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Abstract

The pre-B cell receptor (pre-BCR) is an immature form of the BCR critical for early B lymphocyte 

development. It is composed of the membrane-bound immunoglobulin (Ig) heavy chain, surrogate 

light chain components, and the signaling subunits Igα and Igβ. We developed monovalent 

Quantum Dot (QD)-labeled probes specific for Igβ to study the behavior of pre-BCRs engaged in 

autonomous, ligand-independent signaling in live B cells. Single-particle tracking revealed that 

QD-labeled pre-BCRs engaged in transient, but frequent, homotypic interactions. Receptor motion 

was correlated at short separation distances, consistent with the formation of dimers and higher-

order oligomers. Repeated encounters between diffusing pre-BCRs appeared to reflect transient 

co-confinement in plasma membrane domains. In human B cell precursor acute lymphoblastic 

leukemia (BCP-ALL) cells, we showed that frequent, short-lived, homotypic pre-BCR interactions 

stimulated survival signals, including expression of BCL6, which encodes a transcriptional 

repressor. These survival signals were blocked by inhibitory monovalent antigen-binding antibody 

fragments (Fabs) specific for the surrogate light chain components of the pre-BCR or by inhibitors 

of the tyrosine kinases Lyn and Syk. For comparison, we evaluated pre-BCR aggregation mediated 

by dimeric galectin-1, which has binding sites for carbohydrate and for the λ5 component of the 

surrogate light chain. Galectin-1 binding resulted in the formation of large, highly immobile pre-

BCR aggregates, which was partially relieved by the addition of lactose to prevent the crosslinking 

of galectin-BCR complexes to other glycosylated membrane components. Analysis of the pre-
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BCR and its signaling partners suggested that they could be potential targets for combination 

therapy in BCP-ALL.

INTRODUCTION

The cell surface expression of the multimeric pre-B cell receptor (pre-BCR) complex is 

required for the survival and differentiation of B cell progenitors. This complex is composed 

of the immunoglobulin (Ig) heavy chain (surface μHC), two surrogate light chain 

components VpreB (also known as CD179a) and λ5 (also known as CD179b), and the 

signaling subunits Igα (also known as CD79a) and Igβ (also known as CD79b). Pre-BCR 

signaling stimulates the phosphorylation of Immunoreceptor Tyrosine-based Activation 

Motifs (ITAMs) in the cytoplasmic tails of both of the Igα and Igβ subunits by the tyrosine 

kinase Lyn (1). The phosphorylated ITAMs form binding sites for the dual Src homology 2 

(SH2) domains of spleen tyrosine kinase (Syk), a critical component of downstream 

signaling cascades that determine cell fate decisions (2, 3).

The functional pre-BCR serves several crucial roles in B cell differentiation, including (i) 

initiating cell cycle exit (4, 5) and chromatin remodeling (6), which are critical for 

rearrangement of the genes encoding the light chains; (ii) regulating major changes in 

transcription (7, 8); (iii) providing quality control for Ig heavy chains (9); and (iv) balanced 

negative and positive selection of self-reactivity (10–12). Although it is broadly appreciated 

that the pre-BCR is positioned at a critical B cell developmental checkpoint, there remain 

some controversies regarding the primary signal initiating mechanism. Evidence exists for 

the following scenarios: Igα and Igβ signaling in the absence of external factors that might 

crosslink the Igα-Igβ heterodimer (13); pre-BCR recognition of self-antigens (14); 

involvement of μHC glycosylation at Asn46 (15); and pre-BCR aggregation by soluble or 

stromal-bound galectin-1, a lectin that has distinct binding sites for λ5 and for carbohydrates 

on glycoproteins and glycolipids (16). However, mutagenesis (17) and structural studies (18) 

suggest that autonomous signaling is driven by ligand-independent self-association of the λ5 

components of the surrogate light chains. The weak signals attributed to these homotypic 

pre-BCR interactions have led some to refer to it as “tonic signaling” (19). The compelling 

evidence for homotypic pre-BCR associations motivates these questions: Can these 

interactions be directly measured and what is their lifetime? Do they engage in serial 

interactions (20)? How does the relative duration of pre-BCR homotypic interactions govern 

the strength and outcome of pre-BCR signaling? These questions can now be addressed 

through high-resolution imaging modalities, such as single particle tracking (SPT) methods 

that have captured the diffusion, clustering, and dynamics of the mature BCR (21, 22) and 

FcεRI (23, 24).

Our model system is B cell precursor acute lymphoblastic leukemia (BCP-ALL) (25), for 

which a substantial fraction of cases depend on pre-BCR autonomous signals for survival, 

expression of the gene encoding the transcriptional repressor BCL-6 (B-cell lymphoma 6 

protein), and suppression of p53-mediated apoptosis (26). In these cases, there are parallels 

between the role of the BCR as a driver of or contributor to diffuse large B-cell lymphoma 

and chronic lymphocytic leukemia (27, 28). The knowledge that the BCR generates survival 
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and proliferative signaling in mature B cell neoplasms provided motivation for successful 

clinical trials targeting Syk, Bruton’s tyrosine kinase (BTK), and other downstream 

signaling components (29). There is now strong interest in determining whether targeted 

agents against the pre-BCR and its signaling partners (such as Lyn and Syk) (30–32) will 

also have therapeutic potential for an important subset of BCP-ALL, particularly in the 

setting of adjuvant or combination therapy. New insights into the mechanisms governing 

pre-BCR activation also have profound implications for normal B cell development, as well 

as autoimmunity (33).

Here, we used state-of-the-art SPT methods to capture dimer events between pre-BCRs in 

real time. These studies provide evidence that pre-BCRs undergo homotypic interactions 

through their surrogate light chain components, and that these interactions stimulate 

autonomous signaling. We demonstrated that VpreB-specific monovalent Fab antibodies 

blocked self-association and inhibited autonomous signaling. Treatment with anti-VpreB 

Fabs resulted in an overall faster pre-BCR diffusion rate by eliminating the proportion of 

receptors that was engaged in dimerization. The clinical relevance of our findings was 

suggested by evidence that anti-VpreB Fabs sensitized BCP-ALL cells to low-dose 

chemotherapy. To complete our studies of pre-BCR oligomerization, we also evaluated 

receptor behavior on cells treated with the pre-BCR–crosslinking agent galectin-1. In 

addition to its well-known carbohydrate-binding properties (34), galectin-1 binds to the 

unique region of λ5 (35) and serves as a pre-BCR ligand (36). There is intense interest in 

galectin-mediated signaling in the leukemia microenvironment (37), in which galectin-1 can 

crosslink the pre-BCR with integrins and other glycoproteins at stromal–blast cell synapses 

(38). In addition to being produced by stromal cells, galectin-1 is secreted by BCP-ALL 

blasts for which it may be a soluble or cell-bound ligand for the pre-BCR (39).

We showed that short-lived autonomous signals from the pre-BCR were important to 

regulate BCL6 abundance, as a downstream readout of pre-BCR activity. BCL6 protein 

abundance was decreased after treatment with inhibitors that target the pre-BCR signaling 

partners Lyn, Syk, and SHIP-1 (SH2 domain-containing Inositol 5′-Phosphatase). The 

Janus-activated kinase (Jak) inhibitor tofacitinib enhanced accumulation of BCL6 protein, 

confirming reports that signal transducer and activator of transcription (STAT) actively 

represses BCL6 transcription in BCP-ALL (40). Completed and ongoing clinical trials for 

Jak inhibitors in BCP-ALL (NCT01914484, NCT01251965, and NCT01164163) provide 

motivation for further studies to evaluate whether de-repression of BCL6 and other targets of 

the pre-BCR pathway offer potential escape mechanisms. Studies of pre-BCR cell lines and 

patient-derived leukemia blasts (26, 30, 40, 41) suggest that predicting the therapeutic 

responses of individual patients to targeted inhibitors of the pre-BCR and Jak-STAT 

pathways may require case-by-case evaluation, the development of reliable biomarkers, and 

a systems level approach to understanding the complex crosstalk between both pathways.

RESULTS

SPT captures serial pre-BCR engagements

The first step in the experimental plan to track pre-BCR self-association dynamics was the 

design and production of monovalent Quantum Dot (QD) probes. We base our probes on the 
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CB3-1 antibody to the Igβ (CD79b). As a positive control, we also generated probes based 

upon antibodies that recognize the Fc portion of the membrane-bound pre-BCR heavy chain 

(mIgμ). Both reagents have the advantage of not recognizing the VpreB and λ5 moieties of 

the surrogate light chain, which are proposed to mediate pre-BCR homotypic interactions 

(18). In brief, intact IgG antibodies were collected from hybridoma culture supernatants, 

which was followed by controlled pepsin cleavage to initially produce F(ab’)2 fragments. 

