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Abstract 

 

CD49d (α4 integrin chain) is a negative prognosticator in chronic lymphocytic leukemia (CLL) with a 

key role in CLL cell microenvironmental interactions. CD49d triggering by its main ligands Vascular 

Cell Adhesion Molecule-1 (VCAM-1) and CS-1 fragment of fibronectin, activates signaling pathways 

delivering pro-survival signals, and promoting resistance to drug-induced apoptosis in CLL. Recently, 

the globular (g) C1q-like domain of Elastin MIcrofibriL INterfacer1 (EMILIN1), an adhesive 

extracellular matrix constituent, was described as a new ligand for CD49d operating as a negative 

modulator of proliferation signals in substrate-adherent non-hematopoietic CD49d+ cells. Here we 

investigated the distribution of EMILIN1 in normal and CLL-involved tissues, and the effects of 

CD49d/EMILIN1 interaction in CLL in terms of adhesion and survival. 

By taking advantage of a specific anti-human EMILIN1 monoclonal antibody, exploratory staining in 

reactive lymphoid tissues (tonsil) indicated a clear extracellular EMILIN1 specific reactivity in the 

outer zone of the mantle/marginal areas. When investigated in lymph node tissues from CLL cases 

(n=3) by both immunohistochemical and immunofluorescence (IF) analysis and in bone marrow 

biopsies from CLL cases (n=5) by immunohistochemistry, a clear EMILIN1 positive staining was 

detected intermingled with the neoplastic component and unexpectedly in the cytoplasm of some 

cells. 

To verify whether EMILIN1 could promote CLL cells adhesion, in-vitro adhesion assays were 

performed. Both the CLL-derived CD49d+ Mec-1 cell line and primary CD49d+ CLL cells (n=12) were 

specifically able to adhere onto EMILIN1 substrates, and the adhesion efficiency was similar to that 

observed on VCAM-1 and CS-1 fragment as previously demonstrated. Adhesion was specifically 

blocked by pre-treatment with the anti-CD49d HP1/2 blocking antibody, and absent when a mutant 

gC1q domain was employed. 

The effects of CD49d/EMILIN1 interactions in CLL were next investigated performing short-term 

adhesion onto EMILIN1 substrates. Western blot analysis documented an increased phosphorylation 

of AKT and ERK1/2, mediators of survival signals, similar to that observed upon CD49d engagement 

by VCAM-1 and CS-1 fragment. These results were corroborated by IF analysis showing pAKT and 

pERK up-regulation, and the concomitant increase of pVAV1 and F-actin reorganization, confirming 

the activation of the integrin signaling pathway.  

Finally, we verified whether CD49d/EMILIN1 interaction was able to protect CLL cells from 

spontaneous apoptosis, by culturing purified cells from CLL cases (n=13) on gC1q domain, VCAM-1, or 

control substrate (1% BSA), and checking cell viability after 5 days by annexinV/7-AAD staining. Both 

VCAM-1 and EMILIN1 were able to protect CLL cells from spontaneous apoptosis (p=0.009 and 

p=0.002, respectively), the viability obtained on EMILIN1 was even significantly higher than that 

observed on VCAM-1 (p=0.004). 

In conclusion for the first time we showed that EMILIN1 is present in normal and CLL-involved 

tissues, and it is able to efficiently bind to CD49d, as expressed by CLL cells. At variance of what 

demonstrated in non-hematopoietic models, EMILIN1 was able to deliver anti-apoptotic/pro-survival 

signals to circulating CLL cells. These evidences imply a role for CD49d/EMILIN1 interaction in the 

maintenance of the neoplastic clone in CD49d-expressing CLL.  
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1.1. Chronic lymphocytic leukemia 

Chronic lymphocytic leukemia (CLL) is the most common leukemia in Western countries and it mainly 

affects elderly individuals. Its course is extremely variable with survival ranging from months to 

decades. Disease remission can often be induced by available treatments (combination of 

chemoimmunotherapy regiments), however almost all patients relapse and CLL remains an incurable 

disease with conventional therapy. The current view defines CLL a proliferative disease with 

heterogeneity in the clinical behavior that accumulates small, homogeneous, mature-appearing CD5+ 

B lymphocytes in peripheral blood (>5 x 109/L), in the secondary lymphoid organs and in the bone 

marrow.2;3 Morphologically, CLL lymphocytes appear small, mature lymphocytes with dense nucleus 

and scant cytoplasm with no prominent nucleoli.  

The course of CLL is slow and protracts for most of the patients (indolent CLL) with an accumulation 

of CLL lymphocytes over many years after the initial diagnosis and never requires therapy. However, 

not negligible group of patients progresses rapidly with the median survival of 1-2 years (aggressive 

CLL) despite therapy. 

A common clinical observation is that, although therapies are often effective at killing CLL cells in the 

peripheral blood, residual disease remains in the bone marrow and lymph nodes. It is likely that 

these malignant cells sequestered in the tissue receive protection from a wide variety of treatments 

through pro-survival signals and inhibition of apoptosis fostered by the stromal microenvironment. 

The complex biology underlying how these CLL cells are recruited, maintained, and released from the 

stroma is an area of active investigation.4 

 

1.2. Diagnosis, staging, prognosis, treatment of CLL 

 

1.2.1. Diagnosis 

The diagnosis is often determined in asymptomatic individual based on a routine blood test, but 

certain signs and symptoms might suggest that a person suffers from CLL. Typical symptoms of CLL 

consist of weakness, fatigue, loss of weight, fever, night sweating, enlarged lymph nodes and a 

pressure in the abdomen caused by an enlarged spleen or liver.5 More severe symptoms consist of 

progressive anemia, thrombocytopenia and neutropenia (decreased counts of red blood cells, 

thrombocytes and neutrophils), as a result of bone marrow infiltration by the CLL cells. Subsequently, 

the disruption of normal haematopoiesis in the infiltrated bone marrow of CLL patients leads to 

decreased immune response and thus occurrence of severe and repeated infections. The infections 

are the main complication and the most frequent cause of death in CLL patients.6 

1.2.2. Prognosis 

The first clinical prognostic systems to be developed and employed were those which consider 

clinical symptoms, physical signs and laboratory values. In the last years , however there has been 

considerable progress in the identification of molecular and cellular makers (deepened in the next 

chapter) that may predict the disease progression tendency in patients with CLL and may help in 

understanding the origin and the biology of this disease which can still be considered as incurable.7 
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1.2.3. Staging 

 

In CLL the clinical staging system was based on disease burden. In 1975, a set of clinical staging 

criteria for CLL based on the presence of lymphoadenopaty, organomegaly (spleen and liver), and 

cytopenias was developed by Rai et al.8 They demonstrated a correlation between Rai stage and 

survival. The original Rai staging system was later revised from a 5-tier system (0-IV) to a 3-tier 

system that categorized patients into low-risk (original Rai stage 0), intermediate-risk (original Rai 

stages I-II), and high-risk (original Rai stages III-IV) groups. In 1978 Binet et al developed another 

staging system 9, which was devised on the basis of a retrospective analysis that identified measures 

of disease burden, similar to those of Rai, as the most significant prognostic variables for survival. 9 

These two systems have delineated the clinical presentation and natural history of CLL and have 

allowed stratification of patients into similar groups for clinical research. Over the past 30 years, 

there have been significant changes in the pattern of CLL diagnosis with a shift from patients 

presenting with bulky nodes and cytopenias, to the detection of asymptomatic individuals identified 

by an elevated lymphocyte count on automated differential blood counts. Moreover, it is now 

recognized that a subset of patients with early stage CLL have a disease that will rapidly evolve to a 

more advanced, refractory, and fatal disease. What Rai and Binet staging lack, is the ability to 

prospectively identify the rapidly evolving patient or not responding to therapy, from patients 

destined to remain with early stage for decades. For these reasons, during the last 10 years several 

biological variables, along with the classical prognostic factors, have been identified in order to refine 

prognosis and response to therapy in patients with CLL.  

 

1.2.4. Treatment 

 

Criteria for initiating treatment may vary depending on whether or not the patient is treated in a 

clinical trial. In general practice, newly diagnosed patients with asymptomatic early-stage disease 

(Rai 0, Binet A), should be monitored without therapy unless they have evidence of disease 

progression.10 

Monotherapy with alkylating agents has served as initial, front-line therapy for CLL, and chlorambucil 

has been considered the “gold standard” for several decades.  

Several new drugs have been approved such as fludarabine, bendamustine as well as three 

monoclonal antibodies, alemtuzumab, rituximab, and ofatumumab. Chemoimmunotherapies 

composed of fludarabine and rituximab (with our without cyclophosphamide), or composed of 

fludarabine and alemtuzumab have shown to improve overall survival when used as therapy for CLL 

patients. In addition, several specific inhibitors interrupting important pathways for CLL cell survival 

are currently in the final phases of clinical development. Among them there are agents targeting B-

cell receptor signaling such as Fosfamatinib (Spleen tyrosine kinase (Syk) inhibitor), Idelalisib (PI3Kδ-

isoform selective inhibitor), Ibrutinib (Bruton’s tyrosine kinase (BTK) inhibitor) and Dasatinib (Src- and 

Abl- kinase inhibitor) and agents targeting Bcl-2 inhibitor such as ABT-263 and ABT-199.10;11 Indeed 

encouraging results came from the immunomodulatory drugs like lenalidomide. 
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1.3. CLL cells immunophenotype 

 

Immunophenotypic analysis is routinely required to reach the correct diagnosis in the presence of 

any unknown lymphocytosis. Flow cytometry analysis, thus commonly follows the clinical and 

peripheral blood examination, shows a monoclonal expression of light surface immunoglobulin (sIg) 

chain (either kappa or lambda). CLL lymphocytes express mature B cell marker CD19, CD5 together 

with CD23 (expression of CD23 helps to distinguish CLL from another CD5+ hematopoietic disorder 

like mantle cell lymphoma (MCL)). CLL lymphocytes usually express reduced levels of membrane 

immunoglobulins (mostly IgM and IgD and sporadically IgG or IgA)12;13. CLL cells are typically negative 

for the expression of FMC7 and express CD79b, CD20 and CD22 with low density. From a diagnostic 

point of view, Matutes et al defined a scoring system using five markers and assigning 1 point when 

the marker is typical of CLL, 0 points when atypical, therefore ranging from 5 (typical 

immunophenotype) to 0 (atypical).12;13 A typical immunophenotype of CLL is weak sIg expression, 

CD5+, CD23+, FMC7- and negative or weak CD22 expression. Most CLL cases have score 4 or 5 and 

rarely 3. 

 

1.4. Prognostic factors in CLL. 

 

The clinical course and outcome vary among CLL patients. CLL patients are currently categorized into 

risk groups based on the clinical staging systems developed by Rai et al. 8 and Binet et al. in the early 

1980s.9 As reported in the previous chapter these classifications are still helpful for dividing patients 

in regard to the expected overall survival (OS), however, both systems fail to indicate the higher risk 

of progression among patients in early stages of the disease. These clinical staging systems were 

complemented by prognostic markers based on peripheral blood or bone marrow examination, such 

as an identification of atypical morphology of CLL cells, high rate of prolymphocytes, or diffuse 

infiltration of bone marrow, which are associated with worse outcome.14;15 

Among newer prognostic factors in CLL, there are lymphocyte doubling time (LDT), serum markers, 

cytogenetic abnormalities, biological prognostic factors (IGHV) mutational status, ZAP-70, CD38, and 

CD49d expression.15-17 

 

1.5. Lymphocyte doubling time (LDT) 

 

LDT longer than 12 months correlates with increased progression-free survival (PFS) and OS. An 

increase in the lymphocyte count of more than 50% in two months or LDT during less than 6 months 

is a recommended criterion of active disease and indication for treatment. The latter indication is 

relevant for patients with the baseline lymphocyte counts more than 30 × 109/L only.18 

 

1.6. Serum markers 

 

Serum prognostic factors, such as β2-microglobulin (β-2M), soluble CD23 (sCD23), or serum 

thymidine kinase (TK), were indicated as an important prognostic factor for CLL patients. They are 

relevant markers of proliferative activity and a risk disease progression, correlating with other 

biological prognostic factors.14 
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1.7. Genetic abnormalities quantified by FISH and by molecular techniques 

 

Fluorescent in situ hybridization (FISH) technique is an important part of the examination, probably 

the most frequently used and widely available for the clinical care of CLL patients. It allows detection 

of a set of specific defined chromosomal abnormalities in approximately 80% of patients. Most of the 

typical aberrations lead to loss or gain of genetic material, whereas translocations are not very 

common in CLL. The most frequent genomic lesions are listed below in order of increasing disease 

severity: 

a) deletion at 13q14.3 is detected in more than 50% of all cases. When it represents the only lesion 

it is associated with a good clinical outcome. The deleted region comprises a minimal region of 

29kb located between exons 2 and 5 of DLEU2 (deleted in leukemia 2) which contains two 

microRNAs (mir-15a and mir-16-1) apparently involved in the regulation of antiapoptotic genes. 

The deleted region can also include the region coding for the retinoblastoma gene (RB1). More 

aggressive clinical courses are documented for del13q-only CLL carrying higher percentages of 

13q deleted nuclei and involving the RB1 locus.19 

b) trisomy of the chromosome 12 (tri12), found in approximately 16-20% of CLL cases, bears an 

intermediate prognosis and is only marginally associated with an unmutated (UM) IGHV gene 

status. 20 Recently it was reported an association between tri12 and the presence of mutations in 

the NOTCH1 gene, where the cells may be more resistant to apoptosis-induced cell death, leading 

to a less favorable course,21;22 and between tri12 and the expression of the adhesion molecule 

and negative prognostic marker CD49d.23 

c) deletions of 11q22-23, detected in 5-18% of all CLL cases, targets the gene ataxia telangectasia 

mutated (ATM) a tumor suppressor gene crucial for the DNA repair. This abnormality is related to 

rapidly progressing disease, massive lymphadenopathy and bad prognosis.16;24;25 These patients 

are often UM-CLL, which is consistent with their poor clinical outcome.17 

d) deletion in the region 17p13, in less than 10% of all CLL cases, removes p53 tumor suppressor 

gene and this genetic abnormality confers the worst prognosis among all the genetic lesions.26;27 

Although FISH analyses of these and other chromosomal aberrations have been extremely helpful in 

predicting clinical course and indicating ongoing evolution of the leukemic clone, the FISH approach 

is limited by the fact that it can only detect lesions that have already been defined in other patients. 

New and sensitive techniques such as comparative genomic hybridization (CGH), genome-wide 

analyses of single nucleotide polymorphisms (SNPs), and whole-exome or whole genome sequencing 

(next-generation sequencing (NGS) or deep sequencing) defined new abnormalities.  

New chromosomal loci apparently involved in the pathogenesis of the CLL have been defined 

(2q37.1, 6p25.3, 11q24.1, 15q23, 19q13.32 and 8p21.2-p12) and 18 recurrently mutated genes have 

been identified thus far: NOTCH1, Exportin 1 (XPO1), MYD88, Kelch-like 6 (KLH6), TP53, TGM, BIRC3, 

PLEKHG5, ATM, splicing factor 3, B1 unit (SF3B1), ZMYM3, MAPK1, FBXW7, and DDX3X. These 

mutations coexist with some of the genetic abnormalities analyzed by FISH: SF3B1 mutations with 

del(11q), NOTCH1 with tri(12), and MYD88 with del(13q). 

 

1.8. IGHV mutation status 

 

CLL cases are further divided into two groups according to the presence/absence of mutations in 

genes coding the variable region of immunoglobulin heavy chain (IGHV). Mature B lymphocytes 

express on the surface B cell receptor (BCR) which is coded by the immunoglobulin genes. Somatic 

hypermutations in the genes encoding IGHV are a result of a physiological process occurring in the 
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germinal centers of lymphoid organs after an antigen stimulation of B lymphocyte and provides a 

vast diversity in an antibody repertoire. Mutations in the IGHV genes are identified based on the 

comparison of a DNA sequence obtained from CLL lymphocytes to the corresponding genes in the 

germline composition. In the context of CLL, IGHV is considered as mutated (M-CLL) when the 

sequence differs from the germline by 2% or more. Mutated IGHV is present in more than 50% of CLL 

cases and strongly correlates with favorable prognosis of CLL. Therefore, the presence (favorable 

prognosis) or absence (poor prognosis) of IGHV gene mutations provide a prognostic value.17;28 

 

1.9. Expression of specific proteins in or on CLL cells 

 

1.9.1. ZAP-70 

 

ZAP-70 encodes for T cell specific zeta-associated protein-70 belonging to the SYK family of tyrosine 

kinases, and associated with the ζ-chain of the CD3 complex.29 

Intracellular expression of the ZAP-70 protein above a certain threshold of cells by flow cytometry 

(≥20%) has proven to be an important indicator of time-to treatment and survival in CLL.30 The cutoff 

to classify patients as ZAP-70 positive (negative prognostic factor, correlating with unmutated IGHV 

status) or ZAP-70 negative, as measured by flow cytometry, is widely proposed at 20% threshold. 

However, standardization of ZAP-70 estimation still remains a challenge.  

Although the numbers of CLL cells expressing this protein are correlated with IGHV mutation status 

and CD38 expression 18, ZAP-70 levels are an independent marker of clinical outcome.30 Recent 

studies suggest that ZAP-70 retards internalization of smIgM (surface membrane immunoglobulin M) 

and CD79b from the cell membrane, leading to prolonged BCR pathway signaling.31;32 In addition, 

ZAP-70 positive CLL cells are more likely to express adhesion molecules such as CD49d and 

chemokine receptors, in particular CCR7 33, that promote migration toward a series of chemokines 

and inhibit apoptosis. 

 

1.9.2. CD38 

 

CD38 is a transmembrane glycoprotein widely expressed in humans within the hematopoietic 

system (e.g. bone marrow progenitor cells, monocytes, platelets, erytrocytes, discrete stages of T 

and B lymphocyte differentiation) and beyond, including brain, prostate, kidney, gut, heart and 

skeletal muscle.34;35 CD38 is regulated by the tumor microenviroment and behaves simultaneously 

as a cell surface enzyme and as a receptor. As an ectoenzyme, CD38 presents multiple enzymatic 

activities, including the production of ADPR (from NAD+ or cADPR through hydrolysis) and NAADP 

(from NADP+), all of them involved in signal transduction through the regulation of cytoplasmic Ca++ 

levels.36 As a receptor, CD38 binds CD31 that is expressed by a variety of immune cells including B 

and T cells subsets, and by vascular endothelial cells.37 

CD38 positive patients (the threshold >30% of CD38 positive CLL cells is proposed) were reported to 

have significantly worse prognosis regarding progression free survival (PFS) and overall survival (OS) 

than those who were CD38 negative. It was observed that CD38 expression on CLL cells correlates 

with the absence of IGHV mutations.14;15;38-40 
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1.9.3. CD49d 

 

CD49d is a molecule belonging to the integrin superfamily, high expressed in normal peripheral blood 

and bone marrow B lymphocytes. It is a surface molecule, the expression of which promotes 

microenvironment-mediated proliferation of CLL leukemic cells 41;42 and identifies subgroup of about 

40% of CLL patients characterized by progressive course and short survival.43-48 

Very recently, CD49d emerged as the strongest flow cytometry–based prognostic marker, with 

greater prognostic value than CD38 and ZAP-70, in a worldwide multicenter analysis (Bulian P et al, 

2013 JCO, in press). In this study Bulian P et al established the 30% cut point as the most useful 

threshold for classification of CD49d positive CLL. 

The prognostic relevance of CD49d in CLL may have therapeutic implications, envisioning the use for 

CLL patients of Natalizumab (TYSABRI, Biogen Idec, Cambridge, MA and Elan Pharmaceuticals, South 

San Francisco, CA, USA), a humanized anti-CD49d monoclonal antibody already available and 

currently employed in autoimmune diseases such as multiple sclerosis and Crohn’s disease.49 

 

1.10. Microenvironment in CLL 

Normal B cells are programmed to rapidly respond to the environment, while causing little damage 

to normal tissues. They have the ability to recognize, process, and present foreign antigens to other 

components of the immune system, and to undergo maturation and eventually secrete antibodies 

directed at a specific antigen. It is not surprising that CLL cells, the malignant counterpart of normal B 

cells, retain the ability to interact with their surrounding environment, where the finely tuned 

orchestration and normal compartmentalization of the immune response is altered. Invasion of the 

primary and second lymphoid tissues by CLL cells disrupts the normal tissue architecture and 

physiology. The spleen and lymph nodes are diffusely infiltrated by CLL cells, whereas the bone 

marrow is involved in an interstitial, nodular, and/or diffuse pattern. CLL cells retain the capacity to 

react to a variety of external stimuli and the tissue microenvironment provides supporting signals 

that may differ within the various anatomic sites.50 

In the tissue microenvironment, CLL cells reside in close contact with T lymphocytes, stromal cells, 

endothelial cells, follicular dendritic cells, and macrophages. Interactions between these components 

regulate CLL cell trafficking, survival, and proliferation in a manner that may be partly dependent on 

direct physical cell-to-cell contact or mediated through the exchange of soluble factors.  

Effectively, CLL cells typically undergo apoptosis when cultured in vitro, indicating that the in vivo 

accumulation of leukemic lymphocytes is favored by factors originating from the 

microenvironment.51 In vitro apoptosis of CLL cells can be prevented by co-culture with different 

accessory cells that are part of the CLL microenvironment, such as monocyte-derived nurse-like cells 

(NLC)52-54, mesenchymal marrow stromal cells (MSC)52, or follicular dendritic cells (FDC) 55 that 

provide survival signals to CLL cells. Thereby CLL cells interact with different accessory cells according 

to the lymphoid system they are travelling. 

Several molecules involved in the cross talk between CLL cells and their microenvironment have been 

identified: those secreted by CLL cells and those secreted by stromal cells.4 While chemokine 

secretion by CLL cells may play an important role in recruitment of accessory cells, chemokines 

secreted by stromal cells are also critical for homing and tissue retention of CLL cells.  

The main chemokines secreted by CLL cells are CCL3, CCL4, CCL22 and CCL17. CCL3/4 provide survival 

signals to CLL cells through the recruitment of CCR5+ regulatory T cells 56 and the recruitment of 

monocyte or NLC. Link to this point, Zucchetto and colleagues showed that CD38 and CD49d may 
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play a key role in stimulating CCL3/4 production, and ultimately to improving survival of CLL cells, 

involving the CD38/CD31 pair, and the CD49d/VCAM-1 axes.57 CCL22 and CCL17 recruit activated T 

lymphocytes that will ensure provision of pro-survival signals (IL-4 or CD40 ligand).58 

CXCL12 (SDF-1), a chemokine secreted by MSC and NLC, acts as a chemotactic and anti-apoptotic 

factor for CLL through its cognate receptor CXCR4 expressed on CLL cells.59-61 NLC express another 

chemokine, called CXCL13, that binds to CXCR5 CLL cells receptor, and recruits circulating B-cells to 

follicles.62 CCL19 and CCL21 are two additional chemokines secreted by stromal cells, and they serve 

as ligands for the CCR7 receptor on the CLL cell surface and lead to migration of CLL cells across the 

vascular endothelium. 

In the tissues microenvironment, CLL cells are surrounded by a supportive microenvironment that 

includes cells expressing CD40L, fibronectin, and VCAM-1, all of which provide additional survival and 

anti-apoptotic signals to the CLL cells. In this context adhesion molecules such as integrins play an 

important role in regulating cell growth and function in the stromal microenviroment. A key integrin 

in CLL is CD49d, which plays an important role in the homing and retention of CLL cells in the 

microenvironment 63, as described in the following chapter. 

 

1.11. CD49d and microenvironment 

CD49d, a.k.a. α4 integrin, forms a heterodimeric integrin by the 

non-covalent association of the CD29 subunit (β1)64 and acts 

primarily as an adhesion molecule capable of mediating both cell-to-

cell interactions, via binding to vascular-cell adhesion molecule-1 

(VCAM-1), and interactions with extracellular matrix components by 

binding to non-RGD sites (a.k.a. CS-1 fragments) of fibronectin (FN), 

as well as the globular C1q-like domain of elastin microfibril 

interfacer-1 (EMILIN1).65-68 

CD49d has a strong prognostic relevance that can be explained by 

considering the specific roles of this molecule in the context of the 

CLL microenvironment. In this regard, CD49d has been 

demonstrated to play a central role in the migration/infiltration 

processes, orchestrating the activities of several molecules including 

chemokine receptors and metalloproteases (MMPs).  

