR), to the natural history of BCs 
in a case cohort of 890 patients (See also the RNA purification 
and quantitative real-time PCR analysis and the Selection of 
breast cancer patients and statistical analysis sections of Materi-
als and methods for details). Patients were stratified as “LOW” 
(lowest quintile of expression) or “HIGH” (other four quintiles 
together; Fig. S4 D). By survival analysis, a Numb-1/2LOW sta-
tus was predictive of a higher risk of metastasis in univariate 
analysis (Fig.  10, F and G). The correlation was maintained 
in the p53 WT subgroup of patients, whereas it disappeared in 
the mutated p53 subgroup, arguing that also in real cancers the 

tumor suppressor function of Numb-1/2 is exerted through p53 
(Figs. 10 G and S4, E and F). The significance in the entire 
cohort was lost in multivariable analysis (Fig. 10 G). However, 
when the luminal subtype of cancers was considered, which 
accounts for ∼70% of all BCs and is enriched in p53 WT tu-
mors (Dumay et al., 2013), a low Numb-1/2 status emerged as 
an independent predictor of the risk of metastasis in multivari-
able analysis both in the entire luminal subcohort and in the 
p53-WT sub-subcohort (Fig.  10 G). Conversely, the levels of 
expression of Numb-3/4 did not correlate with disease outcome 
in any of the groups (Fig. 10, F and G). These results were not 
correlated with the type of adjuvant treatment, as witnessed by 
the lack of statistically significant differences in the chemother-
apy and/or hormonal therapy received by the patients of the dif-
ferent groups (Table S2).

Discussion

In this study, we show that a short 11-aa sequence contained 
in the PTB domain of Numb and encoded by the alternatively 
spliced Ex3 of the NUMB gene is responsible for the interaction 

Figure 7.  Role of Numb isoforms in the regulation of p53 levels. (A) HEK293 cells were transfected with the indicated FLAG-tagged Numb isoforms and 
Mdm2. IP (anti-FLAG) and IB were as shown. Total lysate was 0.005% of the IP. The black line indicates that intervening lanes were spliced out. (B and C) 
MCF-10A cells were silenced with siRNA specific for total Numb, Numb-1/2, or Numb-3/4 and then were analyzed by RT-qPCR (B) or IB (C). For RT-qPCR, 
each target was analyzed in triplicate, and the means ± SD are shown. (D) MCF-10A cells were silenced as indicated on the top and IB as shown on the 
right. Numb-1/2 is an antibody against amino acids 66–80 of human Numb isoform-1, which recognizes Numb-1 and Numb-2. Of note, Mdm2 levels are 
also reduced upon total Numb and Numb-1/2 silencing, making Mdm2 a transcriptional target of p53 in a negative feedback loop (Barak et al., 1993; 
Haupt et al., 1997; Kubbutat et al., 1997; Wu and Levine, 1997). Molecular masses are given in kilodaltons.
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with Mdm2 and for the inhibition of its activity on p53, with 
ensuing effects on the in vivo regulation of p53-dependent 
functions, such as response to genotoxic stress and DNA re-
pair. With all due caution in the interpretation of data obtained 
with purified fragments rather than with the full-length protein, 

our results strongly argue that the Ex3-encoded sequence is the 
major structural element in the Numb moiety for binding to and 
inhibition of Mdm2. In support of this contention: (A) our NMR 
data demonstrate that the Numb–Mdm2 binding interface com-
prises the Ex3 sequence of PTBi and residues 216–302 of the 

Figure 8.  Role of Numb isoforms in the regulation of Mdm2 activity. (A) Numb inhibits Mdm2-dependent ubiquitination of p53 in the cytoplasm. Mdm2 
and p53 shuttle between the nucleus and the cytoplasm (Roth et al., 1998; Tao and Levine, 1999), whereas the bulk of Numb is cytosolic (Santolini 
et al., 2000). However, p53 ubiquitination/degradation occurs both at the cytoplasmic and at the nuclear level (Joseph et al., 2003). We therefore 
overexpressed in H1299 cells two p53 variants with subcellular localizations restricted to the cytoplasm (p53-ΔNLS) or to the nucleus (p53-ΔNES). The 
p53-ΔNLS construct carries a nonfunctional p53 nuclear localization signal (with mutations of Lys305, Arg306, Lys319, Lys320, and Lys321 to Ala), and 
the p53-ΔNES construct carries a nonfunctional p53 nuclear export signal (with mutations of Met340, Leu344, Leu348, and Leu350 to Ala). Cells were 
also cotransfected with Mdm2 and Numb-1 to test the ability of the latter to inhibit in vivo the Mdm2-mediated ubiquitination of p53-WT or of its mutants. 
The ubiquitination pattern of the different p53 variants revealed that Numb-1 affects p53 ubiquitination only in the cytoplasm, whereas p53 ubiquitination 
at the nuclear level was unperturbed. Left: Mdm2-mediated p53 in vivo ubiquitination in H1299 cells transfected with the indicated plasmids and increasing 
concentrations of FLAG-tagged Numb isoform-1 (see also the Biochemical studies section of Materials and methods). GFP was transfected as an internal 
normalizer for efficiency of transfection. Lysates were subjected to IB as indicated. Right: the cellular localization of the p53 mutants was monitored by IF 
with anti-p53. Nuclei were counterstained with DAPI. Bar, 10 µM. (B) Mdm2-mediated p53 in vivo ubiquitination in H1299 cells transfected as indicated 
on the top (see also the Biochemical studies section of Materials and methods). GFP was transfected as an internal normalizer for efficiency of transfection. 
Lysates were immunoblotted as indicated. (C) p53 in vitro ubiquitination assay with the components and the Numb species indicated on top fused to a 
thioredoxin scaffold (Trx; see also the Biochemical studies section of Materials and methods). RG7112 is a small molecule belonging to the Nutlin family 
of Mdm2 inhibitors (designed to occupy the p53-binding pocket of Mdm2) used as control. Molecular masses are given in kilodaltons.
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Mdm2 acidic domain, (B) NMR data demonstrate that Ex3 in 
the free PTBi is intrinsically disordered and that the interaction 
with the intrinsically disordered region in Mdm2 remains highly 
flexible, (C) the binding to Mdm2 could be recapitulated by the 

insertion into a foreign scaffold (thioredoxin) of the 11-aa se-
quence flanked by minimal regions of the Numb-PTBi, which 
might contribute to the binding or to the proper presentation of 
the binding region itself, and (D) the same thioredoxin-based 

Figure 9.  Role of Numb isoforms in regulating the p53 response to genotoxic stress. (A) MCF-10A cells silenced for the indicated Numb isoforms were 
treated with increasing doses of cisplatin for 16 h and IB as indicated. p53-pSer15 represents the form of p53 activated by phosphorylation of Ser15, 
detected with a specific antibody. Molecular masses are given in kilodaltons. (B) MCF-10A cells silenced as shown on the right were left untreated (left) or 
treated with 12 µg/ml cisplatin for 15 h (middle) and then released in fresh medium for 24 h (right). IF with antiphosphorylated γ-H2AX was performed. 
The γ-H2AX foci per cell were counted in at least five random fields for each condition (from two independent experiments). In each field, the percentage 
of the cells with 0–1, 2–10, and >10 foci per nucleus was evaluated, and the mean of these percentages for each condition was reported in graph with 
its SD. *, P ≤ 0.01 compared with control in each group. (C) Representative panels of the MCF-10A cells used in B (and silenced as shown on the right) 
stained with antiphosphorylated γ-H2AX (red) and with DAPI (blue). Bar, 50 µM.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/2/745/1616931/jcb_201709092.pdf by guest on 04 D

ecem
ber 2025



JCB • Volume 217 • Number 2 • 2018756

constructs could inhibit the Mdm2 ligase activity as effi-
ciently as the entire PTBi.

We note that the interaction surfaces in the Numb–Mdm2 
complex described in previously published papers (Juven- 
Gershon et al., 1998; Sczaniecka et al., 2012) are different 
from the ones described in our studies, in particular: (A) Juven- 
Gershon et al. (1998) mapped the binding surface on Numb to 
two regions, one contained in the C-terminal half of the PTB 
domain (aa 92–165 in their numbering, corresponding with aa 
103–176 in our numbering for Numb isoform-1) and the other 
contained in the C-terminal region of the protein (aa 352–592, 

corresponding with aa 363–651 in our numbering for Numb 
isoform-1). Our results are not necessarily in disagreement with 
those of Juven-Gershon et al. (1998). In that paper, in fact, the 
reference sequence used for Numb (and accordingly, the used 
constructs) was that corresponding with isoform-4, which is de-
void of the 11-aa insert encoded by Ex3. Our results, although 
clearly identifying the 11-aa insert as the major determinant 
of the interaction, do not exclude other lower-affinity interac-
tions. For instance, the PTBo still displays some residual bind-
ing affinity, albeit almost 30-fold reduced with respect to the 
PTBi (Fig. 2 D), and Numb-3 could be coimmunoprecipitated 