Anti-Igβ Fabs’ with exposed thiol groups (42) were generated by incubation in 2-

mercaptoethylamine (MEA) containing EDTA, followed by covalent, maleimide-based 

coupling of the free cysteines to PEG2-biotin. Protein G beads were used to remove any 

contaminating intact IgG or Fc fragments. Monovalent Fab’-PEG2-biotin was purified by 

FPLC (Fast Protein Liquid Chromatography) and then mixed 1:1 with avidin-conjugated 

QD585 or QD655 for dual-color SPT. We then characterized the anti-Igβ Fab’ probe (fig. 

S1).

Our strategy for observing pre-BCR dimers by SPT involved tagging each multi-subunit pre-

BCR with a different color of QD (QD585 or QD655) (Fig. 1A). Although there is limited 

structural information for the entire pre-BCR complex, if we assume a side-by-side 

orientation of all subunits, there would be approximately 80 to 100 nm between the two 

bound Fab’-QD probes in a dimer. Consistent with this, we found a best fit dimer distance 

between the QD probes of 100 nm with the Hidden Markov Model (HMM) to analyze large 

sets of two-color tracking data (43). Through SPT imaging (Fig. 1B), we captured pre-BCR 

dimerization in real time on the surface of live 697 cells [a cell line derived from a BCP-

ALL patient (44)]. The two diffusing anti-Igβ Fab’-QD probes were distinguished by 

pseudo-coloring them as green or magenta dots throughout a 25-s time series. At 2.6 to 3.3 s 

into image acquisition, the dots were clearly overlaid, indicating the presence of dimers. The 

pair became segregated at 5.9 s, which was followed by two rebinding events (at 7.3 and 

13.6 s) (Fig. 1B). The Viterbi plot (45) reported the state-specific transitions of these two 

receptors over time (Fig. 1C), using rate constants determined by the HMM as previously 

described in detail (43). The HMM distinguished three states for mobile receptors: (i) 

dimers; (ii) pairs that are transiently co-confined in the same region; and (iiii) pairs of 

receptors that are widely segregated (“free”). The two receptors cycled between dimer and 

co-confined states over a ~14.5-s time window, after which diffusion resulted in their 

separation by a distance of > 1 μm (Fig. 1C). For this pair, homotypic interaction lifetimes 

were short (<3 s).

Our three-dimensional (3D) view of the same pre-BCR dimer pair (Fig. 1D) illustrated the 

relative X and Y positions of each anti-Igβ Fab’-QD probe over time. Based upon their close 

proximity and correlated motion, the two pre-BCRs became dimerized at the beginning of 

the imaging. Their dissociation at 5.9 s was readily apparent, which was followed by a short 

re-engagement period and then dissociation and diffusion in separate directions toward the 

end of the image acquisition period. Additional examples of pre-BCR dimer events were 

analyzed (fig. S2 and movie S1). We applied two other criteria to evaluate dimerization (Fig. 

1, E and F), which examine whether pairs of molecules in the entire data set move 

independently (“uncorrelated motion”, with dissimilar jump magnitudes) or together 

(correlated motion with similar jump magnitudes). These plots show characteristic drops in 

pre-BCR uncorrelated motion (green lines) and jump magnitude (magenta lines) that were a 
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function of close separation distances, an expected requirement for interactions. These 

analyses were performed for 697 cells (Fig. 1E), as well as for Nalm6 cells (46) (Fig. 1F). 

These data provide statistically rigorous validation that pre-BCR dimerization occurred 

frequently on the surface of two distinct BCP-ALL cell lines. Analysis of the cytogenetics 

and the cell surface expression of BCP-ALL markers for both cell lines was also performed 

(table S1).

We then compared the relative mobilities of pre-BCR monomers and dimers on the surface 

of both cell lines (Fig. 1, G and H). In the free state, pre-BCRs had a relatively fast diffusion 

coefficient (0.16 and 0.12 μm2/s on 697 cells and Nalm6 cells, respectively). By comparison, 

the diffusion rates for interacting pairs of pre-BCRs (representing jump distributions only 

during the intervals when the receptors were identified as being dimerized) were markedly 

slower at 0.06 and 0.015 μm2/s on 697 cells and Nalm6 cells, respectively. When 

considering the whole population of receptors (that is, not state-specific), the ensemble 

Mean Square Displacement (MSD) plots for pre-BCRs on these cells were similar when 

either the anti-Igβ or the anti-mIgμ QD probes were used (fig. S3). The mean diffusion 

coefficients for the pre-BCR on the surfaces of 697 and Nalm6 cells were 0.13 and 0.09 

μm2/s, respectively (table S2). We also summarized the number of trajectories tracked under 

each experimental condition in this work (table S2).

The dissociation of individual receptors from dimers was previously shown to be a 

stochastic process, resulting in a characteristic range of dimer lifetimes that represent all of 

the binding and unbinding events within a data set (43, 47). For 697 cells, most (84%) of 

lifetimes of the 146 bound events were less than 2 s, with an off-rate of 1.14 +/− 0.18/s 

calculated by the HMM (Fig 1I, fig. S4, and table S3). Homotypic interactions of the pre-

BCR were slightly more stable on Nalm6 cells, as evidenced by a higher percentage of 

longer lifetime binding events (43% > 2 s) and an off-rate of 0.230 +/− 0.08/s (Fig 1J, fig. 

S4, and table S3). Note the correlation between the slower overall diffusion rate of the pre-

BCR in Nalm6 cells and the slower off-rates for homotypic interactions.

Because lateral diffusion can be restricted by barriers and protein-protein interactions in a 

non-linear fashion (48), the observation of slower pre-BCR diffusion rates on Nalm6 cells 

may reflect intrinsic differences in the cortical cytoskeleton, the increased size of pre-BCR 

complexes and their associated adaptor proteins, or both. The possibility of self-associated 

pre-BCR aggregates has been suggested previously (18, 19); their side-by-side alignment 

would orient them in the form of chains. A potential outcome of the five-fold slower off-rate 

(Fig. 1J and fig. S4) for self-engaged pre-BCRs on Nalm6 cells, compared to that of pre-

BCRs on 697 cells, may be the greater likelihood of them forming pre-BCR oligomers larger 

than dimers. We captured a pair of QD probes undergoing correlated motion on the surface 

of Nalm6 cells that were further apart than the 80 to 100 nm theoretical distance consistent 

with receptor dimers and their probes (movie S2). We interpret this movie as evidence for 

the diffusion of homotypic pre-BCR trimers or tetramers with the two Igβ Fab’-QD probes 

bound to the ends. We found that a median distance of 227 nm was maintained by the two 

probes undergoing correlated motion before blinking of the QD655 occurred (fig. S5, 

magenta).
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Galectin leads to the formation of complex pre-BCR–glycoprotein aggregates with slow 
diffusion rates

Galectin-1 binds to λ5 with high specificity (Ka =2 × 106 M−1) (36). We next evaluated the 

effects of exogenous galectin-1 on the diffusion and aggregation dynamics of pre-BCRs. We 

first verified the purity of the protein used in our experiments (fig. S6A) and took note of a 

structural model for monomeric galectin-1 (fig. S6B). Incubation of 697 cells with Alexa 

555–conjugated galectin-1 (red) led to the marked clustering of the pre-BCR (Fig. 2A, 

green) within 5 min. The merged image shows substantial colocalization (Fig. 2A, yellow) 

of galectin-1 and the pre-BCR in these clusters. For these experiments, we used 10 μM 

galectin-1, a concentration at which soluble galectin-1 should be >90% dimerized (49).

We performed SPT with the anti-Igβ Fab’-QD probes to evaluate the effects of galectin-1 on 

pre-BCR diffusion. We observed a marked decrease in both jump magnitude and 

uncorrelated motion for pre-BCRs on the surface of galectin-1–treated 697 cells (Fig. 2, B 

and C). A large fraction of pre-BCR essentially became immobile (Fig. 2D and movie S3), 

which is best explained by the formation of complex aggregates containing pre-BCR, 

galectin-1, and other cell surface glycoproteins. To provide evidence that the marked 

slowdown of the pre-BCR bound to galectin-1 could be attributed in part to carbohydrate-

mediated lattices with other glycoproteins (37), we also performed experiments in the 

presence of excess lactose (10 mM) to block the lectin-binding site of galectin-1 (fig. S6B). 

Under these conditions, we observed larger overall jump distributions for diffusing receptors 

and a shorter interaction distance for the onset of correlated motion (Fig. 2, B and C, green 

dashed lines). The overall diffusion rate of galectin-1–crosslinked pre-BCRs was markedly 

faster in the presence of lactose (Fig. 2D), approaching values for pre-BCRs under 

autonomous signaling conditions (table S2). Note that controls were performed with lactose 

alone (see fig. S6C) to ensure that the addition of lactose in the absence of galectin-1 did not 

alter the average diffusion behavior of the pre-BCR. Additional controls included the 

treatment of cells with 2 μM galectin-1, a concentration at which galectin-1 monomers 

predominate, which failed to markedly slow the diffusion rate of the pre-BCR (fig. S6D). 

Thus, these data suggest that soluble galectin-1 dimers are required to provide a bivalent 

ligand that binds to λ5 and promotes the aggregation of cell surface pre-BCRs (36).