In particular, chemokine-induced transmigration of CLL cells across 

high endothelial venules (HEV) into lymph nodes are known to 

depend on cell adhesion of CLL cells via the CD49d/VCAM-1 pair, and 

the subsequent response of adherent CLL cells to specific chemokines, mainly CCL21 and CCL19, 

produced by HEV themselves or by the surrounding lymph node stroma, through the chemokine 

receptor CCR7.69 Moreover, the combined stimulation of CLL cells by vascular endothelial cell growth 

factor (VEGF) and CD49d engagement was shown to be critical for chemokine induced 

transendothelial migration (TEM).70 

 

TEM and organ invasion of malignant cells require proteolytic degradation of the vascular basement 

membrane and the extracellular matrix of lymphoid tissues.70 In the context of CLL, MMP-9 is the 

Figure 1: Schematic representation 

of the integrin CD49d (left chian) 

and CD29 (right chain) 
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predominant MMP expressed 71, and its intracellular levels correlated with advanced stage disease 

and poor patient survival.72 Recent data have demonstrated that adhesion of CLL cells via CD49d up-

regulates MMP-9 production, and that the MMP-9 proteolytic activity may be enhanced by its 

localization at the CLL cell surface.73 In particular, CLL cells bind soluble and immobilized proMMP-9 

and active MMP-9 through a novel cell surface docking complex for MMP-9, composed by CD49d and 

a splice variant of CD44, that has been described to confer a metastatic phenotype to locally growing 

tumor cells, and whose expression is associated to tumor progression.74 

 

CD49d is also functionally linked to CXCR4, the receptor for the CXCL12 chemokine 75, as 

demonstrated in multiple myeloma or in bone marrow hematopoietic progenitors, where CXCR4 

triggering by CXCL12 is able to up-regulate CD49d-mediated adhesion to VCAM-1 and FN.76;77 Of 

note, as for CD49d, also CXCR4 engagement was shown to up-regulate MMP-9 production by CLL 

cells.73 

Recently, it has been shown that MMP-9 not only regulates the migration/arrest of CLL cells, but it is 

also a functional ligand for CD49d, able to provide survival signals independently of its proteolytic 

activity.74;78 Interestingly, the pro-survival effect of MMP-9 derives from activation of the Lyn kinase, 

thus following a distinct and BCR-independent mechanism.78 Moreover, the Lyn/STAT3/Mcl-1 

pathway, which is elicited by MMP-9 ligation to the CD49d/CD44v docking receptor, is not shared by 

the CD49d-VCAM-1 axis, suggesting that CD49d may trigger distinct intracellular events depending 

on the ligand.78 

 

Integrin ligation enhances cell survival through several mechanisms. In the context of CLL, ligation of 

CD49d by FN was demonstrated to prevent CLL in vitro onset of apoptosis, likely due to an increase in 

the BCL-2/BAX ratio.79 Moreover, the same molecular interactions were found to be able to protect 

CLL cells from fludarabine-induced apoptosis, this effect correlated with an increased expression of 

BCLXL.
68;80 CD49d triggering is also able to induce SYK phosphorylation and SYK-dependent AKT 

phosphorylation, through mechanisms distinct from the BCR signaling.81 The SYK-dependent 

AKT/MCL-1 pathway is known to contribute to CLL cell survival.82-85 

 

CD49d and CD38 are both involved in the continuous interactions taking place between CLL cells and 

tumor microenvironment, being part of a complex network sustaining growth and survival of CLL 

cells.37;57;79 A functional link between CD49d and CD38 has been reported moving from the 

observation of a distinct over-expression of transcripts for the chemokines CCL3 and CCL4 in 

CD49d+/CD38+ CLL, and an up-regulation of their production by CD49d+/CD38+ CLL cells upon CD38 

triggering. 57 CCL3 and CCL4 have overlapping effects and are known to act as potent 

chemoattractants for monocyte macrophage 57 or T cell 86 lineages in the context of CLL-involved 

bone marrow microenvironmental sites and this is supported by the following lines of evidence: i) 

CCR1 and CCR5, i.e. the receptors for CCL3 and CCL4, are strongly expressed, the former more than 

the latter, by PB monocytes and macrophages from healthy and CLL samples; ii) PB monocytes from 

CLL samples are uniquely sensitive to CCL3-mediated migratory signals in vitro; iii) a higher number of 

infiltrating CD68+ in the context of CLL-involved areas of bone marrow biopsies from CD49d+/CD38+ 

CLL CCL3-producing cases have been observed when compared to CD49d-/CD38- CLL cases.57;87;88 

Besides, compelling evidences indicate a strong correlation among the CD49d+/CD38+ phenotype, 

infiltration of CD68+ macrophages, and presence of a stromal/endothelial component highly 

expressing VCAM-1 in the context of lymphoid aggregates in bone marrow biopsies of CD49d/CD38-

expressing CLL. VCAM-1 upregulation has been demonstrated to be due to an overproduction by the 
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infiltrating CD68+ macrophage component of TNFα and other cytokines. VCAM-1/CD49d interactions 

resulted in an increased survival of CD49d-expressing CLL cells.57 This circuitry may contribute to 

explain the aggressive clinical course of CLL coexpressing CD49d and CD38 (figure 2). 

Notably, triggering of BCR of UM CLL, as well as co-cultures of CLL cells with specialized CD68+ 

macrophages known as nurse-like cells 54;86, again result in an overproduction by CLL cells of CCL3 

and CCL4, thus strengthening the functional link between UM and/or CD49d-expressing CLL cells, the 

production of specific chemokines and infiltration of macrophages and/or T cells of CLL-involved 

tissues. These T cells may express the membrane bound TNF superfamily member CD40L/CD154, 

that, through the binding with CD40+ CLL cells, exert a key role preserving CLL cells from apoptosis in 

the context of the so-called lymph nodes proliferation centers.58 

 

 

Figure 2: Model for a prosurvival circuitry operating in CD38+CD49d+ CLL, from Zucchetto et al
57

 

In addition to the above described functional interplay connecting CD49d and CD38 in CLL through 

soluble factors, the two molecules have been recently described to be part of a cell surface 

macromolecular complex which includes, along with CD49d and CD38, also CD44 and MMP9, 

altogether characterizing poor prognosis CLL. Functionally, the co-expression of CD38 was 

demonstrated to enhance CD49d-mediated activities; in particular: i) CD49d+CD38+ cells have higher 

propensity to adhere to the CD49d specific substrates VCAM-1 and FN compared to CD49d+CD38- 

cells; ii) CD49d/VCAM-1 interactions exert a more marked anti-apoptotic effect in CD49d+CD38+ cells 

as compared to CD49d+CD38-. The more efficient adhesive properties characterizing CD49d+CD38+ 

CLL cells can be explained on the basis of a cooperation between the two molecules. In particular, it 

has been hypothesized that a possible role of CD38 in CD49d mediated adhesion can be the 

recruitment of proteins involved in the downstream integrin signaling leading to enforced actin 

polymerization and cell adhesion.41 

 

1.12. Ligands of CD49d 

The two main well-known ligands for CD49d are VCAM-1 and fibronectin. As described in the 

previous chapter both molecules activate signaling pathways delivering pro-survival signals, and 

promoting resistance to drug-induced apoptosis in CLL expressing CD49d.  
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Recently, the globular (g) C1q-like domain of Elastin MIcrofibriL INterfacer1 (EMILIN1), an adhesive 

extracellular matrix constituent, was described as a new ligand for CD49d, where it operates as a 

negative modulator of proliferation signals in substrate-adherent non-hematopoietic CD49d+ cells.89  

 

1.12.1. VCAM-1 and fibronectin 

 

VCAM-1 is a transmembrane glycoprotein and is a member of the immunoglobulin 

superfamily, consisting of six or seven C2-type immunoglobulin domains. It is 

expressed by endothelial cells in response to inflammatory cytokines, by activated 

neurons, smooth muscle cells, fibroblasts, macrophages (Kupffer cells), dendritic cells, 

oocytes and Sertoli cells. Soluble forms of VCAM-1 have been identified in tissue 

culture supernatants and in blood. Blood levels appear elevated in disease as CLL 90, 

acute myelomonocytic leukemia 91, bronchial asthma 92, and acute phase multiple 

sclerosis.93 Primarily, the VCAM-1 protein is an endothelial ligand for CD49d (α4β1) 

and for integrin α4β7.  

 

Fibronectin is a prototype cell adhesion protein, widely distributed in the tissues of 

all vertebrates and a potential ligand for most cell types. It is present as a polymeric fibrillar network 

in the ECM and as soluble protomers in body fluids. Fibronectin is a glycoprotein consisting of 

repeating units of amino acids, which form domains that enable the molecule to interact with a 

variety of cells through both integrin 

and non-integrin receptors. It is 

encoded by a single gene, but 

alternative splicing of pre-mRNA allows 

formation of multiple isoforms that 

have critical roles in cell adhesion, 

migration and proliferation.  

The III14-V region is recognized by the 

same integrin that recognized VCAM-1 

and three binding sites have been 

identified within this region (figure 4). 

The so called CS1 site has approximately 

20-fold higher affinity for the integrins than the other two sites, namely CS5 and H1.94 

 

1.12.2. EMILIN1 

EMILIN1, the prototype of the EMILIN family, is an adhesive extracellular matrix constituent 

associated with elastic fibers, detected also in the proximity of cell surfaces and it is particularly 

abundant in the walls of large blood vessels 95, in intestine, lung, lymph nodes, skin, and lymphatic 

capillaries.96 The structure of EMILIN1 consists of a cysteine-rich domain (EMI domain) at the N 

terminal, an extended region with a high potential coiled-coil structure, a short collagenous stalk, 

and a self-interacting globular gC1q domain at the C-terminal, a region homologous to the globular 

domain of complement that represent a structurally unique component. EMILIN1 has been 

implicated in multiple functions, linking to the functional domain. The coiled coil structure is 

Figure 3: VCAM-1 

structure 

Figure 4: Schematic model of a plasma fibronectin protomer. The 

protein is a dimer of two subunits which are identical except for the 

inclusion of the V-segment in one of the chains. Integrin binding 

sites are indicated in one of the subunits by arrows. 
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and of cell morphology in elastic arteries;95 they display elevated blood pressure as a result of 

increased TGF-β signaling in the vasculature 98 and have an abnormal lymphatic phenotype with a 

significant reduction of anchoring filaments and lymphatic vessel hyperplasia, leading to a mild 

lymphatic dysfunction.96 Indeed the phenotype of the Emi-/- mouse skin revealed increased thickness 

of epidermis and dermis. 

The Eµ-TCL1 were established with TCL1 under the control of a VH promoter-IgH-Eµ enhancer to 

target TCL1 expression to immature and mature B cells. Flow cytometric analysis reveals a markedly 

expanded CD5+ population in the peritoneal cavity of Eµ-TCL1 mice starting at 2 months of age that 

becomes evident in the spleen by 3–5 months and in the bone marrow by 5–8 months. Analysis of Ig 

gene rearrangements indicates monoclonality or oligoclonality in these populations, suggesting a 

preneoplastic expansion of CD5+ B cell clones, with the elder mice eventually developing a chronic 

lymphocytic leukemia (CLL)-like disorder resembling human B-CLL. 

Thereby, Eµ-TCL1 transgenic mice develop a disease resembling human CLL. The mice develop at first 

a preleukemic state evident in blood, spleen, bone marrow, peritoneal cavity, and peripheral 

lymphoid tissue, developing later a frank leukemia with all characteristics of CLL.106 
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Aim of the study 

 

Chronic lymphocytic leukemia (CLL) is a heterogeneous disease with highly variable clinical courses 

with survivals ranging from months to decades. In this context, CD49d expression represents a strong 

negative prognosticator marking a subset of about 40% of CLL patients characterized by aggressive 

disease and accelerated clinical course. Functionally, CD49d (α4 integrin) acts as an adhesion 

molecule, mediating both cell-to-cell interactions, via binding to vascular-cell adhesion molecule-1 

(VCAM-1), and interactions with extracellular matrix components by binding to CS-1 fragments of 

fibronectin (FN). In CLL, the CD49d/VCAM-1/fibronectin axis regulates recirculation of leukemic cells 

from the blood stream to bone marrow and lymphoid organs, delivers pro-survival signals, and 

promotes resistance to drug-induced apoptosis.57;68 CD49d is deeply involved in the continuous 

interactions between CLL cells and microenvironmental cells in bone marrow and secondary 

lymphoid organs, being responsible for CLL cell growth advantages and extended survival. 

Recently, the globular (g) C1q-like domain of Elastin microfibril interfacer-1 (EMILIN1) has been 

identified as a new ligand for CD49d, although its putative role in CLL is completely unknown. 

EMILIN1 is an adhesive extracellular matrix constituent associated with elastic fibres and it is 

particularly abundant in the walls of large blood vessels, intestine, lung, skin, lymph nodes and 

lymphatic capillaries. CD49d/EMILIN1 interactions have been mainly studied in non-hematopoietic 

cell models; in this context, EMILIN1 was shown to operate as negative modulator of proliferation 

signals when interacting with CD49d-expressing fibroblasts and keratinocytes. To date, no studies 

have addressed the role of CD49d/EMILIN1 interaction in CLL. 

In the present thesis we focused on the distribution of EMILIN1 in CLL-lymphoid tissues and on the 

capacity of CLL cells to interact with EMILIN1 via CD49d. The interplay between CD49d and gC1q-like 

domain of EMILIN1 was investigated, compared with VCAM-1 and fibronectin, focusing on the 

modulation of phosphoproteins involved in cell adhesion and survival. Then, the role of 

CD49d/EMILIN1 interaction was studied in terms of protection from spontaneous apoptosis. 

The results included in the present thesis have defined for the first time the important role of 

CD49d/EMILIN1 interaction in CLL which consists in the maintenance of the neoplastic clone. 
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2. Results 
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2.1. EMILIN1 is largely distributed in normal and CLL-involved tissues 

The protein Elastin Microfibril Interface Located proteIN (EMILIN1) is so called for its peculiarly fine 

distribution on the surface of amorphous elastin.107 EMILIN1 forms a fibrillar network in vitro and in 

vivo in the extracellular matrix (ECM) of several tissues including lymphatic and blood vessels, skin, 

heart, lung, kidney, and cornea. This glycoprotein codistributes with elastin in most sites and likely 

constitutes an associated component of elastic fibers. EMILIN1 is localized mainly at the interface 

between amorphous elastin and the surrounding microfibrils, and it has been implicated in the 

correct deposition of elastin in vitro.65  

Regarding its distribution in the secondary lymphatic organs really little information is reported in 

literature and these organs are frequently involved by CLL disease. Therefore an investigation on this 

context was performed by immunohistochemistry (IHC) using a specific anti-human EMILIN1 

monoclonal antibody.65 

The first exploratory staining was performed in human reactive lymphoid tissues, such as spleen, 

tonsil and lymph node, considered as a model for “normal tissues”. As reported in figure 6, in these 

organs EMILIN1 appeared well distributed and with defined fibrillar structures organized as a mesh in 

particular in the white pulp, in the capsule and around the veins of the spleen. In the white pulp of 

the spleen EMILIN1 was observed also in the germinal center, in the mantle and marginal zone. We 

observed an extracellular EMILIN1 specific reactivity mainly in the outer zone of the mantle/marginal 

areas and in the germinal center both in the tonsil and lymph node (figure 6). 

 

Figure 6: Panels represent examples of human reactive lymphoid tissues stained with EMILIN1 (brown). Spleen tissues 

were from paraffined block and are those on the top of the figure: left panel shows the white pulp, central panel shows 

the capsule and right panel shows veins and sinusoids. At the bottom of the figure the left panel shows a tonsil and the 

right panel a lymph node, both from frozen block. Original magnification, 400X. 

Having defined the EMILIN1 distribution in non-CLL lymphoid tissues, afterwards IHC analysis was 

performed in CLL-involved tissues: lymph node tissues from three CLL cases and bone marrow 

biopsies from five CLL cases were analyzed. 
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In CLL lymph nodes an unexpected EMILIN1 positive staining was observed in the cytoplasm of some 

cells in close proximity of high endothelium vessel (figure 7, panel 1). These cells seemed to be 

typical CLL cells as indicated from the aspect of the shape and the nucleus. Interestingly, the 

expression of EMILIN1 in these malignant cells was really intense. This pattern of EMILIN1 expression 

was observed mainly in perivascular area, and this evidence could be linked to the role of EMILIN1 in 

favoring the cell migration.  

EMILIN1 positive staining cells were observed also in the proliferation center and in the marginal 

sinus where the staining presented an extracellular pattern, and even here some cells positive for 

EMILIN1 were observed. Of note, these cells seemed to be osteocyte or accessory cells from 

morphology and bean shape of the nucleus (figure 7, panel 2 and 3). 

 

 

Figure 7: CLL lymph node tissues stained with EMILIN1 (brown). Panel 1 shows a lymph node high endothelium vessel 

with unexpected EMILIN1 positive staining in the cytoplasm of some cells in particular CLL cells; panel 2 shows lymph 

node germinal center with EMILIN1 extracellular staining pattern and some staining accessory cells or osteocyte and 

panel 3 shows lymph node marginal sinus with EMILIN1 staining intermingled the pathological cells and in the cytoplasm 

of accessory cells or osteocyte. Original magnification is reported in each panel. 

Moreover, when CLL-bone marrow biopsies were considered, the positive EMILIN1 staining in 

interstitial reticular cells formed a meshwork among the CLL cells (figure 8). 
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Figure 8: CLL-bone marrow biopsies stained with EMILIN1 (brown). The three panels show three representative staining 

from a CLL case. EMILIN1 is well distributed forming a network among the CLL cells. Original magnification, 400 X. 

Finally, we performed immunofluorescence staining for EMILIN1 and fibronectin in cryostat sections 

of CLL lymph node (figure 9). To this purpose an antibody directed against the gC1q domain of 

EMILIN1 and against fibronectin were used, followed by a FITC-conjugated anti-rabbit IgG. The 

staining showed a clear network of EMILIN1 positive staining (figure 9) intermingled with the 

neoplastic component and closely adjacent to the surface of cells, as described by Daga Gordini et 

al.108;109 They described in vivo EMILIN1 reactive structures near the surface of cells suggesting the 

capacity of EMILIN1 to directly interact with cell membrane receptor. Comparing the EMILIN1 

staining with the fibronectin staining, it was evident not only a different network pattern, but also a 

higher expression (more density of stained fibrils) of EMILIN1 respect the fibronectin.  

 

 

Figure 9: Two representative CLL lymph node immunofluorescence images stained with EMILIN1 (left panel) and 

fibronectin (right panel); CLL cells are in red and EMILIN1/fibronectin in green. Scale bars panel, 75µm. 

This evidence suggested a possible involvement of EMILIN1 in CLL disease and it is also supported by 

the fact that EMILIN1 is a ligand of the integrin CD49d, which is a negative prognostic marker in CLL. 

Due to this preliminary result we decided to proceed with the study of the role of EMILIN1, in parallel 

to the other already characterized two ligands of CD49d, VCAM-1 and fibronectin.41  
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2.2. CD49d is the sole ligand for EMILIN1 in CLL 

EMILIN1 is one of the ligands of two integrins: the CD49d (alpha4) integrin and the alpha9 integrin, 

both associated with the CD29 (beta1 subunit). Whereas the CD49d integrin is well-known in the CLL 

context, nothing is known about integrin alpha9-beta1 (α9β1) expression in CLL. Thus, in order to 

verify if alpha 9 is expressed by CLL cells and by the CLL-derived CD49d+ Mec-1 cell line (Mec-1) 

cytofluorimetric assays were performed. As reported in figure 10, both CLL cases and Mec-1 cells did 

not express alpha 9 integrin and, consistently, the expression of alpha 9 was not detectable at mRNA 

level when investigated in 41 CLL cases in the context of a gene expression profile analysis (data not 

shown).  
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Figure 10: Cytofluorimetric analysis with FlowJo software illustrates that Mec-1 cell line and CLL cases do not express 

alpha 9 integrin. a) Mec-1 cells: the first plot shows the cell line physical parameter and the second plot shows the 

histogram with a grey peak for the negative control staining and a blue peak of the Mec-1 cells, positive for CD19 (not 

shown), that do not express alpha 9. b) CLL cells: the left plot at the top shows the physical parameter of the entire 
lymphocyte population and the right plot shows the pathological population, CD19+CD5+. The histograms at the bottom 

show at the left the expression level of CD49d (green line peak) and at the right the expression of alpha9 integrin (blue 

line peak) in comparison to the negative control staining (grey peak) of the pathological population. 
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2.3. EMILIN1 promotes CD49d-mediated cell adhesion 

 

2.3.1. Set up of adhesion experiments on EMILIN1 

In the research group where this thesis was carried out, it was studied the CD49d engagement by its 

two main ligands, VCAM-1 and fibronectin 41, thereby the protocol for the adhesion assay was 

already validated as reported in the materials and methods chapter. 

To set up the adhesion assay for EMILIN1 protein, we took the advantage of the presence of purified 

globular C1q-like domain (gC1q domain), the portion of EMILIN1 directly involved in the interaction 

with CD49d (kindly provided by R. Doliana). We firstly defined the optimal dilution for the gC1q 

domain preparing a scalar dilution of the gC1q domain, from 10 µg/mL, to 0,1 µg/mL. For each 

dilution we performed three independent adhesion experiments using our cell line model, Mec-1 cell 

line (figure 11, line blue). The specificity of the interaction between gC1q domain and CD49d was 

verified performing in parallel adhesion assays utilizing the same concentration dilutions of a 

mutated ligand called gC1q-like domain mutant (gC1q mutant) (figure 11, line red). The gC1q mutant 

is devoid of Leu932–Gly945 segment, that contain the Glu933 responsible for integrin interaction. 

Results suggested that all the concentration dilutions of gC1q domain induced Mec-1 cell adhesion, 

and the adhesion was significantly reduced on the gC1q mutant (p=0.0001), whereas no significant 

differences were found between concentrations (p=0.986). Therefore, we decided to use also for 

gC1q domain the concentration of 10 µg/mL, as well as the other ligands of CD49d (VCAM-1 and CS-1 

fragment).  

Figure 11: Adhesion assays using scalar dilution of gC1q domain (blue line) and gC1q mutant (red line) 

concentration. In the graph are reported for each dilution the cell count mean per fields ± standard 

deviation (sd) of independent experiments run in triplicate. Differences between gC1q domain and its 

mutant were analysed by paired T test (0,0001) and differences between concentration by one-way 

Anova (no significant). 
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2.3.2. EMILIN1 promotes Mec-1 adhesion 

Two different methods were employed to evaluate the Mec-1 cell adhesion onto substrate. 

The first adhesion assay applied to study whether EMILIN1 promotes Mec-1 adhesion consisted on 

counting the adherent cells, post washing, after 15 minutes of adhesion on substrates. The adhesion 

assay was performed in triplicate, using the gC1q mutant as negative adhesion control and the CS-1 

fragment of fibronectin (FN) and VCAM-1 as positive controls. As described in material and methods, 

the ligand coating was made only in the center of the glass coverslips, to have in the same coverslip a 

negative adhesion control on BSA. After cell adhesion, the cells were fixed, labeled and manually 

counted (at least 8 fields per slide). Adherent cells were counted both on ligand and on BSA, and the 

latter was subtracted to the first one as constitutive adhesion. Results, expressed as number of 

adherent cells, demonstrated adhesion levels of Mec-1 cells on gC1q-like domain completely 

overlapping to those obtained on CS-1 fragment and on VCAM-1 (p>0.05 for both ligands), the two 

main ligands of CD49d (161 ± 69, 159 ± 127 and 135 ± 43, respectively; figure 12). Instead the 

number of adherent cells per field on gC1q mutant (61 ± 32) indicated a significant (p=0.0056) 

decrease of the adhesion levels (figure 12, orange histogram). 

 

 

 

 

 

 

 

 

Figure 12: Mec-1 cell adhesion on CD49d’s ligands. The histograms represented the mean count of 

adherent cells per fields minus the mean count of aspecific adherent cells on BSA ± s.e.m. (showed 

by black error bars). The comparison between the adhesion levels on gC1q domain and on its 

mutant is significant by Mann-Whitney test (independent samples) (p=0.0056). 
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The second assay applied to study whether EMILIN1 promotes Mec-1 adhesion consisted on labelling 

Mec-1 cells with the vital fluorochrome calcein AM. The cells were seeded on 96-well coated plates 

(with gC1q domain, CS-1 fragment and VCAM-1) and incubated for 15 minutes at 37°C in RPMI. The 

non adherent cells were washed using Ca2+/Mg2+ buffer and the fluorescence of adherent cells were 

detected in a computer-interfaced microplate fluorometer (TECAN). The experiment was run in 

triplicate. The mean fluorescence quantification of adherent cells on gC1q domain, on CS-1 fragment, 

on VCAM-1 and on BSA were respectively, 1020 ± 370; 1404 ± 672; 836 ± 338; 290 ± 187 (figure 13). 

These data indicated a significantly higher adhesion on gC1q domain respect to the BSA control 

(p=0.0078), not dissimilar to those obtained for VCAM-1 and CS-1 fragment respect to the BSA 

control (p=0.0033 and p=0.0109, respectively). 

 

 

 

 

 

 

 

 

Figure 13: Calcein labelled-Mec-1 cells adhesion on gC1q domain, CS-1 fragment, VCAM-1 and 

BSA. Results of fluorescence detection were expressed as mean fluorescence intensity ± s.e.m 

(showed by black error bars) of four independent experiments run in triplicate. Data were 

compared using Mann-Whitney test.  

* p<0.05 in comparison to BSA 
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Consistently, cell morphology of Mec-1 cells after adhesion on substrates, changed respect to cell 

morphology of Mec-1 cells in suspension, suggesting an adhesion pattern. Specifically, in phase 

contrast microscopy images the adherent cells displayed a pattern of filopodia–like protrusions in 

which each cell presented several cellular projections and most of them seemed spread on the 

substrate (figure 14).  

 

Figure 14: Representative phase-contrast microscopy images of adherent Mec-1 cells on gC1q domain, CS-1 fragment and 

VCAM-1. Black arrows indicate the filopodia-like protrusions. Original magnification 100x. 
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2.3.3. EMILIN1 promotes CLL cell adhesion 

Having demonstrated the capacity of Mec-1 cell line model to adhere on EMILIN1, we proceeded 

with primary CLL cells in vitro. The adhesion experiments were performed on EMILIN1 together with 

CS-1 fragment and VCAM-1 using purified CLL cells from 12 cases characterized by high and 

homogeneous CD49d expression, evaluated by cytofluorimetric analysis on the pathological pure 

population identified as CD5+ and CD19+ (data not shown). 

The adhesion assays were performed as previously described for Mec-1 cell adhesion experiments, 

where the ligand coating was in the center of the slide with all around the BSA coating. After cell 

adhesion and fix, at least 8 fields per slide were acquired with the microscope. Adherent cells were 

counted both on ligand and on BSA, and the latter was subtracted to the first one. Results 

demonstrated that also primary CLL cells are able to adhere on EMILIN1 and the levels of adhesion 

were similar to those obtained on CS-1 fragment and on VCAM-1. The mean values of adherent cells 

minus the non-adherent cells on BSA were 346 ± 127, 318 ± 97 and 309 ± 87, respectively on gC1q 

domain, CS-1 fragment and VCAM-1 (figure 15).  

 

 

The adhesion specificity was verified through CLL cell pre-incubation with the function-blocking anti-

CD49d monoclonal antibody HP2/1. The mean count on ligands minus the count on BSA were 133 ± 

91, 125 ± 87 and 102 ± 69, on gC1q domain, on CS-1 fragment and on VCAM-1, respectively. 

Figure 15: Adhesion experiments using 12 CLL cases on gC1q domain, CS-1 fragment and on VCAM-1. The 

histograms in dark color indicate the adhesion on ligands, while those in light color indicate the treatment 

with the blocking anti-CD49d mAb HP2/1. The histograms report the mean number of adherent cell for field 

minus the mean number of aspecific adherent cells on BSA ± s.e.m. (showed by black error bars). The p-

value was calculated with Wilcoxon test (paired samples).  

* p-value are significant, in accordance with the literature (p<0.05) 
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The adhesion levels on gC1q domain were significantly reduced (p=0.0078), as well as on CS-1 

fragment and VCAM-1 (p=0.01 and p=0.0078, respectively), indicating the involvement of CD49d in 

the interaction with EMILIN1 (figure 15, light color histograms). Altogether these results confirmed 

that the adhesion between CD49d-expressing cells and EMILIN1 is due to a specific interaction, as 

previously demonstrated for fibronectin and VCAM-1.41  

Evidence that CLL cells adhered on the substrates derived from the observation of the cell 

morphology after labeling with phalloidin. In fact, normally circulating CLL cells present a round 

shape and when they get in contact with the microenvironment they could change their shape, as 

described in the article of Zucchetto et al.41 Here we observed a similar behavior of CLL cells adhering 

on EMILIN1, that presented a more complex pattern of actin-rich structures mainly clustering at the 

adhesion site (figure 16). 

