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Abstract

Patients with chronic lymphocytic leukemia (CLL) have high plasma-levels of Wnt5a, which can induce phosphorylation of

ERK1/2 and enhance CLL-cell proliferation. Such effects could be inhibited by treatment with an ERK1/2 inhibitor, ERK1/

2-specific siRNA, or cirmtuzumab, an anti-ROR1 mAb. The CLL-derived line, MEC1, expresses Wnt5a, but not ROR1.

MEC1 cells transfected to express ROR1 (MEC1-ROR1) had higher levels of phosphorylated ERK1/2 than parental MEC1,

or MEC1 transfected with ROR1ΔPRD, a truncated ROR1 lacking the cytoplasmic proline-rich domain (PRD), or

ROR1P808A a mutant ROR1 with a P→A substitution at 808, which is required for complexing with the Rac-specific-

guanine-nucleotide-exchange factor DOCK2 upon stimulation with Wnt5a. We silenced DOCK2 with siRNA and found this

repressed the capacity of Wnt5a to induce ERK1/2 phosphorylation in MEC1-ROR1 or CLL cells. CLL cells that expressed

ROR1 had higher levels of phosphorylated ERK1/2 or DOCK2 than CLL cells lacking ROR1. Although we found ibrutinib

could inhibit the phosphorylation of ERK1/2 and DOCK2 induced by B-cell-receptor ligation, we found that this drug was

unable to inhibit Wnt5a-induced, ROR1-dependent phosphorylation of ERK1/2 or DOCK2. This study demonstrates that

Wnt5a can induce activation of ERK1/2 and enhance CLL-cell proliferation via a ROR1/DOCK2-dependent pathway

independent of BTK.

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the

accumulation of monoclonal B cells in the marrow and

lymphoid tissues, where leukemia cells receive growth and

survival signals within the tumor microenvironment [1, 2].

Factoring in such signaling is the B-cell receptor (BCR),

which is comprised of a ligand-binding transmembrane

immunoglobulin molecule and accessory proteins CD79a

and CD79b. Ligation of the BCR induces activation of

kinases, such as Bruton’s tyrosine kinase (BTK), leading to

downstream activation of extracellular signal-regulated

kinase (ERK)1/2, which can promote CLL-cell survival

and proliferation [3–5]. Similarly, chemokines, such as

CXCL12, can induce activation of ERK1/2 via stimulation

of chemokine-receptors, such as CXCR4, that also are

dependent on BTK [6, 7]. The importance of ERK1/2 acti-

vation by the microenvironment is underscored by studies

showing that inhibitors of MEK1/2, such as MEKi-1, which

block ERK1/2 activation, can abrogate the survival signaling

provided to leukemia cells by the microenvironment [8].

Moreover, the importance of BCR- and chemokine-receptor

signaling is highlighted by the clinical activity of drugs that

inhibit BTK, such as ibrutinib [2].

Other signaling pathways also can activate ERK1/2 in

CLL cells independent of BCR- or chemokine-receptor

signaling. For example, ligation of CD5 can induce phos-

phorylation of ERK1/2 via a pathway that appears depen-

dent on the entry of extracellular calcium (Ca2+), which is

facilitated by upregulation of the transient receptor potential

channel 1 (TRPC1) [9]. Furthermore, the non-canonical

Wnt factor, Wnt5a, which can be found at high levels in the

plasma of patients with CLL [10, 11], can induce activation

of ERK1/2 in neoplastic cells [12]. This is notable as Wnt5a

is an identified ligand for ROR1 [13], an evolutionarily

conserved and developmentally-restricted type-I surface
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protein, which is expressed by the leukemia cells of most

patients with CLL [13–15]. Moreover, ROR1 signaling

induced by Wnt5a can promote CLL-cell survival, growth,

and migration, which can be inhibited by cirmtuzumab, a

mAb specific for the extracellular domain of ROR1

[10, 16]. Conceivably, Wnt5a can induce ERK1/2 activa-

tion in CLL cells via a ROR1-dependent pathway.

Consistent with this notion is the recent study in a related

ROR1-expressing hematologic malignancy, namely mantle

cell lymphoma (MCL), that showed that silencing ROR1

could repress activation of ERK1/2 in MCL cells [17].

Therefore, we investigated whether Wnt5a could activate

ERK1/2 and whether such activation was dependent on

expression of ROR1.

Materials and methods

Immunoblot analysis

Immunoblot analysis was performed as described [18, 19].