Fabs against VpreB block the self-association of pre-BCRs

Our next goal was to test the effects of dimer-disrupting and dimer-stabilizing reagents upon 

the overall diffusive behavior of pre-BCRs. We reasoned that monovalent antibody 

fragments specific for the surrogate light chains of the pre-BCR would have potential as 

dimer-disrupting reagents. As described in the Materials and Methods, we screened the 

ConCIRT Synthetic Library to identify 16 phage-displayed clones that bound to recombinant 

VpreB1 polypeptide. A high-affinity clone was selected for the production of recombinant 

human IgG, and we then prepared anti-VpreB1 Fabs. The parent IgG bound to the pre-BCR 

on the surface of 697 cells with subnanomolar affinity (fig. S7).

We then generated MSD plots (Fig. 3A) for the pre-BCR in the absence and presence of a 

saturating concentration of anti-VpreB1 Fabs (1 μM). In these experiments, Fabs were added 

to 697 cells for 10 min at 37°C before we performed SPT. We observed that targeting the 
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pre-BCR with these monovalent blocking reagents markedly increased the overall diffusion 

rate of the pre-BCR. The overall diffusion coefficient for the pre-BCR on untreated 697 cells 

was 0.129 μm2/s, which was slower than the rate of 0.172 μm2/s that was observed when 

anti-VpreB Fabs blocked pre-BCR self-association (Fig. 3B and table S2). For comparison, 

we also plotted the values for pre-BCR diffusion in 697 cells after treatment with galectin-1 

(Fig. 3A, black lines). After crosslinking with galectin-1, a greater percentage of pre-BCRs 

approached an immobile state, with an ensemble MSD-derived diffusion coefficient of 0.069 

μm2/s (table S2 and movie S3). We also performed an overall comparison of the changes in 

jump magnitude (Fig. 3C) and uncorrelated motion (Fig. 3D) for pairs of pre-BCRs tracked 

on the surface of untreated cells (red lines; autonomous signaling) compared to those of cells 

treated with the anti-VpreB Fabs (blue lines) or galectin-1 (black lines). These data 

underscore our observations that pre-BCR self-association was prevented by monovalent 

blocking antibodies specific for the surrogate light chain and that galectin-1 induced the 

formation of large-scale pre-BCR aggregates.

Other studies suggest that early B cells are governed by a balance of finely tuned thresholds 

that govern early B cell checkpoints on self-reactivity and survival (40, 41, 50). We 

investigated the abundance of BCL6 protein as a readout of pre-BCR signaling under cell 

autonomous and galectin-mediated crosslinking conditions. We found that BCL6 protein 

abundance in 697 cells was greatest under autonomous signaling conditions (Fig. 3, E and F, 

left lanes). BCL6 abundance was decreased after overnight treatment with anti-VpreB Fabs, 

which inhibited homotypic interactions (Fig. 3E, right lane). Galectin-1–mediated 

crosslinking of the pre-BCR, in the absence, but not presence, of lactose, led to substantially 

reduced amounts of BCL6 (Fig. 3F).

Tyrosine phosphorylation and leukemia cell survival are finely tuned by autonomous pre-
BCR Signaling

We next evaluated the extent of Syk and CD79a phosphorylation under each of these 

experimental conditions (Fig. 4). We found that Syk phosphorylation at Tyr348 was 

detectable in lysates prepared from 3 × 107 Nalm6 cells under autonomous signaling 

conditions (Fig. 4A, left lane). Furthermore, treatment of cells for 30 min with anti-VpreB 

Fabs reduced the amount of Syk phosphorylated at Tyr348 by 40%. In addition, cells were 

treated for 5 min with galectin-1 either alone or in combination with lactose to block the 

carbohydrate-binding site of galectin-1. Addition of galectin-1 alone decreased the amount 

of Syk phosphorylated at Tyr348 (Fig. 4A), whereas crosslinking in the presence of lactose 

led to enhanced Syk phosphorylation on this site. This finding suggests that the inclusion of 

other glycoproteins and their signaling partners in the galectin-1–pre-BCR aggregate rapidly 

inhibits Syk-mediated signaling. Because the surface of BCP-ALL blasts is rich with ITIM-

containing inhibitory receptors (50), co-aggregation of pre-BCRs with these glycoproteins 

might explain the reduced phosphorylation of Syk in response to galectin-1 alone. In our 

hands, detection of phosphorylated Syk (pSyk) under autonomous signaling conditions often 

required the overexposure of Western blots. Wienands et al. previously showed that 

treatment of B cells with the pan phosphatase inhibitor pervanadate reveals kinase activity 

that is constitutively opposed by phosphatase activity (51). We found a ~7-fold enhancement 
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in the phosphorylation of Syk at Tyr348 after a 30-min treatment of Nalm6 cells with 

pervanadate (Fig. 4A).

Because phosphorylation detection under basal conditions required large quantities of cells, 

we took advantage of pervanadate to enhance the amounts of phosphorylated Igα (CD79a) 

ITAM and pSyk (Y182, Y352) (Fig. 4, B to D). We interpreted the presence of two or more 

bands corresponding to phosphorylated CD79a (Fig. 4C, lane 2) as differential mobility 

caused by the unequal phosphorylation of tyrosine residues in the cytoplasmic tail of 

CD79a. Treatment of cells with the combination of pervanadate and anti-VpreB Fabs 

resulted in the near-complete ablation of phosphorylation of both Syk Tyr182 and CD79a. 

Thus, the increased phosphorylation of these proteins, revealed by inhibiting phosphatase 

activity, was completely dependent on homotypic pre-BCR interactions that stimulated 

autonomous signaling. Receptor phosphorylation by the Src family kinase Lyn precedes the 

recruitment and activation of Syk in the canonical ITAM signaling pathway (19). There is 

also evidence that once Syk is recruited to the receptor, it also participates in the 

phosphorylation of ITAMs (52). We next evaluated these early steps in the autonomous pre-

BCR signaling pathway in experiments with kinase-selective, cell-permeable inhibitors. 

Dasitinib is a cell-permeable inhibitor of the tyrosine kinases Src and Abl (53). Consistent 

with our earlier findings and those of others (26), we found that the addition of dasatinib to 

pervanadate-treated 697 cells blocked the Lyn-mediated phosphorylation of the pre-BCR, as 

detected by anti-CD79a-pY182 antibodies (Fig. 4D). The combination of the Syk inhibitor 

BAY61-3606 and dasatinib abolished the accumulation of phosphorylated CD79a during 

phosphatase inhibition, suggesting that trans-phosphorylation by Syk combined with Lyn 

activity was required for the robust phosphorylation of CD79a. The Syk inhibitor also 

resulted in a 20% reduction in the amount of pSyk phosphorylated at Tyr352, consistent with 

this tyrosine residue being a substrate of both Lyn and Syk (2). Treatment of 697 cells with 

the Jak inhibitor tofacitinib (54) did not substantially alter Syk phosphorylation in the 

presence of pervanadate (Fig. 4E).

We also demonstrated the contribution of the pre-BCR–Lyn-Syk axis in autonomous 

signaling to BCL6 production, because treating 697 cells overnight with dasatinib resulted in 

reduced BCL6 abundance (Fig. 4F). Overnight treatment of 697 cells with tofacitinib 

increased the abundance of BCL6 protein, which we attributed to relief from a Jak-STAT 

pathway that represses BCL6 transcription (Fig. 4F) (26, 55). Genetic deletion of SH2-

containing inositol-5 phosphatase-1 (SHIP1, also known as INPP5D) or inhibition of its 

phosphatase activity with the small molecule inhibitor 3AC (3-a-aminocholestane) leads to 

cell death in BCR-ABL1+ acute lymphoblastic leukemia cells (50). We also evaluated the 

effects of 3AC on 697 cells. As reported previously (50), 3AC slightly increased Syk 

phosphorylation in these cells (here performed in the presence of pervanadate) (Fig. 4E). In 

addition, overnight treatment with 3AC alone resulted in a decrease in BCL6 protein 

abundance (Fig. 4F).
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Inhibitors of tyrosine kinases and inositol phosphatases differentially affect the survival of 
BCP-ALL cells

We next evaluated whether anti-VpreB Fabs or our panel of pharmacologic inhibitors could 

induce apoptosis in 697 cells, either alone or in combination with low concentrations of the 

chemotherapeutic agent vincristine. Overnight incubation of the cells with VpreB Fabs 

slightly enhanced the labeling of the cells with both 7-AAD and Annexin-V (14.9% 

compared to 8.5% of untreated cells, Fig. 5A). The combination of VpreB Fabs with 

vincristine (10 ng/ml) also slightly enhanced apoptosis (81.4% apoptotic cells compared to 

69.9% for vincristine alone). At least for 697 cells, which lack Jak mutations known to be 

present in a minor subset of BCP-ALL cases (56), treatment with tofacitinib did not directly 

induce apoptosis (Fig. 5B). By comparison, both dasatinib (a Lyn inhibitor) and 

BAY61-3606 (a Syk inhibitor) resulted in increased 7-AAD labeling of non-viable cells 

(Fig. 5B). All three inhibitors (tofacitinib, dasatinib, and BAY61-3606; each at 10 μM) 

modestly potentiated apoptosis in 697 cells treated with vincristine over a range of 0.1 to 2 

ng/ml (Fig. 5C). When used at 1 μM, 3AC sensitized cells to low concentrations of 

vincristine (0.1 to 2 ng/ml) (Fig. 5D). Higher concentrations of 3AC (10 to 50 μM) were 

required to induce direct killing of 697 cells, as determined by analysis of 7-AAD labeling 

(Fig. 5D and figs. S8 to S10).