 

Figure 16: Representative images of CLL cells on CD49d’s ligands. F-actin labelled with fluorescein phalloidin highlights 

the adhesion pattern (green). Original magnification 100x. 
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2.4. EMILIN1 mediates survival signals 

Once demonstrated that the CLL cells adhere on EMILIN1 we next studied the effect of the 

interaction between EMILIN1 and CD49d.  

In the laboratory where I performed the thesis it was demonstrated that the interaction between CLL 

cells expressing CD49d and VCAM-1 or fibronectin, induces survival and inhibits apoptosis 

mechanism in CLL cells.41 Instead in a skin homeostasis context, EMILIN1/CD49d interaction inhibits 

dermal fibroblast and keratinocyte proliferation.89 

Given these premises, it was interesting to explore the role of EMILIN1 in CLL, and for this reason we 

focused the experiments mainly on the expression of two proteins AKT and ERK1/2, that are key 

mediators of survival signals, evaluating their phosphorylation levels. Their phosphorylation levels 

were evaluated first by western blot analysis, and then by immunofluorescence analysis.  

As shown in figure 17, 14 purified CLL cases were analysed by western blot analysis. The results were 

expressed as the mean intensity of the ratio between phosphorylate signal and total signal and 

compared to the control, the signal on polylysine, as summerized by the histograms in figure 17. As 

reported, adhesion on gC1q domain showed an activation of pAKT and pERK after CD49d 

engagement in CLL cells, as well as on VCAM-1 and CS-1 fragment, suggesting the activation of 

survival pathways. 

For each CLL case, we also evaluated the phosphorylation of VAV1, which is a protein involved in the 

integrin pathway, as further evidence of the occurred interaction between CD49d and EMILIN1.  

Results showed, also in this case, a significant increase in VAV1 phosphorylation after the adhesion 

on substrates respect to polylysine control (figure 17). 
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Figure 17: Representative western blot image of a CLL case and histograms summarizing the results of all patients.  

At the top of the figure western blot images show the phosporylated proteins with their equivalent total protein; 

vinculin was used as loading control.  

The histogram graph with red histograms represent the value on gC1q domain, with blue histograms on VCAM-1 and 

with green histograms on CS-1 fragment. A histogram represents the mean fold increase of the ratio between 

phosphoprotein and total protein compared to the polylysine. The p-value upon each histogram were calculated with 

paired T-test and black error bars indicate the s.e.m. 

* p-value are significant (p<0.05) 
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Another proof that EMILIN1 is able to activate the survival pathway derived from 

immunofluorescence analysis on 9 CLL cases.  

As first proof of activation due to CD49d engagement from different substrates was the 

phosphorylation’s signal better rendered on ligands than on polylysine as shown in figure 18. 

Moreover, results showed the pAKT, pERK and pVAV mean fluorescence intensity, after the CD49d 

engagement on substrates, that was higher than the control on polylysine.  

Altogether these results suggested that EMILIN1 activates the survival pathway and the integrin 

pathway in CLL cells, as well as VCAM-1 and fibronectin.  



Results 

 

34 

 

 

Figure 18: Representative immunofluorescence images and histogram graphs of the mean intensity 

quantification for each CD49d’s ligand.  

At the top of the figure an immunofluorescence image for each phosphoprotein on each CD49d’s ligand is 

reported. 

The histograms below represent the mean ratio of the mean fluorescence intensity for each protein 

compared to polylysine. In red are the histograms for gC1q domain, in blue for VCAM-1 and in green for CS-

1 fragment. The statistical significance of the fluorescence intensity ratio between ligand and polylysine 

(fixed ratio of 1) was tested by Wilcoxon test (paired sample). 

* p-value are significant (p<0.05) 
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2.5. EMILIN1 protects CLL cells from spontaneous apoptosis 

The simple observation that CLL cells progressively accumulate in vivo, but more or less rapidly 

undergo apoptosis when cultured in vitro, draws attention to the microenvironment and its ability to 

deliver signals that may ensure the survival of malignant cells.110 In fact in the article where I gave a 

contribution, it was demonstrated that the engagement of CD49d by VCAM-1 was able to delay the 

spontaneous apoptosis observed in cultured CLL cells.41 

Since EMILIN1 was shown to induce the survival pathway in CLL cell expressing CD49d, the next step 

was to evaluate whether it has a capacity to protect CLL cell from spontaneous apoptosis in vitro 

using purified CLL cells from 13 cases.  

Results showed that gC1q domain of EMILIN1 was able to rescue CLL cells from spontaneous 

apoptosis, as well as VCAM-1 (p=0.002 and p=0.009, respectively) and also with a significantly higher 

viability on EMILIN1 than on VCAM-1 (p=0.004) (figure 19). 

Figure 19: Apoptosis assay. In the histogram graph at the top of the figure is reported the percentage of 

viable CLL cells after five day in colture on gC1q domain, on VCAM-1 and on BSA. The two plots in the 

middle of the figure show the cytofluorimetric analysis of two representative CLL cases. The p-values were 

calculated by Wilcoxon test (paired sample) and asterisk (*) indicates a significant difference (p<0.05). 
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2.6. Mice wild type or knock-out for EMILIN1: work ongoing 

Since we demonstrated that EMILIN1: a) is a ligand for CD49d in CLL, b)induces the activation of 

survival pathways, c) protects CLL cells from spontaneous apoptosis in vitro, 

we decided to explore the role of EMILIN1 in vivo. To fulfill this aim we planned to use mice wild type 

(EMILIN1+/+) and knock out (EMILIN1-/-) and CLL leukemic cells from TCL1 mice with the same genetic 

background of wild type or knock-out mice.  

The immunophenotype of murine leukemic cells is reported in figure 20: essential for the project was 

the CD49d expression by the leukemic population identified by B220 and CD5 expression. 

The basic phenotype of EMILIN1+/+ and EMILIN1-/- mice is reported in figure 21 (panel a and b): T cells 

and B cells are distinguished by the expression of CD5 and CD19 respectively; indeed B cells express, 

more light chain kappa than lambda, as expected.111 

To date we have treated 6 mice EMILIN1+/+ and 6 mice EMILIN1-/- with six different cases of murine 

CLL leukemia expressing CD49d. Mice were monitored for the development of CLL every month, 

checking lymph nodes and spleen enlargement and taking blood sample to perform an 

immunophenotype. The immunophenotype consisted in evaluating the expression of CD19, CD5 and 

light chain kappa. 

After five months from injection, mice have not develop leukemia, as reported in figure 21 (panel c 

and d); the immunophenotype did not differ from the ones of not inoculated mice, not presenting 

onset of CD5 positive B cells and changes in the percentage of kappa positive cells.  

This delay in leukemia development was not unexpected because, TCL1 mice, from which derived the 

injected leukemic cells, develop delayed disease. 

Figure 20: Representative immunophenotype of CLL cells from two TCL1 mice (1# and 2#). Both for 1# and for 2# the plot 

on the left represent the physical parameter of the entire lymphocyte population. In the central plot is identified the 

leukemic population by the expression of B220 and CD5 and this population also expresses CD49d (plot on the right). 

Samples run in FACSCalibur and analysed by FlowJo software. 
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Figure 21: Representative immunophenotype of EMILIN1 wild type and knock-out mice (panel a and b) injected or not 

(panel c and d) with TCL1 leukemic cells. The plots on the left represent the physical parameter of the entire lymphocyte 

population, the plots in the middle the co expression of CD5 and CD19, and the plot on the right the kappa chain 

expression. After five months mice did not develop leukaemia as show by unchanged percentage of kappa positive or 

CD5 positive B cells (panel c and d, plots on the right and in the middle of the figure). 
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3. Discussion 
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Chronic lymphocytic leukemia (CLL) is a heterogeneous disease whose clinical course and outcome 

vary among CLL patients. The clinical staging systems are complemented by prognostic markers and 

among them stands out the CD49d, the alpha4 subunit of the VLA-4 integrin (α4β1). High CD49d 

expression predicts reduced overall survival and time to first treatment in a subset of CLL patients. Its 

strong prognostic relevance can be explained by considering the specific roles of this molecule in the 

context of CLL microenvironment. In this regard CD49d is directly involved in the microenvironmental 

interaction through the engagement of its main ligands: VCAM-1, expressed on endothelial cells and 

bone marrow stromal cells, and the extracellular matrix molecule fibronectin, promoting CLL cell 

survival, proliferation and migration/infiltration.  

Recently, the globular (g) C1q-like domain of Elastin MIcrofibriL INterfacer1 (EMILIN1), an adhesive 

extracellular matrix (ECM) constituent, was described as a new ligand for CD49d 65, and this 

interaction was mainly studied in the context of skin homeostasis and carcinogenesis and of blood 

pressure homeostasis. On the contrary, the role of CD49d/EMILIN1 interaction is still unknown in the 

context of CLL and thereby this thesis was aimed to investigate on it. 

The starting observation of the present thesis was the intermingled distribution of EMILIN1 between 

CLL cells in CLL-involved tissues. In particular, EMILIN1 was expressed in these tissues with an 

extracellular pattern, as previously reported for several other tissues such as blood vessels, skin, 

heart, lung, kidney, and cornea where EMILIN1 forms a fibrillar network in the ECM.65 Indeed 

EMILIN1 was observed closely adjacent to the surface of CLL cells, as described by Daga Gordini 108;109 

suggesting that EMILIN1 interacts directly with cell membrane receptors.  

Surprisingly, in CLL-lymph node cases an unexpected EMILIN1 positive staining was observed in the 

cytoplasm of some cells (figure 7 panel 1). Some of them were accessory cells or osteocyte, whereas 

other were CLL cells. This suggested the presence in the microenvironment of cells able to produce 

EMILIN1. In this context, an interesting point is that, the distribution in term of quantity of EMILIN1 

was higher than that of fibronectin in CLL-lymph node (figure 9). Altogether these results suggest 

that EMILIN1 could act a relevant role in the cross-talk between CLL cells and the tissue 

microenvironment. 

Moving from these preliminary observations and from the previously published observation in which 

the gC1q domain of EMILIN1 is recognized by CD49d65, the capacity to adhere on EMILIN1 of CD49d 

positive CLL cells was firstly investigated in the Mec-1 “CLL-like” cell line model, and then, the 

obtained results were verified using primary CLL samples. 

In particular, the results presented in this thesis reveal that Mec-1 cell line can adhere on EMILIN1 

and that this adhesion is specifically dependent from the gC1q domain. Decreased adhesion levels 

are shown in presence of the gC1q mutant (figure 12), in which there is a single mutation (E933A), 

directly responsible for the interaction.104 Moreover, evidences were provided that in CLL cells the 

adhesion on EMILIN1 is CD49d-dependent given that the interaction is impaired by the anti-CD49d 

monoclonal antibody HP2/1 (figure 15) and that the adhesion on EMILIN1 does not occur in CD49d 

negative CLL cells (data not shown). In particular, results revealed that the interaction between 

CD49d and EMILIN1 induces the activation of the integrin pathway with adhered CLL cells changing 

from a round to a more stretched shape (figure 16), evidenced by high level of phosphorylation of 

VAV, a molecule involved in cytoskeletal remodelling (figure 17-18). Finally, further evidences 
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indicated that adhesion levels on EMILIN1 are similar to those on VCAM-1 and fibronectin, as well as 

the increment of VAV phophorylation, as previously reported by Zucchetto et al.41 

The effects of CD49d/EMILIN1 interaction were studied in vitro, taking into account a recent article of 

Danussi et al, in which EMILIN1 operates as a negative modulator of proliferation signals in substrate-

adherent non-hematopoietic CD49d positive cells. 89 To this purpose, pAKT and pERK, key mediators 

of survival signal, were evaluated after the CD49d/EMILIN1 interaction by western blot and 

immunofluorescence analyses. After short term adhesion experiments an increased phosphorylation 

level of pAKT and pERK was observed (figure 17-18). These results were discordant with the previous 

studies in dermal fibroblast and keratinocyte89, but were in concordance with the previous studies on 

CD49d positive CLL cells engaged by VCAM-1 and fibronectin.57  

CLL cells typically undergo apoptosis when cultured in vitro, and this can be prevented by co-culture 

with different accessory cells that are part of the CLL microenvironment 51 or with CD49d ligands, 

VCAM-1 or fibronectin, as previously reported.41 Since EMILIN1 was present in the lymphoid 

microenvironment, as observed in the germinal centre of CLL-involved lymph node (figure 7 panel 3), 

it was evaluated whether also CD49d positive CLL cells were rescued from spontaneous apoptosis by 

EMILIN1. Results showed that EMILIN1 protects CLL cells from spontaneous apoptosis, even in a 

higher fashion than VCAM-1 (figure 19). 

Further details on the effects of the interaction between CD49d and EMILIN1 could be obtained by in 

vivo experiments. In this context, it was previously demonstrated that VCAM-1 and fibronectin 

knock-out mice give embryonic lethality 112 while EMILIN1 deficiency is compatible with murine life.95 

Therefore in vivo experiments are currently running, in which engraftment of CD49d positive CLL 

cells from TCL1 mice is evaluated in wild-type (EMILIN1+/+) and knock-out (EMILIN1-/-) for EMILIN1 

recipients after intraperitoneal injection. Expected results will include an early development of 

leukemia in EMILIN1+/+ mice and a minor infiltration and homing of CLL cells in EMILIN1-/- mice. 

In conclusion, the present thesis describes the role of EMILIN1 as a new ligand for CD49d integrin in 

CLL. In particular, for the first time we showed that EMILIN1 is present in normal and CLL-involved 

tissues, and it is able to efficiently bind to CD49d, as expressed by CLL cells. At variance with what 

demonstrated in non-hematopoietic models, EMILIN1 was able to deliver anti-apoptotic/pro-survival 

signals to circulating CLL cells. Thus, the CD49d/EMILIN1 interactions showed a role in the 

maintenance of the neoplastic clone in CD49d-expressing CLL, as well as CD49d/VCAM-1 and 

CD49d/fibronectin interactions, previously defined as the two main ligands for CD49d41;57 (figure 22). 
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Altogether considered, results from the present thesis and previously published data 41;68 provide 

further relevance to therapy based on impairing the CLL cells/microenvironment interactions via 

CD49d, such as immunotherapy with Natalizumab, a monoclonal humanized anti-CD49d antibody 

currently employed in autoimmune diseases such as multiple sclerosis and Crohn’s disease.49 In this 

context, it is noteworthy that CD49d blocking therapy also causes CD34+ progenitor cell mobilization 

from the bone marrow (BM) 113 and this is generally associated with functional inactivation or down-

regulation of CD49d interactions within the BM niches, in particular with VCAM-1 as reported.114;115 

Therefore, CD49d blocking therapy could be highly effective in releasing CD49d positive CLL from the 

BM and in preventing their re-entry into the BM 116, eventually making CLL cells more susceptible to 

chemotherapeutic agents. 

  

Figure 22: Schematic representation of CD49d positive CLL cells interacting with the main 

ligands of CD49d and the main signals delivered after the CD49d engagement. 
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4. Materials and Methods 
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4.1. CLL patients and cell lines 

 

The CLL-derived cell line Mec-1 (Mec-1) were used as a model for chronic lymphocytic leukemia 105 

and were cultured in Roswell Park Memorial Institute medium (RPMI) with 10% of fetal bovine serum 

(FBS). 

The study includes peripheral blood (PB) samples from chronic lymphocytic leukemia cases whose 

diagnosis was made according to IWCLL-NCI criteria 38, collected after informed consent for routine 

diagnostic and follow-up procedures. All cases were characterized for CD49d, CD38 and ZAP-70 

expression, IGHV mutational status, and fluorescence in situ hybridization (FISH) karyotype.117 The list 

of all CLL cases employed for the experiments is reported in Table 1. 

Functional and biochemical experiments (see below) were carried out on CLL cases with a high and 

homogeneous CD49d expression. In these cases, CLL cells were purified from the peripheral blood by 

density gradient centrifugation on Ficoll-Hypaque (Pharmacia), followed in some cases by negative 

selection using a mixture of anti-CD3, anti-CD16 and anti-CD14 monoclonal antibodies (mAbs, 

Laboratory of Immunogenetics, Turin) and separation by immunomagnetic beads. In all cases B-cell 

purity was ≥95%, as assessed by flow cytometry. 

 

4.2. Antibodies and other reagents 

 

Mouse anti–human gC1q (clone 1H2) antibodies were produced in the laboratory of Prof. Colombatti 

as previously described.65;96 Rabbit anti-phospho-p44/42 MAPK (ERK 1/2; Thr202/Tyr204) and anti–

phospho-AKT (Thr308 and Ser 473) antibodies were obtained from Cell Signaling Technology. Rabbit 

anti-phopsho-VAV1 (Tyr-174) was purchased from Abcam. Goat anti-AKT and anti-vinculin, rabbit 

anti-ERK1/2 and mouse anti-Vav-1 antibodies were obtained from Santa Cruz Biotechnology, Inc. 

HRP-donkey anti-rabbit and HRP-sheep anti-mouse IgG antibodies were used from Amersham GE 

Healthcare. HRP-rabbit anti-goat IgG were obtained from Invitrogen. 

Anti-CD49d (clone HP2/1, Serotec) blocking monoclonal antibody was used. 

The C-terminal domain of EMILIN1 (gC1q domain), the recombinant mutant of the integrin-binding 

sequence of gC1q (gC1q mutant) and the CS-1 fragment of fibronectin were produced as previously 

described 65;104 and were provided by R. Doliana and A. Capuano (Centro di Riferimento Oncologico, 

CRO). The human recombinant VCAM-1 was from R&D Systems. 

 

4.3. Cytofluorimetric analysis 

 

The diagnosis of CLL cases was made according to IWCLL-NCI criteria 38, that included the expression 

of CD19, CD5, CD23 and low expression levels of clonally restricted surface immunoglobulins (Igs).118 

CD49d and alpha 9 expression were evaluated using a combination of anti-CD5- fluorescein 

isothiocyanate (FITC), anti-CD19- peridinin chlorophyll protein cyanin 5.5 (PerCP-Cy5.5) and anti-

CD49d- phycoerythrin (PE) (BD Bioscience) or anti alpha9-PE (BioLegend) mAbs. For the purposes of 

the present study, a CLL sample was judged to express CD49d (CD49d+) when the molecule was 

found in at least 30% of the CD5+/CD19+ CLL cell population as previously described.43;119  

Data were acquired on a FACSCanto flow cytometer and analysed by Diva software (BD Bioscience) 

or FlowJo software (Miltenyi Biotec). 
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4.4. Immunohistochemical analysis 

 

Reactive lymphoid tissues and CLL-involved lymph nodes and bone marrow biopsies (BMB) sections 

were stained for EMILIN1. 

Staining was performed on 4 µm formalin-fixed paraffin-embedded tissue sections. Deparafinization 

was obtained by a 20 minutes wash in xylene and hydration by sequential washes in 100% (10 

minutes), 85%, and 70% ethanol solutions (5 minutes), distilled water (5 minutes) and twice in PBS (5 

minutes each). Sections were bathed in ER2 solution (pH 8, Leica Biosystems) at 90°C for 30 minutes 

for antigen retrieval and then cooled 15 minutes at room temperature and 15 minutes in water. 

Next, the slides were rinsed with distilled water for two minutes, and then with PBS. Antibody 

incubation was preceded by 20 minutes protein block (DAKO). Slides were then incubated with 

EMILIN1 primary antibody (AS556, 1:50; antiserum rabbit polyclonal antibody was a kind gift of Prof. 

Colombatti’s group) in dilution solution (Leica Biosystems) for 1 hour at room temperature in a 

humid chamber. DAB staining was obtained by Novolink Polymer Detection System (Leica 

Biosystems) according to manufacturer's instructions. 

4.5. Preparation of C1q like domain, VCAM-1- or FN-coated culture dishes/coverslips 

 

The coating was performed at 4°C overnight either onto ethanol-washed coverslips (6mm Ø, Menzel-

Glaeser  or 12mm Ø, Knittel Galss ) or µ-dishes (35mm high, IBIDI) using gC1q domain of EMILIN1, CS-

1 fragment of fibronectin (FN), VCAM-1 (final concentration 10 µg/ml ) or polylysine (final 

concentration 10 µg/ml) in bicarbonate buffer. Subsequently, the ligand in excess was removed with 

two washes in phosphate-buffered saline (PBS) and the coverslips or dishes were saturated  for two 

hours at room temperature with 1% bovine serum albumin (BSA) in PBS. BSA was used as internal 

control of non-specific adhesion. 

 

4.6. Cell adhesion assays 

 

Two different adhesion assays were performed: i) Mec-1 cells were labeled for 10 minutes at 37°C 

with the vital fluorochrome calcein AM (Molecular Probes, Eugene, OR, USA). The cells were then 

seeded (2 x 105 cells/well) onto 96-well plates coated with the appropriate substrate, and incubated 

for 15 minutes at 37°C. Adherent cells were evaluated by fluorescence detection in a computer-

interfaced microplate GENios Plus microplate reader (Tecan Group Ltd.), after several washes with 

Ca2+/Mg2+ buffer. Results were expressed as mean fluorescence intensity ± standard error mean 

(s.e.m.); ii) MEC-1 cell lines (5 x 105 cells/well) and primary CLL cells (1 × 106 purified cells/well) were 

seeded onto coverslips coated with the appropriate substrate for 15’min at 37°C in RPMI. The non-

adherent cells were washed away with Ca2+/Mg2+ buffer, while adherent cells were fixed (4% 

paraformaldehyde), stained with May-Gruenwald/Giemsa and coverslips mounted on slides and 

microscopically analyzed using a 20x objective. In parallel the cells were preincubated 10 minutes at 

37°C with the anti-CD49d HP1/2 blocking antibody (final concentration 30 µg/mL) to verify the 

specificity of the interaction between CD49d and its ligands. After acquiring at least 8 fields per slide, 

adherent cells were counted, and results reported as the mean number of adherent cells per field on 

each specific ligand minus the mean number of cells on BSA ± standard error mean (s.e.m.). 
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4.7. Immunofluorescence assay 

 

Mec-1 (5 x 105 cells /well) or primary CLL cells (1 × 106 purified cells /well) resuspended in RPMI were 

plated onto coverslips coated with the appropriate substrate. Coverslips were placed in 24-well 

plates, centrifuged for 5 minutes at 100 RCF, and incubated for 5’ at 37°C to promote cell adhesion. 

For Perk 1/2, pAKT and pVAV detection, adherent cells were fixed with 4% paraformaldehyde, 

permeabilized with 0.1% Tween-20/0.1% BSA/PBS buffer for 5 minutes, blocked 30 minutes with 10% 

FBS/PBS and incubated for 1 hour with pERK 1/2 (1:500), pAKT (1:200), pVAV (1:400) primary 

antibodies, followed by 45 minutes incubation with 1:150 TRITC-conjugated anti-rabbit secondary 

antibody in the dark at room temperature. All the antibodies dilution were made in 10% FBS/PBS. 

Coverslips were mounted on slides and the fluorescence intensity were analyzed through Nikon 

Eclipse 90i microscope and the ND2 software (Nikon). The ND2 software allowed to select manually 

the area of each cell and to detect the mean fluorescence intensity of each cell. For each coverslip 

data from at least 100 cells were recorded and results were reported as the phosphoprotein mean 

fluorescence intensity obtained from the ligands versus the mean fluorescence intensity obtained 

from polylysine used as control. 

The images of CLL cells with F-actin filaments were obtained labeling the cells 40 minutes with 1:100 

fluorescein-labeled Phalloidin (Sigma).  

 

4.8. Immunoblot analysis 

 

Primary CLL cells (5 × 106 cells/dish) were allowed to adhere on µ-dishes coated with gC1q domain 

(10 μg/ml), CS-1 fragment (10 μg/ml), VCAM-1 (10 μg/ml) or polylysine (10 μg/ml) for 5 minutes at 

37°C in RPMI without serum. Non adherent cells were washed away and adherent cells were directly 

lysed in ice-cold RIPA buffer (Santa Cruz Biotechnology) containing protease inhibitor cocktail, PMSF, 

Sodium Orthovanadate and NaF for 30 minutes at 4°C. Cell lysates were centrifuged at 10,000 × g for 

20 minutes at 4°C. The protein quantification of each sample was determined using Bradford protein 

assay reagent (Bio-Rad Laboratories). Fifteen µg of total protein were resuspended in sample buffer 

with 2-beta-mercaptoethanol, boiled for 5 minutes, resolved in 4-20% Criterion precast gels (Bio-Rad 

Laboratories), and transferred onto Hybond-ECL nitrocellulose membranes (Amersham, GE 

Healtcare). Membranes were blocked for 1 hour at room temperature with 5% dry milk in TBS-T (Tris 

Buffer Saline-0.1% Tween) and probed overnight at 4°C with the appropriate antibodies: p-p44/42 

MAPK (ERK 1/2), pAKT, pVAV, AKT, ERK 1/2, VAV-1 and vinculin. The antibodies against the 

phosphorilated protein were diluted 1:1000 in 5%BSA/TBS-T, whereas the antibodies against the 

total protein were diluted 1:1000 in 5% dry milk/TBS-T. All the washes were made in TBS-T. The 

incubation with the secondary antibody (see Antibodies and other reagents) was performed for 1 

hour at room temperature in 5% dry milk/TBS-T. 

Immunoreactivity was revealed using Immobilon western chemiluminescent HRP substrate (Millipore 

Corporation). Densitometric quantification of western blots was determined with the Quantity One 

4.1.0 software (Bio-Rad).  

 

4.9. Cell viability assays 

 

Primary CLL cells (2 × 105 cells/well) were seeded on gC1q domain-, VCAM-1- and BSA-coated 96-well 

plates in RPMI with 0.1% FBS. Cell viability was evaluated after 5 days of culture, staining cells with 

AnnexinV (BD Bioscience) and 7-amino-actinomycin-D (7-AAD, BD Bioscience) in 1X Annexin buffer 
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(BD Bioscience) for 15 minutes in the dark at room temperature. The cells were then run in  a 

FACSCanto flow cytometer and analyzed by the Diva software (BD Bioscience). 

 

4.10. Mice models 

 

C57BL/6 WT and Emilin1
-/- mice were kindly obtained from the laboratory of Prof. Colombatti. All the 

procedures involved in the animal experiments were performed according to approved protocols and 

in accordance to institutional guidelines in compliance with national laws (D.Lgs. n° 116/92). 

 

4.11. TCL1 leukemia cells 

 

TCL1 leukemia cells from Eµ-TCL1 transgenic mice on C57BL6 background were kindly provided by Dr. 