Figure 10.  Numb isoforms in response to 
genotoxic stress and prognosis of BCs. (A) 
RT-qPCR analysis of the mRNA expression of 
Numb isoforms in tumor primary breast mam-
mary epithelial cells (MECs) derived from 13 
patients. Data are from a single experiment 
run in triplicate and expressed as mean ± 
SD relative to mRNA levels in MCF-10A cells 
(=1). (B–E) Survival of primary BC cells treated 
with cisplatin (18 µg/ml for 9 h) or cisplatin + 
Nutlin-3 (10 µM) followed by release in fresh 
medium for 72 h. Data are from a single ex-
periment. In B, the viability of the cells after cis-
platin treatment (plus release in fresh medium) 
is indicated as a function of the mRNA levels of 
Numb isoforms-1/2 or -3/4 shown in A (nor-
malized to MCF-10A levels). R is the Pearson 
correlation coefficient calculated for the linear 
relationship in each graph with the relative 
p-value (P; two-tailed Student’s t test). The vi-
ability of the cells after cisplatin alone (C) or 
cisplatin + Nutlin-3 (plus release in fresh me-
dium; D) is shown. As control to evaluate the 
effect of Nutlin-3 on cell viability, BC cells from 
three patients were also treated with Nutlin-3 
alone (D, red bars). In E, data from C and D 
are shown as a bar graph (means ± SD) com-
bining primary cells displaying high, interme-
diate (Int.), or low levels of Numb (defined as 
tertiles of expression). *, P < 0.01 compared 
with cisplatin alone in each group. (F) Cumu-
lative incidence of distant metastasis in 890 
BC patients clustered in quintiles according to 
the mRNA level of the indicated Numb spe-
cies. Red, low Numb isoforms (lowest quintile; 
lowest 20%; n = 178); black, high Numb iso-
forms (other four quintiles combined; highest 
80%; n = 712). P-values from a univariate Cox 
proportional hazard ratio are shown. See also 
the RNA purification and quantitative real-time 
PCR analysis and the Selection of breast can-
cer patients and statistical analysis sections of 
Materials and methods for details. (G) Hazard 
ratio (HR) of distant metastasis (with corre-
sponding p-values) of low versus high Numb 
(defined as in F) in the entire case cohort (n 
= 890) or in the luminal subtype of BC (n = 
666), further stratified for p53 mutational sta-
tus (see also Fig. S4, E and F). Univariate and 
multivariable analyses are shown with corre-
sponding p-values (see the Selection of breast 
cancer patients and statistical analysis section 
of Materials and methods). In the entire case 
cohort (n = 890), multivariable analyses were 
adjusted for grade, Ki-67, tumor size, num-
ber of positive lymph nodes, age at surgery, 
ERBB2 status, and estrogen/progesterone re-
ceptor status, whereas in the luminal subtype 
of BC (n = 666), multivariable analyses were 
adjusted for grade, Ki-67, tumor size, number 
of positive lymph nodes, and age at surgery.
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with Mdm2, albeit at a reduced rate with respect to Numb-1 
(Fig. 2 B). Interestingly, under conditions of coimmunoprecip-
itation, we could not detect any binding of the isolated PTBo 
(whereas the PTBi readily coimmunoprecipitated), further ar-
guing for additional weak surfaces of interaction outside the 
PTB, possibly coinciding with the Numb352–592 surface mapped 
by Juven-Gershon et al. (1998).

Juven-Gershon et al. (1998) also mapped the sequence on 
Mdm2 to the intact N-terminal domain (aa 1–134) of the pro-
tein, whereas our mapping clearly identified the central acidic 
domain of Mdm2 as responsible for the high-affinity interaction. 
Again, this is not surprising because the Numb surface that they 
used was devoid of the Ex3-encoded sequence. Indeed, when we 
repeated experiments similar to those reported in Fig. 1 C with 
higher concentrations of Mdm21–134, we also evidenced some 
weak positivity in the pulldown experiment (not depicted).

(B) Sczaniecka et al. (2012), by performing a pep-
tide-based scanning of the entire PTB domain including the 
Ex3-derived sequence, identified the binding region of Numb 
in two short peptides within the PTB region (peptides “8” and 
“9” covering residues 113–132 and 129–148, respectively). 
These two peptides belong to the central β sheet of the PTB 
hydrophobic core and lie away from Ex3-containing region 
that, based on our studies, interacts with Mdm2. Thus, our 
mapping is at variance with that of Sczaniecka et al. (2012). To 
this regard, we note that:

(a) From our present data, only the isoforms of Numb 
containing the Ex3-coded sequence bind to Mdm2 with high 
affinity (Figs. 2 B and 7 A). Conversely, the prediction accord-
ing to Sczaniecka et al. (2012) is that all Numb isoforms should 
bind comparably to Mdm2. In addition, we showed that the dif-
ference in the KD between Numb PTBi or PTBo is ∼30-fold 
(Fig. 2 D), with a binding affinity of Numb PTBo for Mdm2 
in the low millimolar range, a value that argues against signifi-
cant interaction in vivo.

(b) According to our PTBi structure, the 113–148 region 
is an unlikely candidate for binding to Mdm2 because it be-
longs to the central β sheet of the PTB domain and is mostly 
buried in the hydrophobic core of the domain. Only a few 
residues of peptide 9 face the “canonical” binding groove of 
Numb, which, however, is not involved in binding to Mdm2 
(Figs. 3 B and S2, A–C).

(c) The region of Numb spanning residues 54–91 (en-
compassing Ex3) and not overlapping with peptides 8–9 of 
Sczaniecka et al. (2012), when engineered into an unrelated 
scaffold, was able to recapitulate the binding properties of PTBi- 
containing Numb isoforms and to inhibit the E3 activity of 
Mdm2 (Fig. 3, C and D; and Fig. 8 C).

The combined analysis of crystallographic and NMR data 
revealed interesting features of the Numb–Mdm2 interaction. The 
crystal structure of Numb-PTBi showed that the Ex3 sequence 
connects the α2 helix to the β2 strand of the PTBi module adopt-
ing several conformations without altering the hydrophobic core 
of the domain. NMR data revealed that Ex3 is highly dynamic in 
solution. Most notably, the binding interface of the Numb–Mdm2 
interaction is flexible and is constituted by a dynamic equilib-
rium of intrinsically disordered states of the Numb-PTBi-Ex3 
sequence that contacts the unstructured acidic domain of Mdm2 
via hydrophobic and polar interactions. Thus, the Numb–Mdm2 
interaction represents a fuzzy complex (Miskei et al., 2017).

The alternative splicing of Numb is the subject of increas-
ing interest because Numb is involved in major types of human 

cancers, including breast and lung cancer (Pece et al., 2004; 
Colaluca et al., 2008; Westhoff et al., 2009; Rennstam et al., 
2010; Sheng et al., 2016; Tosoni et al., 2017). The experimen-
tal attention has been so far almost exclusively directed to Ex9 
according to the observation that its splicing is developmentally 
regulated (Dho et al., 1999; Verdi et al., 1999; Dooley et al., 
2003; Yoshida et al., 2003; Revil et al., 2010; Kim et al., 2013) 
and that Ex9-including isoforms promote proliferation, as op-
posed to the differentiation-promoting effects of Ex9-excluded 
isoforms (Verdi et al., 1999; Dooley et al., 2003; Toriya et al., 
2006; Bani-Yaghoub et al., 2007). Mechanistic studies have 
hence defined several splicing-regulating factors variously regu-
lating inclusion/exclusion of Ex9 (Bechara et al., 2013; Zong et 
al., 2014; Rajendran et al., 2016; Tarn et al., 2016). Alterations 
of these factors (for instance, RBM6, RBM10, and QKI) and 
of the Numb splicing machinery have been reported in human 
tumors (Misquitta-Ali et al., 2011; Bechara et al., 2013; Zhang 
et al., 2014; Zong et al., 2014), in particular in nonsmall cell 
lung carcinoma (NSC​LC). A picture emerged suggesting that 
alterations of the Numb splicing machinery in NSC​LC leads 
to preponderance of Ex9-including isoforms, which in turn can 
induce cell proliferation by activating the Notch pathway (Mis-
quitta-Ali et al., 2011). How this can happen is not immedi-
ately clear considering that Numb—at least in developmental 
systems—is clearly an inhibitor of Notch activity (Uemura et 
al., 1989; Rhyu et al., 1994; French et al., 2002; McGill and 
McGlade, 2003). One possibility is that Ex9-containing iso-
forms of Numb exert a dominant-negative effect on a Notch- 
extinguishing function exerted by other isoforms—an issue that 
warrants further investigation.

Conversely, it has been reported that the levels of Ex3- 
containing isoforms do not change significantly in NSC​LC 
(Misquitta-Ali et al., 2011). This is not surprising, given our 
present results. NSC​LCs are by and large p53 mutated (Taka-
hashi et al., 1989), and therefore, there would be no imme-
diately obvious advantage deriving from alterations of the 
upstream mechanisms of regulation. The situation could be 
rather different in BC, where p53 is relatively less frequently 
mutated compared with other types of tumors (Gasco et al., 
2002; Bertheau et al., 2013; Dumay et al., 2013), in particular 
in luminal subtypes, and loss of WT p53 activity may depend 
on alterations of regulatory pathways of p53 stability (Dumay 
et al., 2013). Indeed, we show in this study that in BCs, re-
duced levels of Ex3-containing Numb transcripts correlate with 
a worse prognosis. The fact that the prognostic power of Numb-
1/2 is directly traceable to the regulation of p53 is supported 
by the fact that: (A) when the cohort was broken into p53-WT 
and p53-mutated tumors, the significance was maintained in the 
p53-WT subpopulation and lost in the p53-mutated one, and 
(B) the strongest predictive prognostic value of Numb-1/2 was 
observed in the subcohort of luminal BCs.