Equal amounts of total protein from each sample were

separated by SDS-PAGE and blotted onto polyvinylidene

difluoride membrane. Immunoblot analysis was performed

using primary mAbs specific for ROR1 (Cell Signaling

Technology, Danvers, MA, USA, Cat# 4102), DOCK2

(Santa Cruz, Dallas, TX, USA; Cat# sc365242), Phospho-

tyrosine (4G10, Millipore-Sigma, Burlington, MA, USA;

Cat# 05–321), ERK1/2 (Cell Signaling; Cat# 9102),

pERK1/2 (Thr202/Tyr204) (Cell Signaling; Cat# 9101),

AKT (Cell Signaling; Cat# 9272), pAKT (Ser473) (Cell

Signaling; Cat# 9271), or β-Actin (Cell Signaling; Cat#

4967), which were detected using secondary antibodies

conjugated with horseradish peroxidase (Cell Signaling

Technology).

RNA-sequencing and gene set enrichment analysis

PBMC of 3 CLL samples were collected before therapy

(Pre-Rx) and at day 28 of cirmtuzumab treatment (D28).

Each D28 sample was collected after patients had received 2

doses of 16 mg/kg cirmtuzumab. Negative isolation of CLL

cells to ≥95% purity was performed prior to RNA isolation.

Total RNA was extracted using TRIzol reagent (Life

Technologies). Data were analyzed as previously described

[11]. Gene set enrichment analysis (GSEA) compared pre-

treatment (Pre-Rx) and day 28 (D28) levels for the same

patients in the 16 mg/kg cohort (n= 3). Using GSEA soft-

ware [20], we conducted GSEA on the primary RNA-seq

data pre-Rx and day 28 of cirmtuzumab treatment. We

focused GSEA on genes regulated by transcription factors

activated by phosphorylated ERK1/2 [21], namely genes

targeted by E-twenty-six (Ets-1) [21, 22], E-26-oncogene

(Elk) [21], Hypoxia-inducible factor-1 (HIF-1) [23], Jun

[24], CREB [25], or Fos [21]. Each gene set was considered

significant when the false discovery rate (FDR) was <25%

[20]. The FDR q value was adjusted for gene set size and

multiple hypothesis testing.

Study approval

CLL cells were collected at the Moores Cancer Center from

patients who provided written, informed consent, and who

satisfied diagnostic and immuno-phenotypic criteria for CLL.

This study was performed in compliance with the Declaration

of Helsinki and approval of the UCSD Institutional Review

Board (IRB) (IRB approval number 080918).

Results

Wnt5a induces ROR1-signaling to activate ERK1/2
and promote CLL-cell proliferation

We treated serum-starved CLL cells with or without Wnt5a

and assessed for activation of ERK1/2. We found that

treatment with Wnt5a for 5 min induced phosphorylation of

ERK1/2 (Fig. 1a). Moreover, the anti-ROR1 mAb cirmtu-

zumab (20 μg/ml), which specifically can block ROR1-

signaling [10, 11], could inhibit the capacity of Wnt5a to

induce activation of ERK1/2.

In prior studies we demonstrated that Wnt5a could

enhance the proliferation of CLL cells that expressed ROR1

when added to serum-starved CLL cells co-cultured with

IL-4, IL-10, and HeLa cells engineered to express CD154

[10, 16]. In this study, we found that treatment of such

cultures with the ERK1/2 inhibitor, SCH772984 [26, 27], or

cirmtuzumab, inhibited the capacity of Wnt5a to enhance

proliferation of the CLL cells, regardless of whether they

used unmutated (U) or mutated (M) immunoglobulin

heavy-chain variable region genes (IGHV) (Fig. 1b), sug-

gesting that activation of ERK1/2 was required for the

enhanced CLL-cell proliferation and that such activation

was ROR1-dependent. Consistent with this notion, we

found that silencing ERK1/2 with siERK1/2 siRNA

(Fig. 1c), while not acutely affecting cell viability, also

impaired the capacity of Wnt5a to enhance CLL-cell pro-

liferation relative to that of CLL cells treated with control,

nonspecific siRNA (siCtrl) (Fig. 1c-e).

Because cirmtuzumab could block Wnt5a-induced acti-

vation of ERK1/2, we examined whether treatment with

cirmtuzumab could repress expression of genes induced by

activated ERK1/2 in vivo. For this we used gene-set-

enrichment analyses (GSEA) to examine the transcriptomes

of leukemia cells collected prior to therapy and on D28 of

treatment with cirmtuzumab (n= 3) [9]. These analyses

1622 M. K. Hasan et al.



revealed that expression levels of genes induced by activated

ERK1/2 are significantly greater in the CLL cells of patients

prior to therapy than in the CLL cells from the same patients

after treatment with cirmtuzumab (Fig. 1f). Moreover, com-

pared to matched pre-treatment transcriptome samples, the

D28 post-treatment transcriptome samples had a significant

repression of 5 of 6 gene sets targeted by transcription

factors, namely genes targeted by E-twenty-six (Ets-1),

E-26-oncogene (Elk), Hypoxia-inducible factor-1 (HIF-1),

Jun, CREB, or Fos (Supplementary Fig. S1A-F).