Efremov (ICGEB, Monterotondo). Overt leukemia was defined as at least 50% monoclonal CD5+ B 

cells in the peripheral blood and WBC above normal range (> 10.7 × 106/mL). Mononuclear cells were 

separated from the spleens of leukemic mice by Ficoll gradient centrifugation (Amersham 

Biosciences) and not purified because they represented more than 90% of cells. The purity of the 

selected populations was evaluated by staining with anti-CD5 allophycocyanin (APC) – conjugated 

and anti-B220 FITC–conjugated antibodies, followed by flow cytometric analysis on a FACSCalibur 

flow cytometer (BD Biosciences). The TCL1 leukemias were also evaluated by flow cytometry for the 

expression of CD49d, using an anti-CD49d PE (BD Biosciences). 

 

4.12. Intraperitoneal injection of TCL1 leukemia cells in WT and Emilin1
-/-

 mice 

 

Before the intraperitoneal injection, TCL1 leukemia cells were cultured at 37°C for 1 hours in RPMI 

with 10% FBS, then washed in PBS and resuspended in 500 µl of PBS. WT and Emilin1
-/- mice were 5 

weeks older and in one mouse 50 x 107 cells were injected with an insulin syringe. Every month after 

the injection, a blood sample was taken from the orbital sinus using a fine Pasteur pipette. 

 

4.13. Statistical analysis 

 

Data were compared using either the non-parametric Mann–Whitney test (independent samples) or 

Wilcoxon test (paired samples). All statistical analyses were performed using the MedCalc software 

(MedCalc) and a value of p < 0.05 was considered significant. 
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Table 1: Clinical characteristics of CLL patients selected for biochemical and functional studies 

Patient ID sex CD19 CD49d CD38 IGHV risultato Studies 

CCL#1 m 97.6 93.6 3.6 UM del13 Adh/WB/Apo 

CCL#2 m 96.8 80.8 49.1 UM del11 Adh/WB/Apo 

CCL#3 m 92.1 99.9 81.2 M norm Adh/WB/IF/Apo 

CCL#4 m 92.8 99.0 99.3 na tri12 Adh/WB/Apo 

CCL#5 m 93.5 100.0 99.9 M del13, tri12 Adh/WB/Apo 

CCL#6 f 92.7 83.2 1.2 M del13 WB 

CCL#7 m 95.0 99.7 17.5 UM del13 WB 

CCL#8 m 92.5 93.0 27.0 na tri12 WB 

CCL#9 f 87.4 98.8 33.2 M del13, tri12 WB 

CCL#10 m 85.7 94.8 47.2 UM tri12 WB 

CCL#11 f 88.0 98.0 49.0 UM norm WB/Apo 

CCL#12 m 88.3 97.9 61.4 UM del13, del11 WB 

CCL#13 m 94.4 84.8 79.1 na del13 WB 

CCL#14 f 90.7 98.7 93.4 M tri12 WB/IF/Apo 

CCL#15 f 96.0 99.8 98.0 UM del13, del11 WB 

CCL#16 m 89.9 81.3 2.3 M norm Adh 

CCL#17 m 93.6 94.9 11.0 UM tri12 Adh/Apo 

CCL#18 m 88.1 94.7 28.7 M del13 omo Adh/Apo 

CCL#19 f 89.0 92.4 31.4 UM norm Adh/Apo 

CCL#20 f 93.0 84.5 82.6 UM del17 Adh 

CCL#21 f 93.7 99.1 86.8 UM norm Adh 

CCL#22 m 95.0 97.3 95.9 UM norm Adh/Apo 

CCL#23 m 88.0 100.0 3.3 M norm IF 

CCL#24 m 97.6 96.7 4.6 UM tri12 IF 

CCL#25 m 86.5 91.8 41.8 UM del13 IF 

CCL#26 f 90.3 81.5 70.8 UM norm IF 

CCL#27 f 94.5 99.9 75.8 M del13 IF 

CCL#28 f 92.9 97.9 89.4 UM norm IF 

CCL#29 m 97.1 99.7 99.8 M tri12 IF 

CCL#30 f 82.6 98.5 98.5 UM tri12, del11 Apo 

CCL#31 f 85.7 99.9 4.0 M tri12 Apo 

m, male; f, female; M, mutated IGHV; UM, unmutated IGHV; Adh, adhesion assay; WB, western blot assay;  

IF, immunofluorescence assay; Apo, apoptosis assay; na, not available 
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LYMPHOID NEOPLASIA
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cells: evidence for a methylation-dependent regulation mechanism
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Key Points

• CD49d, a negative

prognosticator with a key

role for microenvironmental

interactions in CLL, is near

universally expressed in

trisomy 12 CLL.

• CD49d overexpression in

trisomy 12 CLL is regulated

by a methylation-dependent

mechanism.

CD49d is a negative prognosticator in chronic lymphocytic leukemia (CLL), expressed

by ∼40% of CLL cases and associated with aggressive, accelerated clinical courses. In

this study, analyzing CD49d expression in a wide CLL cohort (n 5 1200) belonging to

different cytogenetic groups, we report that trisomy 12 CLL almost universally expressed

CD49d and were characterized by the highest CD49d expression levels among all CD49d1

CLL. Through bisulfite genomic sequencing, we demonstrated that, although CD49d1/

trisomy 12 CLL almost completely lacked methylation of the CD49d gene, CD49d–/no

trisomy12CLLwereoverallmethylated, themethylation levelscorrelating inversely toCD49d

expression (P 5 .0001). Consistently, CD49d expression was recovered in CD49d– hyper-

methylated CLL cells upon in vitro treatment with the hypomethylating agent 5-aza-

29-deoxycytidine. This may help explain the clinicobiological features of trisomy 12 CLL,

includingthehighratesofcellproliferationanddiseaseprogression, lymphnodeinvolvement,

and predisposition to Richter syndrome transformation. (Blood. 2013;122(19):3317-3321)

Introduction

CD49d recently emerged as a negative prognosticator in chronic

lymphocytic leukemia (CLL), marking a subset of ;30% to 40%

of CLL characterized by a more aggressive clinical course.1,2

CD49d, the a4 subunit of the a4b1 integrin heterodimer, has a role

in CLL cell migration and retention in lymph node (LN) and bone

marrow (BM) microenvironments, where they receive growth-

and survival-supporting signals.3

Among the recurrent chromosomal abnormalities detectable in

CLL,4 trisomy 12 marks a disease subset (;15% of cases) charac-

terized by high rates of cell proliferation and disease progression,

and Richter syndrome (RS) transformation.5,6 Despite the recent

demonstration of a relative enrichment in NOTCH1 mutations in

CLL carrying trisomy 12,7-9 no specific genetic and/or biological

features have so far been identified in trisomy 12 CLL to explain

the peculiar clinical behavior of this CLL subset.10,11

Patients and methods

This study, approved by the Internal Review Boards of the Centro di

Riferimento Oncologico of Aviano (Approval n. IRB-05-2010) and Salzburg

Medical University (Approval n. 415-E/1287/4-2011), included peripheral

blood samples from 1200 patients with typical CLL according to the current

guidelines.12 Informed consent was obtained from the participants in ac-

cordance with the Declaration of Helsinki. CLL was characterized for the

main cytogenetic abnormalities, flow cytometry–based prognosticators,

IGHV mutations (all cases), and NOTCH1 mutations (944/1200 cases),

as described.1,13 Treatment-free-survival (TFS) and RS transformation

data were available for 601 and 324 cases, respectively.

Procedures for cell sorting, quantitative real-time polymerase chain reaction

(qRT-PCR), bisulfite sequencing, and in vitro 5-aza-29-deoxycytidine (DAC)

experiments are reported in the supplemental Methods. All studies were

performed on highly purified (.95%) CLL cells.14

Results and discussion

CD49d is expressed by a vast majority of trisomy 12 CLL

CD49d expression was investigated by flow cytometry in the

neoplastic component of 1200 CLL patients. Using the 30%

cutoff,1 735 cases (61%) were classified as CD49d–, whereas
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465 (39%) were CD49d1. Analysis within the major cytogenetic

groups4 showed a significantly higher percentage of CD49d1

cases (89.4%) in the trisomy 12 group compared with the other

cytogenetic groups (P , .0001 for all pairwise comparisons, sup-

plemental Table 1 and Figure 1A). This also held true by com-

paring the percentages of CD49d1 cases in CLL bearing or not

bearing trisomy 12 in the context of the del17p13.1 and del11q22-

q23 cytogenetic groups (Figure 1B).4 Altogether, in trisomy 12

CLL, 89% (184/206) of cases expressed CD49d in .30% of

CLL cells; 6% (13/206) in 10% to 27% of cells, mostly with a

bimodal pattern (not shown); and 4% (9/206) in ,10% of cells

(Figure 1C). In the context of trisomy 12 CLL, no differences

were found between CD49d1 and CD49d– cases for the main

cytogenetic abnormalities, as well as for IGHV or NOTCH1 mu-

tations (data not shown), but, as expected,7-9 NOTCH1 mutations

were significantly over-represented (P , .0001; supplemental

Table 1).

Among CD49d1 CLL, trisomy 12 CLL expressed CD49d at

higher mean fluorescence intensity (MFI) levels (median MFI 5

2200; 95% confidence interval [CI], 1810-2546; n5 54) compared

with no trisomy 12 CLL (median MFI5 1386; 95% CI, 1050-1673;

n 5 55; P 5 .0001; Figure 1D).

Fluorescence in situ hybridization (FISH) analysis of flow

cytometry–sorted CD49d– and CD49d1 subpopulations in the context

of CLL with bimodal CD49d expression (n 5 3) documented that

trisomy 12 was restricted to the CD49d1 fraction and was virtually

absent in CD49d– cells (Figure 1E).

Overall, these data indicate the almost universal expression of

CD49d in trisomy 12 CLL, corroborating the notion that this chro-

mosomal aberration marks a CLL entity with distinct clinicobio-

logical features.10,15

The impact of CD49d and trisomy 12 as TFS predictors and of

CD49d in RS transformation are reported in the supplemental Results

and supplemental Figures 1-3.

Figure 1. CD49d is almost universally expressed by

trisomy 12 CLL. The percent of CD49d1 cases among

1200 CLL split according to the cytogenetic groups

defined by Döhner et al4 (A) and in the context of the

17p- and 11q- groups, split according to the presence

or not of trisomy 12 (B). 17p-, 17p13.1 deletion; 11q-,

11q22-q23 deletion; 112, trisomy 12; 13q-, 13q14.3

deletion; normal, none of the above. All P values refer

to the x2 test. (C) CD49d expression in CLL cases split

into 2 groups according to the presence of trisomy 12.

Dotted lines were set at 30% and 10% cutoffs, and the

number and percentages of cases expressing different

CD49d levels are reported. (D) CD49d MFI values in

CD49d1 CLL bearing or not bearing trisomy 12. Boxes

represent the interquartile range (25-75%), with the

middle line indicating the median and the horizontal

lines indicating the minimum and maximum values. (E)

FISH analysis in the total and in the CD49d– and CD49d1

sorted components from 3 CLL cases characterized by

CD49d bimodal expression. The upper panels repre-

sent dot plots of CD19 vs CD49d expression from 1

representative case (case 2). The insets show repre-

sentative fields of FISH analysis performed with an

a satellite DNA probe CEP12, directly labeled with

SpectrumGreen to detect aneuploidy of chromosome 12.

Histograms represent the percent of trisomy 12 nuclei

in the total CD51CD191 (left), CD51CD191CD49d–

(middle), and the CD51CD191CD49d1 (right) sorted

components from 3 CLL cases.
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Figure 2. CD49d expression is correlated with DNA methylation levels. (A) DNA methylation was studied within the CpG island of the ITGA4 gene (reported in

supplemental Figure 5). The upper graph reports the percentage of methylation calculated as the number of methylated CpG over the total number of CpGs. The lower

graph reports the percentage of sequences with at least 2 methylated CpGs. At least 10 clones for each of 10 CD49d1/trisomy 12 (black histograms) and 14 CD49d–/no

trisomy 12 (gray histograms) CLL cases were analyzed. (B) Correlation between the percentage of methylation and CD49d protein expression, as detected by flow

cytometry (upper panel) and mRNA as detected by qRT-PCR (lower panel). r and P values refer to the Spearman’s rank correlation test. (C-E) Primary CLL cells from 7

cases were cultured for 96 hours using CpG-ODN/interleukin-2 in the presence or not of 5 mmol/L DAC and analyzed by flow cytometry for the surface expression of CD49d. (C)

Dot plots of CD19-APC vs BrdU-FITC (upper panels) and CD49d-PE vs BrdU-FITC (lower panels) in untreated and DAC-treated CLL cells from a representative case (case

13). The proliferative/BrdU1 and nonproliferative/BrdU– fractions are noted in red and gray, respectively. (D) Proliferation levels (mean percent6 SEM) of untreated (gray bar)

and DAC-treated (black bar) CLL cells after 96 hours in culture with CpG-ODN/interleukin-2. (E) CD49d MFI (mean expression 6 SEM) by proliferative/BrdU1 (red line) and

nonproliferative/BrdU– (gray line) fractions in untreated and DAC-treated CLL cells; P values refer to the Student t test.
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CD49d overexpression in trisomy 12 CLL is associated with

ITGA4 hypomethylation

As investigated by qRT-PCR in 74 CLL (31 CD49d–/no trisomy

12 and 43 CD49d1/trisomy 12), CD49d mRNA expression positively

correlated with CD49d protein levels (r 5 0.6, P , .0001, supple-

mental Figure 4), implying a transcriptional regulation of CD49d

protein expression. Therefore, we decided to study whether DNA

hypomethylation, a well-known epigenetic mechanism regulating

gene transcription in tumors including CLL,16 could explain the

CD49d overexpression found in trisomy 12 CLL.

DNA methylation was studied within a 59-UTR CpG island

(77 CpGs) of the CD49d gene (ITGA4) (supplemental Figure 5

and supplemental Methods). CD49d–/no trisomy 12 CLL (n 5 14)

showed a higher degree of ITGA4 methylation compared with

CD49d1/trisomy 12 cases (n5 10), which almost completely lacked

methylated CpGs (average amount of methylated CpGs 5 9.2% vs

0.9%, P, .0001, Figure 2A). Moreover, the number of methylated

clones in at least 2 CpG sites was higher in CD49d–/no trisomy 12

(mean, 78%; range, 36-100%) than in CD49d1/trisomy 12 CLL cases

(mean, 10%; range, 0-33%; P , .0001; Figure 2A).

Although ITGA4 methylation in the CD49d1/trisomy 12 CLL

group was homogeneously low, 4/14 CD49d–/no trisomy 12 cases

displayed ,3% methylation. These cases, and 4 CD49d1/trisomy

12 cases for comparison, were therefore analyzed for methylation

levels within an additional ITGA4 CpG island (44 CpGs), spanning

exons 1 and 2 (supplemental Figure 5). Despite the overall lower

methylation levels characterizing this CpG island, CD49d– CLL

displayed higher percentages of methylated CpG than CD49d1

cases (average amount of methylated CpG 5 4.0% vs 0.5%,

P , .0001).

Similar levels of ITGA4 hypomethylation were found in 10

CD49d1 CLL with a normal karyotype (data not shown).

To further corroborate the direct role of DNA methylation in

regulating CD49d expression, a significant inverse correlation was

observed between the percentage of methylated CpGs and CD49d

expression at both mRNA (r 5 –0.6, P 5 .003) and protein levels

(r 5 –0.7, P 5 .002; Figure 2B).

Hypomethylating agents are known regulators of gene expres-

sion. Among them, DAC operates by inhibiting DNA methyltransfer-

ase activity, thus preventing methylation of newly replicated DNA,

leading to DNA demethylation and subsequent gene activation.17

According to this notion, highly purified CLL cells from 7 CD49d–

cases (supplemental Table 2) were exposed to DAC in the presence

of CpG-ODN/interleukin-2 as proliferative stimulus.18,19 Although

DAC-treated CLL cells displayed lower levels of proliferation com-

pared with untreated cells (mean % proliferation levels5 11.26 1.3

vs 3.4 6 0.5, respectively; Figure 2C-D), the proliferative fraction

of DAC-treated CLL cells significantly upregulated CD49d protein

levels (mean MFI, 220 6 18 vs 144 6 14; P 5 .008; Figure 2E).

Consistently, analysis of ITGA4 methylation in these DAC-

treated proliferating cells (n 5 2) highlighted lower levels of

methylation (% methylated CpGs 5 4.0 and 5.3) compared with

proliferating cells of untreated cultures (% methylated CpGs 5

12.3 and 10.0).

In CLL, the close dependency of CD49d expression on DNA

methylation, as demonstrated here also outside the trisomy 12

subset, was similar to that reported for other CLL bad prognos-

ticators and key regulators of CLL cells, such as ZAP-70, lipoprotein

lipase, CLLU1, and NOTCH1.19-21

Although a functional relation between trisomy 12 and hypo-

methylation of the CD49d gene remains to be established, preliminary

gene expression profiling data generated by us suggest that trisomy

12 CLL cells differentially express genes involved in the regulation

of methyltransferase activity and chromatin modification processes

(A.Z., unpublished observation).

The role of trisomy 12 in the pathogenesis of CLL has always

been elusive. Previous reports showed that the proportion of

trisomy 12 CLL cells is higher in LN than in peripheral blood or

BM, thus reflecting a specific tropism toward LN of trisomy 12 CLL

cells.22 The overexpression of CD49d may provide the molecular

basis to explain the peculiar biological behavior of trisomy 12 CLL

and may predict for the development of additional cytogenetic

lesions, as reported.23

In light of a recent demonstration that the use of Bruton tyrosine

kinase inhibitors in CLL is able to impair the integrin-mediated

retention of CLL cells in the LN and BM microenvironments,24

trisomy 12 CLL may represent a CLL subset that can particularly

benefit of Bruton tyrosine kinase inhibitor treatment.
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LETTER TO THE EDITOR

CD49d expression identifies a chronic-lymphocytic

leukemia subset with high levels of mobilized circulating

CD34þ hemopoietic progenitors cells

Leukemia advance online publication, 29 November 2013;

doi:10.1038/leu.2013.331

CD49d is a strong negative prognosticator in chronic lymphocytic
leukemia (CLL), marking a subset of B40% of CLL patients
characterized by aggressive and accelerated clinical course.1,2

Functionally, CD49d, the a4 integrin subunit, has a key role in
CLL microenvironmental interactions by binding to fibronectin
(FN) and vascular-cell adhesion molecule-1 (VCAM-1).3,4 CD49d is
known to be associated with another CLL-negative prognosticator,
CD38, which acts both as a receptor for the endothelial cell marker
CD31 and as an enhancer of CD49d-mediated adhesion to FN and
VCAM-1 substrates.1,2,5,6 The role of CD49d as a key adhesion
molecule involved in disease pathogenesis has also been
described in auto-immune diseases, such as multiple sclerosis
(MS) where CD49d is responsible for migration of leukocytes
through the blood–brain barrier to sites of inflammation. The use
of the humanized anti-CD49d monoclonal antibody, natalizumab,
has been successfully employed in MS clinical trials to prevent
CD49d-mediated leukocyte transmigration.7 Notably, an increased
number of circulating CD34þ hemopoietic progenitor cells
(HPC) has been documented upon natalizumab treatment of
MS patients, in keeping with the notion of high CD49d
expression by HPC, and of the relevance of CD49d-mediated

microenvironmental interactions to maintain HPC in the context
of the hemopoietic niche.8,9

Here, we focused on the amount of circulating HPC in
peripheral blood (PB) samples of CLL cases with different CD49d
expression levels.
PB samples from 145 untreated CLL patients were collected in

different cooperating institutions, and informed consents were
obtained from the participants in accordance with the Declaration
of Helsinki. All CLL samples were purposely selected with a white
blood count (WBC) 425 000/ml, thus assuming massive bone-
marrow infiltration. CLL cell characterization included the main
cytogenetic abnormalities, expression of flow cytometry-based
prognosticators CD49d, CD38 and ZAP-70, and IGHV and NOTCH1
gene mutations (Supplementary Table 1).1,4,10 PB samples from 20
cases of B-cell non-Hodgkin lymphoma (B-NHL) enrolled as
candidates to high dose chemotherapy with autologous CD34þ

HPC rescue and monitored for PB CD34þ cell count at the
beginning of the mobilization procedure were used as reference
controls.
Enumeration of the circulating HPC was performed according to

a single platform strategy, utilizing a combination of anti-

CD45-FITC and anti-CD34-PE conjugated monoclonal antibodies,

and 7-aminoactinomycin D (BD Biosciences, San Jose, CA, USA),

acquiring at least 200 HPC events per sample (Supplementary

Figure 1).11 Immunophenotypic characterization of HPC was

performed by investigating the expression of lineage-specific

Figure 1. Mobilized circulating CD34þ hemopoietic progenitors cells in CLL. Enumeration of CD34þ cells was performed on fresh PB samples
from 145 CLL cases and from 20 B-NHL cases before pre-transplant mobilization procedures (controls), according to the single platform
strategy reported in text and in Supplementary Figure 1A. Graphs represent enumeration of CD34þ cells in CLL samples split according to
CD49d expression (a) or CD49d and CD38 co-expression (b). P-values refer to the t-test.
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antigens and surface molecules mediating cell–cell and cell–
matrix interactions. All data, acquired on a FACSCanto flow
cytometer and analyzed by Diva software (BD Biosciences), were
evaluated as percent of positive cells. Cell sorting of HPC CD34þ

cells and their CLL counterpart was performed using a FACSAriaIII
(BD Biosciences), using the same strategy adopted for CD34þ cell
absolute counts and a CD5-FITC/CD19-APC antibody combination,
respectively. Colony-forming unit (CFU) assays were performed by
plating 1000 purified HPC CD34þ cells (n¼ 3) on Methocult GF
H84444 (StemCell Technologies, Grenoble, France) according to
the standard protocol, and colonies of different hemopoietic
composition were counted (CFU-GEMM, CFU-GM, CFU-M, BFU-E)
after 14 days.12

Enumeration of CD34þ cells on fresh PB samples (mean WBC/ml
59.2� 103, range 25.0–300.0� 103) from 145 CLL cases resulted in
a mean absolute count of 5.2 cells/ml (range 0.3–27.0). CD34þ cell
absolute counts were significantly higher when compared with
those obtained in PB from B-NHL cases before pre-transplant
mobilization procedures (0.4/ml, range 0–2.0, mean WBC 5.0� 103;
Po0.0001).
When CLL samples were split in two subsets according

to CD49d expression by CLL cells, a higher number of CD34þ

cell absolute counts was found in CD49dþ (n¼ 57) as compared
with CD49d� (n¼ 88) CLL (8.2±0.8 versus 3.3±0.3 mean±s.e.m.
cells/ml, Po0.0001; Figure 1a).
A further stratification of samples according to the co

expression of CD49d and CD38 resulted in a higher number
of CD34þ cell absolute counts in CD49dþCD38þ (n¼ 23) as
compared with CD49d�CD38� (n¼ 77) CLL (9.9±1.5 versus
3.1±0.2 mean±s.e.m. cells/ml, Po0.0001; Figure 1b). These data
are in line with the known capability of CD38 to potentiate
the CD49d-mediated adhesive properties of CLL cells,6 suggesting
that the copresence of the two molecules has a role in
determining the levels of circulating HPC in CLL. These
differences in the number of circulating CD34þ cells were not
found by comparing CLL cases bearing or not bearing unmutated
IGHV genes (P¼ 0.05), 11q22-q23/17p13.1 deletion (P¼ 0.1),
NOTCH1 mutations (P¼ 0.09), ZAP-70 (P¼ 0.3), or expressing or
not expressing CD38 in the absence of CD49d (P¼ 0.04).
Previous studies in B-cell lymphoproliferative disorders

described an increased number of circulating CD34þ cells with
phenotypic features of endothelial progenitors bona fide clonally
related to the neoplastic B-cell component.13,14 To verify the
possibility of a common origin between CLL cells and CD34þ HPC
cells in our series, we identified the CD19þCD5þ and CD34þ

components in five CLL cases characterized by a clonal trisomy 12
chromosomal abnormality (n¼ 3), or by the presence of clonal
NOTCH1 mutations (n¼ 2);10 in these cases the CD19þCD5þ and
CD34þ components were flow cytometrically sorted (499%
purity) and subjected to FISH and molecular analyses for trisomy
12 and NOTCH1 mutation detection. As shown in Figure 2, the
sorted CD34þ components from all the cases failed to display
trisomy 12-bearing nuclei or NOTCH1 mutations, indicating that
these circulating HPC were not clonally related to the neoplastic
component.
Immunophenotypic analysis of CD34þCD45low cell population

in 58/148 samples displaying a cluster of at least 100 HPC CD34þ

by flow cytometry showed that most HPC were of myeloid origin
(that is, CD13þ /CD33þ /CD19� /CD7� ) and characterized by
the expression of the stem markers CD133, CD90 and CD117
(mean percent of positive cells, 95% confidence interval, CI: 64%,
58–68%; 63%, 56–70%; 77%, 66–89%, respectively), as well as of
CD31, CD38, CD49d, CD62L, and CXCR4 (mean percent of positive
cells, 95% CI: 94%, 92–96%; 79%, 73–84%; 94%, 91–97%; 64%,
54–73%; and 26%, 18–33%, respectively), all markers of micro-
environment interaction that are known to be also expressed by
CLL cells.15 Conversely, the endothelial cell markers CD144/VE-
cadherin and CD146/MCAM were either not expressed (CD146,

mean percent of positive cells 3, 95% CI 1–4) or expressed at very
low levels (CD144, mean percent of positive cells 8, 95% CI 6–11).
Finally, in-vitro colony assay showed that CLL-derived circulating

HPC maintained a full hemopoietic potential, with CFU-GEMM
(13%), CFU-GM (29%), CFU-M (1%) and BFU-E (56%) all repre-
sented (Supplementary Figure 1b). The skewing toward a higher
frequency of BFU-E was similar to that observed by investigating
the hematopoietic potential of PB CD34þ cells mobilized either
from B-NHL patients (not shown) or upon natalizumab treatment
of MS patients.9

In conclusion, the presence of CD49d, in association or not with
CD38, on the surface of CLL cells identifies a disease subset with
significantly higher number of mobilized circulating HPC. This
phenomenon might be explained considering the sharing of
common phenotypic traits between CD49dþ /CD38þ CLL cells
and CD34þ HPC that could be responsible for a displacement of
CD34þ cells from the microenvironmental niche.15 Altogether,
data presented here represent an unusual indirect in-vivo proof of
the actual engagement of CD49d, as expressed by CLL cells, by its

Figure 2. Molecular analyses of CD19þCD5þ - and CD34þ -sorted
cells. (a) Dot plots of CD5 versus CD19 expression (left panel) and
CD34 versus side scatter (right panel) used for cell-sorting
experiments. (b) Representative fields of FISH analysis performed
with an alpha-satellite DNA-probe CEP12, directly labeled
with SpectrumGreen to detect aneuploidy of chromosome 12,
in the sorted CD5þCD19þ (left panel) and CD34þ (right panel)
cell populations from one representative case; in both images, red
signals refer to the 13q FISH probe locus-specific identifier (LSI)-
D13S319, utilized as internal control. (c) Results of the ARMS PCR
assay for delCT NOTCH1 mutation in the CD5þCD19þ (CLL) and
CD34þ (HPC) populations from two CLL cases. Negative samples
show a normal band of 284 bp. Samples bearing the delCT NOTCH1

mutation show an additional mutant band of 183 bp. PCR controls
are represented by a negative control (� ), one mutated (þ ) and
two wild-type (wt) samples. MW, molecular weight (100 bp ladder).
Camera: Gel Doc EZ, Bio-Rad; image acquisition software: Image Lab
3.0, BioRad.
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specific ligands in the context of the bone marrow
microenvironment. This observation should be considered when
searching for CLL-specific stem cells within the CD34 component
of PB CLL samples.14
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ORIGINAL ARTICLE

The CD49d/CD29 complex is physically and functionally

associated with CD38 in B-cell chronic lymphocytic

leukemia cells
A Zucchetto1,9, T Vaisitti2,9, D Benedetti1, E Tissino1, V Bertagnolo3, D Rossi4, R Bomben1, M Dal Bo1, MI Del Principe5, A Gorgone6,

G Pozzato7, G Gaidano4, G Del Poeta5, F Malavasi8, S Deaglio2,10 and V Gattei1,10

CD49d and CD38 are independent negative prognostic markers in chronic lymphocytic leukemia (CLL). Their associated

expression marks a disease subset with a highly aggressive clinical course. Here, we demonstrate a constitutive physical

association between the CD49d/CD29 integrin complex and CD38 in primary CLL cells and B-cell lines by (i) cocapping,

(ii) coimmunoprecipitation and (iii) cell adhesion experiments using CD49d-specific substrates (vascular-cell adhesion molecule-1

or CS-1/H89 fibronectin fragments). The role of CD38 in CD49d-mediated cell adhesion was studied in CD49dþCD38þ and

CD49dþCD38� primary CLL cells, and confirmed using CD38 transfectants of the originally CD49dþCD38� CLL-derived cell line

Mec-1. Results indicate that CD49dþCD38þ cells adhered more efficiently onto CD49d-specific substrates than CD49dþ

CD38� cells (Po0.001). Upon adhesion, CD49dþCD38þ cells underwent distinctive changes in cell shape and morphology,

with higher levels of phosphorylated Vav-1 than CD49dþCD38� cells (P¼ 0.0006) and a more complex distribution of F-actin

to the adhesion sites. Lastly, adherent CD49dþCD38þ cells were more resistant to serum-deprivation-induced (Po0.001) and

spontaneous (P¼ 0.03) apoptosis than the CD49dþCD38� counterpart. Altogether, our results point to a direct role for CD38 in

enhancing CD49d-mediated adhesion processes in CLL, thus providing an explanation for the negative clinical impact exerted

by these molecules when coexpressed in neoplastic cells.