Reduced expression of Numb-1/2 might affect disease 
course in several ways. One possibility directly tested in this 
study is that it might influence the response to chemotherapy. 
Indeed, in a panel of primary BC lines, we could readily un-
mask reduced sensitivity to genotoxic agents in the Numb-
1/2LOW subgroup, which could be rescued by Nutlin treatment, 
thus directly linking this phenotype to p53 downmodulation. 
Another not mutually exclusive possibility is that the impact of 
the different Numb isoforms in tumorigenesis might reflect their 
differential role in developmental programs, in particular as con-
cerns their role in balancing proliferation versus differentiation. 
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In this contention, our recent findings that the Numb–p53 axis 
maintains the tumor-suppressive barrier of asymmetric division 
in normal mammary SCs (Tosoni et al., 2015, 2017) provides a 
reasonable framework to test the possibility that the decreased 
levels of Numb-1/2 in some BCs is causal to the emergence of 
CSCs. Regardless, by highlighting the molecular features of the 
Numb–Mdm2 interaction, our results provide a high-resolution 
view of how the subversion of the Numb-p53 circuitry partici-
pates to the breast tumorigenesis. The sum of our findings also 
argues for the possibility to exploit the knowledge of the molec-
ular bases of Numb–Mdm2 interaction for the rational design 
of molecules that, by mimicking the Ex3-encoded surface of 
Numb, might directly inhibit Mdm2 activity to relieve p53 dys-
function in Numb-defective BCs.

Materials and methods

Cells and reagents
Cultivation of primary tumor human mammary epithelial cells was as 
described previously (Pece et al., 2004). In brief, tumor biopsies were 
mechanically dissociated and enzymatically digested in DMEM/F12 
medium supplemented with 1 mM glutamine, 200 U/ml collagenase 
(Sigma-Aldrich), and 100 U/ml hyaluronidase (Sigma-Aldrich) at 
37°C for 4–5 h under rotating conditions. Single-cell suspensions were 
obtained through an additional incubation of digested tissues in 0.05% 
trypsin–EDTA for 5 min at 37°C.

For survival assays (Fig.  10, B–E), primary tumor cells were 
plated in six-well plates. Subconfluent cells were treated with cisplatin 
(18 µg/ml) for 9 h and then grown in cisplatin-free medium (with or 
without Nutlin-3) for 72 h. Cells were then stained with 0.05% crystal 
violet for 10 min and then extensively rinsed with water. The crystal 
violet retained by live cells was leached in acetic acid (10%), and ab-
sorbance was read at 595 nm.

Antibodies were anti-Flag M2-agarose affinity gel from Sigma- 
Aldrich, anti-Mdm2 (OP46) from EMD Millipore, anti-p53 (DO-1 and 
FL-393) from Santa Cruz Biotechnology, Inc., antiphospho-p53–Ser 
15 and anti-FLAG from Cell Signaling Technology, Inc., antiphospho-
histone H2AX (Ser 139) from Upstate, anti-Numb monoclonal anti-
body (Ab21 generated in-house against amino acids 537–551 of human 
Numb and used to detect all isoforms of Numb) and anti–Numb-PTBi 
polyclonal antibody (Numb-1/2 in Figs. 7 D and 9 A generated in-
house against amino acids 66–80 of human Numb isoform-1 and used 
to detect Numb-1 and -2), and fluorochrome-conjugated secondary an-
tibodies were from Jackson ImmunoResearch Laboratories, Inc. Nut-
lin-3 (Cayman Chemical) was used at 10 µM.

Engineering of vectors and siRNA experiments
Mammalian expression vectors for p53 and Mdm2 were a gift from 
K. Helin (Biotech Research and Innovation Centre, Copenhagen, Den-
mark). Mammalian expression vectors encoding various isoforms of 
Numb (or fragments) were engineered in a pcDNA vector in frame with 
a FLAG tag at the C terminus. GST-Mdm2 constructs for bacterial ex-
pression were cloned into a derived pGEX-6P1 vector (GE Healthcare). 
Numb constructs for bacterial expression were cloned into pET vectors 
(Novagen) in frame with a hexahistidine tag (cleavable when required 
by PreScission protease [Cogentech]).

The expression vector pLPC GFP-thioredoxin was a gift from 
G. Del Sal (Laboratorio Nazionale del Consorzio Interuniversitario per 
le Biotecnologie, Trieste, Italy). This vector was used to clone the Numb 
fragments (described in Fig. 3 C) into the thioredoxin-active site loop 
in the unique RsrII restriction site. Additionally, the Numb-thioredoxin 

inserts excised from the previous vectors were subcloned into the 
NdeI–XhoI restriction sites of a pET-30 vector (Novagen) in frame 
with a hexahistidine tag at the C terminus to generate the bacterial ex-
pression vectors used for the production of the recombinant proteins 
used in Figs. 3 D and 8 C.

Point mutations in various constructs were generated by Quik-
Change strategy (Agilent Technologies) according to the manufactur-
er’s instructions. The gene modifications and inserts were confirmed by 
DNA sequencing and/or restriction nuclease digestion.

Specific siRNAs for total Numb and the corresponding control 
were described previously (Pece et al., 2004). p53 siRNA (VHS40367) 
was from Invitrogen. For the other silencing experiments, the following 
siRNA oligonucleotides (GE Healthcare) were used: Numb isoforms 1 
and 2, 5′-AGG​CUU​CUU​UGG​AAA​AACU-3′; Numb isoforms 3 and 
4, 5′-AGA​UUG​AAA​GCU​ACU​GGAA-3′; and Mdm2, 5′-GCC​ACA​
AAU​CUG​AUA​GUAU-3′. Cells were transfected using Lipofectamine 
RNAiMAX (Invitrogen) for 72 h (final siRNA concentration, 10 nM).

p53 gene sequencing
For p53 gene sequencing of primary BCs (Fig. 10, A–E), the p53 gene 
(NCBI reference sequence NM_000546) was amplified using specific 
primers that cover the coding sequence from the start to the stop codon 
(10 exons). The primer pairs were designed in intronic regions to in-
clude ≥20 nt of the splicing junctions. Every forward and reverse primer 
had a 5′ universal tail, a PE-21, and an M13rev sequence, respectively. 
This strategy allowed sequencing of all the different PCR fragments 
with only two sequencing primers. The primers were designed with a 
similar Tm so that all the different regions could be amplified simulta-
neously in isothermal conditions. The PCR products were purified with 
EXO-SAP enzymes, sequenced with BigDye chemistry (v3.1; Thermo 
Fisher Scientific), and run onto a 3730xl sequencer (Applied Biosys-
tems). Data were analyzed with Mutation Surveyor (Softgenetics).

RNA purification and quantitative real-time PCR analysis
For the screening of the case cohort (Fig. 10, F and G), total RNA was 
extracted from formalin-fixed paraffin-embedded (FFPE) tissue sec-
tions using the AllPrep DNA/RNA FFPE kit automated on QIAcube 
following the manufacturer’s instructions (QIA​GEN). 200 ng of pu-
rified total RNA (measured using a NanoDrop ND-1000 spectropho-
tometer; Thermo Fisher Scientific) were used for first-strand cDNA 
synthesis using random primers and the Superscript VILO cDNA Syn-
thesis kit (Thermo Fisher Scientific) in a final volume of 10 µl. cDNA 
was preamplified using a pooled TaqMan gene expression assay mix 
with the PreAMP Master Mix kit (Thermo Fisher Scientific) for 10 
cycles following the manufacturer’s instructions and then diluted 1:5 
before PCR analysis (5 µl was then used per PCR reaction).

For the extraction of total RNA (and genomic DNA for p53 se-
quencing) from cells (Fig. 10, A and B), the AllPrep DNA/RNA Mini kit 
automated on QIAcube was used following the manufacturer’s instruc-
tions (QIA​GEN). 500 ng of purified total RNA were used for first-strand 
cDNA synthesis as previously described in a final volume of 20 µl.

qPCR was performed with hydrolysis probes (Thermo Fisher 
Scientific) using the TaqMan Universal PCR Master Mix (Thermo 
Fisher Scientific) in 10  µl of final volume in 384-well plates. Each 
target was analyzed in triplicate using the LightCycler 480 Real-Time 
PCR instruments (Roche) with the following thermal cycle conditions: 
1 cycle at 95°C for 10 min followed by 45 cycles at 95°C for 15 s and 
55°C for 1 min, and then 1 cycle at 40°C for 30 s.

Inventoried TaqMan gene expression assays with short am-
plicon sizes were: Hs01105433_m1 for “NUMB TOT” (NUMB iso-
form-1, NM_001005743; -2, NM_001005744; -3, NM_003744; and 
-4, NM_001005745), Hs02800695_m1 (HPRT1), Hs03929097_g1 
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(GAP​DH), Hs99999908_m1 (GUSB), Hs01060665_g1 (ACTB), 
Hs00963534_m1 (ALAS1), and Hs00427621_m1 (TBP) and were all 
purchased from Thermo Fisher Scientific. The custom TaqMan gene 
expression assay to detect NUMB-1/2 (forward, 5′-GAT​GAA​TCA​
AGA​GGA​ATG​CAC​ATC-3′; reverse, 5′-TGA​AGA​ACT​TCC​TTT​CAG​
CTT​TCAA-3′; and probe, 5′-TGA​AGA​TGC​TGT​AAA​AAG-3′) was 
designed using the Primer Express Software V3.0 and purchased from 
Thermo Fisher Scientific. The custom TaqMan assay to detect NUMB-
3/4 (forward, 5′-GAA​TGC​ACA​TCT​GTG​AAG-3′; reverse, 5′-ACT​
GCT​TTA​ACT​GCT​TTC-3′; and probe, 5′-TTC​CAG​TAG​CTT​TCA​
ATC​TTTT-3′) was from Bio-Rad Laboratories.