Proline 808 of ROR1 is crucial for Wnt5a-induced
activation of ERK1/2

We examined for ERK1/2 activation in MEC1 cells, which

were derived from CLL cells and have been used as a model

Wnt5a enhances proliferation of chronic lymphocytic leukemia and ERK1/2 phosphorylation via a. . . 1623



system for study of CLL [28]. In prior studies we found that

MEC1 does not express ROR1 [29], but does express high

levels of Wnt5a, obviating use of exogenous Wnt5a [30].

Consistent with the findings that Wnt5a can induce activa-

tion of ERK1/2 via a ROR1-dependent pathway,

MEC1 cells made to express ROR1 via transfection with a

plasmid ROR1-expression vector had significantly higher

levels of phosphorylated ERK1/2 than mock-transfected

MEC1, or MEC1 cells transfected with an empty, control-

plasmid vector (Fig. 2d).

We studied the levels of phosphorylated ERK1/2 in

MEC1 cells transfected to express different mutant con-

structs of ROR1, including ROR1ΔPRD lacking the cyto-

plasmic proline-rich-domain (PRD), or ROR1P784A,

ROR1P808A, ROR1P826A, or ROR1P841A, which have point

mutations resulting in proline (P) to alanine (A) substitu-

tions at –P-X-X-P- motifs within the PRD, resulting in a

P→A substitution at position 784, 808, 826, or 841,

respectively (Fig. 2a-c and Supplementary Fig. S2). We

found that MEC1 cells expressing ROR1P784A, ROR1P826A,

or ROR1P841A each had high-levels of phosphorylated

ERK1/2 that were comparable to that of MEC1-ROR1 cells

expressing wild-type ROR1 (WT ROR1) (Fig. 2e). Such

levels were higher than that noted for MEC1 cells expres-

sing ROR1ΔPRD or ROR1P808A, each of which had low

levels of phosphorylated ERK1/2 comparable to that of

MEC1 cells lacking expression of ROR1 (Fig. 2e). These

results indicate that the PRD, and more specifically the

ROR1 proline residue at 808, is critical for the ROR1-

associated activation of ERK1/2 in MEC1-ROR1 cells.

Moreover, such enhanced activation of ERK1/2 in MEC1-

ROR1 cells could be inhibited by anti-Wnt5a antibody or

cirmtuzumab (Supplementary Fig. S3A, B).

Wnt5a-induced activation of ERK1/2 is dependent
on DOCK2

In prior studies we found that the proline residue at 808 of

ROR1 also was required for the Wnt5a-induced docking to

ROR1 of the dedicator of cytokinesis protein 2 (DOCK2)

[16], a Rac-specific guanine-nucleotide-exchange factor

(GEF) [31, 32]. Because of this, we examined whether

DOCK2 was necessary for Wnt5a-induced activation of

intracellular signaling molecules, such as ERK1/2 or AKT,

in primary CLL cells, as well as in MEC1-ROR1. We found

that reducing expression of DOCK2 using specific siRNA

in primary CLL cells (Fig. 3a, upper panel) impaired the

capacity of Wnt5a to induce activation of ERK1/2 (Fig. 3a,

middle panels), but not AKT in CLL cells (Fig. 3a, lower

panel). Furthermore, we found that reducing expression

of DOCK2 with specific siRNA in MEC1-ROR1 (Fig. 3b,

upper panel) decreased the levels of phosphorylated

Fig. 1 ERK1/2 factors in the capacity of Wnt5a to enhance CLL

proliferation. a Immunoblot analysis of lysates prepared from primary

CLL cells (representative of three patients) pretreated without (-) or

with (+) cirmtuzumab (20 μg/ml) for 2 h and stimulated without (-) or

with (+) Wnt5a (100 ng/ml) for 5 min; expression of total ERK1/2,

and activated pERK1/2 was measured, as indicated on the left. b Mean

proportions of dividing CLL cells from each of 6 patients (3 U-CLL

and 3 M-CLL) under conditions indicated at the bottom. P < 0.05; P <

0.01; P < 0.001, as assessed by 2-tailed Student’s t test. c CLL cells

transfected with control siRNA or siRNA targeting ERK1/2 and

examined 72 h later by western-blot (representative of 3 patients). Cell

viability was ≥90% before siRNA transfection and ≥80% in either

control or ERK1/2-siRNA transfected cells. d Mean proportions of

dividing CLL cells from each of 6 patients (3 U-CLL and 3 M-CLL)

under conditions indicated at the bottom. P < 0.05; P < 0.01; P < 0.001,

as assessed by 2-tailed Student’s t test. e Fluorescence of CLL cells

stained with CFSE and treated with CD154, without (–) or with (+)

Wnt5a. The percentage of dividing cells is indicated in each histogram.

f Gene set enrichment analysis (GSEA) on the transcriptomes of paired

pre-treatment (Pre-Rx) and post-treatment CLL cells at D28 (D28)

evaluating for pre and post-treatment differences in the expression of

ERK1/2 downstream target genes. Gene set size (SIZE), normalized

enrichment score (NES), and FDR q value (FDR q) are indicated.