Leukemia (2012) 26, 1301--1312; doi:10.1038/leu.2011.369; published online 6 January 2012

Keywords: CLL; CD49d; CD38; integrins; chronic lymphocytic leukemia

INTRODUCTION

The role of microenvironment in tumor cell maintenance and
expansion has been described for different B-cell malignancies,
including chronic lymphocytic leukemia (CLL). CLL cells, like other
small B-cell lymphoma cells, develop in specialized niches present
in the bone marrow and in secondary lymphoid organs, where
interactions with different populations of accessory stromal/
endothelial cells and T cells through different receptor-- ligand
pairs convey proliferation and survival signals to malignant cells.1 -- 5

A key role in the interactions of CLL cells with other
microenvironmental cell populations has been described for
CD49d and CD38, two molecules whose expression by CLL cells
is generally correlated,6 -- 8 and is known to mark disease subsets
with particularly unfavorable clinical outcomes.6 -- 12 CD49d, also
known as the a4 integrin subunit, is usually complexed with CD29
(the b1 subunit) and mediates interactions with extracellular
matrix components, including fibronectin (FN)13,14 or with
opposing cells through the binding with vascular-cell adhesion
molecule-1 (VCAM-1).15 CD38 is a cell surface glycoprotein acting
as an enzyme and a receptor for CD31, this interaction regulating

lymphocyte adhesion to endothelial cells and promoting lympho-
cyte activation.16 -- 18 In CLL cells, CD49d and CD38 are functionally
linked, through the production of specific soluble factors, in a
circuitry regulating adhesion and survival of CD49dþCD38þ CLL.5

Several studies demonstrated the propensity of CD38 to form
supra-molecular complexes in various hematopoietic cell
types.19 -- 24 The reason of such physical interactions of CD38 is
at least twofold. First, given the lack of signaling motifs in the
cytoplasmic tail of CD38, CD38-mediated intracellular signal
transduction is strongly influenced by lateral associations, usually
occurring in the context of membrane lipid rafts, with other cell
surface molecules and/or membrane adaptors specialized in signal
transduction, for example, CD19 and CD81.22,25 Second, CD38,
through its lateral interactions, may enhance the activity of other
molecules. In particular, CD38 was demonstrated to have an active
role in synergizing with the CXCR4 signaling pathway, by
controlling CXCL12-driven chemotaxis/homing processes of CLL
cells to growth-favorable niches.26 Moreover, lateral associations
on the plasma membrane of the CD49d/CD29 complex, with the
tetraspanins CD81 and CD9, have been demonstrated to have a
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role in enhancing the phosphorylation cascade triggered by the
integrin -- ligand association.27

Recently, a cell surface macromolecular complex which includes
CD38, CD49d, CD44 and MMP-9 has been found in poor prognosis
CLL.28 Here we investigated in detail the physical relationship
between the CD49d/CD29 heterodimer and CD38 in CLL, and
provided evidence that the resulting molecular complex enhances
CD49d-mediated activities.

MATERIALS AND METHODS

CLL patients and cell lines

This study was approved by the Internal Review Board of the Centro di

Riferimento Oncologico of Aviano (Approval no. IRB-05-2010). It includes

peripheral blood samples collected after informed consent for diagnostic/

prognostic purposes from 488 CLL patients diagnosed according to

standard criteria,29 and characterized for CD49d, CD38 and ZAP-70

expression, IGHV mutational status, and fluorescence in situ hybridization

karyotype (Supplementary Table S1).6,30 This series was employed to

extend our previous observations on correlated expression and clinical

impact of CD49d and CD38 in CLL.6,31,32

For CD49d and CD38 simultaneous detection, a combination of anti-

CD5-FITC, anti-CD49d-PE, anti-CD19-PerCP and anti-CD38-APC monoclonal

antibodies (mAbs; Becton Dickinson, San Jose, CA, USA) was used. A CLL

case was judged CD49dþ and/or CD38þ when the marker was expressed

in at least 30% of the CD5þCD19þ CLL cell population, as described.6,10 To

correlate the fluorescence intensity of CD38 and CD49d, mean fluores-

cence intensity data were also recorded.

Functional and biochemical experiments (see below) were carried out

on CLL cases expressing either a CD49dþCD38þ or a CD49dþCD38�

phenotype (Supplementary Table S2). In these cases, CLL cells were

purified from the peripheral blood by density gradient centrifugation

followed by negative selection using a mixture of anti-CD3, anti-CD16 and

anti-CD14 mAbs (Laboratory of Immunogenetics, Turin, Italy) and

separation by immunomagnetic beads, as described.33 In all cases B-cell

purity was X95%, as assessed by flow cytometry.

The Burkitt’s lymphoma cell line Raji (CD49dþCD38þ ), the myeloma-

like cell line RPMI-8226 (CD49dþCD38þ ) and the CLL-derived cell line

Mec-1 (Mec-1 WT; CD49dþCD38�) were cultured as described.33 CD49dþ

CD38þ Mec-1 (Mec-1 S38W or Mec-1 CD38 EP) and CD49dþCD38� Mec-1

(Mec-1 SEW or Mec-1 EP) transfectants were generated by infection with

lentiviral particles or electroporation of expression vectors containing or

not the genetic material for CD38, as described.26

Cocapping experiments and cell treatment with methyl-b-
cyclodextrin

Cocapping experiments were carried out on primary CLL cells and cell lines

exactly as previously reported utilizing anti-CD38 (SUN-4B7, Laboratory of

Immunogenetics), anti-CD49d (clone HP2/1, Serotec, Oxford, UK) mAbs and

TRITC-labeled GaMIg (Dako, Glostrup, Denmark) for capping, and anti-CD38-

FITC, CD81-FITC, HLA Class I-FITC (Laboratory of Immunogenetics), CD29-FITC

(clone K20, Immunotech, Marseille, France) and CD49d-FITC (clone 44H6,

Serotec) for counterstaining.33 When indicated, CLL cells were pre-incubated

(30min, 37 1C) with 10mM methyl-b-cyclodextrin (MbCD, Sigma, St Louis, MO,

USA). Cells were fixed (4% paraformaldehyde), settled on poly-L-lysine-coated

coverslips, and analyzed either with an Olympus 1� 70 microscope, using

the FluoView software (Olympus, Milan, Italy), or with a Nikon Eclipse 90i

microscope and the ND2 software (Nikon, Tokyo, Japan).

Lipid raft isolation, immunoprecipitation and western blotting

Lysates from purified CLL, Mec-1 SEW or Mec-1 S38W cells were separated

into supernatant (S; cytosolic and soluble membrane proteins) and pellet

(P; cholesterol-enriched membrane areas and cytoskeletal proteins)

fractions in the presence or not of 60mM octyl-D-glucopyranoside, as

described.22 Immunoprecipitations were performed with anti-CD49d

(Serotec), anti-CD29 (clone Moon-4), anti-CD38 (clones OKT-10 and AT13/

5) and X63 (irrelevant, isotype-matched mAb, all produced in the

Laboratory of Immunogenetics) mAbs and analyzed by western blot using

anti-CD38 (SUN-4B7), anti-CD49d (Abcam, Cambridge, UK), anti-CD29

(Moon-4) or anti-Vav-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

mAbs, as described.22,26

Selected western blotting was performed using cell lysates from Mec-1

incubated or not with anti-CD38 mAbs and left to adhere onto culture

coverslips for 2 and 5min, hybridized with antibodies recognizing Vav-1

(Santa Cruz), Vav-1 pTyr-174 (Abcam), and Beta actin (Sigma). Densito-

metric quantitation of western blots was determined with the ImageJ

1.43u software (http://rsbweb.nih.gov/ij/).

Preparation of VCAM-1- or FN-coated culture dishes/coverslips

The H89 FN fragment, containing several binding sites for CD49d, was a

kind gift of Angeles Garcia-Pardo (Centro de Investigaciones Biológicas,

Madrid, Spain). Purified FN CS-1 fragments were a kind gift of Alfonso

Colombatti (Centro di Riferimento Oncologico, Aviano, Italy). The human

recombinant VCAM-1 was from R&D Systems (Minneapolis, MN, USA).

For adhesion assays, 96-well flat-bottomed culture dishes were coated

with 10mg/ml FN (H89 or CS-1 fragments) or VCAM-1 in bicarbonate buffer

(4 1C, overnight), followed by phosphate-buffered saline supplemented

with 1.0% bovine serum albumin (2 h, room temperature). For immuno-

fluorescence studies, ethanol-washed coverslips were placed into 24-well

plates and coated with either VCAM-1 or FN as described above.

Cell adhesion assay

Mec-1 cells were labeled with the vital fluorochrome calcein AM (Molecular

Probes, Eugene, OR, USA), seeded (2� 105cells/well) onto 96-well plates

coated with the appropriate substrate, and incubated for 15 or 30min at

37 1C. Adherent cells were evaluated by fluorescence detection in a

computer-interfaced microplate fluorometer. Results were expressed as

relative fold change in fluorescence intensity compared to relative

controls.

For adhesion assays with primary CLL cells, 1� 106 purified cells were

seeded onto coverslips coated with the appropriate substrate for 15min.

Adherent cells were fixed (4% paraformaldehyde), and coverslips mounted

on slides and microscopically analyzed using a � 20 objective. After

acquiring at least 10 fields per slide, adherent cells were counted, and

results reported as mean number of adherent cells per field.

Immunofluorescence

Mec-1 (0.2� 106/well) or primary CLL cells (1� 106/well) were plated onto

coverslips coated with the appropriate substrate and incubated for

different time points at 37 1C to promote adhesion. Adherent cells were

sequentially incubated with unconjugated anti-CD49d mAbs (clone 44H6,

Serotec), TRITC-labeled GaMIg secondary antibody (Millipore, Billerica,

MA, USA) and anti-CD38-FITC. Cells were fixed, and coverslips were

mounted on slides and microscopically analyzed as above.

For Vav1 pTyr-174 detection, adherent fixed cells on coverslips were

permeabilized with 0.1% Tween-20, blocked with 10% fetal bovine serum,

and stained with anti-Vav-1 pTyr-174 (Abcam) followed by TRITC-

conjugated secondary antibody and fluorescein-labeled Phalloidin (Sigma)

to visualize F-actin filaments. Coverslips were mounted on slides and

microscopically analyzed as above. Staining quantification was performed

using ImageJ software by acquiring at least 10 high-power fields for

analysis.

Cell viability assays

Mec-1 cells (0.5� 105/well) or primary CLL cells (0.5� 106/well) were,

respectively, seeded on VCAM-1-coated 96-well or 24-well plates in Roswell

Park Memorial Institute medium without fetal bovine serum. Cell

viability was evaluated by sequentially staining cells with AnnexinV

(Becton-Dickinson) and 7-amino-actinomycin-D (7-AAD, Becton-Dickinson).

For Mec-1 cells absolute counts, 20 ml of Perfect-Count Microspheres

(Cytognos, Salamanca, Spain) containing a known number of beads per

unit volume were added to 100ml of the cell suspension. Data were
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Figure 1. CD38 and CD49d are laterally associated on the CLL cell membrane. Purified B cells from CD38þCD49dþ CLL cases were incubated
with either the anti-CD38 or the anti-CD49d mAbs, next followed by TRITC-labeled GaMIg (red), and incubated for 30min at 37 1C to promote
capping. Counterstaining was performed with FITC-labeled mAbs to CD38, CD49d, CD29, CD81 or HLA-I (green). The panels on the right show
the merging of the two images and the differential interference contrast field. Images refer to one representative case (CLL#1). Original
magnification � 60. Scale bars, 5mm.
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acquired on a FACSCanto flow cytometer and analyzed by Diva software

(Becton-Dickinson).

Statistical analysis

Data were compared using either the non-parametric Mann--Whitney test

or the Student’s t-test for independent samples. Association between

CD49d and CD38 expression and time-to treatment (time from diagnosis to

treatment or end of follow-up) was calculated as reported.6 All statistical

analyses were performed using the MedCalc software (MedCalc,

Mariakerke, Belgium).

RESULTS

Expression of CD49d and CD38 is correlated and marks a CLL
subset with very poor prognosis

Expression of CD49d and CD38 was investigated by flow
cytometry in the neoplastic component of 488 CLL patients
(Supplementary Figure S1). Using the 30% positive cut-off value
for both the antigens,9,31,32 273/488 cases (55.9%) were
concordantly negative (CD49d�CD38�), whereas 96 cases
(19.7%) were CD49dþCD38þ (Po0.0001, w2-test). Discordant
CD49dþCD38� or CD49d�CD38þ phenotypes were documented
in 75 (15.4%) and 44 (9.0%) out of 488 cases, respectively
(Supplementary Figure S1A and B). CD38 and CD49d expression
intensities, evaluated as mean fluorescence intensity, were
significantly correlated (Pearson’s correlation coefficient r¼ 0.81,
Po0.0001, n¼ 75, Supplementary Figure S1C). Moreover, the
simultaneous analysis of CD49d and CD38 mean fluorescence
intensity performed in the CD49dþCD38þ cohort used for
functional experiments (Supplementary Table S2), demonstrated
a high correlation between the molecules also at the cell level (in
all cases r40.80, Po0.005, n¼ 11, Supplementary Figure S1D).
An updating of the previously published clinical data6

confirmed a worse clinical behavior for CD49dþCD38þCLL, as
compared with CD49d�CD38� cases, or cases expressing either
molecule (Supplementary Figure S1E).

CD49d and CD38 are laterally associated both inside and outside
lipid rafts

The membrane relationship between CD49d and CD38 in
CD49dþCD38þ CLL cells (Supplementary Table S2) was analyzed
by cocapping experiments. Antibody-mediated cross-linking of
CD49d led to its redistribution in a polar aggregate at the cell
surface, where a clear colocalization of CD38 was observed
(Figure 1). As summarized in Table 1, anti-CD49d mAbs induced
capping in about 75% of CLL cells; of these, 80% displayed a
redistribution of CD38 in the context of the capping area.
Similarly, a redistribution of CD49d molecules was obtained when
capping was induced by anti-CD38 mAbs (Figure 1). Further
cocapping experiments revealed the presence of the integrin b1
subunits (CD29) in CD49d caps, indicating that the a4 integrin
subunit (CD49d) is part of the a4b1 (CD49d/CD29) heterodimer.
The overlapping of CD81 staining in CD49d caps confirmed the
association between this tetraspanin with a4 integrins,27 whereas
the lack of redistribution of HLA Class I molecules when caps were
induced by anti-CD49d mAbs, indicated the specificity in the
molecular associations revealed by this technique (Figure 1).
Association between CD49d and CD38 was also confirmed in

CD49dþCD38þ B-cell lines (Raji and RPMI-8226; Supplementary
Figure S2A). In both the cell lines, cocaps of CD38 scored 60% of
CD49d-induced caps, and CD49d molecules were observed in 70%
of caps induced by anti-CD38 mAbs. Also in these cellular models,
CD49d was laterally associated with CD29 and CD81 but not with
HLA-I molecules (Table1 and Supplementary Figure S2B).
The lateral association between CD49d and CD38 was next

confirmed in primary CLL cells (n¼ 6) at the biochemical level by
immunoprecipitation of CD49d followed by western blotting with

anti-CD38 mAb. These experiments were performed after
separating cell membranes on the basis of cholesterol content,
into S and P fractions.22 This approach demonstrated that CD38
coimmunoprecipitated with CD49d, and that CD49d/CD38 com-
plexes could be found both inside and outside the cholesterol-
enriched raft domains. Although no preferential association was
observed when anti-CD38 immunoprecipitates were blotted with
anti-CD49d mAbs (data not shown), CD38 immunoprecipitates
contained significant amounts of CD29, and CD29 immunopreci-
pitates were associated with both CD38 and CD49d (Figure 2a).
Collectively, these results suggest that the association between
CD49d and CD38 mainly occurred via the CD29 subunit.
The maintenance of CD49d/CD38 and CD38/CD29 complexes,

and their partial redistribution to the S fraction upon treatment of
the cells with octyl-D-glucopyranoside (Figure 2a), which solubi-
lizes raft-associated proteins, suggest that these molecular
interactions are independent of the integrity of lipid rafts, in line
with the participation of cytoskeletal proteins stabilizing the
association. A further confirmation of these observations was
provided by cocapping experiments upon pretreatment of CLL
cells with MbCD, a chemical that disrupts lipid rafts by extracting
cholesterol from plasma membranes. Results clearly showed that
the CD49d/CD38 association was largely unaffected by lipid rafts
disruption; the same was observed for other associations,
including CD49d/CD29, CD49d/CD81 and CD38/CD29 (Table 1,
Figure 2b and data not shown).

CD38 localizes in CD49d-specific adhesion sites

The molecular interaction between CD49d and CD38 may be of
functional relevance in the context of CD49d-mediated activities.
To test this hypothesis, CLL cells were allowed to adhere to
CD49d-specific substrates (VCAM-1 or H89/CS-1 FN fragments),
and double stained with mAbs against CD49d and CD38. Confocal
microscopy clearly showed a colocalization of CD49d and CD38 in
the cell uropods during the stages of cell spreading onto both
VCAM-1 and CS-1/H89 FN fragments (Figure 3).

Table 1. Cocapping experiment results

Cap/cocap Total cells,
number

Caps,
number

Cocaps,
number (%)

CLL
CD49d/CD38 108 75 60 (80)
CD49d/CD29 82 64 59 (92)
CD49d/CD81 100 63 50 (79)
CD49d/HLA-I 110 72 2 (3)

B-cell lines
CD49d/CD38 218 114 69 (61)
CD49d/CD29 108 51 38 (74)
CD49d/CD81 245 127 83 (66)
CD49d/HLA-I 254 115 20 (17)
CD38/CD49d 167 104 72 (69)
CD38/CD29 101 45 27 (60)

CLL (MbCD treatment)
CD49d/CD38 144 98 91 (93)
CD49d/CD29 109 71 65 (92)
CD49d/CD81 150 79 60 (76)

Abbreviation: CLL, chronic lymphocytic leukemia. Cumulative data from

different experiments performed with CLL cells, B-cell lines (Raji and RPMI-

8226) and CLL cells after MbCD treatment. The number of total counted

cells and the number of caps is presented as an absolute value, while

cocaps are presented both as an absolute value and as a percentage of

capped cells. Cells exhibiting partial redistribution of the surface molecule

detected by the primary capping antibody were excluded from the

analysis.
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Figure 2. CD38 coimmunoprecipitates with the CD49d/CD29 complex and their lateral association is independent of lipid rafts. (a) CLL
cells lysates, fractionated into a supernatant (S) and a pellet (P) fraction, were subjected to immunoprecipitation with anti-CD49d, anti-CD38
or anti-CD29 mAbs and then incubated with either anti-CD38, anti-CD29 or anti-CD49d mAbs. Where indicated, ODG (octyl-D-glucopyranoside)
was added to the lysis buffer. Immunoprecipitation with irrelevant IgG was performed as control. The blots refer to one representative
case (CLL#6) out of six. WCL, whole cell lysate. (b) Purified B cells from CD38þCD49dþ CLL cases were incubated with 10mM

methyl-b-cyclodextrin (MbCD) in order to extract cholesterol from the plasma membranes. CD49d capping (red) and counterstaining
with FITC-labeled CD38, CD81 and CD29 (green) were then performed. The panels on the right show the merging of the two images and
the differential interference contrast field. Images refer to one representative case (CLL#5). Original magnification � 60. Scale bar, 5mm.
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CD38 influences CD49d-mediated cell adhesion

To investigate whether CD38 had a role in CD49d-mediated
adhesion processes, we took advantage of the CD49dþCD38�

CLL-derived cell line model Mec-1, in which CD38 expression was
induced by viral infection (Mec-1 S38W).26 Mec-1 S38W cells
maintained the original phenotype in terms of CD49d, CD19 and
CD5 expression (Supplementary Figure S3A and data not shown),
and membrane localization of CD38 was similar to that observed
in primary CLL cells, being distributed both inside and outside the
lipid rafts (Supplementary Figure S3B). Cocapping experiments
confirmed the CD49d/CD38 physical association also in Mec-1
S38W cells (Supplementary Figure S3C). The preferential associa-
tion between CD38 and the CD49d/CD29 complex was confirmed
by showing that CD38 is present in CD49d immunoprecipitates. In
line with data obtained in CLL cells, also in Mec-1 transfectants
CD38 immunoprecipitates contained CD29, in turn complexed
with CD49d (Supplementary Figure S3D).
The adhesive properties of Mec-1 transfectants were investi-

gated by adhesion experiments onto VCAM-1 substrates. A
marked increase in the number of Mec-1 S38W cells adherent to
VCAM-1 as compared with both Mec-1 SEW (Figures 4a and b) and
Mec-1 WT (Supplementary Figure S3E) was observed. A quantifi-
cation of adherent cells revealed 4.7±0.8 vs 2.0±0.5 vs 2.0±0.2
fold increase of adherent cells as compared with controls after
15min and 5.9±0.9 vs 2.2±0.4 vs 2.0±0.3 after 30min (Po 0.05
in all comparisons) for Mec-1 S38W, Mec-1 SEW and Mec-1 WT,
respectively. Cell pre-incubation with the function-blocking anti-
CD49d mAb HP2/1 completely abolished cell adhesion to VCAM-1
(Figure 4b). The increased adhesion onto VCAM-1 substrates of
Mec-1 S38W cells was due to CD38 expression and not to lentiviral
infection, as demonstrated by additional adhesion assays per-
formed with Mec-1 CD38 EP cells (Supplementary Figure S3E) in
which CD38-expressing vectors were introduced by electropora-
tion (Supplementary Figure S3E).
Besides an increased adhesion (Figures 4a and b), phase-

contrast microscopy images highlighted a different cell morphol-
ogy characterizing VCAM-1 adherent Mec-1 S38W cells. As shown
in Figure 4a (lower panels), Mec-1 S38W cells displayed a more

complex pattern of filopodia-like protrusions than Mec-1 SEW,
with a colocalization of CD49d and CD38 in these adhesion sites.
Pre-incubation of Mec-1 S38W with the anti-CD38 mAb

SUN-4B7 resulted in a significant reduction of cell adhesion onto
VCAM-1, whereas no alteration was observed when using
the isotype-matched anti-CD38 mAb OKT-10 (Figures 4c and d).
Moreover, Mec-1 S38W adherent cells pre-treated with the anti-
CD38 mAb SUN-4B7 lost their complex pattern of cell morphology,
being instead characterized by a cell shape comparable to that of
Mec-1 SEW (Figure 4c, lower panels).
Similar results, both in terms of increased adhesion and

modified cell morphology of adherent cells, were obtained using
FN, either as H89 or CS-1 fragments, as alternative CD49d-
dependent substrate (data not shown). Collectively, these data
indicate a contribution of CD38 in enhancing CD49d-mediated
adhesion and cell spreading.

CD38 promotes different patterns of CD49d-mediated signaling
protein phosphorylation

Phosphorylation of Vav-1 at tyrosine-174 (Vav-1 pTyr-174), an early
event in the downstream pathway leading to integrin-induced
actin polymerization,34,35 was investigated in the early phases of
adhesion of Mec-1 cells to CD49d-specific substrates.
After 5min of VCAM-1 adhesion, Mec-1 S38W cells exhibited

stronger phosphorylation of Vav-1 compared with Mec-1 SEW
(Po0.001), mainly localized to the periphery of the cells, near the
actin-rich structures (Figures 5a and b). Consistently, western blot
analysis demonstrated that adhesion onto VCAM-1 substrates for
2 and 5min yielded a stronger upregulation of Vav-1 pTyr-174 in
Mec-1 S38W than Mec-1 SEW cells (Figure 5c), both the cell lines
displaying comparable levels of total Vav-1 (data not shown).
Moreover, slightly higher constitutive levels of Vav-1 pTyr-174
were observed in Mec-1 S38W (P¼ 0.02), suggesting a basal
activation of the integrin signaling pathway in CD38-expressing
cells. Overlapping results were obtained in experiments carried
out by utilizing other CD49d-specific adhesive substrates (that is,
CS-1 or H89 FN fragments; data not shown).