For quantification of gene expression changes in the primary 
tumor cells (Fig. 10 A), the ΔΔCt method was used to calculate rel-
ative fold changes normalized against five reference genes (GUSB, 
HPRT1, TBP, ALAS1, and ACTB).

For the analysis of the RT-qPCR data from the BC case cohort 
(Fig. 10, F and G), each target was assayed in triplicate, and mean Cq 
(AVG Cq) values were calculated either from triplicate values when 
the SD was <0.4 or from the best duplicate values when the SD was 
≥0.4.  Data (mean Cq) were normalized using four reference genes 
(HPRT1, GAP​DH, GUSB, and TBP) to account for variation in the 
expression of single reference genes and in RNA integrity caused by 
tissue fixation. The normalized Cq (Cqnormalized) of each target gene was 
calculated using the following formula: Cqnormalized = mean Cq − SF, 
where SF is the difference between the mean Cq value of reference 
genes for each patient and a constant reference value K, and K rep-
resents the mean of the mean Cq of the four reference genes calculated 
across all samples (K = 24.148). This normalization strategy allowed 
the retention of information about the abundance of the original tran-
script as measured by PCR (i.e., in Cq scale), which is conversely lost 
when using the more classical ΔCq method. We defined Cq = 35 as 
the limit of detection, and Cq values beyond this limit were set to 35. 
Normalized data were then processed for statistical analysis.

Selection of BC patients and statistical analysis
Analyses on BC patients presented in Fig. 10 (F and G) were performed 
on a case cohort of 890 patients. The case cohort was built as follows: 
(A) We started from a consecutive cohort of 2,453 BC patients who un-
derwent surgery at the European Institute of Oncology (IEO) between 
the years 1997 and 2000 (the “IEO cohort”). From the IEO cohort, 
we randomly selected a subcohort of 672 patients corresponding with 
∼27% of the entire cohort (the “subcohort” of Table S3). The subcohort 
contained 585 patients free of distant metastasis and 87 patients with 
distant metastasis. (B) We verified that the subcohort was representa-
tive of the IEO cohort. Indeed, there were no significant differences in 
the characteristics of patients between the patients in the subcohort and 
the excluded ones (“not in subcohort” as in Table S3). (C) To yield the 
final case cohort, we added to the subcohort all the remaining patients 
from the IEO cohort who experienced distant metastasis within 10 yr 
(an additional 218 patients for whom RNA was available). Therefore, 
the final case cohort included 305 patients with distant metastasis and 
585 patients that were free of distant metastasis at 10 yr of followup. 
The primary endpoint of the analyses was distant metastasis, defined as 
the time from surgery to the appearance of distant metastases or death 
from BC as first event.

The association between Numb mRNA levels (quintile groups; 
Fig. S4 D) and the risk of distant metastasis at 10 yr after surgery was 
evaluated with the univariate and multivariable pseudolikelihood mod-
ification of Cox proportional hazards regression discussed by Self and 
Prentice (1988); Fig. 10, F and G). The robust variance estimates (Lin 
and Wei, 1989; Barlow, 1994) was used to construct Wald-type con-
fidence intervals and significance tests for these parameter estimates. 

These analyses can be performed using widely available software (e.g., 
the cch function in the R survival package). All p-values are two-sided 
with a significance level of 0.05.

P53 IHC on clinical samples
p53 IHC was performed in a Bond Max Automated Immunohisto-
chemistry Vision Biosystem (Leica Microsystems) using the Bond 
Polymer Refine Detection kit (DS9800; Leica Biosystems). 3-µm-thick 
sections were prepared from formalin-fixed paraffin-embedded TMA 
tissue blocks, deparaffinized, pretreated with epitope retrieval solution 
2 (pH9; Leica Biosystems) at 100°C for 20 min, and then incubated 
for 30 min with primary antibody (p53 DO-1; Santa Cruz Biotechnol-
ogy, Inc.) diluted in Bond Primary Antibody Diluent (AR9352; Leica 
Biosystems) at final concentration of 40 ng/ml. All TMA slides were 
acquired with an Aperio ScanScope system (Leica Microsystems) and 
reviewed by a pathologist. For each core, 500 cells were counted, and 
the percentage of nuclear-stained positive cells was scored.

Protein expression and purification
As a general procedure, GST-fusion proteins were expressed in BL21 
Rosetta Escherichia coli cells by 6–8 h induction at 20°C with 0.3 mM 
IPTG. Cells were lysed in 100  mM Tris-HCl, pH 7.6, 0.3  M NaCl, 
10% glycerol, 0.5 mM EDTA, 1 mM DTT, 0.2 mg/ml lysozyme, and 
protease inhibitors, and then were sonicated and cleared for 30 min at 
20,000 g. The cleared lysates were incubated with Glutathione Sephar-
ose 4 Fast-Flow beads (GE Healthcare), and the retained proteins were 
cleaved with PreScission protease overnight at 4°C to remove the GST 
tag (when required). The cleaved material was eluted from the beads in 
a desalting buffer consisting of 20 mM Tris-HCl, pH 7.6, 40 mM NaCl, 
5% glycerol, 1 mM DTT, and 0.5 mM EDTA and then was loaded on a 
Resource-Q column (GE Healthcare).

His-tagged proteins were expressed in BL21 Rosetta pLysS 
E. coli cells by 3 h induction at 30°C with 1 mM IPTG. Cells were 
lysed in 100  mM Tris-HCl, pH 7.6, 0.3  M NaCl, 10% glycerol, 0.2 
mg/ml lysozyme, 2  mM 2-mercaptoethanol, 20  mM imidazole, and 
protease inhibitors and then were sonicated and cleared for 30 min at 
20,000 g. The cleared lysates were incubated with NTA beads (QIA​
GEN), and retained proteins were eluted in 50 mM Tris-HCl, pH 7.6, 
0.15 M NaCl, and 200 mM imidazole and then dialyzed overnight at 
4°C in 50 mM Tris-HCl, pH 7.6, 0.15 M NaCl, 0.5 mM EDTA, and 
1 mM DTT with the addition of PreScission protease to remove the 
His tag when required. The cleaved material was loaded on a Super-
dex-200 column (GE Healthcare) equilibrated with the same buf-
fer. The peak fractions were pooled and concentrated to ∼10 mg/ml 
using Vivaspin concentrators (Sartorius), flash frozen in liquid nitro-
gen, and stored at −80°C.

To purify Numb-PTBi for crystallization experiments, a Super-
dex-200 column was equilibrated in 20  mM sodium citrate, pH 5.5, 
0.15 M NaCl, 0.5 mM EDTA, and 1 mM DTT. The peak fractions were 
pooled, supplemented with a 1.3 molar excess of synthetic GPpY pep-
tide (AYI​GPpYL; United Biosystems), and concentrated to ∼25 mg/ml.

For NMR experiments, proteins were prepared after the pu-
rification steps in a 20-mM sodium phosphate buffer, pH 6.8, 0.1 M 
NaCl, 0.02% sodium azide, and 1 mM DTT. To produce the proteins 
labeled with [15N] and [13C], the bacteria were grown in M9 me-
dium with [15N]H4Cl and [13C]glucose as the sole nitrogen and car-
bon sources, respectively.

Biochemical studies
Procedures for immunofluorescence (IF), immunoblotting (IB), and 
immunoprecipitation (IP) were as described previously (Pece et al., 
2004) according to standard procedures.
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For pulldown assays, GST-Mdm2 fragments (1 µM) were immobi-
lized onto GSH beads and incubated for 2 h at 4 °C with Numb fragments 
at the indicated concentrations in 10 mM Hepes, pH 7.5, 0.15 M NaCl, 
5% glycerol, and 0.1% Tween-20. After washing, proteins retained on 
beads were separated by SDS-PAGE and detected by Coomassie staining.

For the in vivo p53 ubiquitination assay (Fig.  8, A and B), 
10-cm plates of H1299 cells were transfected with 1 µg p53-coding 
vector, 1.3 µg Mdm2-coding vector, 5 µg His6-Ub–coding vector, 0.1 
µg GFP-coding vector (to monitor transfection efficiency), and 4 µg 
Numb-coding vector (2, 4, and 6 µg in Fig. 8 A). After 48 h, ubiqui-
tin conjugates were purified as described previously by Gabellini et 
al. (2003). For in vitro p53 ubiquitination assay, the reaction mixture 
contained the following purified enzymes: 60 nM E1, 1 µM UbcH5B, 
0.15 µM GST-Mdm2, 70 nM p53, and 50 µM ubiquitin (p53 was gen-
erated in-house; all other enzymes were purchased from Boston Bio-
chem). The reaction was assembled in ubiquitination buffer (B-71; 
Boston Biochem) supplemented with Mg-ATP solution (B-20; Boston 
Biochem). When appropriate, 5 µM of the proteins indicated in Fig. 8 C 
were added to the reaction mixture. Reactions were incubated at 37°C 
for 10 min followed by addition of Laemmli buffer and 50 µM DTT. 
The Mdm2 inhibitor RG7112 was used at a 10-µM final concentration.