Fig. 2 ROR1P(808)A has impaired capacity to induce ERK1/2

phosphorylation. a Schematic depicts the structure of ROR1 protein

with different domains.b ΔPRD represents the truncated form of

ROR1 without its proline rich region. c Amino acid sequences of the

proline rich domain of ROR1. Asterisks indicate the proline (P) amino

acid residues that had been substituted with alanine (A). d Immunoblot

analysis of lysates prepared from MEC1-Ctrl or MEC1-ROR1 cells, as

indicated on the top; the membranes were probed with anti-phospho

ERK1/2 or anti-ERK1/2 antibody, as indicated on the left. e Activation

of ERK1/2 was measured by immunoblot analysis, using lysates of

MEC1-Ctrl, MEC1-ΔPRD, MEC1-ROR1 (W/T) or MEC1 cells

transfected with each of the various mutated forms of ROR1, as

indicated on the top; the membranes were probed with anti-phospho

ERK1/2 or anti-ERK1/2 antibody, as indicated on the left. The num-

bers between two lanes are ratios of band integrated optical density

(IOD) of pERK1/2 relative to total ERK1/2, and normalized with

respect to that of MEC1-Ctrl cells.

1624 M. K. Hasan et al.



ERK1/2 relative to that of MEC1-ROR1 treated with siCtrl

(Fig. 3b, middle panels). This again did not repress acti-

vation of AKT (Fig. 3b, lower panel), implicating that

DOCK2 contributes to ROR1-dependent activation of

ERK1/2, but not AKT.

Next we examined whether the capacity of ROR1/

DOCK2 to induce activation of ERK1/2 was dependent

upon Rac1/2, which are Rho-GTPases that are activated by

ROR1/DOCK2 in response to Wnt5a. For this, we treated

CLL cells without or with Wnt5a, alone or in combination

with EHT1864 (10 μM) [33, 34], a small molecule that can

inhibit activated Rac1/2. We noted that the Wnt5a-induced

activation of ERK1/2 could be inhibited by EHT1864

(Supplementary Fig. S4A), suggesting that Wnt5a-induced

phosphorylation of ERK1/2 required activated Rac1/2.

Consistent with this notion we noted that treatment with

EHT1864 also could reduce the levels of phosphorylated

ERK1/2 in MEC1-ROR1 to levels comparable to those

noted in MEC1 cells lacking ROR1 (Supplementary

Fig. S4B).

Wnt5a induces ROR1-dependent tyrosine
phosphorylation of DOCK2

Recent studies suggest that activation of DOCK2 may be

associated with tyrosine phosphorylation of this GEF. It

recently was shown that CXCL12 stimulation in T lym-

phocytes, for example, induces phosphorylation of DOCK2,

which was associated with chemokine-induced activation of

RhoGTPases [35]. To examine whether DOCK2 also was

phosphorylated in response to signaling via Wnt5a-ROR1,

we examined the anti-DOCK2 i.p. for tyrosine phosphory-

lated DOCK2 using lysates generated from MEC1 cells, or

MEC1 cells made to express wild-type ROR1 or any one of

the various ROR1 mutants. We found MEC1-ROR1 cells

had phosphorylated DOCK2, as did MEC1 cells expressing

ROR1P784A, ROR1P826A, or ROR1P841A (Fig. 4a). In contrast

DOCK2 was not phosphorylated in MEC1 cells or MEC1

expressing ROR1ΔPRD or ROR1P808A (Fig. 4a). These

results are consistent with the notion that tyrosine phos-

phorylation of DOCK2 is dependent upon its capacity to

complex with ROR1 in response to autocrine Wnt5a, which

induces signaling via ROR1. Consistent with this notion,

we found that treatment of MEC1-ROR1 cells with cir-

mtuzumab or an antibody capable of neutralizing Wnt5a

down-modulated the levels of phosphorylated DOCK2 in a

time-dependent manner (Fig. 4b, c).