Tracking of pre-BCRs in primary cells reveals differential effects of anti-VpreB Fabs and 
Lyn inhibition

The pre-BCR is absent from BCR-ABL1+ acute lymphoblastic leukemia cells (50); however, 

its presence in other BCP-ALL subsets likely defines those patients for which therapies that 

target autonomous signaling are of potential value (26). We identified two distinct BCP-ALL 

patient samples (#280 and #238) that had measurable amounts of pre-BCR on the cell 

surface (Fig. 6). To enable repeated measurements to be made of primary cells to validate 

pre-BCR diffusion and drug sensitivity studies, the patient samples were cryopreserved on 

the day of acquisition and then were either placed in tissue culture immediately after 

thawing or were passaged through Nod-SCID-γ2–deficient mice (a necessary step to expand 

primary leukemia blasts, which have a limited lifespan in culture). The cell surface 

abundance of the pre-BCR, based on quantitative binding of anti-VpreB antibodies (fig. 

S11), for these two patient samples ranged from ~4000 to 15,000 copies per cell, with 

average values of 6000 to 7000 (Fig. 6A). These values were very similar to those 

determined from experiments with Nalm6 cells and are equivalent to about half of the 

abundance of the pre-BCR on 697 cells. The pre-BCR complex is commonly assumed to 

have a uniform stoichiometry of two mIgμ: VpreB:λ5 complexes to one Igα–Igβ 
heterodimer; however, our flow cytometry–based quantitative measurements suggest that 

both sets of patient cells had an average of 4000 Igβ molecules, whereas there were ~6500 

copies of Igβ on Nalm6 cells and ~8000 copies on Igβ on 697 cells. We found that there 

were slightly differing ratios (0.7 to 1.1) of mIgμ:Igβ for each cell type (Fig. 6B). We 

speculate that this variability may be explained by some of the pre-BCRs being composed of 

homodimers of Igβ or Igα.

We next performed SPT with the anti-Igβ Fab’-QD probes to evaluate the diffusion of pre-

BCRs on untreated primary cells. We found that the overall diffusion coefficient for pre-
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BCRs on the plasma membrane of B cells from patient #238 was similar to that of 697 cells 

(Fig. 6C). The range of the observed values, as well as the overall diffusion coefficient for 

pre-BCRs on cells from patient #280, matched well with the diffusion characteristics of pre-

BCRs on Nalm6 cells. As an extension of the drug profiling reported earlier, we also treated 

697 cells with each of the three tyrosine kinase inhibitors and performed SPT experiments. 

Treatment of 697 cells with the Lyn and Syk inhibitors (dasatinib and BAY61-3606, 

respectively) increased pre-BCR mobility (Fig. 6D), as was expected given that ITAM 

phosphorylation generates docking sites for signaling partners that slow receptor diffusion. 

Incubation of B cells from patient #280 with either anti-VpreB Fab or dasatinib resulted in a 

marked increase in pre-BCR mobility (Fig. 6E). In contrast, there was little change in pre-

BCR diffusion in cells from patient #238 after either treatment (Fig. 6F).

Together, our earlier findings related to the diffusion and dimerization properties of pre-

BCRs (Figs. 3 and 6) suggest that these receptors fall into at least two distinct categories. To 

address potential explanations for these observations, we isolated mRNA from each of the 

two cell lines, as well as from the two patient samples. After RT-PCR amplification, we 

performed sequencing analysis for comparison to the reference sequence for VpreB (UniProt 

#P12018). We found that a substantial fraction of VpreB sequences expressed in each cell 

source differed from the reference sequence (fig. S12). Furthermore, the two groups with 

distinct diffusion profiles also sorted together based upon single nucleotide polymorphisms 

(SNPs). For 697 cells and those from patient #238, which had the fastest pre-BCR diffusion 

rates, we documented substitutions of lysine for glutamic acid at position 132 and glutamic 

acid for lysine at position 77. For Nalm6 cells and those from patient #280, which showed 

the slowest overall pre-BCR diffusion rates, we found either a 33 or 80% frequency, 

respectively, in substitution of asparagine for the aspartic acid at position 76. This latter 

change results in a putative N-linked glycosylation site, which is worth pursuing further 

because there are no N-linked glycosylation sites in the other forms of VpreB. With the 

exception of the K77E variant, all of these variants are listed on the UniProt site as natural 

variants.

Primary BCP-ALL cells show differential sensitivity to blockade of autonomous pre-BCR 
signaling

Given our observations that BCP-ALL cells fall into at least two distinct classes with respect 

to pre-BCR mobility and their possible linkage to VpreB polymorphisms, we evaluated 

whether blockade of homotypic pre-BCR self-associations might differentially sensitize the 

two primary patient samples to vincristine. We found that incubation of cells from patient 

#280 with anti-VpreB Fabs enhanced apoptosis, whether administered alone or in 

combination with a low concentration of vincristine (Fig. 7A). Blasts from patient #280 

were also very sensitive to dasatinib as a single agent; 80% of cells were strained with 7-

AAD and Annexin-V after 24 hours of culture. Longer incubations were not feasible, 

because the cells from this patient were 40% 7-AAD–positive when incubated with no drug 

or in the presence of up to 5 ng/ml vincristinel (Fig. 7A, blue line).

Blasts from patient #238, which is a high-risk case with MLL-rearrangement (table S1), 

were relatively resistant to vincristine alone up to concentrations of 10 ng/ml (Fig. 7B). 
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Anti-VpreB Fabs did not potentiate low-dose vincristine treatment of cells from patient 

#238; however, we observed a ~50% increase in 7-AAD labeling of patient #238 cells when 

dasatinib was added over a range of concentrations of vincristine (1 to 100 ng/ml). Thus, the 

combination of dasatinib and vincristine was effective in killing cells from both patients, but 

higher concentrations of dasatinib were required to kill the cells from patient #238. Finally, 

basal amounts of BCL6 protein were slightly greater in patient #280 cells compared to those 

in cells from patient #238 (Fig. 7C). The addition of VpreB Fab to block autonomous 

signaling decreased the abundance of BCL6 only in the cells from patient #280 (Fig. 7C). 

Furthermore, BCL6 abundance was reduced or became undetectable in cells from either 

patient when treated with either dasatinib or 3AC (Fig. 7D). Because the cells from patient 

#238 cells harbor an MLL-AF4 fusion, they fall into a category of BCP-ALL that is not 

frequently associated with the “Ph-like” transcriptional signature (57). Nevertheless, based 

upon the inhibitor studies, the basal activities of Lyn and SHIP (and possibly Abl) 

apparently contributed to the survival of the cells from patient #238. As for 697 cells (Fig. 

4D), BCL6 abundance in both sets of primary cells was markedly increased in response to 

the Jak inhibitor tofacitinib, which suggests that BCL6 expression was repressed by the Jak-

STAT pathway. Together, our results suggest that agents targeting the pre-BCR or its 

downstream partners lead to lymphoblast killing in vitro. However, the extent to which this 

will apply in a clinical setting will require further evaluation, including analysis of surrogate 

light chain polymorphisms as well as of the abnormal activation of alternative tyrosine 

kinase signaling pathways linked to specific mutations in non-pre-BCR pathways.

DISCUSSION

Seminal studies over 20 years ago led to the discovery of the surrogate light chain 

components, VpreB and λ5, which proved to be critical for the cell surface expression of the 

μH chain in early B cells (58). The assembly of Igμ with surrogate light chain components 

generates a functional cell surface receptor that signals the successful recombination of the 

heavy chain, initiates a burst of pre-B-cell proliferation, and then sets the stage for cell cycle 

arrest and the recombination of light chain–encoding genes (59). Reviews have covered 

critical aspects of the pre-B cell checkpoint, including the proximal events associated with 

pre-BCR signaling (19) and complicated transcriptional regulation, which are important to 

control B cell development and avoid autoreactivity (60). These checkpoints are often 

overridden in the pre-B leukemia setting (25).

We chose to study the pre-BCR in the context of BCP-ALL, which is one of the most 

prevalent neoplasms in children (61) and an aggressive cancer in adolescents and adults (62). 