Structure determination
Crystallization experiments of Numb-PTBi in complex with the GPpY 
peptide were performed at the IEO Crystallography Unit. Diffrac-
tion-quality crystals were obtained by manual optimization of the ini-
tial conditions in hanging drops at 20°C, mixing 1 µl of protein with 
0.5 µl of reservoir containing 25% PEG 3350, 0.2 M lithium sulfate, 
and 0.1  M Bis-Tris, pH 6.  Before equilibration, drops were further 
supplemented with 0.5 µl of silver bullets (0.33% [wt/vol] anthrone, 
0.33% [wt/vol] Congo red, 0.33% [wt/vol] N-(2-acetamido)-2-ami-
noethanesulfonic acid, and 20 mM Hepes, pH 6.8; n. 13) to obtain F222 
crystals or with 0.5 µl of silver bullets (4 mM calcium chloride dihy-
drate, 4 mM magnesium chloride hexahydrate, 4 mM manganese(II) 
chloride tetrahydrate, 4 mM zinc chloride, and 20 mM Hepes, pH 6.8; 
n. 41) and 0.3 µl of additive screen (100 mM l-proline; n. 26; Hamp-
ton Research) to obtain P212121 crystals. Crystals were cryoprotected 
by soaking in reservoir buffer supplemented with 20% glycerol and 
flash-frozen in liquid nitrogen. X-ray diffraction data were collected 
at beamline X06DA (PXI​II) of the Swiss Lightsource and beamline 
ID23-2 at the European Synchroton Radiation Facility. The crystals 
belonged to space group F222 or P212121. Initial phases were obtained 
by molecular replacement using the PTB domain of mouse Numb as a 
search model (PDB ID 3FOW). The model was then completed using 
iterative cycles of manual building and restrained refinement with PHE​
NIX (Adams et al., 2010). The four copies of the Numb-PTBi–GPpY 
complex present in the asymmetric unit (a.s.u.) of the F222 space group 
and the six copies of a.s.u of the P212121 space group were identical 
except for the insert region, which was not visible in five of the copies. 
Data processing and refinement statistics are shown in Table S1.

For the superposition, we used the PTBi copies present in the 
two crystal forms in which we crystallized Numb-PTBi (P212121 and 
F222) and the structure of mouse PTBo (PDB ID 3F0W). The superpo-
sition was performed with the online server Rapido.

Accession numbers
The coordinates and the structure factors have been deposited to the 
Protein Data Bank under accession numbers 5NJJ and 5NJK.

Fluorescence polarization (FP)
FP measurements were performed on an Infinite F200 plate reader 
(Tecan). In vitro rhodaminated-Mdm2216–302 (50 nM) was incubated with 

increasing concentrations of the indicated ligand in 10 mM Tris-HCl, pH 
7.5, 0.15 M NaCl, 0.5 mM EDTA, and 1 mM DTT. The corresponding KD 
were calculated by fitting the FP curves in Prism (GraphPad Software).

NMR spectroscopy
Spectra were recorded on Bruker AV500, AV600, or AV 800 spectrom-
eters with cryogenic [1H], [15N], and [13C] triple cryogenic inverse triple 
resonance probeheads at 298 K. Data were processed using NMR​PIPE 
(Delaglio et al., 1995) and analyzed with Collaborative Computational 
Project NMR Analysis (Vranken et al., 2005). For NMR experiments, 
protein samples were in 90%/10% H2O/D2O, 20  mM sodium phos-
phate, 200 mM NaCl, 1 mM DDT, and 0.02% NaN3, pH 6.8. Back-
bone assignments were determined through the standard backbone 
resonance experiments HNCA, HNC​ACB, CBCA(Co)NH, HNCO, 
and HN(CA)CO (Sattler et al., 1999). Aromatic spectra were obtained 
using an HSQC-TRO​SY base experiment (Pervushin et al., 1998) cen-
tered at 122.5 ppm with a 16.6-ms constant time delay to eliminate 
splitting from aromatic C–C couplings. Aromatic assignments were 
obtained from [15N]-edited and [13C]-edited NOE​SY centered on aro-
matics (122.5 ppm), (HB)CB (CGCD)HD, and (HB)CB(CGC​DCE)HE 
experiments (Yamazaki et al., 1993). For Mdm2 experiments, to avoid 
precipitations, both proteins were diluted to ∼50  µM combined and 
then concentrated to 200 µM. CSP data were obtained from 2D [15N-
1H] or [13C-1H]-CT correlation experiments. The CSP was calculated as

	​ Δ ​δ​ N−H​​  = ​ √ 
__________________

  ​​(​​Δ ​δ​ ​ ​​ 1​ H​​​​​ * 10​)​​​​ 
2
​ + ​​(​​Δ ​δ​ ​  ​​ 15​ ​|​​​​​N​​​)​​​​ 

2
​ ​.​

NumbPTBi selectively labeled with SAIL-Phe (Kainosho et al., 2006; 
Takeda et al., 2010) was prepared using the E.  coli strain AB2826 
(DE3), which is auxotrophic for aromatic amino acids according to 
the recently described protocol (Yang et al., 2015). SAIL-Phe–labeled 
NumbPTBi was isolated by binding to NTA beads (QIA​GEN) and then 
purified on a Superdex-200 column.

Imaging studies
The images in Fig. 8 A were acquired by confocal analyses performed 
with a TCS SP5 acousto optical bream splitter microscope system 
equipped with HyD (high-quantum-efficiency hybrid detector) and 
photomultiplier tube detectors (Leica Microsystems). Images of the 
fixed samples were acquired at RT using a 40× 1.3 NA oil immersion 
objective under the control of LAS AF software (Leica Microsystems).

The images of Fig. 9 C were acquired by widefield microscopy 
with a BX63 microscope equipped with an XM10 detector (Olympus). 
Images of the fixed samples were acquired at RT using a 20× 0.75 NA ob-
jective under the control of MetaMorph software (Molecular Devices).

Images were analyzed with tools available via ImageJ/Fiji soft-
ware (National Institutes of Health) and Photoshop (Adobe).

Online supplemental material
Supplemental data for this article include four additional figures and 
two tables showing an electron density map of the PTBi insert (Fig. 
S1); additional experiments showing how the PTBi binds Mdm2 in 
a noncanonical manner (Fig. S2); additional characterizations of the 
PTBi–Mmd2 interface (Fig. S3); specificity of the RT-qPCR Numb 
assays (Fig. S4 A); Mdm2 titration for the p53 in vivo ubiquitination 
assay (Fig. S4 B); RT-qPCR of the MCF-10A cells used in the exper-
iment of Fig. 9 A (Fig. S4 C); range of mRNA levels into the quintile 
groups for the NUMB isoforms analyzed in Fig. 10 (F and G; Fig. S4 
D); p53 immunohistochemistry (Fig. S4, E and F); data collection of the 
Numb-PTBi–GPpY crystal structure (Table S1); distribution of adju-
vant treatment received by the patients of the cohort stratified according 
the subtype, p53 status, and Numb-1/2 or -3/4 status (Table S2); and 
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distribution of patient characteristics in the random subcohort com-
pared with the entire IEO cohort and the not-in-subcohort (Table S3).

Acknowledgments

We thank G. Del Sal for the thioredoxin vector and K. Helin for the 
p53 and Mdm2 vectors; S. Pasqualato and the IEO Crystallography 
Unit; S. Freddi, E. Villa, G. Bertalot, D. Ricca, C. Luise, G. Jodice, and 
the Primary/Stem Cell and Imaging and the Molecular Pathology In-
frastructures of the IEO Molecular Medicine Program; G. Ossolengo, 
M. Cinquanta, the Protein Expression and Purification Service, and 
the Real Time PCR and the DNA Sequencing Service of Cogentech, 
Milan; and M. Thillon and S. Pirroni of the Clinical Biomarkers Labo-
ratory of the IEO Molecular Medicine Program.

This work was supported by grants from the Ministero della 
Salute to I.N. Colaluca (GR-2010-2308100), the Associazione Itali-
ana per la Ricerca sul Cancro (Investigator Grant [IG] 11904 to 
S. Pece, IG 18629 to M. Mapelli, IGs 14404 and 18988 to P.P. Di 
Fiore, and MCO 10.000), the Italian Ministry of University and Scien-
tific Research, the Italian Ministry of Health to S. Pece, P.P. Di Fiore, 
and M. Mapelli; and the Monzino Foundation to P.P. Di Fiore. M. Sat-
tler acknowledges support by the Deutsche Forschungsgemeinschaft 
(DFG SFB1035 and GRK1721), M. Kainosho acknowledges support 
by a Japanese Ministry of Education, Culture, Sports, Science and 
Technology Grant-in-Aid in Innovative Areas (26119005), a grant 
from the Japan Agency for Medical Research and Development, and 
from the Platform Project for Supporting Drug Discovery and Life Sci-
ence Research of Nagoya University. L.  Freiburger acknowledges 
postdoctoral fellowships from the European Commission (FP7-PEO​PLE-
20112011-IIF 301193 and Hsp90NMR) and the European Molecu-
lar Biology Organization (EMBO ALTF 1255-2011).