We next examined whether DOCK2 was phosphorylated

in primary CLL cells. We performed mass spectrometry

based proteomic analysis and found a phospho peptide of

DOCK2 at tyrosine (Y) 985 in freshly isolated CLL cells

(Supplementary Fig. S5). We also identified that DOCK2

was phosphorylated in freshly isolated CLL cells by

immunoblot analysis (Supplementary Fig. S6). However,

culture of CLL cells in serum-free media lacking Wnt5a

down-modulated the levels of tyrosine phosphorylated

DOCK2 in a time-dependent manner (Supplementary

Fig. S6). On the other hand, treatment of serum-starved

CLL cells with exogenous Wnt5a for 5 min could induce

tyrosine phosphorylation of DOCK2 (Fig. 4d). That such

phosphorylation was dependent on ROR1-signaling was

indicated by our finding that cirmtuzumab, but not a control

Ig of irrelevant specificity, could inhibit the capacity of

Wnt5a to induce tyrosine-phosphorylation of DOCK2

(Fig. 4e).

Phosphorylation of ERK1/2 or DOCK2 is higher in
CLL cells that express ROR1

We examined whether the levels of phosphorylated ERK1/2

or DOCK2 in freshly isolated CLL cells was associated

with expression of ROR1. Prior studies found heterogeneity

in levels at which ROR1 was expressed on CLL cells, and

that ~5% of patients had CLL cells with low-to-negligible

Fig. 3 DOCK2 factors in Wnt5a-induced activation of ERK1/2,

but not AKT. a Immunoblot analysis of lysates prepared from freshly-

isolated primary CLL cells (representative of 3 patients) transfected 72

h previously with control siRNA or siRNA targeting DOCK2, then

treated without (-) or with (+) Wnt5a; expression of DOCK2, total

ERK1/2, AKT, and activated pERK1/2, pAKT was measured, as

indicated on the left. The numbers between two lanes are ratios of band

IOD of pERK1/2 or pAKT versus total ERK1/2 or AKT respectively,

and normalized with respect to that of untreated cells. b Immunoblot

analysis of lysates prepared from MEC1-ROR1 cells transfected 72 h

previously with control siRNA or siRNA targeting DOCK2; expres-

sion of DOCK2, total ERK1/2, AKT, and activated pERK1/2, pAKT

was measured, as indicated on the left. The numbers between two

lanes are ratios of band IOD of pERK1/2 or pAKT versus total ERK1/

2 or AKT respectively, and normalized to that of untreated cells.

Wnt5a enhances proliferation of chronic lymphocytic leukemia and ERK1/2 phosphorylation via a. . . 1625



levels of ROR1 [36]. We examined levels of phosphory-

lated ERK1/2 or DOCK2 in CLL cells that expressed ROR1

(ROR1Pos) versus CLL cells of the small subgroup of

patients that did not (termed ROR1Neg). We found that

ROR1Neg CLL cells that used either U or M IGHV had

levels of ERK1/2 or DOCK2 that were comparable to that

of ROR1Pos CLL cells (Fig. 5a). However, the mean ratios

of phosphorylated to total ERK1/2 or DOCK2 were sig-

nificantly lower in ROR1Neg CLL cells (n= 10) than in

ROR1Pos CLL cells (n= 12) (P < 0.001) (Fig. 5a-c).

Cirmtuzumab, but not ibrutinib, could inhibit
Wnt5a-induced phosphorylation of ERK1/2 or
DOCK2

We examined the CLL cells of patients before and after

treatment with ibrutinib for activation of ERK1/2. The CLL

cells collected from patients treated for 1 month with

ibrutinib at 420 mg per day had ratios of phosphorylated

ERK1/2 versus total ERK1/2 that were comparable to that

detected in the CLL cells of the same patients prior to

therapy (Supplementary Fig. S7A, B), suggesting that

ibrutinib does not inhibit the constitutive activation of

ERK1/2 that apparently is induced by plasma Wnt5a.

To test this directly, we examined whether ibrutinib

could inhibit the phosphorylation of ERK1/2 or DOCK2

induced by Wnt5a in serum-starved CLL cells. In contrast

to treatment with cirmtuzumab, we found that ibrutinib

could not inhibit Wnt5a-induced phosphorylation of ERK1/

2 or DOCK2 (Fig. 6a-d). Nonetheless, the concentration

of ibrutinib used in these studies was sufficient to block

BCR-signaling, as this same concentration (0.5 µM) was

sufficient to inhibit the capacity of anti-µ to induce phos-

phorylation of ERK1/2 or DOCK2 in CLL cells of the same

patient sample (Fig. 6e, f).

Discussion

In the present study we demonstrated that Wnt5a can induce

phosphorylation of ERK1/2 in CLL cells via a ROR1/

DOCK2-dependent pathway. Inhibition of ERK1/2 using a

small molecule inhibitor or ERK1/2-specific siRNA inhib-

ited the capacity of Wnt5a to enhance of CLL-cell pro-

liferation, which also could be inhibited by cirmtuzumab,

demonstrating that the capacity of Wnt5a to enhance CLL-

cell proliferation is dependent on ROR1 and ERK1/2.