Figure 3. CD38 localizes in the cell adhesion sites. CLL cells were plated onto either VCAM-1-coated or FN-coated (H89/CS-1 FN fragment)
coverslips and allowed to adhere for 30min at 37 1C. Adherent cells were incubated with the anti-CD49d mAb, next reacted with TRITC-
labeled GaMIg (red) and finally stained with CD38-FITC (green). Coverslips were mounted on slides and analyzed. The panels on the right
show the merging of the two images and the differential interference contrast field. Images refer to two representative cases (CLL #3,
upper panel; CLL#4, lower panel). Original magnification � 60. Scale bar, 5 mm.
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To test whether CD38 could be directly responsible for the
recruitment of Vav-1 molecules in close contact with CD49d and
the integrin signaling machinery, we immunoprecipitated Mec-1
S38W cell lysates with antibodies against CD38 or CD49d. Vav-1
was present in the CD38-immunoprecipitates both inside and
outside the lipid rafts, but not in immunoprecipitates formed with
anti-CD49d antibodies (Figure 5d).
We next checked whether the reduction in cell adhesion

observed after pretreatment of Mec-1 S38W with the anti-CD38
mAb SUN-4B7 could be explained by a reduction of Vav-1
activation. For this purpose, cells were pre-incubated with SUN-
4B7 or with control OKT-10 anti-CD38 mAbs and left to adhere
onto VCAM-1 substrates. Results revealed a significant reduction in
Vav-1 phosphorylation levels in cells pre-treated with the SUN-4B7
blocking mAb, compared with the ones incubated with the

control binding mAb. The effect was apparent both after
2 (P¼ 0.01) and 5min (P¼ 0.001; Figure 5e).

CD49d engagement prevents cell apoptosis triggered by
serum deprivation

The final issue concerned the functional effects determined by the
CD38/CD49d/CD29 axis in CLL cell homeostasis. We first noticed
that the growth curves of Mec-1 SEW and Mec-1 S38W overlapped
in the presence of 10% fetal bovine serum or under serum
deprivation, the latter a condition that blocked cell growth and
dramatically affected viability starting from 3--4 days of culture
(Figure 5f).36 Culture of Mec-1 SEW and Mec-1 S38W on VCAM-1-
coated wells exerted protective effects from cell apoptosis after 4
and 5 days of culture in serum-free conditions (Figure 5f).

Figure 4. Influence of CD38 in CD49d-mediated cell adhesion using the Mec-1 cell line model. (a) Representative phase-contrast microscopy
fields are reported for Mec-1 SEW (left panels) and Mec-1 S38W (right panels) adhesion on VCAM-1. Insets show double staining with
anti-CD38 (green) and anti-CD49d (red). Arrows indicate the filopodia-like protrusions characterizing Mec-1 S38W adherent cells. Original
magnification of the upper panels � 20, of lower panels and insets � 100. Scale bars upper panel, 25 mm; lower panel, 6 mm. (b) Mec-1 SEW
and Mec-1 S38W cells, labeled with the vital fluorochrome calcein AM, were seeded onto 96-well VCAM-1-coated plates and incubated for 15
or 30min at 37 1C. The specificity of the adhesions was verified through cell pre-incubation with the function-blocking anti-CD49d mAb
HP2/1. Results were expressed as relative fold change in fluorescence intensity compared with controls carried out by seeding cells onto
bovine serum albumin. Adhesion values refer to the mean±s.e.m. of four independent experiments run in triplicate. (c) Representative phase-
contrast microscopy fields of Mec-1 S38W adhesion on VCAM-1 after pre-incubation with anti-CD38 SUN-4B7 (left) or OKT-10 (right) mAbs.
Arrows indicate the filopodia-like protrusions specifically characterizing Mec-1 S38W adhesion. Original magnification upper panels � 20,
lower panels � 100. Scale bars upper panel, 40 mm; lower panel, 10mm. (d) Mec-1 S38W cells pretreated with either SUN-4B7 or OKT-10 anti-
CD38 mAbs and Mec-1 SEW cells were labeled with the vital fluorochrome calcein AM, seeded onto 96-well VCAM-1-coated plates, and
incubated for 30min at 37 1C. The relative number of adherent cells was evaluated by fluorescence detection and results were expressed
as adhesion ratio, that is, the number of adherent Mec-1 S38W cells pre-incubated with anti-CD38 OKT-10 (black) or SUN-4B7 (gray) divided
by the number of adherent Mec-1 SEW cells. Adhesion values refer to the mean±s.e.m. of four independent experiments run in triplicate.
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The protective effect of VCAM-1 was more pronounced in the
CD49dþCD38þ cell line than in the CD49dþCD38� counterpart,
with 62%±4.8 and 55%±3.2 viable Mec-1 S38W cells compared
with 38%±4.2 and 36%±2.2 viable Mec-1 SEW (Po0.001 and
P¼ 0.003 after 4 and 5 days respectively, Figure 5f).

CD38 influences CD49d-mediated cell adhesion in primary
CLL cells

The results obtained with the Mec-1 cell line model were
confirmed upon adhesion to CD49d-specific ligands of purified

CLL cells from 10 CD49dþCD38� and 10 CD49dþCD38þ cases
characterized by high and homogeneous CD49d expression
(Supplementary Table S2).
After 15-min adhesion, CD49dþCD38þ CLL cases displayed

higher numbers of adherent cells compared with CD49dþCD38�

cases with a median number of adherent cells per field of 290
(range 185--510) vs 100 (range 34--161, P¼ 0.0001, Figures 6a
and b). Adherent cells from CD49dþCD38þ CLL displayed
changes in cell shape associated with a more complex pattern
of actin-rich structures mainly clustering at the adhesion sites,
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Figure 5. CD38 promotes different patterns of CD49d-mediated signaling protein phosphorylation. (a) Vav1 phosphorylation (Vav-1 pTyr-174)
was evaluated in Mec-1 SEW and Mec-1 S38W after 5min adhesion on VCAM-1. Quantification of Vav1 pTyr-174 fluorescence was assessed
with ImageJ software using stained images from at least 10 high-power fields from each experiment. (b) Representative adherent Mec-1 SEW
cell (left) and Mec-1 S38W cell (right) stained for Vav-1 pTyr-174 (upper panels) and F-actin (lower panels). Original magnification � 100.
Scale bars, 5 mm. (c) Western blot analysis of Vav-1 pTyr-174 in cell lysates from Mec-1 SEW and Mec-1 S38W in resting conditions (t¼ 0) and
after 2 (t¼ 20) and 5min (t¼ 50) of adhesion on VCAM-1. One representative blot is reported. Vav-1 p-Tyr174 was quantified using ImageJ
software and normalized to b-actin. Bars represent the average results of three independent experiments. Error bars indicate s.e.m. (d) Cell
lysates from Mec-1 S38W cells, fractionated into a supernatant (S) and a pellet (P), were subjected to immunoprecipitation with anti-CD38
(upper blot) or anti-CD49d (lower blot) mAb, and incubated with anti-Vav-1 mAb. Immunoprecipitation with irrelevant IgG was performed as
negative control. Where indicated, ODG (octyl-D-glucopyranoside) was added to the lysis buffer. WCL, whole cell lysate. (e) Western blot
analysis of Vav-1 pTyr-174 in cell lysates from Mec-1 S38W pretreated with either OKT-10 or SUN-4B7 anti-CD38 mAbs in resting conditions
(t¼ 0) and after 2 (t¼ 20) and 5min (t¼ 50) of adhesion on VCAM-1. Vav-1 p-Tyr174 quantification was performed as reported above. Bars
represent the average results of three independent experiments. Error bars indicate s.e.m. (f ) A total of 50 000 Mec-1 SEW (black lines) and
Mec-1 S38W (gray lines) cells were seeded on 96-well plates coated (solid lines lower panel) or not (upper panel and dashed lines lower panel)
with VCAM-1, in Roswell Park Memorial Institute medium in the presence of 10% fetal bovine serum (FBS; dashed lines, upper panel) or in the
absence of FBS (lower panel and solid lines upper panel). At the indicated time points, cell number (number of viable cells over the number
of seeded cells) and viability were evaluated by flow cytometry. Values refer to the average from three different experiments performed in
triplicate. P-values obtained by comparing the percentage of Mec-1 SEW and Mec-1 S38W viable cells upon 4 and 5 days of culture on VCAM-1
are reported (lower panel). Comparisons of values of Mec-1 SEW and Mec-1 S38W viable cells cultured onto VCAM-1 vs BSA (bovine
serum albumin) also yielded significant P-values (Po0.05).

Figure 6. CD38 influences CD49d-mediated cell adhesion in primary CLL cells. (a) Adhesion assays were performed with purified CLL cells
from 10 CD49dþCD38� and 10 CD49dþCD38þ cases. After 15min adhesion on VCAM-1-coated coverslips, non adherent cells were washed
away, adherent cells were fixed, and coverslips were mounted on slides. At least ten fields were acquired for each slide, adherent cells
were counted, and results were reported as mean number of adherent cells for field. The comparison of adhesion levels between
CD49dþCD38� and CD49dþCD38þ CLL is reported as box and whiskers plot, displaying the median and range values for each group.
(b) Representative phase-contrast microscopy fields are reported for one representative CD49dþCD38� case (CLL#16, left) and one
representative CD49dþCD38þ case (CLL#29, right). Original magnification larger panels � 20, insets � 100. Scale bars larger panels,
30mm, insets, 5 mm. (c) Vav-1 pTyr-174 (red) and F-actin (green) staining of CLL cells after adhesion on VCAM-1 from two representative
CD49dþCD38� cases (CLL#14 and #15, left panels) and two representative CD49dþCD38þ cases (CLL #23 and #31, right panels). Original
magnification � 100. Scale bars, 5 mm. (d) Quantification of Vav1 pTyr-174 fluorescence was assessed with ImageJ software using stained
images from at least ten high-power fields from each experiment. (e) Purified CLL cells from 5 CD49dþCD38� and 5 CD49dþCD38þ cases
(see Supplementary Table S2) were cultured on VCAM-1 or BSA (bovine serum albumin), used as control condition, and cell viability
was determined after 7 days of culture, staining cells with AnnexinV and 7-amino-actinomycin-D. Values refer to viable cells cultured
onto VCAM-1 vs BSA. Error bars indicate s.e.m.
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whereas CLL cells from CD49dþCD38� cases maintained an
almost uniform round shape, even in the adherent component
(Figures 6b and c).
The higher adhesive properties characterizing CD49dþCD38þ

CLL cells were paralleled by a more activated integrin signaling
pathway, as witnessed by a significantly higher degree of
Vav-1 phosphorylation signals in CD49dþCD38þ compared with
CD49dþCD38� CLL cells (P¼ 0.0006), the signal being mainly
distributed at the cell adhesion sites (Figures 6c and d).
In line with the results obtained in the Mec-1 model, we

checked whether CD38 expression impacted on the amount of
protection from spontaneous apoptosis known to be induced by
CD49d engagement by the VCAM-1 substrate.5 Purified CLL cells
from five CD49dþCD38� and five CD49dþCD38þ cases (Supple-
mentary Table S2) were cultured on VCAM-1, and cell viability
determined at day 7. As expected, CD49d/VCAM-1 interaction
protected from spontaneous apoptosis both CD49dþCD38þ

(P¼ 0.004) and CD49dþCD38� (P¼ 0.001) CLL cells (data not
shown). However, the viability of CD49dþCD38þ subgroup after
VCAM-1 cultures was significantly higher than that of
CD49dþCD38� subgroup (P¼ 0.03, Figure 6e), in line with the
notion of a functional synergy between these molecules.

DISCUSSION

Clinically, the combined analysis of CD49d and CD38 expression in
CLL was demonstrated to worsen the negative prognostic
information provided by any of the factors alone (see also this
study), thus supporting the idea of a functional cooperation
between these molecules usually coexpressed in CLL cell
membranes. 6 -- 10,28,37 In this regard, we have previously described
a pro-survival circuitry operating in the context of CD49dþCD38þ

CLL bone marrow milieu, sequentially involving the CD38/CD31
pair, CCL3 and CCL4 with their receptors, and eventually
pro-survival signals delivered through the CD49d/VCAM-1 axis.5

Moreover, CD49d and CD38 have been linked together in a
recent study demonstrating that coculture of CLL cells with
endothelial cells determines a significant increase of CD49d and
CD38 expression, and enhances CLL cell viability, these
effects being mediated by activation of the NF-kB transcription
factor Rel A.38

The starting observation of the present study was that CD49d
and CD38 along with CD44 and MMP-9 are physically associated
on the membrane of CLL cells as part of a macromolecular
complex.28 Moving from these observations, here we investigated
in detail the relationship between CD38 and the CD49d/CD29
integrin by: (i) cocapping experiments, a validated experimental
procedure for disclosing membrane molecular complexes,33

demonstrating a colocalization of CD38 in polar aggregates
containing CD49d molecules; (ii) bidirectional immunoprecipita-
tion experiments, providing evidence for an association between
CD38 and the CD49d/CD29 integrin heterodimer, both inside and
outside the cell membrane lipid rafts. The last finding suggests
that the CD49d/CD29/CD38 complexes are free to shuttle in
and out of these specialized cholesterol-enriched membrane
microdomains, where signaling transduction is organized.22,39 At
variance with what observed for CD38/CD19 association,22 CD49d/
CD29/CD38 complexes were not dependent on integrity of
the membrane structure, as the association was unaffected by
cholesterol depletion. It is therefore likely that these molecules are
joined together by other cellular structures, including cytoskeletal
proteins, known to directly or indirectly associate with integrins.40

Once bound by specific ligands, integrins deliver outside-in
signals that control cell proliferation, survival, gene induction,
differentiation and cell motility. To achieve these diverse
biological outcomes, integrins are recruited into complexes
containing numerous cytoskeletal proteins and signaling mole-
cules that can determine conformational changes leading to

higher affinity forms of the integrin itself.40,41 In addition, ligand-
binding avidity can be increased by lateral associations with other
transmembrane molecules (for example, the tetraspanin CD81),
independently of ligand engagement.42

In this context, the presence of CD38 at sites of CD49d binding
to its natural ligands may represent an intriguing suggestion for a
functional role of CD38 in the adhesion processes mediated by
CD49d. The strategy used to test this working hypothesis was to
challenge CD49dþCD38þ and CD49dþCD38� cells in compara-
tive adhesion assays, using transfectants from the CLL-derived cell
line Mec-1, as well as primary CLL samples. The results from these
experiments indicate that: (i) CD49dþCD38þ cells had higher
propensity to adhere to CD49d-specific substrates (either VCAM-1
or FN) compared to CD49dþCD38� cells; (ii) adherent
CD49dþCD38þ cells displayed a distinctive morphology, char-
acterized by a more complex pattern of filopodia-like protrusions
compared with cells expressing a CD49dþCD38� phenotype.
Both the phenomena were reverted by pre-exposure of cells to

selected anti-CD38 mAbs, suggesting that mAb binding to specific
domains of CD38 would reduce the accessibility of the CD49d/
CD29 heterodimer to its ligands or, more intriguingly,
CD38 blocking might affect CD49d conformational changes.
Notably, the anti-CD38 mAb that was effective in hampering
CD49d-mediated adhesion was also capable to inhibit migration
of CLL cells induced by CXCL12 through its receptor CXCR4,
another surface structure operating in close contact with CD38.26

The more efficient adhesive properties characterizing
CD49dþCD38þ CLL cells could be explained on the basis of a
cooperation between the two molecules. In particular, we
hypothesized that a possible role of CD38 in CD49d-mediated
adhesion could be the recruitment of proteins involved in the
downstream integrin signaling leading to actin polymerization
and cell adhesion. In this context, attention was focused on Vav-1,
a key molecule that operates as guanine exchange factor for Rac
and Cdc42, two Rho GTPases involved in lamellipodia/filopodia
generation in various cell models.34,35,43 Upon integrin engage-
ment, Vav-1 can become phosphorylated on tyrosine-174, as part
of an intracellular signaling cascade leading to adhesion and
cytoskeleton rearrangement. The higher levels of Vav-1 phosphor-
ylation upon adhesion onto CD49d-specific substrates, described
in Mec-1 S38W and in primary CD49dþCD38þ CLL cells, can be
the result of a more robust integrin signaling pathway character-
izing CD49dþCD38þ cells. In this regard, CD38 could contribute
by increasing the recruitment of either key signaling molecules
responsible for Vav-1 phosphorylation,34,44 or of Vav-1 itself.
To corroborate the latter hypothesis, the presence of Vav-1 was
demonstrated in the Mec-1 S38W cell lysates immunoprecipitated
with anti-CD38, but not in immunoprecipitates of the same cells
formed with anti-CD49d antibodies. Moreover, pre-exposure of
Mec-1 S38W cells with the same anti-CD38 mAbs affecting cell
adhesion, resulted in a significant reduction of Vav-1 phospho-
rylation. This finding indicates that CD38 can operate by recruiting
Vav-1 in close contact to the CD49d/CD29 complexes, potentiating
its phosphorylation and the activation of the integrin signaling
pathway. Notably, a similar association between CD38 and Vav-1
has been reported to promote cell growth and differentiation in a
human myeloblastic leukemia cell model.45

Microenvironmental interactions in bone marrow and second-
ary lymphoid organs confer growth advantages and extend CLL
cell survival. For these reasons they are deemed to be critical in
disease progression and resistance to therapy.1,46 The CD49d/
VCAM-1/FN axes regulate recirculation of leukemic cells from the
bloodstream to bone marrow and lymphoid organs, deliver pro-
survival signals and promote resistance to drug-induced apo-
ptosis.5,11,47 In the present study, a more marked anti-apoptotic
effect was exerted upon CD49d/VCAM-1 interactions in
CD49dþCD38þ cells, as compared with CD49dþCD38� cells.
This observation can be explained by a more efficient adhesion of
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CD49dþCD38þ cells, and a consequent more pronounced
activation of the anti-apoptotic machinery,5,11 also thanks to the
contribution to the survival process of specific signaling proteins,
including Vav-1,48 already recruited to the adhesion site.
Although further studies are needed to fully disclose the

mechanism(s) behind the role of CD38 in CD49d-mediated
adhesion in CLL, the present work provides evidence of a
functional interaction between these molecules, which could
explain at least in part the negative clinical outcome characteriz-
ing patients with a CD49dþCD38þ CLL clone. This finding may
also have a therapeutic relevance by envisioning the combined
use of anti-CD49d and anti-CD38 mAbs, as well as of bi-specific
antibodies simultaneously recognizing CD49d or the CD49d/CD29
heterodimer and CD38, to target the neoplastic component of this
poor prognosis CLL subset.
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ORIGINAL ARTICLE

The miR-17B92 family regulates the response to Toll-like

receptor 9 triggering of CLL cells with unmutated IGHV genes
R Bomben1, S Gobessi2, M Dal Bo1, S Volinia3,4,5, D Marconi1, E Tissino1, D Benedetti1, A Zucchetto1, D Rossi6, G Gaidano6, G Del Poeta7,

L Laurenti8, DG Efremov2,9 and V Gattei1,9

Chronic lymphocytic leukemia (CLL) cells from clinically aggressive cases have a greater capacity to respond to external

microenvironmental stimuli, including those transduced through Toll-like-receptor-9 (TLR9). Concomitant microRNA and gene

expression profiling in purified CLL cells (n¼ 17) expressing either unmutated (UM) or mutated (M) IGHV genes selected

microRNAs from the miR-17B92 family as significantly upregulated and in part responsible for modifications in the gene

expression profile of UM CLL cells stimulated with the TLR9 agonist CpG. Notably, the stable and sustained upregulation of

miR-17B92 microRNAs by CpG was preceded by a transient induction of the proto-oncogene MYC. The enforced expression of

miR-17, a major member from this family, reduced the expression of the tumor suppressor genes E2F5, TP53INP1, TRIM8 and

ZBTB4, and protected cells from serum-free-induced apoptosis (Pp0.05). Consistently, transfection with miR-17B92 family

antagomiRs reduced Bromo-deoxy-uridine incorporation in CpG-stimulated UM CLL cells. Finally, miR-17 expression levels,

evaluated in 83 CLL samples, were significantly higher in UM (P¼ 0.03) and ZAP-70high (P¼ 0.02) cases. Altogether, these data

reveal a role for microRNAs of the miR-17B92 family in regulating pro-survival and growth-promoting responses of CLL cells to

TLR9 triggering. Overall, targeting of this pathway may represent a novel therapeutic option for management of aggressive CLL.

Leukemia (2012) 26, 1584--1593; doi:10.1038/leu.2012.44

Keywords: chronic lymphocytic leukemia; mircroRNAs; Toll-like receptor

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is characterized by a highly
variable clinical course, with an unfavorable prognosis being
strongly associated with the expression of unmutated (UM)
immunoglobulin heavy variable (IGHV) genes.1 Such a clinical
behavior has been associated with a greater capacity of UM CLL
cells to signal through the B-cell receptor (BCR) upon antigen
stimulation, suggesting that this feature could contribute to
disease progression. In fact, UM BCRs are known to operate as
polyreactive receptors that bind to various foreign and self
antigens, although often with low affinity.2,3

Besides antigen stimulation, the development and progression
of CLL could also be affected by other external signals,
synergistically cooperating to regulate the proliferation and
survival of the malignant clone. In this regard, UM CLL cells have
been recently found to respond more efficiently to microenviron-
mental pro-survival signals than mutated (M) CLL cells, being on
the other hand more susceptible to spontaneous apoptosis when
these signals are absent.4 Moreover, UM CLL cells frequently have
high levels of the enzyme activation-induced cytidine deaminase
and present evidence of ongoing class-switch recombination,
both hallmarks of recent activation by microenvironmental
signals.5

Signals that are transmitted through Toll-like-receptor-9 (TLR9)
may also have a role in CLL, as they could drive the expansion of

CLL cells that express BCRs reactive with DNA or DNA-containing
complexes.6,7 Notably, CLL cells from patients with aggressive
disease, mainly those expressing UM BCRs, respond more
effectively to TLR9 stimulation than CLL cells from patients with
less aggressive diseases, mainly expressing M IGHV genes,8,9

suggesting that the capacity to respond to TLR9 signals could
have prognostic relevance in CLL.9

MicroRNAs represent a class of small non-coding RNAs that act
as master regulators of protein expression by inhibiting the
translation or inducing the degradation of target messenger RNAs
(mRNAs) with partially complementary sites in the 30-untranslated
regions.10 MicroRNAs orchestrate various cellular functions and
have been shown to have critical roles in many biological
processes, including cell differentiation, apoptosis, proliferation
and cancer development by acting either as tumor suppressors or
oncogenes.11

In the case of CLL, several studies have identified certain
microRNAs (for example, miR-15a, miR-16-1, miR-21, miR-24,
miR-34, miR-155 and let-7 family) as either implicated in CLL
pathogenesis or as part of a microRNA signature predicting
clinical outcome or drug resistance.12,13 However, little is known
regarding the capacity of external stimuli to modulate the expre-
ssion of specific microRNAs and/or microRNA families in CLL.
In this regard, studies by our group have recently demonstrated a
close correlation between the expression of a particular BCR
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(that is, IGHV3-23) with relatively higher levels of two key
microRNAs (that is, miR-15a and miR-16-1),14 indicating that
the expression of certain microRNAs could be modulated by
BCR signals.
In the present study, we provide evidence that TLR9 elicits

its response in UM CLL cells through the upregulation,
MYC-dependent, of microRNAs from the miR-17B92 family, with
the subsequent downregulation of specific miR-17B92 targets.
MicroRNAs from the miR-17B92 family are at least in part
responsible for the increased proliferation/survival induced by
TLR9 triggering in UM CLL cells.

MATERIALS AND METHODS

CLL patients

The study included peripheral blood samples from 117 CLL patients,

divided as follows: (i) a discovery panel of 17 CLL utilized for global

microRNA profile (miRome) and gene expression profiling (GEP) analyses;

(ii) a validation panel of additional 17 CLL cases utilized for transfection/

functional assays; and (iii) a further additional panel of 83 CLL utilized for

correlation studies. All patients provided informed consent in accordance

with the local Institutional Review Board requirements (IRB-04-2010,

Centro di Riferimento Oncologico, Aviano, Italy) and declaration of

Helsinki. Peripheral blood mononuclear cells were separated by Ficoll

gradient centrifugation (Amersham Biosciences, Uppsala, Sweden). Detec-

tion of IGHVmutational status was performed as previously reported.14 The

2% cutoff was chosen to discriminate UM versus M CLL cases. Additional

biological features of CLL cases entering this study, including expression

of ZAP-70 and CD38, interphase fluorescence in-situ hybridization for the

main chromosomal abnormalities and the experiments for which each

sample has been used are listed in Supplementary Table S1.1,14,15

In all cases, CLL cells were purified by negative selection using anti-CD3,

anti-CD14 and anti-CD16 mouse monoclonal antibodies and Dynabeads

coated with a pan anti-mouse IgG antibody (Dynal Biotech, Oslo, Norway).8

The purity of the CLL cells after negative selection was monitored by flow

cytometry, and the percentage of CD5þ /CD19þ cells exceeded 98% for all

the CLL samples from the patients entering the study.

Cell culture conditions

Freshly isolated negatively selected CLL cells (n¼ 17) were cultured

(1� 107 cells/ml) in RPMI-1640 supplemented with 10% heat-inactivated

fetal bovine serum, 100U/ml penicillin, 0.1mg/ml streptomycin, 2mM

L-glutamine and 1mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA) in

the presence or not of 7.5mg/ml complete phosphorothioate CpG-ODN

oligonucleotide 2006 (5-TCGTCGTTTTGTCGTTTTGTCGTT-3; Microsynth,

Balgach, Switzerland; hereafter CpG) for 18 h, as previously reported.8,9

To amplify the proliferative effect of CpG, selected experiments were

carried out in the presence of 100U/ml interleukin-2 (IL-2; R&D Systems,

Minneapolis, MN, USA), as previously reported.16

In time-course experiments, purified primary CLL cells (n¼ 3) were

stimulated for 3 h with CpG, washed and subsequently resuspended in

complete medium to evaluate MYC and miR-17 expression levels at various

time points (1 --24 h), as detailed below.

miRome, GEP and data mining tools

Total RNA was extracted from purified CLL cells and normal peripheral

blood B cells of healthy donors using the TRIZOL Reagent (Invitrogen) and

validated for integrity and purity using the Agilent 2100 Bioanalyzer

(Agilent Technologies, Santa Clara, CA, USA).

Single-color hybridization microarray experiments for miRome were

performed with 100-ng total RNA/sample labeled with Cyanine(Cy)-3

dye using the microRNA Complete Labeling System & Hyb Kit

(Agilent Technologies). Cy3-labeled RNA was hybridized to the Human

microRNA microarray Version 3 from the Sanger database v12.0 (Agilent

Technologies).