The authors declare no competing financial interests.
Author contributions: Conceptualization, I.N. Colaluca, M. Ka-

inosho, M. Sattler, M. Mapelli, S. Pece, and P.P. Di Fiore; Investiga-
tion, I.N.  Colaluca, A.  Basile, L.  Freiburger, V.  D’Uva, M.  Vecchi, 
D.  Tosoni, V. Cecatiello, M.G. Malabarba, and C.-J.  Yang; Formal 
analysis, D. Disalvatore and S. Confalonieri; Supervision, M. Kaino-
sho, M. Sattler, M. Mapelli, S. Pece, and P.P. Di Fiore; Funding acqui-
sition, I.N.  Colaluca, L.  Freiburger, M.  Kainosho, M.  Sattler, 
M. Mapelli, S. Pece, and P.P. Di Fiore; Writing, M. Kainosho, M. Sat-
tler, M. Mapelli, and P.P. Di Fiore.

Submitted: 25 September 2017
Revised: 15 November 2017
Accepted: 17 November 2017

References
Adams, P.D., P.V.  Afonine, G.  Bunkóczi, V.B.  Chen, I.W.  Davis, N.  Echols, 

J.J. Headd, L.-W. Hung, G.J. Kapral, R.W. Grosse-Kunstleve, et al. 2010. 
PHE​NIX: a comprehensive Python-based system for macromolecular 
structure solution. Acta Crystallogr. D Biol. Crystallogr. 66:213–221. 
https​://doi​.org​/10​.1107​/S0907444909052925

Bani-Yaghoub, M., C.J.  Kubu, R.  Cowling, J.  Rochira, G.N.  Nikopoulos, 
S. Bellum, and J.M. Verdi. 2007. A switch in numb isoforms is a critical 
step in cortical development. Dev. Dyn. 236:696–705. https​://doi​.org​/10​
.1002​/dvdy​.21072

Barak, Y., T. Juven, R. Haffner, and M. Oren. 1993. mdm2 expression is induced 
by wild type p53 activity. EMBO J. 12:461–468.

Barlow, W.E.  1994. Robust variance estimation for the case-cohort design. 
Biometrics. 50:1064–1072. https​://doi​.org​/10​.2307​/2533444

Bechara, E.G., E.  Sebestyén, I.  Bernardis, E.  Eyras, and J.  Valcárcel. 2013. 
RBM5, 6, and 10 differentially regulate NUMB alternative splicing to 
control cancer cell proliferation. Mol. Cell. 52:720–733. https​://doi​.org​
/10​.1016​/j​.molcel​.2013​.11​.010

Bertheau, P., J.  Lehmann-Che, M.  Varna, A.  Dumay, B.  Poirot, R.  Porcher, 
E. Turpin, L.F. Plassa, A. de Roquancourt, E. Bourstyn, et al. 2013. p53 in 
breast cancer subtypes and new insights into response to chemotherapy. 
Breast. 22(Suppl 2):S27–S29. https​://doi​.org​/10​.1016​/j​.breast​.2013​.07​
.005

Cheung, T.H., and T.A.  Rando. 2013. Molecular regulation of stem cell 
quiescence. Nat. Rev. Mol. Cell Biol. 14:329–340. https​://doi​.org​/10​.1038​
/nrm3591

Colaluca, I.N., D. Tosoni, P. Nuciforo, F. Senic-Matuglia, V. Galimberti, G. Viale, 
S. Pece, and P.P. Di Fiore. 2008. NUMB controls p53 tumour suppressor 
activity. Nature. 451:76–80. https​://doi​.org​/10​.1038​/nature06412

Delaglio, F., S.  Grzesiek, G.W.  Vuister, G.  Zhu, J.  Pfeifer, and A.  Bax. 1995. 
NMRPipe: a multidimensional spectral processing system based on UNIX 
pipes. J. Biomol. NMR. 6:277–293. https​://doi​.org​/10​.1007​/BF00197809

Dho, S.E., M.B. French, S.A. Woods, and C.J. McGlade. 1999. Characterization 
of four mammalian numb protein isoforms. Identification of cytoplasmic 
and membrane-associated variants of the phosphotyrosine binding 
domain. J.  Biol. Chem. 274:33097–33104. https​://doi​.org​/10​.1074​/jbc​
.274​.46​.33097

Dooley, C.M., J. James, C. Jane McGlade, and I. Ahmad. 2003. Involvement of 
numb in vertebrate retinal development: evidence for multiple roles of 
numb in neural differentiation and maturation. J. Neurobiol. 54:313–325. 
https​://doi​.org​/10​.1002​/neu​.10176

Dumay, A., J.P. Feugeas, E. Wittmer, J. Lehmann-Che, P. Bertheau, M. Espié, 
L.F.  Plassa, P.  Cottu, M.  Marty, F.  André, et al. 2013. Distinct tumor 
protein p53 mutants in breast cancer subgroups. Int. J. Cancer. 132:1227–
1231. https​://doi​.org​/10​.1002​/ijc​.27767

French, M.B., U.  Koch, R.E.  Shaye, M.A.  McGill, S.E.  Dho, C.J.  Guidos, 
and C.J.  McGlade. 2002. Transgenic expression of numb inhibits 
notch signaling in immature thymocytes but does not alter T cell fate 
specification. J.  Immunol. 168:3173–3180. https​://doi​.org​/10​.4049​/
jimmunol​.168​.7​.3173

Gabellini, D., I.N.  Colaluca, H.C.  Vodermaier, G.  Biamonti, M.  Giacca, 
A. Falaschi, S. Riva, and F.A. Peverali. 2003. Early mitotic degradation of 
the homeoprotein HOXC10 is potentially linked to cell cycle progression. 
EMBO J. 22:3715–3724. https​://doi​.org​/10​.1093​/emboj​/cdg340

Gasco, M., S. Shami, and T. Crook. 2002. The p53 pathway in breast cancer. 
Breast Cancer Res. 4:70–76. https​://doi​.org​/10​.1186​/bcr426

Guo, M., L.Y.  Jan, and Y.N.  Jan. 1996. Control of daughter cell fates during 
asymmetric division: interaction of Numb and Notch. Neuron. 17:27–41. 
https​://doi​.org​/10​.1016​/S0896​-6273(00)80278​-0

Haupt, Y., R. Maya, A. Kazaz, and M. Oren. 1997. Mdm2 promotes the rapid 
degradation of p53. Nature. 387:296–299. https​://doi​.org​/10​.1038​
/387296a0

Honda, R., and H. Yasuda. 2000. Activity of MDM2, a ubiquitin ligase, toward 
p53 or itself is dependent on the RING finger domain of the ligase. 
Oncogene. 19:1473–1476. https​://doi​.org​/10​.1038​/sj​.onc​.1203464

Honda, R., H. Tanaka, and H. Yasuda. 1997. Oncoprotein MDM2 is a ubiquitin 
ligase E3 for tumor suppressor p53. FEBS Lett. 420:25–27. https​://doi​
.org​/10​.1016​/S0014​-5793(97)01480​-4

Joseph, T.W., A.  Zaika, and U.M.  Moll. 2003. Nuclear and cytoplasmic 
degradation of endogenous p53 and HDM2 occurs during down-
regulation of the p53 response after multiple types of DNA damage. FAS​
EB J. 17:1622–1630. https​://doi​.org​/10​.1096​/fj​.02​-0931com

Juven-Gershon, T., O. Shifman, T. Unger, A. Elkeles, Y. Haupt, and M. Oren. 
1998. The Mdm2 oncoprotein interacts with the cell fate regulator Numb. 
Mol. Cell. Biol. 18:3974–3982. https​://doi​.org​/10​.1128​/MCB​.18​.7​.3974

Kainosho, M., T.  Torizawa, Y.  Iwashita, T.  Terauchi, A.  Mei Ono, and 
P.  Güntert. 2006. Optimal isotope labelling for NMR protein structure 
determinations. Nature. 440:52–57. https​://doi​.org​/10​.1038​/nature04525

Karaczyn, A., M. Bani-Yaghoub, R. Tremblay, C. Kubu, R. Cowling, T.L. Adams, 
I.  Prudovsky, D.  Spicer, R.  Friesel, C.  Vary, and J.M.  Verdi. 2010. 
Two novel human NUMB isoforms provide a potential link between 
development and cancer. Neural Dev. 5:31. https​://doi​.org​/10​.1186​/1749​
-8104​-5​-31

Kim, K.K., J.  Nam, Y.S.  Mukouyama, and S.  Kawamoto. 2013. Rbfox3-
regulated alternative splicing of Numb promotes neuronal differentiation 
during development. J. Cell Biol. 200:443–458. https​://doi​.org​/10​.1083​/
jcb​.201206146

Krieger, J.R., P. Taylor, A.S. Gajadhar, A. Guha, M.F. Moran, and C.J. McGlade. 
2013. Identification and selected reaction monitoring (SRM) 
quantification of endocytosis factors associated with Numb. Mol. Cell. 
Proteomics. 12:499–514. https​://doi​.org​/10​.1074​/mcp​.M112​.020768

Kubbutat, M.H., S.N. Jones, and K.H. Vousden. 1997. Regulation of p53 stability 
by Mdm2. Nature. 387:299–303. https​://doi​.org​/10​.1038​/387299a0