ERK1/2 is an integral member of the mitogen-activated

protein kinase (MAPK) signaling pathway. Phosphorylation

of ERK1/2 allows for its translocation from the cytosol to

the nucleus to activate transcription factors, such as Jun, Fos,

Ets-1, Elk, HIF-1, and cyclic AMP receptor binding protein

(CREB), which collectively enhance CLL-cell proliferation

and survival [3, 37, 38]. We found that the genes induced by

such factors are significantly reduced in CLL cells of

patients treated with cirmtuzumab from levels noted prior to

Fig. 4 Wnt5a induces ROR1-dependent phosphorylation of

DOCK2 in CLL. a Tyrosine phosphorylation of DOCK2 was con-

firmed by immunoblot analysis of anti-DOCK2 immune precipitates

(ip), using lysates of MEC1-Ctrl, MEC1-ΔPRD, MEC1-ROR1 (W/T)

or MEC1 cells transfected with each of the various mutated forms of

ROR1, as indicated on the top; the membranes were probed with anti-

DOCK2 or anti-phospho tyrosine antibody (pDOCK2), as indicated on

the left. b Immunoblot analysis of anti-DOCK2 ip, using lysates

prepared from MEC1-ROR1 cells that had been treated with Wnt5a

neutralizing antibody (2 µg/ml, R & D) for the times indicated at the

top (in hours); membranes were probed with anti-phospho tyrosine

(pDOCK2) or anti-DOCK2 antibody, as indicated on the left.

c Immunoblot analysis of anti-DOCK2 ip, using lysates prepared from

MEC1-ROR1 cells that had been treated with cirmtuzumab (20 µg/ml)

for the times indicated at the top (in hours); membranes were probed

with anti-phospho tyrosine (pDOCK2), anti-DOCK2 antibody, as

indicated on the left. d Immunoblot analysis of anti-DOCK2 ip, using

lysates prepared from overnight, serum-starved primary CLL cells

(representative of 3 patients) that subsequently were treated for 5 min

without (-) or with (+) Wnt5a (100 ng/ml), as indicated on the top; the

membranes were probed with anti-DOCK2 or anti-phospho tyrosine

antibody (pDOCK2), as indicated on the left. e Immunoblot analysis of

anti-DOCK2 ip, using lysates prepared from overnight, serum-starved

primary CLL cells (representative of 3 patients) that subsequently were

treated with Ctrl-IgG or cirmtuzumab (20 μg/ml), without (-) or with

(+) Wnt5a (100 ng/ml), as indicated on the top; the membranes were

probed with anti-DOCK2 or anti-phospho tyrosine antibody

(pDOCK2), as indicated on the left.
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therapy, indicating that cirmtuzumab can repress expression

of genes induced by activation of ERK1/2 in vivo.

Prior studies using the leukemia cell-line, MEC1, found

that these cells expressed Wnt5a [10], but not ROR1 [29].

We found that MEC1 cells transfected to express ROR1

(MEC1-ROR1) had higher levels of phosphorylated ERK1/

2 than parental MEC1 cells and that the levels of ERK1/2

activation in MEC1-ROR1 could be repressed by treatment

of these cells with neutralizing antibodies to Wnt5a or cir-

mtuzumab, indicating that constitutive high-level activation

of ERK1/2 in MEC1-ROR1 was due to the capacity of

endogenous Wnt5a to act as an autocrine to induce ROR1-

signaling. This allowed us to perform structure-function

relationship studies on ERK1/2 activation using MEC1 cells

made to express ROR1 or various mutant forms of ROR1.

We discovered that MEC1 cells expressing ROR1ΔPRD,

lacking the PRD, and more specifically MEC1-RORP808A,

lacking the proline residue at position 808 within the PRD,

had levels of phospho-ERK1/2 that were comparable to that

of MEC1 cells, despite expressing comparable amounts of

the ROR1. Because our prior studies had determined that

proline at position 808 to be necessary for ROR1 to interact

with DOCK2 in response to Wnt5a, we deduced that

DOCK2 was required for activation of ERK1/2 in response

to Wnt5a. Consistent with this notion, we found that

repressing expression of DOCK2 using specific siRNA in

MEC1-ROR1 cells, or in CLL cells, repressed the capacity

of Wnt5a to induce ERK1/2 phosphorylation.