Although therapies have markedly increased the number of relapse-free patients in the past 

40 years, there remain inherent concerns with existing treatments (63). Among these include 

the association of early chemotherapeutic administration with serious effects that alter early 

and late life stages (64). Considering these factors and the fact that high-risk leukemia 

outcome appears to have generally plateaued with conventional therapy (65), a push for new 

therapeutic approaches and agents is of rising importance. Based on success in mature B cell 

neoplasms (66–68), the pre-BCR and its signaling partners (31) may also offer new promise 

for targeted therapy in BCP-ALL.
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We focused here on the earliest events in pre-BCR signaling: the homo-oligomerization that 

drives autonomous signaling. We applied state-of-the-art imaging techniques to demonstrate 

the highly transient nature of homotypical pre-BCR interactions. These interactions 

influence pre-BCR diffusion in the plasma membrane of early lineage B cells. We found that 

pre-BCR diffusion in 697 cells and blasts from patient #238 was relatively fast at ~0.12 

μm2/s (table S2 and Fig. 6C). HMM analysis of >50,000 trajectories in 697 cells enabled 

these trajectories to be further divided into 2 groups: The fast group, traveling at 0.16 μm2/s, 

were considered “free” QD-tagged receptors and assumed to be mostly monomers, with the 

caveat that interactions with dark receptors cannot be captured under these SPT imaging 

conditions. The slow group, traveling at 0.059 μm2/s, represents QD-tagged pairs during the 

intervals in which they are engaged in homotypic interactions (Fig. 1G). It is likely that the 

slow population also reflects the transient residency of the pre-BCR in protein islands, which 

is already described as a mechanism to cluster the TCR and BCR in lymphocyte membranes 

(69, 70). Our results, which capture repeated interactions between the same pair of pre-

BCRs (Fig. 1C), are consistent with the transient co-confinement of pre-BCRs in these 

specialized membrane microdomains and within cytoskeletal corrals.

Diffusion of the pre-BCR in the plasma membranes of Nalm6 cells and patient #280 blasts 

was slightly slower overall at ~0.09 μm2/s, with values of 0.12 μm2/s for free receptors and 

0.015 μm2/s for receptors engaged in homotypic interactions. The slower diffusion rates for 

Nalm6 receptors in the bound state might reflect the five-fold slower off-rate for pre-BCR in 

Nalm6 compared to 697 cells (Fig. 1J and fig. S4), and therefore a greater propensity to 

form slow-moving, higher-order oligomers. We observed several instances in Nalm6 cells in 

which interacting pre-BCR pairs had an interaction distance >100 nm (fig. S5 and movie 

S2). Similarly, single-molecule imaging studies of the BCR demonstrated that higher affinity 

interactions support an enhanced ability of the receptor to oligomerize (71). We do not 

currently have a definitive explanation for the two distinct off-rates that we observed for the 

homotypic pre-BCR interactions on different BCP-ALL cells, but we speculate that it could 

be because of the observed VpreB SNPs that we documented for this group (fig. S12A). Of 

particular interest is the SNP variant that introduces a putative N-glycosylation site 

(substitution of asparagine for aspartic acid at position 76). A 3D structural model based 

upon the solved NMR and X-ray crystal structures of the pre-BCR (fig. S12B) reveals that 

this amino acid (and any putative posttranslational modification) is at a protein surface that 

is exposed to be solvent. Differential N-glycosylation of Asn46 of the pre-BCR heavy chain 

was previously noted to have a major influence on pre-BCR autonomous signaling, possibly 

by neutralizing an inhibitory influence imposed by the arginine-rich λ5 tail of the surrogate 

light chain (15). The substitution of lysine for glutamic acid at position 132, seen in those 

697 cells with a faster off-rate for pre-BCR homotypic interactions, could also reflect the 

change in charge near the putative VpreB dimerization site (17).

The BCRs of naïve and mature B cells have been the subject of impactful, high-resolution 

imaging studies (22, 70–73) that provide a context for the current work. BCR diffusion rates 

in the absence of ligand are generally slower than those of the pre-BCR, with variability 

amongst B cell sources and across imaging conditions. For example, BCR diffusion in 

J558L B cells was measured in TIRF mode on antigen-free lipid bilayers to have a range 

from 0.039 to 0.069 μm2/s (71). Up to 20% of BCRs are immobile under those conditions 
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(D < 0.01 μm2/s). On the surface of A20 B cells, wild-type IgM BCR travels at an average 

rate of 0.031 μm2/s, with the caveat that those IgM BCRs that are outside actin-rich regions 

diffuse at a faster rate (0.108 μm2/s) than that of BCRs within actin-rich membrane (0.039 

μm2/s) (22). The heavy chain moiety of BCR is very influential, because the IgD BCR 

exhibits very slow diffusion (0.005 μm2/s) (22). The cellular context also matters, 

particularly the influence of the actin cortical cytoskeleton, which forms corrals to restrict 

receptor motion (24). The BCR undergoes faster diffusion in B cells treated with latrunculin 

A (22) or in cells stimulated with ligands for Toll-like receptors, which induce cofilin-

mediated severing of actin filaments (73). We speculate that variability in the cortical actin 

cytoskeleton of Nalm6 and 697 cells and in cells from the two primary patients could 

contribute to our observed differences in pre-BCR diffusion rates.

Our experimental design was inspired by mutagenesis and structural studies that implicate 

the unique regions of λ5 in pre-BCR homotypic oligomerization for ligand-independent 

signaling (17, 18). We reasoned that Fabs directed at the VpreB component of the surrogate 

light chain would sterically block λ5-mediated homodimerization. This strategy was 

successful, because incubation with these monomeric antibody fragments resulted in faster 

pre-BCR diffusion rates and a marked reduction in observed dimerization events. 

Furthermore, the Fabs also blocked the accumulation of pCD79a and pSyk in the presence 

of pervanadate and H2O2, a strategy that reveals the close control of autonomous signaling 

by phosphatases (51). Kinetic proofreading is proposed as a generalized schema by which 

the number of receptors occupied and the duration of receptor occupancy translate into 

functional signals (74). In the absence of high-affinity interactions, frequent rebinding events 

associated with spatial confinement appear to provide the TCR a mechanism to propagate 

even weak signals (75). We speculate that frequent, low-affinity rebinding events also 

provide exactly the right threshold needed for the pre-BCR to maintain the narrow window 

for early B survival.

Galectin-1 binds to the λ5-UR domain of the pre-BCR (35) and, although this interaction is 

independent of the glycan-binding site of galectin, engagement with the pre-BCR induces 

local conformational changes that alter the affinity of galectin-1 for carbohydrates (37). 

Thus, it was important to evaluate the behavior of pre-BCRs that were crosslinked with 

soluble, dimeric galectin-1 in the presence and absence of lactose to distinguish “lattice-

like” complexes, which include other cell-surface glycans, from dimers and chains of pre-

BCRs and galectin-1 alone. We showed that the pre-BCR rapidly became immobile after the 

addition of galectin-1 alone (Fig. 3B and movie S3), forming clusters that were large enough 

to observe by standard epifluorescence techniques (Fig. 2A). Inclusion of lactose during 

galectin-1–mediated crosslinking disrupted complex, glycan-mediated aggregation, which 

was observed as a substantial change in the values for uncorrelated jump distance (Fig. 2B) 

and jump magnitude (Fig. 2C), as well as in overall diffusion (Fig. 2D). It is remarkable that 

galectin-mediated crosslinking in either context did not support accumulation of BCL6 

protein. The need for a perfectly tuned autonomous pre-BCR signal was previously 

described as the “Goldilocks” l threshold that optimally supports the PI3K-Akt pro-survival 

pathway (76, 77). The role for galectin-1–mediated crosslinking of the pre-BCR in ALL 

deserves further study. There may be a difference between galectin-1–mediated pre-BCR 

signaling when galectin-1 is produced as a soluble autocrine factor (a notable feature of 
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MLL-rearranged BCP-ALL cells) (39) versus galectin presentation on the surface of stromal 

cells (78). It has been proposed that early B cells occupy different bone marrow niches as 

they progress from dependency on IL-7 to stromal presentation of galectin (16).

One challenge will be to identify those BCP-ALL patients for which pre-BCR targeted 

therapy is appropriate, because there are multiple mechanisms that enable leukemia cells to 

bypass the pre-BCR checkpoint (25). A recent study of 830 cases from four clinical trials 

identified 13.5% of patients as being particularly reliant on autonomous pre-BCR signaling 

(26). On face value, the two patient samples (#280 and #238) that we studied here would fall 

within this class, because they expressed pre-BCR on the cell surface and were sensitive to 

dasatinib (Fig. 7). However, only one patient sample (#280) exhibited faster diffusion of the 

pre-BCR after exposure to anti-VpreB Fabs, which was accompanied by an increase in the 

fraction of apoptotic cells. This indicates that the cell surface expression of the pre-BCR 

alone does not predict reliance on autonomous signaling for survival.