GEP was performed using the whole-human genome (4� 44 K) oligo

microarray platform (Agilent Technologies) as previously described.14

Microarray slides were analyzed with an Agilent Microarray Scanner

(Agilent Technologies). The hybridization signal values for the multiple

probes for each microRNA were obtained with the use of Agilent Feature

Extraction Software 10.7.3 (Agilent Technologies). Microarray data are

available in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/

geo/) under accession number GSE30107.

Bioinformatics analyses were performed integrating three different

methods for supervised analysis: the LIMMA algorithm, Partek software

(Partek Incorporated, St Louis, MO, USA) and GeneSpringGX (Agilent

Technologies). Results were visualized by hierarchical clustering applying

Ward’s method with Euclidean distance.17 The biological functions of

genes were investigated using Onto-Express.18 Significant Gene Ontology

(GO) categories were selected for having a P-value of at least 0.05 and

containing at least seven genes per category. To identify the putative

microRNAs involved in gene deregulation, GEP data were investigated using

the open-source applications ‘Targets’ Reverse Expression’ (T-REX), available

at http://aqua.unife.it, and ‘Gene Set Enrichment Analysis’ (GSEA).14,19

Further details are provided in Supplementary Materials and Methods.

Transfection

Three micrograms of microRNA precursor for miR-17 (Ambion, Life

Technologies, Carlsbad, CA, USA) or an anti-microRNA mixture comprising

anti-microRNAs specific for miR-17, miR-18a, miR-20a and miR-20b

(Ambion) were transfected into 7.5� 106 primary CLL cells with the Amaxa

Nucleofector system (Lonza, Basel, Switzerland) according to the manufac-

turer’s guidelines. As negative control, cells were transfected with equal

amounts of pre-miR-negative control1 or anti-miR-negative control 1

(Ambion), as applicable.

Quantitative real-time PCR (qRT-PCR)

Expression of selected microRNAs and of the control RNU6B was assessed

using a standard TaqMan MicroRNA assay kit (Applied Biosystems,

Life Technologies, Carlsbad, CA, USA) according to the manufacture’s

instructions and as previously described.14 Briefly, microRNA was reverse

transcribed to complementary DNA using gene-specific primers, and the

relative amount of each microRNAs was computed using the equation

2�Ct where DCt¼ (Ct microRNA�Ct RNUB6).

Expression of specific genes of interest (that is, E2F5, TP53INP1, TRIM8,

ZBTB4, MYC, CAD, PGK1, TFAM and b2-microglobulin, b2M) was evaluated

with the TaqMan Gene Expression assay kit (Applied Biosystems); the

relative amount of each gene was calculated as above but using the

expression of b2M as internal control. Fold change between classes was

calculated as reported.14 All qRT-PCR experiments were performed on an

Applied Biosystem 7700 Sequence Detection System (Applied Biosystems).

Western blot

Total proteins were extracted from CLL cells (n¼ 3) collected 18 h after

miR-17 transfection, loaded and run in 10% SDS-PAGE gels before transfer

to nitrocellulose membranes (GE Healtcare, Little Chalfont, UK) for western

analysis and detection by ECL (GE Healtcare) or Immobilon (Millipore

Corporation, Billerica, MA, USA). 1:500 rabbit-anti-TP53INP1 (Abcam,

Cambridge, MA, USA), 1:1000 rabbit-anti-TRIM8 (Abcam) and 1:1000 rabbit-

anti-ZBTB4 (Abcam) were used for protein detection. 1:2000 mouse-anti-

a-tubulin antibody (Sigma-Aldrich, St Louis, MO, USA) was used as an

internal control. Densitometric quantitation of western blots was determined

with the Quantity One 4.1.0 software (Bio-Rad, Hercules, CA, USA).

Functional studies

MicroRNA-transfected primary CLL cells were cultured in RPMI-1640

without serum addition for 24 --96 h. The percentage of viable cells was

determined by AnnexinV and 7-amino-actinomycin-D (Becton-Dickinson,

San Jose, CA, USA) staining. In selected experiments, primary CLL cells were

transfected with the anti-microRNA mixture and cultured in the presence

of CpG/IL-2 as above. To determine the percentage of proliferating CLL

cells, Bromo-deoxy-uridine (BrdU) 10 mM was added after stimulation of

48 h with CpG-ODN/IL-2 and the cells were cultured for additional
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18 h before harvesting. After washing and overnight fixation, cells were

permeabilized (2N HCl and 0.5% Triton X-100 for 30min), neutralized

(0.1M Na2B4O7� 10H2O, pH 8.5) and incorporated BrdU was detected with

an anti-BrdU-FITC antibody (Becton-Dickinson, Franklin Lakes, NJ, USA).

Data were acquired on a FACSCalibur flow cytometer and analyzed by

the CellQuest software (Becton-Dickinson).

RESULTS

miRome of CpG-stimulated CLL cells

Purified CLL cells were either left unstimulated or stimulated with
CpG for 18 h, and analyzed for changes in the microRNA
expression profile. Bioinformatics analysis of UM and M CLL
samples was performed separately, given their distinct responses
to CpG stimulation.8,9

Supervised analysis of UM CLL cells yielded a list of 24
differentially expressed microRNAs, of which 21 were upregulated
(miR-1260, miR-1274a, miR-1274b, miR-1280, miR-155, miR-155*,
miR-17, miR-17*, miR-18a, miR-19b-1*, miR-20a, miR-20b, miR-221,
miR-221*, miR-222, miR-29b-1*, miR-30b*, miR-30d*, miR-720, miR-
886-3p and miR-92a-1*) and 3 were downregulated (miR-125a-3p,
miR-135a* and miR-150*) upon CpG stimulation (Supplementary
Table S2). A hierarchical clustering generated using these 24
microRNAs clearly split CpG-stimulated samples from their
respective unstimulated counterparts in all the analyzed UM CLL
cases (Figure 1a).
When the same algorithms for supervised analyses and the

same P-value were applied to M CLL, we failed to identify
any differences in the miRome by comparing CpG-stimulated and
unstimulated M CLL cells. Consistently, in a hierarchical cluster
driven by the 24 microRNA differentially expressed in UM CLL,
CpG-stimulated M CLL either directly clustered along with
unstimulated CLL (4/8 cases; Supplementary Figure S1), or

displayed changes in microRNA expression only in part resem-
bling those occurring in UM CLL cells (4/8 cases; Supplementary
Figure S1). However, additional supervised analyses carried out by
solely considering the latter cases again failed to identify
differentially expressed microRNAs (not shown). These data are
overall in keeping with our previous findings that the capability to
respond to TLR9 stimulation is frequently reduced in M CLL.8,9

GEP of CpG-stimulated CLL cells

A parallel GEP comparing CpG-stimulated and unstimulated CLL
cells was performed utilizing the same RNAs considered for
miRome. Again, bioinformatics analyses were separately per-
formed in UM and M CLL, in agreement with previous results.8,9

In the case of UM CLL, 1585 highly differentially expressed
genes, 826 upregulated and 759 downregulated upon CpG
stimulation, were identified (Supplementary Table S3). A hier-
archical clustering using these genes correctly separated CLL
cells exposed to CpG from those left unstimulated (Figure 1b).
According to bioinformatics tools for global analysis of gene
function, among the 50 top-ranked GO categories that were
selected as containing differentially expressed genes, 20 (40%)
were GO categories related to proliferation and cell cycle control
(for example, cell division, DNA replication, mitosis and G1/S
transition of cell cycle), apoptosis (for example, regulation of
apoptosis, induction of apoptosis and anti-apoptosis) and activa-
tion of the NF-kB cascade (Supplementary Table S4).8,20

When performed on M CLL cells, GEP analysis found a set of 379
differentially expressed genes between CpG-stimulated and
unstimulated M CLL cells (Supplementary Figure S2 and Supple-
mentary Table S5). Among these genes, only a minority (13 genes)
was in common with the genes differentially expressed between
CpG-stimulated and unstimulated UM CLL cells (Supplementary
Tables S3--S5). More important, bioinformatic analyses revealed

Figure 1. miRome and GEP of CpG-stimulated and unstimulated UM CLL cells. (a) miRome: hierarchical clustering of CpG-stimulated (blue
bar under the horizontal dendrogram) and unstimulated (red bar under the horizontal dendrogram) UM CLL cell samples using the
24 differentially expressed microRNAs upon CpG stimulation. Color codes for microRNA expression values refer to mean centered log-ratio
values. (b) GEP: hierarchical clustering of CpG-stimulated (blue bar under the horizontal dendrogram) and unstimulated (red bar under the
horizontal dendrogram) UM CLL cell samples using the 1585 differentially expressed genes upon CpG stimulation. Color codes for gene
expression values refer to mean centered log-ratio values.
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that, at variance with UM CLL cells (Supplementary Table S4), only
1 out of 15 (6.7%) GO categories selected as containing genes
representing the differential expression signature of M CLL was
related to cell proliferation (Supplementary Table S6), again in
agreement with previous studies.8,9

CpG stimulation induces changes in mRNA levels of miR-17B92
targets

The dramatic changes in miRome and GEP of UM CLL cells upon
CpG stimulation prompted us to integrate these data with the aim
to identify those microRNAs whose modulated expression could

mostly affect gene expression.19 To do this, the gene expression
signature of UM CLL cells was analyzed by taking advantage of the
T-REX algorithm,19 and results were combined with those derived
from miRome.
Results of T-REX analysis (complete data available at the website

http://aqua.unife.it/Bomben/; password: odraccir) identified 30
microRNAs whose putative mRNA targets were significantly
downregulated by TLR9 triggering (Supplementary Figure S3).
Four of these microRNAs, that is, miR-17, miR-20a, miR-20b and
miR-1260, were also identified by miRome as upregulated in
CpG-stimulated UM CLL cells (Figure 1a and Supplementary
Figure S3). Three of these microRNAs (miR-17, miR-20a and

Figure 2. qRT-PCR analysis of selected differentially expressed microRNAs and genes in CpG-stimulated or unstimulated UM CLL cells.
(a) MicroRNA expression. Expression of members of the miR-17B92 family (i.e., miR-17, miR-18, miR-20a and miR-20b) in UM CLL cells
stimulated with CpG or left unstimulated for 18 h. For qRT-PCR amplification of mature miRNAs, RNA was reverse transcribed to com-
plementary DNA using gene-specific primers and the relative amount of each microRNA was computed using the equation 2�DCt, where
DCt¼ (Ct microRNAs�Ct RNUB6); Ct values were defined as the fractional cycle number in which the fluorescence crossed the fixed threshold.
(b) Expression pattern of members from the miR-17B92 cluster. Members of miR-17B92 family belonging to the same polycistronic element
(i.e., miR-17, miR-18 and miR-20a) are overexpressed in CpG-stimulated UM CLL cells and follow similar profiles of expression across the
different UM CLL samples. Relative microRNA levels refer to log-ratio values. (c) Gene expression. Four target genes for microRNAs of the miR-

17B92 family that were found differentially expressed between CpG-stimulated and unstimulated CLL samples were assayed by qRT-PCR
using the equation 2�DCt, where DCt¼ (Ct mRNAs�Ct b2M). In all graphs, data represent mean±s.e.m.; gray histograms indicate the average
expression levels of CpG-stimulated UM CLL cells (nine cases); black histograms indicate the average expression levels of the nine UM CLL
cells left unstimulated (nine cases); P-values (Student’s t-test) for each microRNAs/genes are shown.
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miR-20b), together with four additional microRNAs (miR-17*, miR-
18a, miR-19b-1* and miR-92a-1*) that were also upregulated in
miRome of CpG-stimulated UM CLL cells (Figure 1a), belonged to
the miR-17B92 family of microRNA clusters.21

Data obtained by applying the T-REX algorithm were confirmed
by GSEA. By focusing on the gene set grouping the genes sharing
the same DNA-binding motifs, including the binding motifs of
microRNAs, the gene set containing genes under control of miR-17
presented the lowest nominal P-value (nominal P-value o0.0001,
false discovery rate q-value¼ 0.236). In the context of this gene
set, CpG-stimulated UM CLL cells were characterized by a
significant enrichment in downregulated genes under control of
the miR-17B92 cluster (Supplementary Figure S4).
Collectively, both miRome and in-silico analyses of GEP data

revealed that CpG stimulation upregulated expression of micro-
RNAs from the miR-17B92 family and downregulated their
putative mRNA targets in UM CLL. To further validate these
findings, the expression levels of four microRNAs from the miR-
17B92 family, that is, miR-17, miR-18a, miR-20a and miR-20b, were
quantified by real-time RT-PCR. As shown in Figure 2a, all four
microRNAs were expressed at significantly higher levels in CpG-
stimulated UM CLL cells than in their unstimulated counterparts.
Moreover, given the notion that members of the same microRNA
cluster are transcribed as a single pri-microRNA and frequently
exhibit similar expression patterns,22 miR-17, miR-18a and miR-20a
followed a similar expression profile across the different CLL
samples (Figure 2b). Finally, for all these microRNAs, results of
qRT-PCR experiments and miRome were strongly correlated
(Po0.001) (Supplementary Figure S5a).

Effects of miR-17B92 microRNAs on expression of candidate
target genes

According to the T-REX analysis, 57 out of the 759 genes that were
downregulated in CpG-stimulated UM CLL cells (7.5%) were
putative mRNA targets of the miR-17B92 family (Supplementary
Table S7). Of these genes, we selected TP53INP1, E2F5, ZBTB4 and
TRIM8 for further studies, given their potential activity as tumor
suppressors and their roles in regulating cell cycle and apopto-
sis.23 -- 26 As shown in Figure 2c, qRT-PCR experiments confirmed
the downregulation of these genes upon CpG stimulation,
consistent with GEP results (Supplementary Figure S5b).
Expression of TP53INP1, E2F5, ZBTB4 and TRIM8 was also

significantly downregulated in primary CLL cells transiently
transfected with miR-17 (mean fold change of miR-17 levels after
18 h¼ 477.57±202.57), both at mRNA (Figure 3a) and protein
(Figures 3b and c) levels, suggesting a regulation of their
expression by miR-17B92 family members, as reported previously
in other cell systems.27 -- 34

MYC regulates miR-17B92 expression in UM CLL cells

UM CLL cells upregulated the proto-oncogene MYC after
CpG stimulation both in GEP (Supplementary Figure S6 and
Supplementary Table S3) and qRT-PCR experiments (Figure 4a).
Moreover, transcripts for three established MYC target genes (that
is, CAD, PGK1 and TFAM), selected for being functionally related to
cell metabolism functions but unconnected to known biological
activities in lymphoproliferative disorders,35 resulted in upregula-
tion of CpG-stimulated UM CLL in comparison with their
respective unstimulated counterparts both in GEP (Po0.001 in
all cases; data not shown) and in qRT-PCR experiments (Figure 4a).
Conversely, in the context of M CLL, neither MYC nor the three
MYC targets were found among the differentially expressed genes
characterizing CpG-stimulated cells (Supplementary Table S5).
In keeping with these data, time-course experiments showed

that CpG stimulation of primary UM CLL cells resulted in transient
induction of MYC, peaking at 3 h from the end of CpG exposure,
followed by a slower but sustained induction of miR-17 levels that

reached a peak at 6 h, and were maintained at least until 24 h from
the removal of CpG from the culture media (Figure 4b). A similar
kinetic profile was observed when expression levels of other
members of the miR-17B92 family (that is, miR18a and miR20a)
were investigated (not shown). These findings, along with the
known activity of MYC as a master regulator of miR-17B92 cluster
in other cell systems,35 -- 39 strongly suggest an associative
interaction between MYC and miR-17B92 also in CLL.

MicroRNAs from the miR-17B92 family regulate apoptosis
and proliferation in primary UM CLL cells

Negatively purified UM CLL cells were transfected either with
pri-miR-17 or scrambled control, and evaluated for apoptosis and

Figure 3. Effect of miR-17 overexpression on mRNA and protein
levels of selected genes. (a) miR-17 overexpression and mRNA levels.
Effects of miR-17 overexpression on mRNA levels of E2F5, TP53INP1,
TRIM8 and ZBTB4 in six primary CLL samples. Gene expression levels
were measured by qRT-PCR using TaqMan Gene Expression Assays
(Applied Biosystems) at 18 h after transfection. (b) miR-17 over-
expression and protein levels---upper panel. Relative TP53INP1,
TRIM8 and ZBTB4 protein expression levels of three primary CLL
cases transfected with a scrambled control versus a precursor for
miR-17, assessed by western blot. Control refers to protein levels in
untreated condition. a-Tubulin levels were used as loading control
in all cases. Lower panel: effects of miR-17 overexpression on protein
levels of E2F5, TP53INP1, TRIM8 and ZBTB4 in three primary CLL
samples. Protein expression levels were measured by western blot
experiment at 18 h after transfection. In all graphs, values are
represented as mean fold expression with respect to transfection of
the same CLL cells with scrambled control. Asterisk indicate P-value
o0.05 (Student’s t-test). A dashed line indicates the reference level
of gene expression (1.0). nd, not done.
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viability after 24--96 h of culture in serum-deprived culture
medium. qRT-PCR analysis of miR-17 levels showed that transfec-
tion was successful in all cases, with an increase in miR-17
expression levels ranging from 24- to 800-fold compared with
cells transfected with scrambled control (Po0.0034; Figure 5a).
Both miR-17- and scrambled control-transfected UM CLL cells
underwent apoptosis throughout the culture period. However,
miR-17-transfected UM CLL cells always showed a slightly greater
viability, compared with cells transfected with scrambled control.
These differences in the percentage of viable cells were already
evident at 24 h (P¼ 0.021) and peaked at 48 h (P¼ 0.010) of
culture (Figure 5b).
In complementary experiments, purified UM CLL cells were

transfected with a mixture of antagomiRs against miR-17, miR-18a,
miR-20a and miR-20b or an anti-miR-negative control (Figure 5c).
In samples transfected with the negative control, CpG stimulation
increased the levels of miR-17B92 microRNAs and induced
leukemic cell proliferation, as evidenced by BrdU incorporation.
The antagomiR mixture inhibited the CpG-induced rise in
microRNA levels and concomitantly reduced the percentage of
BrdU-positive cells (Figure 5d and Supplementary Figure S7).

Association between miR-17, IGHV mutational status and ZAP-70

The expression level ofmiR-17 was analyzed by qRT-PCR in a series
of 83 CLL cases for which information regarding different
biological parameters was available (Supplementary Table S1).
As shown in Figure 6, the levels of miR-17 were significantly higher
in UM CLL and in ZAP-70-positive samples compared with their
relative counterparts (P¼ 0.0324 and P¼ 0.0264, respectively). This
difference was even more evident when CLL cells expressing UM
IGHV genes and high ZAP-70 levels were compared with cells with
M IGHV genes and low/absent ZAP-70 (P¼ 0.0156; Figure 6).
Finally, no significant correlation was found between miR-17 and
MYC baseline levels in the same CLL series (Supplementary Figure
S8), and MYC was not differentially expressed between the
different prognostic groups (data not shown).

DISCUSSION

The capability of the malignant cells to respond to microenviron-
mental stimuli has recently emerged as an important determinant
of the clinical course in CLL. In particular, CLL cells from patients
with aggressive disease typically respond with increased survival

Figure 4. Expression of MYC and MYC target genes in CpG-stimulated and unstimulated UM CLL cells. (a) Expression of MYC and MYC target
genes. Box plots display results from qRT-PCR analyses of MYC and three independent MYC target genes, CAD (carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase and dihydroorotase), PGK1 (phosphoglycerate kinase 1) and TFAM (transcription factor A,
mitochondrial) in CpG-stimulated and unstimulated UM CLL cells (nine samples). P-values indicate Student’s t-test. (b) Time-course expression
of MYC and miR-17. qRT-PCR analysis of MYC and miR-17 expression levels following CpG stimulation of three primary UM CLL samples.
Data represent mean values±s.e.m.
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and/or proliferation when stimulated with a series of exogenous
stimuli, including anti-IgM, CpG, CpG/CD40L, IL-4/CD40L, CD40L/
IL-2/IL-10/stromal cell co-culture or type I IFNs.4,40 -- 42 Conversely,

CLL cells from patients with indolent disease usually do not
respond or may even respond by undergoing apoptosis.4,8,43

In the case of TLR9 signaling, these distinct cellular responses
have been associated with differences in intracellular signal
transduction.8,9,20,43 In particular, CpG-stimulated UM CLL cells
exhibit greater and prolonged activation of several important
downstream signaling molecules, including the transcription
factor NF-kB and the kinases Akt, ERK and JNK. Prolonged
activation of these downstream signaling molecules has been
associated with a greater capacity to traverse the G1/S checkpoint
of the cell cycle, as evidenced by [3H]thymidine or BrdU
incorporation. In contrast, CpG-stimulated M CLL cells show only
transient activation of these downstream signaling pathways,
usually insufficient for a complete S-phase progression.8

Here, we show that differences in the response to TLR9
signaling between UM and M CLL were also demonstrated at GEP
and miRome levels. Of the more than 1500 genes that changed
expression following CpG stimulation of UM CLL cells and the
B400 genes representing the differential gene expression
signature of CpG-stimulated M CLL cells, only a tiny minority
(13 genes in our experiments) were shared. More important, the
genes that changed expression in UM and M CLL cells belonged to
different GO categories, in accordance with the distinct cellular
responses induced by TLR9 triggering in these two prognostic
subsets.8,9

Moreover, a clear-cut miRome signature comprising the
differential expression of 24 microRNAs, 21 upregulated, was
found to characterize CpG-stimulated UM CLL cells. Conversely,
no differences in miRome were obtained by comparing

Figure 5. MicroRNAs from the miR-17B92 family control viability and proliferation of primary UM CLL cells. (a) Effective transfection of miR-17.
Overexpression of miR-17 in five primary UM CLL cells transfected with pri-miR-17 compared with the same UM CLL samples transfected with
scrambled control. (b) Ectopic expression of miR-17 and CLL cell viability. Data represent mean±s.e.m. of UM CLL cells from the same five
samples transfected in a. Viability was evaluated by AnnexinV and 7-amino-actinomycin-D staining in flow cytometry for different time points
(24, 48 and 96h). P-values (Student’s t-test) for each time point are shown. (c) Effective transfection of antagomiRs on CpG-induced UM CLL
cell. Expression of microRNA from the miR-17B92 family in UM CLL cells (three cases) transfected with a mixture of scrambled microRNAs
(scrambled control), or a mixture of antagomiR specific for miR-17, miR-18a, miR-20a and miR-20b (anti-miR-17/18a/20a/20b) is reported
(upper panels). Data represent mean±s.e.m. (d) Effect of antagomiRs on CpG-induced UM CLL cell proliferation. CLL cells were tested for BrdU
uptake upon TLR9 triggering. Data represent mean±s.e.m. of UM CLL cells from the same three samples transfected in c.

Figure 6. Association between miR-17 expression, IGHV gene muta-
tional status and ZAP-70 expression level. miR-17 relative expression
in CLL subgroups defined considering mutational status of IGHV

genes (M, mutated IGHV, 52 cases; UM, unmutated IGHV, 31 cases) or
ZAP-70 protein expression (ZAP-70high, ZAP-70X20% of positive CLL
cells, 41 cases; ZAP-70low, ZAP-70o20% of positive CLL cells, 42
cases), or simultaneously considering ZAP-70 protein expression and
mutational status of IGHV genes (M and ZAP-70low, 33 cases; UM and
ZAP-70high, 22 cases). Data represent mean±s.e.m.; P-values were
according to Student’s t-test.
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CpG-stimulated and unstimulated M CLL cells. Despite this, a
certain degree of heterogeneity in responses to TLR9 triggering
seemed to occur among M CLL, in keeping with literature
suggestions,8,9 although solely revealed by additional cluster
analyses carried out utilizing the microRNA signature of UM CLL
(Supplementary Figure S1). With the aim to identify the
microRNAs whose modulated expression was primarily respon-
sible for GEP changes, ad-hoc bioinformatics algorithms were
applied to integrate miRome and GEP data.19 This approach
allowed the identification of microRNAs belonging to the miR-
17B92 family as important regulators of the gene expression
profile induced by CpG stimulation in UM CLL cells.
The miR-17B92 family is composed of 15 microRNAs organized

in three clusters. The prototypic cluster is the miR-17B92
polycistronic element (a.k.a. Oncomir-1),38,44 located at 13q31.3
and composed of six microRNAs (miR-17, miR-18a, miR-19a,
miR20a, miR-19b-1 and miR-92a-1), whose transcription is directly
transactivated by c-myc.38,44 The two other miR-17B92 clusters
are located on chromosome X and chromosome 7.21 Notably, a
member of one of these paralog clusters, that is, mir20b, was
also upregulated by CpG stimulation, further emphasizing the
involvement of this family in the cascade of events triggered by
TLR9 engagement of UM CLL cells. The association of miR-17B92
with a broad range of cancers underlines the clinical significance
of this locus, and suggests its role in many fundamental patho-
biological processes, including tumorigenesis.38,45 -- 47

In the present study, as many as 7.5% of the downregulated
genes in CpG-stimulated UM CLL cells turned out to be in-silico
miR-17B92 targets. These downregulated genes included ZBTB4
and TP53INP1, which regulate apoptosis through CDKN1A and
TP53;25,26 E2F5, necessary for G1 arrest;24 and TRIM8, which is
involved in the degradation of SOCS1, a well-known regulator of
the response to CpG.23,48 All these genes were identified as direct
targets of miR-17, as evidenced by their significant downregula-
tion upon ectopic miR-17 overexpression. In agreement with these
results, miR-17 transfection was also demonstrated to be sufficient
to reduce apoptosis induced by serum deprivation in a series
of primary UM CLL cells.
The miR-17B92 locus has also been shown to regulate cell cycle

progression by selectively targeting a set of genes involved in the
G1/S-phase transition.38,44,49,50 In this context, ectopic expression
of miR-17 alone was reported to increase the proliferation rate of
HEK293 T cells, by suppressing the G1/S-phase checkpoint of the
cell cycle.38,44 Thus, lack of miR-17B92 upregulation may in part
explain the inability of M CLL cells to traverse the G1/S checkpoint
following CpG stimulation. In line with this possibility, we show
that transfection of primary CLL cells with a mixture of antagomiRs
targeting selected miR-17B92 microRNAs inhibited CpG-induced
BrdU incorporation, a marker of DNA synthesis and S-phase
progression.
The presence of an UM IGHV gene configuration and elevated

ZAP-70 levels are both strongly associated with unfavorable
prognosis in CLL.1 Here, we report that expression of miR-17, the
prototypic member of the miR-17B92 family, is significantly
higher in UM CLL cells expressing high ZAP-70 compared with M
CLL cells with a ZAP70low phenotype. Interestingly, other
microRNAs that we found to be upregulated in UM CLL cells
upon CpG stimulation, such as miR-155, miR-221 and miR-222,
have been also associated with established prognostic factors or
with shorter survival in CLL.12 Overall, the higher expression of
microRNAs that are induced by TLR9 triggering in UM/ZAP70high

CLL cells could suggest that these cells are more frequently
subjected to signals capable of activating the TLR9 pathway.
Alternatively, UM/ZAP70high cells may have a greater capacity to
respond to microenvironmental signals, including those delivered
through TLR9, as previously elaborated.51 -- 54

The GEP analysis performed in this study also showed that
MYC was substantially upregulated in UM CLL cells upon CpG

stimulation, but not in M CLL cells. Consistently, the transcriptional
activity of MYC, defined by the expression of three independent
target genes (CAD, TFAM and PGK1), increased in CpG-stimulated
UM CLL cells. Pathological activation of MYC, which is one of
the most common oncogenic events in human cancer, has
been shown to result in extensive reprogramming of microRNA
expression by tumor cells.55 In this regard, although MYC
predominantly induces downregulation of microRNA expression,
the miR-17B92 cluster is known to be directly upregulated by
MYC.35 -- 37,44 Results from the present study provide evidence of
an associative interaction between MYC and miR-17B92 family
also in CLL cells. Despite this, we failed to find a correlation
between miR-17 and MYC baseline levels in a relatively wide CLL
series (Supplementary Figure S8). This lack of correlation could be
explained by considering the different kinetics of MYC and miR-17
modulation upon in vitro CpG cell stimulation, as demonstrated
here in CLL (Figure 4b), and in other cellular models.35 -- 37

Alternatively, a MYC-independent pathway leading to increased
miR-17 expression has to be also considered.
Induction of microRNAs from the miR-17B92 family can in turn

regulate B-cell proliferation and survival by downregulating a
series of genes with anti-proliferative and/or pro-apoptotic
activities. A comprehensive scheme of the cascade of events
triggered by CpG engagement of TLR9 in UM CLL cells is drawn in
Figure 7.
What still remains to be established is the mechanism(s)

through which TLR9 signaling leads to enhanced upregulation of
MYC. In this regard, we can only speculate that an overexpression
of MYC following TLR9 stimulation may occur by way of the
MyD88-ERK pathway, as demonstrated in murine models.6,56

The recent identification of an activating mutation involving the
MyD88 gene in a fraction of CLL with an aggressive clinical
behavior57 suggests to investigate in these cases the constitutive
MYC/miR-17 levels or the capability of MyD88 mutated cells to
modulate their expression upon CpG stimulation in vitro.
In summary, data from the present report suggest that the

TLR9 pathway, through the activity of specific microRNAs, could
be an important link between the microenvironment and the

Figure 7. Model for pro-survival circuitry operating in CpG-stimu-
lated UM CLL cells. See text for details.
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intracellular machinery that regulates CLL cell proliferation and
survival. Further support for this possibility comes from the notion
that the CLL BCRs, particularly those bearing UM IGHV domains,
frequently recognize autoantigens that are either directly asso-
ciated with DNA or are colocalized in apoptotic blebs with
DNA-containing protein complexes.58,59 The reactivity of the
leukemic BCRs could allow efficient delivery of exogenous DNA
to endosomes, where TLR9 is located and activated. In line with
this possibility, recent GEP analysis showed that CLL cells located
in lymph nodes overexpress TLR target genes, indicating that
this pathway is frequently activated in vivo.60 Together, these
data suggest that the TLR9 pathway may have a role in the
pathogenesis of aggressive CLL and, as such, could represent a
novel target for therapeutic intervention.
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Deletion at 13q14 is detected by fluorescence in situ hybridization (FISH) in about 50% of chronic lymphocytic leukemia

(CLL). Although CLL with 13q deletion as the sole cytogenetic abnormality (del13q-only) usually have good prognosis,

more aggressive clinical courses are documented for del13q-only CLL carrying higher percentages of 13q deleted nuclei.