Li, S.C., C.  Zwahlen, S.J.  Vincent, C.J.  McGlade, L.E.  Kay, T.  Pawson, and 
J.D.  Forman-Kay. 1998. Structure of a Numb PTB domain-peptide 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/2/745/1616931/jcb_201709092.pdf by guest on 04 D

ecem
ber 2025

https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1002/dvdy.21072
https://doi.org/10.1002/dvdy.21072
https://doi.org/10.2307/2533444
https://doi.org/10.1016/j.molcel.2013.11.010
https://doi.org/10.1016/j.molcel.2013.11.010
https://doi.org/10.1016/j.breast.2013.07.005
https://doi.org/10.1016/j.breast.2013.07.005
https://doi.org/10.1038/nrm3591
https://doi.org/10.1038/nrm3591
https://doi.org/10.1038/nature06412
https://doi.org/10.1007/BF00197809
https://doi.org/10.1074/jbc.274.46.33097
https://doi.org/10.1074/jbc.274.46.33097
https://doi.org/10.1002/neu.10176
https://doi.org/10.1002/ijc.27767
https://doi.org/10.4049/jimmunol.168.7.3173
https://doi.org/10.4049/jimmunol.168.7.3173
https://doi.org/10.1093/emboj/cdg340
https://doi.org/10.1186/bcr426
https://doi.org/10.1016/S0896-6273(00)80278-0
https://doi.org/10.1038/387296a0
https://doi.org/10.1038/387296a0
https://doi.org/10.1038/sj.onc.1203464
https://doi.org/10.1016/S0014-5793(97)01480-4
https://doi.org/10.1016/S0014-5793(97)01480-4
https://doi.org/10.1096/fj.02-0931com
https://doi.org/10.1128/MCB.18.7.3974
https://doi.org/10.1038/nature04525
https://doi.org/10.1186/1749-8104-5-31
https://doi.org/10.1186/1749-8104-5-31
https://doi.org/10.1083/jcb.201206146
https://doi.org/10.1083/jcb.201206146
https://doi.org/10.1074/mcp.M112.020768
https://doi.org/10.1038/387299a0


JCB • Volume 217 • Number 2 • 2018762

complex suggests a basis for diverse binding specificity. Nat. Struct. Biol. 
5:1075–1083. https​://doi​.org​/10​.1038​/4185

Lin, D.Y., and L.J. Wei. 1989. The Robust Inference for the Cox Proportional 
Hazards Model. J.  Am. Stat. Assoc. 84:1074–1078. https​://doi​.org​/10​
.1080​/01621459​.1989​.10478874

McGill, M.A., and C.J.  McGlade. 2003. Mammalian numb proteins promote 
Notch1 receptor ubiquitination and degradation of the Notch1 
intracellular domain. J. Biol. Chem. 278:23196–23203. https​://doi​.org​/10​
.1074​/jbc​.M302827200

Meek, D.W., and U.  Knippschild. 2003. Posttranslational modification of 
MDM2. Mol. Cancer Res. 1:1017–1026.

Miskei, M., C.  Antal, and M.  Fuxreiter. 2017. FuzDB: database of fuzzy 
complexes, a tool to develop stochastic structure-function relationships 
for protein complexes and higher-order assemblies. Nucleic Acids Res. 
45(D1):D228–D235. https​://doi​.org​/10​.1093​/nar​/gkw1019

Misquitta-Ali, C.M., E. Cheng, D. O’Hanlon, N. Liu, C.J. McGlade, M.S. Tsao, 
and B.J. Blencowe. 2011. Global profiling and molecular characterization 
of alternative splicing events misregulated in lung cancer. Mol. Cell. Biol. 
31:138–150. https​://doi​.org​/10​.1128​/MCB​.00709​-10

Paull, T.T., E.P.  Rogakou, V.  Yamazaki, C.U.  Kirchgessner, M.  Gellert, and 
W.M. Bonner. 2000. A critical role for histone H2AX in recruitment of 
repair factors to nuclear foci after DNA damage. Curr. Biol. 10:886–895. 
https​://doi​.org​/10​.1016​/S0960​-9822(00)00610​-2

Pece, S., M.  Serresi, E.  Santolini, M.  Capra, E.  Hulleman, V.  Galimberti, 
S. Zurrida, P. Maisonneuve, G. Viale, and P.P. Di Fiore. 2004. Loss of 
negative regulation by Numb over Notch is relevant to human breast 
carcinogenesis. J.  Cell Biol. 167:215–221. https​://doi​.org​/10​.1083​/jcb​
.200406140

Pece, S., S.  Confalonieri, R.P, Romano, and P.P.  Di Fiore. 2011. NUMB-ing 
down cancer by more than just a NOT​CH. Biochim. Biophys. Acta. 
1815:26–43. https​://doi​.org​/10​.1016​/j​.bbcan​.2010​.10​.001

Pervushin, K.V., G.  Wider, and K.  Wüthrich. 1998. Single Transition-to-
single Transition Polarization Transfer (ST2-PT) in [15N,1H]-TRO​SY. 
J. Biomol. NMR. 12:345–348. https​://doi​.org​/10​.1023​/A​:1008268930690

Rajendran, D., Y.  Zhang, D.M.  Berry, and C.J.  McGlade. 2016. Regulation 
of Numb isoform expression by activated ERK signaling. Oncogene. 
35:5202–5213. https​://doi​.org​/10​.1038​/onc​.2016​.69

Rennstam, K., N. McMichael, P. Berglund, G. Honeth, C. Hegardt, L. Rydén, 
L. Luts, P.O. Bendahl, and I. Hedenfalk. 2010. Numb protein expression 
correlates with a basal-like phenotype and cancer stem cell markers in 
primary breast cancer. Breast Cancer Res. Treat. 122:315–324. https​://doi​
.org​/10​.1007​/s10549​-009​-0568​-x

Revil, T., D.  Gaffney, C.  Dias, J.  Majewski, and L.A.  Jerome-Majewska. 2010. 
Alternative splicing is frequent during early embryonic development in 
mouse. BMC Genomics. 11:399. https​://doi​.org​/10​.1186​/1471​-2164​-11​-399

Rhyu, M.S., L.Y.  Jan, and Y.N.  Jan. 1994. Asymmetric distribution of numb 
protein during division of the sensory organ precursor cell confers distinct 
fates to daughter cells. Cell. 76:477–491. https​://doi​.org​/10​.1016​/0092​
-8674(94)90112​-0

Rogakou, E.P., D.R. Pilch, A.H. Orr, V.S. Ivanova, and W.M. Bonner. 1998. DNA 
double-stranded breaks induce histone H2AX phosphorylation on serine 139. 
J. Biol. Chem. 273:5858–5868. https​://doi​.org​/10​.1074​/jbc​.273​.10​.5858

Roth, J., M.  Dobbelstein, D.A.  Freedman, T.  Shenk, and A.J.  Levine. 1998. 
Nucleo-cytoplasmic shuttling of the hdm2 oncoprotein regulates the levels 
of the p53 protein via a pathway used by the human immunodeficiency 
virus rev protein. EMBO J.  17:554–564. https​://doi​.org​/10​.1093​/emboj​
/17​.2​.554

Santolini, E., C. Puri, A.E. Salcini, M.C. Gagliani, P.G. Pelicci, C. Tacchetti, and 
P.P. Di Fiore. 2000. Numb is an endocytic protein. J. Cell Biol. 151:1345–
1352. https​://doi​.org​/10​.1083​/jcb​.151​.6​.1345

Sattler, M., J.  Schleucher, and C.  Griesinger. 1999. Heteronuclear 
multidimensional NMR experiments for the structure determination 
of proteins in solution employing pulsed field gradients. Prog. Nucl. 
Magn. Reson. Spectrosc. 34:93–158. https​://doi​.org​/10​.1016​/S0079​
-6565(98)00025​-9

Sczaniecka, M., K.  Gladstone, S.  Pettersson, L.  McLaren, A.S.  Huart, and 
M.  Wallace. 2012. MDM2 protein-mediated ubiquitination of numb 
protein: identification of a second physiological substrate of MDM2 
that employs a dual-site docking mechanism. J. Biol. Chem. 287:14052–
14068. https​://doi​.org​/10​.1074​/jbc​.M111​.303875

Self, S.G., and R.L.  Prentice. 1988. Asymptotic Distribution Theory and 
Efficiency Results for Case-Cohort Studies. Ann. Stat. 16:64–81. https​://
doi​.org​/10​.1214​/aos​/1176350691

Sheng, W., M.  Dong, C.  Chen, Y.  Li, Q.  Liu, and Q.  Dong. 2016. Musashi2 
promotes the development and progression of pancreatic cancer by down-
regulating Numb protein. Oncotarget. 8:14359–14373. https​://doi​.org​/10​
.18632​/oncotarget​.8736

Takahashi, T., M.M. Nau, I. Chiba, M.J. Birrer, R.K. Rosenberg, M. Vinocour, 
M. Levitt, H. Pass, A.F. Gazdar, and J.D. Minna. 1989. p53: a frequent 
target for genetic abnormalities in lung cancer. Science. 246:491–494. 
https​://doi​.org​/10​.1126​/science​.2554494

Takeda, M., A.M. Ono, T. Terauchi, and M. Kainosho. 2010. Application of SAIL 
phenylalanine and tyrosine with alternative isotope-labeling patterns for 
protein structure determination. J.  Biomol. NMR. 46:45–49. https​://doi​
.org​/10​.1007​/s10858​-009​-9360​-9

Tao, W., and A.J.  Levine. 1999. Nucleocytoplasmic shuttling of oncoprotein 
Hdm2 is required for Hdm2-mediated degradation of p53. Proc. Natl. 
Acad. Sci. USA. 96:3077–3080. https​://doi​.org​/10​.1073​/pnas​.96​.6​.3077