Important BCP-ALL subsets rely on aberrant Abl or Jak signaling pathways, indicating that 

they are arrested very early in the B cell developmental process. Twenty-five percent of 

BCP-ALL cases express BCR-ABL because of a 9:22 translocation (Philadelphia 

chromosome, Ph+), and their responses to BCR-ABL kinase inhibitors can be short-lived 

(79). A “Ph-like” transcriptional signature has been linked to poor outcome in 10% of 

childhood ALL and 27% of adult ALL cases; the novel translocations and activating 

mutations associated with Ph-like ALL involve a number of cytokine receptors (FTL3, 

IL-7R, CRLF2, EPOR, PDGFRB, TSLF) and their associated signaling partners (kinases of 

the Jak and Abl families) (80). It appears that the ITAM-Syk and the ITIM-phosphatase axes 

are operating in the background of these oncogenic signaling pathways, because inhibitors 

of both pathways can stimulate pre-existing B cell programs for cell death (50). ITIM-

bearing receptors (including, PECAM1, CD300A, LAIR1, and CD22/SIGLEC-2) are 

expressed in BCP-ALL cells, where they serve critical roles in recruiting the tyrosine and 

inositol phosphatases SHP1 (PTPN6) and SHIP-1 (INPP5D), respectively (50, 81). Whereas 

SHIP-1 acts as a mediator of negative signaling from ITIM-bearing receptors in immune 

cells, SHIP-1 is important in negative regulatory loops downstream of the BCR (82). SHIP-1 

can be engaged under conditions that promote the incomplete phosphorylation of Igα and 

Igβ ITAMs, which favors the recruitment of single SH2 domain–bearing phosphatases over 

the recruitment of the dual SH2 domain–bearing kinase Syk (83). The Lyn–SHIP-1–PTEN–

SHP1 negative regulatory axis is an essential and constitutively engaged regulator of the 

BCR, particularly in the context of anergy (83, 84).

The complexities of the pre-BCR and its downstream partners (Syk, SLP65, and BCL6) 

alternatively serving as oncogenes or tumor suppressors have been reviewed (25). Central to 

understanding this complexity will be accurate maps of the stage-specific transcription factor 

network, which normally coordinates B lymphoid progression, and how disruption at key 

checkpoints leads to oncogenesis (85). We expect that improved understanding of pre-BCR 

dynamics and signaling outcomes, begun here with the current study, will be particularly 

important as tyrosine kinase inhibitors are incorporated into BCP-ALL therapy. Because of 

complex regulatory feed-forward and feed-back loops in early B cell development (26, 41, 

85), it is critical to understand if low-level pre-BCR signaling events offer potential sources 
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of drug resistance when the strongly proliferative signals from BCR-ABL and mutant Jak-

STAT signaling pathways are suppressed. The exquisite sensitivity of BCP-ALL cells to 

inhibitors of Lyn, Syk, and SHIP-1, as shown here, underscores that a substantial number of 

BCP-ALL cases are likely to benefit when chemotherapy and kinase inhibitors are 

administered in combination This concept has already been demonstrated in an animal 

model of Ph+ ALL, combining dasatinib (which inhibits Abl and Lyn) with ruxolitinib 

(which inhibits Jak) (86). Serial administration or immunotherapy may be possible if 

toxicity is a barrier when chemotherapeutics and kinase inhibitors are co-administered.

MATERIALS AND METHODS

Cell culture and treatments

Suspension cultures of BCP-ALL cell lines (697 and Nalm6) were cultured in RPMI 1640 

with phenol red (Sigma-Aldrich, Saint Louis, MO), with 10% (v/v) heat-inactivated fetal 

bovine serum (HI FBS), 1% Penicillin/Streptomycin (Gibco, Gaithersburg, MD), and 2 mM 

L-Glutamine. Patient samples were cultured in IMDM (Iscove’s Modified Dulbecco’s 

Medium), GlutaMAX (Gibco) supplemented with 20% (v/v) HI FBS, 1% Penicillin/

Streptomycin, 1x Insulin, transferrin, and selenium (Gibco), 1 mM sodium pyruvate (Gibco), 

and 55 μM 2-Mercaptoethanol (Gibco). Before experiments were performed, cells were 

washed twice with Tyrode’s solution. Unless otherwise stated, cells were pretreated for 10 

min with BAY61-3606 (1 μM), dasatinib (1 μM), tofacitinib (1 μM), anti-VpreB Fab (1 μM), 

or recombinant galectin-1 (10 μM) in the presence or absence of lactose in Tyrode’s 

solution, 0.1% bovine serum albumin (BSA), and 20 mM glucose. For SPT experiments, 

galectin-1 was purchased from Peprotech (Rocky Hill, NJ). Inhibitors were purchased from 

Santa Cruz Biotechnology (Dallas, TX), Selleck Chemicals (Houston, TX), and Echelon 

Biosciences (Salt Lake City, UT).

Recombinant anti-VpreB antibody screening and production

The Contextual Combinatorial Immune Repertoire (ConCIRT) Synthetic Library (87), 

consisting of 56 billion synthetically constructed human antibodies arrayed in over 100 

phage-displayed sub-libraries, was screened against recombinant “surrobodies.” Surrobodies 

consist of a functional human IgG1 heavy chain isolated from an anti-influenza H5N1 

hemagglutinin antibody and paired with either surrogate light chain components (VpreB1, 

λ5) or a chimeric polypeptide that is a product of the fusion of human VpreB1 and λ5. 

Phage bound to surrobodies coated on a 96-well microtiter plate were eluted and amplified 

for use in a subsequent round of screening. After four rounds of phage screening, individual 

clones from enriched pools were analyzed for specific binding by ELISA. Testing for 

binding specificity to VpreB1 was performed on ELISA plates coated with a chimeric 

VpreB1-λ5 polypeptide. Detection was quantified with HRP-conjugated anti-myc 

antibodies, which was followed by ELISA-based hit identification. After positive 

identification, 16 phage-derived clones with an affinity for VpreB in the range 0.85 to 250 

nM were sequenced. Clone 2460B04 was selected for integration into a mammalian 

expression plasmid, which was followed by transient transfection of HEK 293-F cells for the 

production of recombinant IgG antibodies. Intact IgG was reduced with 2MEA (2-
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mercaptoethylamine-HCl) to produce anti-VpreB1 Fab fragments. The reactivity of anti-

VpreB1 Fabs against live 697 cells was evaluated by flow cytometry (fig. S7).

Anti-CD79b IgG purification

CB3-1 hybridoma cells (generously provided by Dr. Max D. Cooper, Emory University) 

were cultured in RPMI 1640 with phenol red (Sigma-Aldrich) containing 10% (v/v) HI FBS, 

1% Penicillin/Streptomycin (ThermoFisher Scientific), 2 mM L-Glutamine (Gibco) and 1x 

β-mercaptoethanol (Gibco). Flask cultures were expanded by 2-week culture in 250 ml in 

RPMI media without FBS, which was followed by media collection, clarification by 

centrifugation at 560g, and filtration through a 0.22-μm vacuum filter. The culture medium 

was circulated overnight (4°C) on a protein A/G affinity column and the IgG was eluted with 

glycine buffer (pH 2.5 to 3.0). Eluted 1-ml fractions were neutralized with 1 M TRIS buffer 

(pH 9.0).

Fab’ generation, biotin conjugation, and QD labeling

Fab’-biotin probes were prepared as previously described (42). IgG derived from the CB3-1 

hybridoma or anti-IgM (Jackson Immuno Research, West Grove, PA) was dialyzed into 

sodium acetate solution (pH 4.5) to prepare for addition to pepsin-conjugated agarose 

(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions. IgG 

digestion was performed for 5 h at 37°C, and the eluate was dialyzed at 4°C into 100 mM 

phosphate, 5 mM EDTA, (pH 6.0) to prepare for reduction of the interchain disulfides of 

F(ab’)2 by 2-mercaptoethylamine (2-MEA, ThermoFisher Scientific). The sample was 

incubated in 2-MEA (50 mM) for 90 min at 37°C and then dialyzed into storage buffer [100 

mM phosphate, 5 mM EDTA, (pH 6.5 to 7.0)] for 4 hours at 4°C, exchanging buffer 

multiple times. The exposed thiol groups, generated from the reduction of interchain 

disulfides, were selectively conjugated to biotin with the EZ-Link Maleimide-PEG2-Biotin 

(ThermoFisher Scientific) and resolved by SDS-PAGE. To remove higher molecular weight 

bands (F(ab’)2 and undigested IgG, digested fragments were recovered at room temperature 

by FPLC size-exclusion chromatography with Superdex 75 10/300 column (GE Healthcare 

Life Sciences, Marlborough, MA) at a flow rate of 0.5 ml/min in phosphate-buffered saline 

(PBS) (fig. S1A). Residual intact Fc fragments were removed by batch processing with 

protein A/G agarose beads (ThermoFisher Scientific). The purity of the anti-CD79b Fab’-

maleimide biotin conjugates was determined by Coomassie stain and Western blotting 

analysis (fig. S1, B and C) after the samples were resolved by SDS-PAGE under 

nonreducing conditions. The biotin to Fab’ molar ratio was determined with the 

FluoReporter biotective green reagent (ThermoFisher Scientific) with a reported mean 

biotin:Fab molar ratio of 1:1. Anti-CD79b Fab’-Biotin or Anti-IgM Fab’-Biotin were mixed 

at a 1:1 ratio with Qdot655-strepavidin or Qdot585-streptavidin in PBS containing 1% (w/v) 

BSA to generate stock solutions.