DOCK2 is a guanine exchange factor (GEF) that is

expressed predominately by hematopoietic cells, in which it

governs activation, migration, and proliferation through

activation of Rac1/2 [39]. The SH3 domain of DOCK2 is

thought to allow it to interact with the PRD of ROR1 and/or

the carboxyl terminal of engulfment and cell motility factor

1 (Elmo1), which mitigates ubiquitination of DOCK2

[16, 40]. The carboxyl-terminal polyamino-acid (PAA)

region of DOCK2 also enhances its accumulation upon

binding phosphatidic acid, which can be blocked by a small

molecule inhibitor [41]. DOCK2 also has an evolutionarily

conserved Dock homology region (DHR) domain, DHR-1,

which can bind phosphatidylinositol 3,4,5-triphosphate

(PIP3), promoting its translocation to the leading edge of the

cell upon activation. Upon activation, the DHR-2 domain of

DOCK2 activates Rac1 and Rac2 [42]. Here we report that

DOCK2 activation in CLL in response to anti–µ or Wnt5a

also is associated with its tyrosine phosphorylation, as noted

in recent studies on T lymphocytes stimulated with che-

mokine [35]. Currently, it was unclear whether phosphor-

ylation of DOCK2 is required for its capacity to activate

Rac1/2 with subsequent activation of ERK1/2. However, the

results of this study shows that DOCK2 phosphorylation in

response to Wnt5a associates with its activation, which

requires its complexing with ROR1. Such Wnt5a-induced

activation could be inhibited by cirmtuzumab, but not by

ibrutinib, which instead could inhibit the phosphorylation/

activation of DOCK2 in response to anti-µ. Because the

lymphocytes of healthy adults do not express ROR1 [13],

Fig. 5 Phosphorylation of ERK1/2 or DOCK2 is high in ROR1Pos

CLL. a Immunoblot analysis of lysates prepared from primary CLL

cells of different ROR1Pos or ROR1Neg patients; membranes were

probed with anti-ERK1/2, anti-phospho pERK1/2, as indicated on the

left (upper panels). The numbers between two lanes are ratios of band

IOD of phosphorylated ERK1/2 relative to total ERK1/2, and

normalized with respect to that of CLL-1. Middle panels provide

immunoblot analyses of anti-DOCK2 ip, using lysates prepared from

ROR1Pos or ROR1Neg CLL cells; membranes were probed with anti-

DOCK2, anti-phospho tyrosine (pDOCK2), as indicated on the left

(middle panels). The numbers between two lanes are ratios of band

IOD of phosphorylated versus total DOCK2, and normalized with

respect to that of CLL-1. An immunoblot of the whole-cell lysates

probed with anti-ROR1 mAb is provided in the bottom panel.

b Phosphorylation of ERK1/2 was measured by immunoblot analysis,

using lysates prepared from ROR1Pos CLL cells (N= 12 patient

samples, (8 U-CLL and 4 M-CLL)) or ROR1Neg CLL cells (n= 10

patient samples, (3 U-CLL and 7 M-CLL)). The ratios of band IOD of

phosphorylated versus total ERK1/2 was determined, normalized to

that of CLL-1, and depicted in the graph. Data are shown as mean ±

SD. P < 0.001, as assessed by 2-tailed Student’s t test. c Phosphor-

ylation of DOCK2 was measured by immunoblot analysis of anti-

DOCK2 ip, using lysates prepared from primary CLL cells of different

ROR1Pos (n= 12, (8 U-CLL and 4 M-CLL)) or ROR1Neg (n= 10,

(3 U-CLL and 7 M-CLL)) patients. The ratios of band IOD (integrated

optical density) of phosphorylated versus total DOCK2 was deter-

mined, normalized to that of CLL-1, and plotted in the graph. Data are

shown as mean ± SD. P < 0.001, as assessed by 2-tailed Student’s

t test.
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this pathway of Wnt5a-induced DOCK2 phosphorylation

may be restricted to leukemia B cells.

Similarly, activation of signaling molecules other

than ROR1 can induce phosphorylation of ERK1/2 in

lymphocytes or CLL cells. Notably, stimulation afforded by

activation of the BCR or chemokine-receptors can induce

phosphorylation of ERK1/2 and thereby potentially enhance

CLL-cell proliferation [3, 4, 43]. The capacity of such

signaling molecules to affect phosphorylation ERK1/2 and

leukemia-cell proliferation, however, is dependent on

kinases such as BTK, which can be inhibited by ibrutinib

[44, 45], potentially accounting for the noted clinical

activity of this drug in the treatment of patients with CLL.

However, the noted inability of ibrutinib to block ERK1/2

activation or effect clearance of CLL cells in almost all

patients treated with this drug [46], suggests that other

signaling pathways sustain the survival/growth of CLL cells

of patients undergoing therapy with inhibitors of BTK. The

ROR1/DOCK2-signaling pathway may be important in this

regard.