Tarn, W.Y., H.C. Kuo, H.I. Yu, S.W. Liu, C.T. Tseng, D. Dhananjaya, K.Y. Hung, 
C.C. Tu, S.H. Chang, G.J. Huang, and I.M. Chiu. 2016. RBM4 promotes 
neuronal differentiation and neurite outgrowth by modulating Numb 
isoform expression. Mol. Biol. Cell. 27:1676–1683. https​://doi​.org​/10​
.1091​/mbc​.E15​-11​-0798

Toriya, M., A. Tokunaga, K. Sawamoto, K. Nakao, and H. Okano. 2006. Distinct 
functions of human numb isoforms revealed by misexpression in the 
neural stem cell lineage in the Drosophila larval brain. Dev. Neurosci. 
28:142–155. https​://doi​.org​/10​.1159​/000090760

Tosoni, D., S.  Zecchini, M.  Coazzoli, I.  Colaluca, G.  Mazzarol, A.  Rubio, 
M. Caccia, E. Villa, O. Zilian, P.P. Di Fiore, and S. Pece. 2015. The Numb/
p53 circuitry couples replicative self-renewal and tumor suppression in 
mammary epithelial cells. J. Cell Biol. 211:845–862. https​://doi​.org​/10​
.1083​/jcb​.201505037

Tosoni, D., S.  Pambianco, B.E.  Soppo, S.  Zecchini, G.  Bertalot, G.  Pruneri, 
G.  Viale, P.P.  Di Fiore, and S.  Pece. 2017. Pre-clinical validation of a 
selective anti-cancer stem cell therapy for Numb-deficient human breast 
cancers. EMBO Mol. Med. 9:655–671. https​://doi​.org​/10​.15252​/emmm​
.201606940

Uemura, T., S.  Shepherd, L.  Ackerman, L.Y.  Jan, and Y.N.  Jan. 1989. numb, 
a gene required in determination of cell fate during sensory organ 
formation in Drosophila embryos. Cell. 58:349–360. https​://doi​.org​/10​
.1016​/0092​-8674(89)90849​-0

Vassilev, L.T., B.T.  Vu, B.  Graves, D.  Carvajal, F.  Podlaski, Z.  Filipovic, 
N. Kong, U. Kammlott, C. Lukacs, C. Klein, et al. 2004. In vivo activation 
of the p53 pathway by small-molecule antagonists of MDM2. Science. 
303:844–848. https​://doi​.org​/10​.1126​/science​.1092472

Verdi, J.M., R.  Schmandt, A.  Bashirullah, S.  Jacob, R.  Salvino, C.G.  Craig, 
A.E.  Program, H.D.  Lipshitz, and C.J.  McGlade. 1996. Mammalian 
NUMB is an evolutionarily conserved signaling adapter protein that 
specifies cell fate. Curr. Biol. 6:1134–1145. https​://doi​.org​/10​.1016​/
S0960​-9822(02)70680​-5

Verdi, J.M., A. Bashirullah, D.E. Goldhawk, C.J. Kubu, M. Jamali, S.O. Meakin, 
and H.D.  Lipshitz. 1999. Distinct human NUMB isoforms regulate 
differentiation vs. proliferation in the neuronal lineage. Proc. Natl. Acad. 
Sci. USA. 96:10472–10476. https​://doi​.org​/10​.1073​/pnas​.96​.18​.10472

Vranken, W.F., W.  Boucher, T.J.  Stevens, R.H.  Fogh, A.  Pajon, M.  Llinas, 
E.L. Ulrich, J.L. Markley, J.  Ionides, and E.D. Laue. 2005. The CCPN 
data model for NMR spectroscopy: development of a software pipeline. 
Proteins. 59:687–696. https​://doi​.org​/10​.1002​/prot​.20449

Westhoff, B., I.N.  Colaluca, G.  D’Ario, M.  Donzelli, D.  Tosoni, S.  Volorio, 
G. Pelosi, L. Spaggiari, G. Mazzarol, G. Viale, et al. 2009. Alterations 
of the Notch pathway in lung cancer. Proc. Natl. Acad. Sci. USA. 
106:22293–22298. https​://doi​.org​/10​.1073​/pnas​.0907781106

Wu, L., and A.J. Levine. 1997. Differential regulation of the p21/WAF-1 and 
mdm2 genes after high-dose UV irradiation: p53-dependent and p53-in-
dependent regulation of the mdm2 gene. Mol. Med. 3:441–451.

Yamazaki, T., J.D.  Forman-Kay, and L.E.  Kay. 1993. Two-dimensional NMR 
experiments for correlating 13Cβ and 1Hδ/ε chemical shifts of aromatic 
residues in 13C-labeled proteins via scalar couplings. J. Am. Chem. Soc. 
115:11054–11055. https​://doi​.org​/10​.1021​/ja00076a099

Yang, C.J., M. Takeda, T. Terauchi, J. Jee, and M. Kainosho. 2015. Differential 
Large-Amplitude Breathing Motions in the Interface of FKBP12-Drug 
Complexes. Biochemistry. 54:6983–6995. https​://doi​.org​/10​.1021​/acs​
.biochem​.5b00820

Yoshida, T., A. Tokunaga, K. Nakao, and H. Okano. 2003. Distinct expression 
patterns of splicing isoforms of mNumb in the endocrine lineage of 
developing pancreas. Differentiation. 71:486–495. https​://doi​.org​/10​
.1046​/j​.1432​-0436​.2003​.7108006​.x

Zhang, S., Y. Liu, Z. Liu, C. Zhang, H. Cao, Y. Ye, S. Wang, Y. Zhang, S. Xiao, 
P.  Yang, et al. 2014. Transcriptome profiling of a multiple recurrent 
muscle-invasive urothelial carcinoma of the bladder by deep sequencing. 
PLoS One. 9:e91466. https​://doi​.org​/10​.1371​/journal​.pone​.0091466

Zong, F.Y., X. Fu, W.J. Wei, Y.G. Luo, M. Heiner, L.J. Cao, Z. Fang, R. Fang, 
D. Lu, H. Ji, and J. Hui. 2014. The RNA-binding protein QKI suppresses 
cancer-associated aberrant splicing. PLoS Genet. 10:e1004289. https​://
doi​.org​/10​.1371​/journal​.pgen​.1004289

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/2/745/1616931/jcb_201709092.pdf by guest on 04 D

ecem
ber 2025

https://doi.org/10.1038/4185
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.1074/jbc.M302827200
https://doi.org/10.1074/jbc.M302827200
https://doi.org/10.1093/nar/gkw1019
https://doi.org/10.1128/MCB.00709-10
https://doi.org/10.1016/S0960-9822(00)00610-2
https://doi.org/10.1083/jcb.200406140
https://doi.org/10.1083/jcb.200406140
https://doi.org/10.1016/j.bbcan.2010.10.001
https://doi.org/10.1023/A:1008268930690
https://doi.org/10.1038/onc.2016.69
https://doi.org/10.1007/s10549-009-0568-x
https://doi.org/10.1007/s10549-009-0568-x
https://doi.org/10.1186/1471-2164-11-399
https://doi.org/10.1016/0092-8674(94)90112-0
https://doi.org/10.1016/0092-8674(94)90112-0
https://doi.org/10.1074/jbc.273.10.5858
https://doi.org/10.1093/emboj/17.2.554
https://doi.org/10.1093/emboj/17.2.554
https://doi.org/10.1083/jcb.151.6.1345
https://doi.org/10.1016/S0079-6565(98)00025-9
https://doi.org/10.1016/S0079-6565(98)00025-9
https://doi.org/10.1074/jbc.M111.303875
https://doi.org/10.1214/aos/1176350691
https://doi.org/10.1214/aos/1176350691
https://doi.org/10.18632/oncotarget.8736
https://doi.org/10.18632/oncotarget.8736
https://doi.org/10.1126/science.2554494
https://doi.org/10.1007/s10858-009-9360-9
https://doi.org/10.1007/s10858-009-9360-9
https://doi.org/10.1073/pnas.96.6.3077
https://doi.org/10.1091/mbc.E15-11-0798
https://doi.org/10.1091/mbc.E15-11-0798
https://doi.org/10.1159/000090760
https://doi.org/10.1083/jcb.201505037
https://doi.org/10.1083/jcb.201505037
https://doi.org/10.15252/emmm.201606940
https://doi.org/10.15252/emmm.201606940
https://doi.org/10.1016/0092-8674(89)90849-0
https://doi.org/10.1016/0092-8674(89)90849-0
https://doi.org/10.1126/science.1092472
https://doi.org/10.1016/S0960-9822(02)70680-5
https://doi.org/10.1016/S0960-9822(02)70680-5
https://doi.org/10.1073/pnas.96.18.10472
https://doi.org/10.1002/prot.20449
https://doi.org/10.1073/pnas.0907781106
https://doi.org/10.1021/ja00076a099
https://doi.org/10.1021/acs.biochem.5b00820
https://doi.org/10.1021/acs.biochem.5b00820
https://doi.org/10.1046/j.1432-0436.2003.7108006.x
https://doi.org/10.1046/j.1432-0436.2003.7108006.x
https://doi.org/10.1371/journal.pone.0091466
https://doi.org/10.1371/journal.pgen.1004289
https://doi.org/10.1371/journal.pgen.1004289