QD labeling of live cells

Lab-Tek imaging chambers were coated with poly-l-lysine hydrobromide (Sigma-Aldrich) at 

1 mg/ml in sterile water for 20 min at room temperature, which was followed by three 

washes with water. BCP-ALL cells were serum-starved in RPMI 1640 without FBS for 2 

hours before being added to coated wells and incubated for 15 min at 37°C. QD-Fab’-
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CD79b or QD-Fab’-IgM were added at a final concentration of 100 pM in Tyrodes’s 

solution with 0.1% (w/v) BSA and 20 mM glucose and were incubated for 10 to 15 min at 

37°C.

Single particle tracking and analysis

All corresponding GPU SPT and track elongation, squared displacement, mean square 

displacement, correlated motion, fiducial data acquisition and image registration, and three-

state hidden Markov Model used in this study were described in detail previously (43).

Galectin-1 cloning, expression, and purification

MGC human galectin-1–encoding cDNA (LGALS1, accession# BC001693) was PCR-

amplified with the CACC forward primer (FWD: 5′-CAC CAT GGC TTG TGG TCT 

GG-3′) and reverse primer (REV: 5′-TCA GTC AAA GGC CAC ACA TTT GAT CT-3′). 

The amplified product was subcloned into pET101 by directional TOPO expression. The 

cloned product was transformed into One SHOT TOP10 Escherichia coli by heat-shock. 

Cells were grown overnight on ampicillin. Resistant cultures were selected and were used 

for DNA isolation. BL21 StarTM One Shot cells were transformed with the pET101 vector 

with LGALS1 by heat-shock, brief outgrowth in SOC medium, followed by transfer to 10 

ml of LB containing ampicillin, and the cultures were grown overnight at 37°C while 

shaking. The next day, 50 ml of LB containing ampicillin was inoculated with 1 ml of the 

overnight culture. The culture was grown at 37°C with shaking (225 to 250 rpm) for 2 to 3 

hours. IPTG (1 mM) was added to induce the expression of galectin-1 for 3 to 4 hours. The 

cells were then harvested by centrifugation at 3000g for 10 min at 4°C. The cells were 

purified by α-lactose/agarose (Sigma-Aldrich) as detailed previously (88).

Western blotting

After the cells were incubated in the presence or absence of the appropriate inhibitors or 

crosslinking agents, they were washed with ice-cold PBS and incubated for 15 min on ice in 

Tris-based lysis buffer containing 1% NP-40 and protease and phosphatase inhibitors 

(Thermo Scientific). To examine the effects of inhibitors on BCL6 abundance, treatments 

were performed for 24 hours. Cell lysates were clarified by centrifugation at 14,000g for 10 

min at 4°C and then were added to Laemmli’s Reducing buffer (final 2x). Proteins were 

resolved by SDS-PAGE and transferred to nitrocellulose membranes. After the blots were 

blocked with Tris-buffered saline containing 5% BSA, they were incubated with antibodies 

specific for pCD79a-Tyr182 (CST, Danver, MA), pSyk-Tyr348 (Novus Biologicals, Littleton, 

CO), pSyk-Tyr348 (Abcam, Cambridge, MA), pSyk-Tyr352 (CST), or BCL6 (Santa Cruz 

Biotechnology). Antibody specific for β-actin (Sigma-Aldrich) was used to confirm 

equivalent loading of gels.

Pervanadate treatment

The use of pervanadate to enhance signaling in various cell types has been reported 

previously (89–91). Here, all BCP-ALL cells were treated with freshly prepared pervanadate 

solution (0.2 mM sodium orthovanadate and 1 mM hydrogen peroxide) in the presence or 

absence of inhibitors and then treated for the times indicated in the figure legends.
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Chemosensitization

To establish an effective concentration range for the potential synergy of targeted inhibitors 

with vincristine, 697 cells (50,000 cells per condition) were incubated for 3 days at 37°C 

with a range of concentrations of vincristine (0.1 to 100.0 ng/ml) (Sigma-Aldrich). Controls 

are indicated in the figures, including vincristine alone and vehicle at the highest DMSO 

concentration used (0.2%). Curves were fit with a sigmoidal dose-response curve with the 

curve fitting toolbox of MATLAB.

Flow cytometry assays

Leukemia cell apoptosis was determined based on measurement of the binding of Annexin-

V-FITC (BioLegend, San Diego, CA) or Pacific Blue Annexin-V (BioLegend), whereas loss 

of cell viability was measured by 7-AAD labeling (BioLegend), according to the 

manufacturer’s procedures. For receptor-binding experiments, cells were incubated under 

saturating conditions for 1.5 hours on ice in PBS with anti-CD79b-APC antibody 

(BioLegend) or anti-VpreB-PE antibody (BioLegend). Flow cytometry data were calibrated 

with QuantumTM Simply Cellular beads (Bangs Laboratories, Fishers, IN) with anti-mouse 

Fc antibody according to the manufacturer’s instructions. Dissociation constants were 

estimated with nonlinear regression analysis under KD-controlled conditions as described 

previously (92). All flow cytometry data collection was conducted on HyperCyt (93) or BD 

LSRFortessa flow cytometers and analyzed with the FlowJo Software Suite (Tree Star, 

Ashland, OR).

RT-PCR mRNA sequence analysis

Total RNA was extracted from the 697 and Nalm6 cell lines and from patient samples #238 

and #280 with NucleoSpin RNA XS (Macherey-Nagel, Duren, Germany). cDNA synthesis 

was performed with both random hexamers and d(T)20 primers with SuperScript First-

Strand Synthesis System (ThermoFisher Scientific). Primers were designed for the 5′-UTR 

(FWD: 5′-GAGCTCTGCATGTCTGCACC-3′) and 3′-UTR (REV: 5′-

CGTGCCTCTGCTGTCTTCAG-3′) based upon the sequence of the reference VPREB1 
mRNA (NM_007128.3) sequence. PCR reactions used the Platinum PCR SuperMix 

(ThermoFisher Scientific). The Thermo Cycler set-up was as follows: 94°C for 2 min to 

denature the DNA and activate the enzyme; 35 cycles of PCR amplification followed by 30 s 

at 94°C, 30 s at 55°C, and 72°C for 1 min. All PCR amplicons were agarose gel–purified 

(Macherey-Nagel) and subcloned into the pCR-BluntII-TOPO vector according to the 

guidelines of the Zero Blunt TOPO PCR cloning kit (ThermoFisher Scientific). One Shot 

Competent E. coli were then transformed with the plasmids, and 10 to 20 colonies were 

selected on LB plates with kanamycin (50 μg/ml) and grown in 5 ml of LB containing 

kanamycin overnight. Plasmids were purified with the NucleoSpin Plasmid Miniprep 

(Macherey-Nagel). Purified plasmids were sequenced (Genewiz, Cambridge, Massachusetts) 

using their predefined Sp6 and T7 primers. Only sequences that passed Genewiz quality 
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control were analyzed. Each DNA sequence was compared to the reference sequence 

(NM_007128.3) by NCBI BLAST search. All multiple protein sequence alignments were 

performed with the MUSCLE server (94) and were compared to the reference sequence 

(UniProt #P12018). Prediction of the N-glycosylation of the reference and variant sequences 

was assessed with the NetNGlyc 1.0 Server.

Composite 3D model of preBCR Fab-like arms and Fcμ

Because the Fab-like X-Ray crystal structure of the preBCR (PDB: 2H32) does not contain 

the unique region, we used the MODELLER software suite (95) to build a homology model 

including the surrogate light chain unique region (UR) components. These surrogate light 

chain λ5-UR and VpreB-UR structural components were derived from the NMR solution 

structure (PDB: 2LKQ) and de novo peptide design PEP-FOLD online server (96), 

respectively. The composite 3D model shows the Fab-like arms extended from the Fcμ 

region derived from NMR and X-Ray structures (PDB: 4JVU, 4BA8, and 4JVW). Residues 

implicated in polymorphism were analyzed and highlighted with the VMD software package 

(97).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Direct evidence of pre-BCR dimerization on the surface of BCP-ALL cells
(A) Experimental model with estimation of the interaction distance based upon the pre-BCR 

crystal structure (PDB ID: 2H32), streptavidin (PDB ID: 1STP), and the estimated QD radii. 