Previously we described that ROR1 also could associate

with other cytoskeleton proteins such as HS1 or cortactin

[19, 47]. In such cases, HS1/cortactin binds to the SH3-

binding site, which is dependent upon the proline at position

841 of ROR1, and activates RhoA to enhance the

migration-capacity of CLL cells. In contrast, DOCK2

associates with the SH3-binding site that is dependent upon

the proline at position 808 of ROR1 and appears unaffected

by the 841-position proline-to-alanine substitution, which

can impair the capacity of ROR1 to activate RhoA or

enhance the migration capacity of CLL cells [19, 47],

indicating that DOCK2 is not required for the capacity of

Wnt5a to enhance chemokine-directed migration via acti-

vation of ROR1.

In summary, we found that Wnt5a induces ROR1 to

recruit and activate DOCK2, leading to activation of ERK1/

2, which appears responsible for the capacity of Wnt5a to

enhance leukemia-cell proliferation. This pathway may be

blocked by cirmtuzumab, a first-in-class humanized anti-

ROR1 mAb, which is being evaluated in patients with CLL

or MCL (https://clinicaltrials.gov/ct2/show/NCT02222688)

[11, 48]. The capacity of cirmtuzumab to inhibit Wnt5a-

induced ROR1-signaling, which appears active in CLL cells

of patients treated with ibrutinib [46], provides rationale for

the clinical evaluation of this antibody, alone or in combi-

nation with ibrutinib or other targeted therapies, for patients

Fig. 6 Cirmtuzumab, but not ibrutinib, can inhibit Wnt5a induced

activation of ERK1/2 or DOCK2. a Immunoblot analysis of lysates

prepared from CLL cells cultured overnight in serum-free medium

(representative of 3 patients) that subsequently were treated with cir-

mtuzumab (20 μg/ml) and/or ibrutinib (0.5 μM), without (-) or with (+)

Wnt5a (100 ng/ml), as indicated at the bottom; the membranes were

probed with anti-ERK1/2 or anti-phospho pERK1/2 antibody, as

indicated on the left. The numbers at the top lane are ratios of band

IOD of phosphorylated versus total ERK1/2, and normalized with

respect to that of untreated samples. b Phosphorylation of ERK1/2 was

measured in serum-starved CLL cells that subsequently were treated

with cirmtuzumab (20 μg/ml) and/or ibrutinib (0.5 μM), without (-) or

with (+) Wnt5a (100 ng/ml), as indicated at the bottom. Data are

shown as mean ± SD from three independent experiments, (n= 3).

P < 0.01, as determined by 2-tailed Student’s t test. c Immunoblot

analysis of anti-DOCK2 ip, using lysates prepared from CLL cells

cultured overnight in serum-free medium (representative of 3 patients)

that subsequently were treated with cirmtuzumab (20 μg/ml) and/or

ibrutinib (0.5 μM), without (-) or with (+) Wnt5a (100 ng/ml), as

indicated at the bottom; the membranes were probed with anti-DOCK2

or anti-phospho tyrosine antibody (pDOCK2), as indicated on the left.

The numbers at the top lane are ratios of band IOD of phosphorylated

versus total DOCK2, and normalized with respect to that of untreated

samples. d Phosphorylation of DOCK2 was measured in CLL cells

cultured overnight in serum-free medium and subsequently treated

with cirmtuzumab (20 μg/ml) and/or ibrutinib (0.5 μM), without (-) or

with (+) Wnt5a (100 ng/ml), as indicated at the bottom. Data are

shown as mean ± SD from three independent experiments, (n= 3).

P < 0.01, as determined by 2-tailed Student’s t test. e Immunoblot

analysis of lysates prepared from CLL cells cultured overnight in

serum-free medium (representative of 3 patients) that subsequently

were treated with ibrutinib (0.5 μM), without (-) or with (+) anti-

human IgM F(ab)2 (10 μg/ml), as indicated at the bottom; the mem-

branes were probed with anti-ERK1/2 or anti-phospho pERK1/2

antibody, as indicated on the left. The numbers at the top lane are

ratios of band IOD of phosphorylated versus total ERK1/2, and nor-

malized to that of untreated samples. f Immunoblot analysis of anti-

DOCK2 ip, using lysates prepared from CLL cells cultured overnight

in serum-free medium (representative of 3 patients) that subsequently

were treated with ibrutinib (0.5 μM), without (-) or with (+) anti-

human IgM F(ab)2 (10 μg/ml), as indicated at the bottom; the mem-

branes were probed with anti-DOCK2 or anti-phospho tyrosine anti-

body (pDOCK2), as indicated on the left. The numbers at the top lane

are ratios of band IOD of phosphorylated versus total DOCK2, and

normalized to that of untreated samples.
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with CLL or other ROR1-expressing malignancies, such as

MCL [49].
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