(B) Time-lapse imaging (20 frames/s) of a single cell under resting conditions. (C) Viterbi 

plot of the most likely state (dimer, domain, and free) between two QD interactions as 

derived from hidden Markov model (HMM) with separation distance as the observed 

parameter. (D) Two-channel 3D trajectory of anti-Igβ Fab’-QD655 (magenta) and Fab’-

QD585 (green) bound to two receptors that serially engaged repeatedly over 14.5 s, with 

several instances of correlated motion before separating toward the end of acquisition. Data 

are representative of 35 independent experiments with 697 cells. (E and F) Analysis of 
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displacement (magenta, jump magnitude) and degree of uncorrelated motion (green) as a 

function of separation distance (between 150 to 200 nm), observed with both 697 cells (E) 

and Nalm6 cells (F). (G and H) Diffusion by state, as determined by HMM analysis. (I and 

J) Distribution of dimer lifetimes in 697 and Nalm6 cells, with estimated off-rates as 

predicted by HMM analysis. Interaction distances in the HMM were set to 100 and 300 nm, 

respectively. Data in (E) to (J) represent 26,447 trajectories in 697 cells and 2,800 

trajectories in Nalm6 cells.
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Fig. 2. Galectin-1 stabilizes receptor dimerization and promotes the formation of higher-order 
complexes
(A) Analysis of the binding of labeled galectin-1 (red) to the pre-BCR (green) in 697 cells. 

Arrows indicate cluster formation and the colocalization of galectin-1 with the pre-BCR. 

Images are representative of three experiments. (B and C) Blocking the carbohydrate-

binding domain of galectin-1 with 10 mM lactose revealed differences in displacements for 

the uncorrelated jump distance and the jump magnitude of distinct anti-Igβ probes at 

different separation distances. (D) Analysis of the diffusion of the pre-BCR in 697 cells 

treated with galectin-1 (GAL-1) in the absence or presence of 10 mM lactose. Plots 

represent cumulative data from 1491 (galectin) and 1560 (galectin + lactose) trajectories 

tracked over five independent experiments.
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Fig. 3. Comparison of the effects of VpreB Fabs and galectin-1 on pre-BCR diffusion and 
dimerization
(A and B) Ensemble MSD values (A) and diffusion coefficients (B) revealed changes in pre-

BCRs after 10 min of treatment with anti-VpreB Fabs (1 μM, blue) or galectin-1 (10 μM, 

black). The two-tailed t test from MATLAB was used to confirm statistical significance (see 

table S2). (C and D) Changes in uncorrelated jump distance and jump magnitude after 10 

min of treatment with either 1 μM anti-VpreB Fab (blue dotted lines) or 10 μM galectin-1 

(black dotted lines). (E and F) 697 cells were left untreated or were treated for 24 hours with 

5 μM anti-VpreB Fab (E) or with 10 μM galectin-1 in the presence or absence of 10 mM 

lactose (F) before being subjected to Western blotting analysis with antibodies against the 

indicated proteins. Each blot is representative of three or more independent experiments. Bar 

graphs report total densitometry data for the abundances of the indicated proteins normalized 

to the abundance of actin.
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Fig. 4. Western blotting analysis of pre-BCR signaling
(A) Western blotting analysis of Nalm6 cell lysates (3 × 107cells) for Syk phosphorylation at 

Tyr348 (pSyk Y348) after the indicated treatments. Blots were stripped and incubated with 

antibodies against total Syk and actin. Note that the pervanadate lane is shown after gray 

scale adjustment of the digital image, to adjust for the intensity of the signal for pSykY348 

compared to that in resting cells and after treatment with inhibitors. (B and C) Western 

blotting analysis of 697 cells (1.0 × 106) with antibodies specific for pSyk and pCD79a 

(Igα) after the cells were treated for 30 min with anti-VpreB Fab in the presence of 

pervanadate. (D) Western blotting analysis of 697 cells (1.0 × 106) with antibodies against 

pSyk and pCD79a (Igα) after the cells were treatment with BAY61-3606 (Syk inhibitor) or 

dasatinib (Lyn and Abl inhibitor) in the presence of pervanadate. (E) Western blotting 

analysis of 697 cells (1.0 × 106) with antibody specific for pSyk after the cells were treated 

for 30 min with 3AC (SHIP inhibitor) or tofacitinib (Jak inhibitor) in the presence of 

pervanadate. (F) Western blotting analysis of 697 cells (1.0 × 106) with antibody specific for 

total BCL6 protein after the cells were treated for 24 hours with dasatinib, tofacitinib, or 

3AC. All blots are representative of three or more independent experiments. Accompanying 

bar graphs report total densitometry data for all experiments for a given condition, with the 

abundance of the protein of interest normalized to that of actin or total Syk.
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Fig. 5. Analysis of apoptosis and viability in BCP-ALL cell lines after treatment with pre-BCR 
pathway inhibitors
(A) Annexin V (FITC-conjugated) and 7-AAD labeling of 697 cells after 3 days of culture 

in the absence (autonomous) and presence of anti-VpreB Fabs or vincristine, as indicated. 

(B) 7-AAD and Annexin-V labeling of 697 cells treated for 3 days with a range of 

concentrations (0.1 to 100 μM) of tyrosine kinase inhibitors (BAY61-6306, dasatinib, 

tofacitinib) or inositol phosphatase (3AC). (C) 7-AAD and Annexin-V labeling of 697 cells 

treated for 3 days with or without a single dose (10 μM) of tyrosine kinase inhibitors 

(BAY61-6306, dasatinib, tofacitinib) in combination with increasing concentrations (0.1 to 

100 ng/ml) of vincristine. (D) 7-AAD and Annexin-V labeling of 697 cells incubated for 3 

days with or without 3AC (0.1 to 50 μM) in combination with increasing doses of vincristine 

(0.1 to 100 ng/ml). In all plots, the percentage of cells that were 7AAD+Annexin-V+ is 

plotted against increasing concentrations of vincristine or inhibitor and fit with a sigmoidal 

dose-response curve. All data were acquired by flow cytometric analysis of at least 10,000 

events for each condition and are representative of xxx independent experiments.

Erasmus et al. Page 31

Sci Signal. Author manuscript; available in PMC 2017 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Expression profile and single particle tracking of pre-BCRs on different primary BCP-
ALL cells
(A) Comparison of the cell surface abundances of VpreB and CD79b (Igβ) on 697 cells, 

Nalm6 cells, and blasts from patients #238 and #280, as a readout of pre-BCR on the 

membrane of BCP-ALL cells. Cells were incubated with saturating concentrations of 

labeled fluorophore-conjugated anti-VpreB or anti-CD79b antibodies and binding values 

were quantified by flow cytometry. Results were calibrated by saturation binding of each 

antibody to Simply Cellular anti-mouse IgG microspheres. Data are representative of at least 

three independent experiments. (B) Comparison of the mean fluorescent values after anti-

VpreB and anti-CD79b labeling of the indicated cell types, plotted as a ratio of pre-BCR (2 

VpreB = 1 pre-BCR) to CD79b. (C) Comparison of the diffusion coefficient (μm2/s) of the 

pre-BCR in 697 cells (n = 26,447 trajectories) and Nalm6 cells (n = 3,573 trajectories) to 

primary cells from patient 238 (304 trajectories) and patient 280 (353 trajectories); single 

particle tracking was performed on untreated cells in all cases and performed over multiple 

days. (D) Ensemble MSD plots derived from SPT of the pre-BCR on 697 cells with or 

without a 10-min treatment with the indicated tyrosine kinase inhibitors. (E) Ensemble MSD 

plots derived from SPT of the pre-BCR on the surface of primary cells from patient 280 with 

and without a 10-min treatment with dasatinib (1 μM) or anti-VpreB Fabs (1 μM). (F) 
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Ensemble MSD plots derived from SPT of the pre-BCR on the surface of primary cells from 

patient 238 with and without a 10-min treatment with dasatinib (1 μM) or anti-VpreB Fabs 

(1 μM). Data in (D) to (F) are representative of xxx independent experiments.
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Fig. 7. Flow cytometric and Western blot analyses of primary BCP-ALL cells after treatment 
with tyrosine kinase inhibitors or anti-VpreB Fab
(A and B) Left: Plots show Annexin V (FITC-conjugated) and 7-AAD labeling of primary 

cells from patient #280 (A) and patient #238 (B) after 24 hours of culture with or without 

anti-VPreB Fabs (5 μM) or vincristine (1 to 100 ng/ml) as indicated. Right: Scatter plots 

report flow-based measurements of primary cells from patient 280 (A) and patient 238 (B) 

that were double labeled for 7-AAD and Annexin-V after 24 hours of culture with or 

without a single dose of anti-VpreB Fab (5 μM), vincristine (10 ng/ml), or both, as indicated. 

All data in (A) and (B) were acquired by flow cytometric analysis of at least 10,000 events 

for each condition and are representative of xxx independent experiments. (C) Western 

blotting analysis of cell lysates (1.0 × 106 primary cells each) for patients 280 or 238 to 

compare the relative abundance of BCL6 protein after the cells were treated for 24 hours 

with dasatinib (10 μM) or anti-VpreB Fab (5 μM). (D) Western blotting analysis of cell 

lysates (1.0 × 106 cells) from patients 280 and 238 to compare the relative abundance of 
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BCL6 protein after the cells were treated for 24 hours with BAY61-6306, dasatinib, 

tofacitinib, or 3AC. Each blot is representative of three or more independent experiments. 

Bar graphs show total densitometry data for all experiments for a given condition, with the 

abundance of the protein of interest normalized to that of actin.
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