Moreover, deletion at 13q of different sizes have been described, whose prognostic significance is still unknown. In a multi-

institutional cohort of 342 del13q-only cases and in a consecutive unselected cohort of 265 CLL, we investigated the prog-

nostic significance of 13q deletion, using the 13q FISH probes locus-specific identifier (LSI)-D13S319 and LSI-RB1 that

detect the DLEU2/MIR15A/MIR16-1 and RB1 loci, respectively. Results indicated that both percentage of deleted nuclei and

presence of larger deletions involving the RB1 locus cooperated to refine the prognosis of del13q-only cases. In particular,

CLL carrying <70% of 13q deleted nuclei with deletions not comprising the RB1 locus were characterized by particularly

long time-to-treatment. Conversely, CLL with 13q deletion in <70% of nuclei but involving the RB1 locus, or CLL carrying

13q deletion in �70% of nuclei, with or without RB1 deletions, collectively experienced shorter time-to-treatment. A re-

vised flowchart for the prognostic FISH assessment of del13q-only CLL, implying the usage of both 13q probes, is

proposed. VVC 2011 Wiley-Liss, Inc.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a dis-

ease with a highly variable clinical course (Chior-

azzi et al., 2005; Dal-Bo et al., 2009), that can be

predicted by the presence of specific cytogenetic

abnormalities (Dohner et al., 2000; Krober et al.,

2002). Among them, deletion at 13q14 represents

the most common genomic aberration in CLL,

occurring in more than 50% of cases, and being

the sole documented cytogenetic abnormality in

36% of CLL (Dohner et al., 2000). Although

these latter cases (hereafter indicated as del13q-

only CLL) are known to experience a more

favorable clinical course (Dohner et al., 2000;

Mehes, 2005), recent data suggest a relatively

worse clinical behavior for del13q-only CLL car-

rying higher percentages of 13q14 deleted nuclei

(Hernandez et al., 2009; Van Dyke et al., 2010).

Deletion at 13q, as it occurs in CLL, appears

to be heterogeneous in size (Ouillette et al.,

2008; Mosca et al., 2010), thus suggesting that

more than one tumor suppressor gene located in

the context of the 13q14 locus may be involved

in determining the clinico-biological features of

13q deletion-carrying CLL (Kapanadze et al.,

1998; Lagos-Quintana et al., 2001; Calin et al.,

2002; Mertens et al., 2002; Baranova et al., 2003;

Ivanov et al., 2003; Corcoran et al., 2004; Cim-

mino et al., 2005; Fulci et al., 2007; Lerner et al.,

2007; Linsley et al., 2007; Raveche et al., 2007;

Ouillette et al., 2008; Liu et al., 2008; Bandi

et al., 2009; Hernandez et al., 2009; Mertens

et al., 2009; Klein et al., 2010; Palamarchuk et al.,

2010; Mosca et al., 2010; Birerdinc et al., 2010).

Two anatomical landmarks have been proposed

for the characterization of 13q deletion in CLL

(Ouillette et al., 2008): (i) the minimal deleted

region (MDR) which comprised the DLEU2

gene, the MIR15A/MIR16-1 cluster, and the first

exon of the DLEU1 gene (Liu et al., 1997;

Lagos-Quintana et al., 2001; Migliazza et al.,

2001; Calin et al., 2002); and (ii) the RB1 gene,

localized at chromosomal band 13q14.1–q14.2,

that can be considered, when found deleted, as

the marker of 13q deletion with larger chromo-

some losses (Ouillette et al., 2008; Mosca et al.,

2010; Parker et al., 2011).

Classically, the pathogenetic role of deletion at

13q in CLL has been related to lack of B-cell

proliferation control allegedly determined by de-

letion of the DLEU2/MIR15A/MIR16-1 locus,

which is known to contain negative regulators of

the expression of the BCL2 gene (Cimmino et al.,

2005; Klein et al., 2010). A role for RB1 in CLL

pathogenesis, although historically excluded

(Sakai et al., 1991; Liu et al., 1993), has been also

more recently revisited given the involvement of

RB1 in the regulation of cell cycle progression

and genomic stability (Hernando et al., 2004;

Pickering and Kowalik, 2006). Several genes have

been identified as putative tumor suppressor at

13q14 either located in the MDR or lost in larger

deletions at 13q14 (Sakai et al., 1991; Kapanadze

et al., 1998; Mertens et al., 2002; Baranova et al.,

2003; Ivanov et al., 2003; Corcoran et al., 2004;

Fulci et al., 2007; Lerner et al., 2007; Ouillette

et al., 2008; Hernandez et al., 2009; Mertens

et al., 2009; Birerdinc et al., 2010; Klein et al.,

2010; Mosca et al., 2010; Palamarchuk et al.,

2010; Parker et al., 2011), including genes belong-

ing to the DLEU family such as TRIM13 or

DLEU7 (Liu et al., 1997; Kapanadze et al., 1998;

Baranova et al., 2003; Corcoran et al., 2004,

Lerner et al., 2007; Klein et al., 2010; Pala-

marchuk et al., 2010), but the pathogenesis of

CLL carrying this deletion has still to be com-

pletely elucidated.

In this study, by taking advantage of a wide

Italian multi-institutional cohort of del13q-only

CLL, and a single-institutional unselected con-

secutive cohort of CLL, we evaluated the prog-

nostic role of 13q deletion of different sizes by a

fluorescence in situ hybridization (FISH)

approach using the combination of two different

locus-specific identifiers (LSI), i.e., LSI-D13S319

and LSI-RB1, respectively detecting the DLEU2/

MIR15A/MIR16-1 and RB1 loci. Results indicated

that deletion at 13q involving the RB1 locus are

characterized by a relatively worse clinical behav-

ior in the context of del13q-only CLL. The com-

bined use of the two LSI for detection of

deletion at 13q, if integrated with the percentage

of 13q deleted nuclei (Hernandez et al., 2009;

Van Dyke et al., 2010), allowed revisiting of the

FISH flowchart for the prognostic evaluation of

CLL.

MATERIALS AND METHODS

Patients

This study was performed on a multi-institu-

tional cohort of 342 CLL carrying a deletion at

13q14 as the sole cytogenetic abnormality; this

patient series was used to investigate the prog-

nostic impact of 13q deletion of different sizes in

the context of del13q-only CLL. A mono-
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institutional consecutive unselected cohort of 265

CLL, which included 97 del13q-only CLL, was

also used to compare the prognostic impact of

13q deletion of different sizes with that of the

main cytogenic subtypes (Dohner et al., 2000).

CLL patients entering the study were diagnosed

according to the IWCLL-NCI criteria (Hallek

et al., 2008) and had a complete clinical and bio-

logical assessment. All patients provided informed

consent in accordance with local Institutional

Review Board requirements and the Declaration

of Helsinki. The main clinical and biological fea-

tures of the two cohorts are summarized in Sup-

porting Information Tables S1 and S2.

Analysis of Cytogenetic Aberrations

Interphase FISH was performed on nuclei

preparations of peripheral blood mononuclear

cells collected at diagnosis, separated upon

Ficoll-Hypaque (Pharmacia, Uppsala, Sweden)

density gradient centrifugation, and investigated

for deletion at 13q, deletion at 11q, deletion at

17p or presence of trisomy 12. For chromosomes

11 and 17, the two locus specific probes LSI-

ATM and LSI-p53, directly labeled with Spec-

trumGreen (LSI-ATM) or SpectrumOrange (LSI-

p53), were used, respectively. An alpha satellite

DNA probe CEP12, directly labeled with Spec-

trumGreen, was used to detect aneuploidy of

chromosome 12. For chromosome 13, two locus

specific probes LSI-D13S319 and LSI-RB1 were

used, directly labeled with SpectrumOrange and

SpectrumGreen. All probes were from Vysis (Inc,

London, United Kingdom) and FISH analyses

were performed according to the manufacturer’s

protocols and as previously reported (Del Prin-

cipe et al., 2006). In all of the analyzed CLL

cases, at least two hundred interphase round

nuclei with well-delineated fluorescent spots

were counted; positive cases were defined as hav-

ing �5% of nuclei displaying the investigated

abnormality.

Identification of Immunoglobulin (IG) Heavy (H)

Variable (V) Gene Mutational Status

IGHV-diversity(D)-joining(J) were amplified

from either reverse-transcribed total RNA or

genomic DNA as previously reported (Capello

et al., 2004; Degan et al., 2004; Bomben et al.,

2009). Purified amplicons were sequenced either

directly or upon subcloning (Capello et al., 2004;

Degan et al., 2004). Sequences were aligned to

the ImMunoGeneTics (IMGT) directory for the

identification of IGHV-D-J rearrangements and for

computation of mutational load (Giudicelli et al.,

2004; Pommie et al., 2004; Lefranc et al., 2005).

IGHV sequences were considered mutated or

unmutated using the conventional cutoff of 2%

mismatch from germline IGHV sequences (Damle

et al., 1999; Hamblin et al., 1999).

Immunophenotypic Analyses

Detection of CD38 and ZAP70 expression was

performed as previously reported (Rassenti et al.,

2004; Gattei et al., 2008). A cutoff of 30% posi-

tive cells was chosen to discriminate CD38pos

from CD38neg CLL, while a cutoff of 20% posi-

tive cells was chosen to distinguish ZAP70pos

from ZAP70neg CLL (Crespo et al., 2003; Or-

chard et al., 2004; Rassenti et al., 2004; Del Prin-

cipe et al., 2006; Gattei et al., 2008).

Beta2-Microglobulin (B2M) Detection

B2M levels, as determined by different labora-

tories, were standardized by dividing the original

mg/L values by the upper limit of normal (ULN)

specific for each laboratory, as described (Del

Principe et al., 2006; Bulian et al., 2009; Bulian

et al., in press).

Genome-Wide DNA Analysis

DNA samples were obtained as previously

reported (Rossi et al., 2009) in a subgroup of 67

del13q-only cases belonging to the cohort of 342

del13q-only cases (Supporting Information Table

S3). DNA integrity was verified by electrophoresis

of 50 ng on a 1% agarose gel. Genomic profiles

were obtained using Affymetrix Human Mapping

GeneChip 6.0 arrays (Affymetrix, Santa Clara,

CA). DNA was processed according to the instruc-

tions provided in the Affymetrix Genome-Wide

Human SNP Nsp/Sty 6.0 Assay Manual. Initial

analysis of the array to obtain intensity data were

performed using the Affymetrix GeneChip Com-

mand Console Software (AGCC). The AGCC

probe cell intensity data were then analyzed with

the GenotypeConsole 3.01 (GTC3.01) to obtain

genotype data and with the circular binary seg-

mentation algorithm (Olshen et al., 2004). A refer-

ence dataset of 270 Caucasian HapMap profiles

was used to normalize the CLL DNA profiles.

Segments were called homozygous deletions with

a copy number (CN) < �1.0, heterozygous dele-

tions with �1.0 < CN < �0.092, normal with
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�0.092 < CN < 0.092, gains if 0.092 < CN < 1.0,

and amplifications with CN > 1.0. The thresholds

(�0.092, 0.092) were computed as six times the

median absolute deviation (MAD), corresponding

to a significance of better than P < 0.001 after

Bonferroni multiple test correction. The thresh-

olds (�1.0,1.0) for homozygous deletions and

amplifications were heuristically established.

Comparison of SNP array data and FISH analysis

showed agreement in 63 of 67 cases (94%). The

four discordant cases revealed low percentages of

13q deleted nuclei (range of percentage of deleted

nuclei: 5–10%), and resulted negative in the ge-

nome-wide DNA profile. These cases were not

considered in the deletion size evaluation.

Statistical Analysis

Statistical analyses were performed using the R

statistical package (http://www.r-project.org/) or

the MedCalc software (MedCalc Software, Maria-

kerke, Be). The primary end points were time-to-

first-treatment (TTT) and overall survival (OS).

TTT data were defined as time from diagnosis to

treatment (event) or end of follow-up (censored

observation), and were available for all CLL cases

entering the study; in our series, 124 events were

recorded. In the cohort of CLL cases used for

TTT analysis, no CLL cases died before disease

progression. For OS analysis, all events were con-

sidered as CLL-related, i.e., all deaths were con-

sidered as events whatever the cause. OS data

were available for 325 out of 342 del13q-only

cases, with 32 recorded events. TTT and OS

were estimated using the Kaplan-Meier plots and

comparisons between groups were made by

means of log-rank test. The Cox proportional

hazard regression model was chosen to assess the

independent effect of covariates, treated as di-

chotomous, on TTT, with a backward procedure

for selecting significant variables. The association

between percentage of nuclei carrying a 13q dele-

tion and other variables (Rai stage, CD38,

ZAP70, IGHV gene mutational status, and B2M)

was calculated using the v
2 test. Comparison

among del13q-only cases was determined using

Kruskal-Wallis equality of population rank test.

RESULTS

Percentage of Deleted Nuclei has Prognostic

Impact in del13q-only CLL

All of the 342 CLL entering this study

(del13q-only CLL; Supporting Information Table

S1) were analyzed by FISH for the canonical 13q

deletion using the LSI-D13S319 probe. The pres-

ence of a biallelic loss was detected in 61 out of

342 cases (17.8%; data not shown). In keeping

with previous studies (Van Dyke et al., 2010), no

significant difference was observed in TTT

between del13q-only cases with monoallelic ver-

sus biallelic losses (data not shown).

Recent reports described a relationship

between the percentage of nuclei carrying a 13q

deletion and the clinical course in CLL. In par-

ticular, 80% and 65.5% have been recently pro-

posed as cutoffs capable of separating del13q-

only cases into two subgroups with different

TTT/OS distributions (Hernandez et al., 2009;

Van Dyke et al., 2010). Accordingly, maximally

selected log-rank statistics identified the cutoff

of 70% of nuclei carrying 13q deletion as the

most appropriate cutoff in our series (P ¼

0.0022) (Supporting Information Fig. S1). By

using this cutoff, 239/342 del13q-only cases

(69.9%) carried a 13q deletion in <70% of nuclei.

The distribution of biallelic losses between the

two subgroups obtained using this cutoff was ho-

mogeneous (data not shown), as was the distribu-

tion of all of the investigated prognosticators

(i.e., Rai stage, IGHV gene mutational status,

ZAP70 and CD38 expression, B2M levels). De-

spite higher lymphocyte counts in cases with

�70% versus <70% of 13q deleted nuclei (me-

dian of 28.6 vs. 14.1 � 109/L, P < 0.0001), no

correlation was found between the percentage of

nuclei carrying a 13q deletion and the percentage

of neoplastic B cells indicating the deletion load

as a biological feature unrelated to the tumor

burden (r2 ¼ 0.0119). Clinically, del13q-only

CLL with �70% of deleted nuclei showed

shorter TTT than del13q-only cases with <70%

of deleted nuclei (median TTT, 77 months vs.

120 months, P ¼ 0.0001; Fig. 1). Notably, the

presence of a 13q deletion in �70% of nuclei

also behaved as an independent marker of dis-

ease progression for the cohort of del13q-only

cases, along with Rai stage and IGHV gene muta-

tional status, in a multivariate model testing all

of the variables included in this study (Support-

ing Information Table S4). Similar results,

although with lower significance, were obtained

using the cutoffs of 80% and 65.5% of deleted

nuclei, as previously proposed (Supporting Infor-

mation Fig. S2), including the independency in

additional multivariate models (Supporting Infor-

mation Table S4) (Hernandez et al., 2009; Van

Dyke et al., 2010).
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Deletion Size has Prognostic Impact in del13q-

only CLL

Previous reports described different sizes of

13q deletion in CLL (Ouillette et al., 2008;

Mosca et al., 2010; Parker et al., 2011). In our

cohort of del13q-only cases, i.e., carrying a 13q

deletion in at least 5% of nuclei as detected by

the LSI-D13S319 probe, larger 13q deletions

were defined by using a LSI-RB1 probe. Accord-

ing to this approach, 135/342 del13q-only cases

(39.5%) had 13q deletions that included the RB1

locus in at least 5% of nuclei.

These larger deletions were always monoallelic

(data not shown), and were either present in the

whole 13q deletion cell population (69/135 of

cases) or in a subset of the cell population in

which a 13q deletion was detected by using the

LSI-D13S319 probe (66/135 of cases; Fig. 2A).

Overall, FISH results were in keeping with ge-

nome-wide DNA analysis carried out in a subset

of 67 del13q-only CLL (Supporting Information

Table S3). As shown in Figure 2B, larger dele-

tions involving the RB1 locus in addition to the

MDR containing the DLEU2/MIR15A/MIR16-1

locus occurred in a proportion of del13q-only

cases (23 out of 67 cases; 34.3%), and were always

monoallelic (light blue in Fig. 2B). Notably, all

cases with RB1 deletion also presented a concom-

itant deletion at MDR, reaching a deletion me-

dian size of 2,380 Kb (range 889–18,728 Kb)

versus 1,200 Kb (range 381–2,740 Kb) for cases

carrying a 13q deletion not including the RB1

locus.

A prognostic impact of a larger 13q deletion

has been hypothesized (Ouillette et al., 2008). In

our series, there was no significant difference in

terms of TTT when del13q-only cases were sub-

divided according to the loss of chromosomal ma-

terial at the RB1 locus (RB1 deleted versus non-

RB1 deleted; hazard ratio (HR) 1.33, 95% confi-

dence interval (CI) 0.94–1.89, P ¼ 0.115; Sup-

porting Information Fig. S3A). However, by

separately considering TTT intervals according

to the percentage of deleted nuclei in the sub-

group of del13q-only cases without a concomitant

RB1 deletion (i.e., small 13q deletions, Support-

ing Information Fig. S3B) or in the subgroup of

del13q-only cases with a concomitant RB1 dele-

tion (i.e., large 13q deletions, Supporting Infor-

mation Fig. S3C), a relationship between

Figure 1. Clinical outcome of del13q-only cases according to the
cutoff of 70% of 13q deleted nuclei. Kaplan-Meier curves comparing
TTT intervals of del13q-only cases carrying a 13q deletion in �70%
of nuclei (del13q � 70% cases) and del13q-only cases carrying a 13q
deletion in <70% of nuclei (del13q < 70% cases). The number of
patients (pts) included in each group is reported in parenthesis; the
reported P value refers to log-rank test.

Figure 2. Relationship between 13q deletion and RB1 deletion.
(A) Scatter plot refers to the correlation between the percentage of
cells carrying RB1 deletion (x axis), as investigated by the LSI-RB1
probe, and the percentage of cells carrying a 13q deletion (y axis), as
investigated by the LSI-D13S319 probe. (B) Heat map showing the

distribution of 67 del13q-only cases according to the size of deletion
at 13q defined by array-CGH. Monoallelic deletions are represented
in light blue; the presence of a biallelic deletion (in 12 out of 67
cases) is represented in dark blue.
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percentage of deleted nuclei and clinical course

was maintained only for those cases in which a

small deletion 13q was present (Supporting Infor-

mation Fig. S3B), thus suggesting a role of dele-

tion size in refining CLL prognosis in the context

of del13q-only cases.

Therefore, we classified del13q-only cases in

four subtypes by combining both deletion load

and deletion size: (i) del13q-only cases carrying a

13q deletion in <70% of nuclei without a con-

comitant RB1 deletion (del13q < 70% cases), 144

cases (42.1%); (ii) del13q-only cases carrying a

13q deletion in <70% of nuclei with a concomi-

tant RB1 deletion (del13q < 70%þdelRB1 cases),

95 cases (27.8%); (iii) del13q-only cases carrying a

13q deletion in �70% of nuclei without a con-

comitant RB1 deletion (del13q � 70% cases), 64

cases (18.7%); (iv) del13q-only cases carrying a

13q deletion in �70% of nuclei with a concomi-

tant RB1 deletion (del13q �70%þdelRB1 cases),

39 cases (11.4%). As shown in Figure 3, the me-

dian TTT of del13q <70% cases (not reached)

was significantly longer than the median TTT of

del13q <70% þ delRB1 cases (92 months, P ¼

0.012), del13q �70% cases (68 months, P <

0.0001) and del13q �70% þ delRB1 cases (82

months, P ¼ 0.0025). Moreover, del13q < 70%

cases showed longer TTT than the other three

categories also in the context of subgroups of

cases with good prognosis as defined by the other

prognosticators (i.e., Rai stage 0 cases, mutated

IGHV cases, ZAP70 negative cases, CD38 nega-

tive cases or B2M negative cases, Supporting In-

formation Fig. S4). Notably, the distribution of

all of the investigated prognosticators was not dif-

ferent among cases belonging to the four catego-

ries (Supporting Information Table S5).

Because of the differences in the prognostic

relevance of RB1 deletion in del13q-only cases

carrying a 13q deletion in <70% of nuclei versus

�70% of nuclei, as emerged by the trend of

TTT curves (Supporting Information Fig. S3 and

Fig. 3), the possibility of an interaction between

13q deletion size and deletion load was consid-

ered and first assessed by a bivariate Cox propor-

tional hazard model. According to this analysis,

the presence of RB1 deletion in del13q <70%

CLL was associated with a HR for progressive

disease of 1.91 (95% CI ¼ 1.18–3.08; P ¼ 0.008).

Conversely, no additional prognostic information

was provided when the presence of RB1 deletion

was tested in the context of del13q � 70% cases

(HR ¼ 0.87, 95% CI ¼ 0.50–1.51; P ¼ 0.63). To

evaluate the independent prognostic value of

RB1 deletion in del13q-only cases, these combi-

nations were incorporated in a multivariate model

along with all of the other significant prognostica-

tors for this CLL subset. As shown in Table 1,

the presence of RB1 deletion was confirmed to

increase the risk of progressive diseases of

del13q-only cases carrying <70% of deleted

Figure 3. Clinical outcome of del13q-only cases according to the
cutoff of 70% of 13q deleted nuclei and the presence of a concomi-
tant RB1 deletion. Kaplan-Meier curves comparing TTT intervals of
del13q-only cases carrying a 13q deletion in <70% of nuclei without
a concomitant RB1 deletion (del13q < 70% cases), del13q-only cases
carrying a 13q deletion in <70% of nuclei with a concomitant RB1

deletion (del13q < 70% þ delRB1 cases), del13q-only cases carrying
a 13q deletion in �70% of nuclei without a concomitant RB1 deletion
(del13q �70% cases) and del13q-only cases carrying a 13q deletion in
�70% of nuclei with a concomitant RB1 deletion (del13q � 70% þ

delRB1 cases). The number of patients (pts) included in each group is
reported in parenthesis; the reported P value refers to log-rank test.

TABLE 1. Multivariate Cox Regression Analysis of TTT in del13q-only Cases (Model with Interactions)a

Sample size HR (95% CI)b P value

Rai stage (I, II, III, IV vs. 0) 311 1.74 (1.20–2.54) 0.003
IGHV mutational status (UM vs. M) 1.92 (1.28–2.87) 0.001
13q deletion and RB1 deletion (del13q<70%þdelRB1 vs. del13q<70%) 1.69 (1.03–2.77) 0.036
13q deletion and RB1 deletion (del13q>70%þdelRB1 vs. del13q>70%) 0.76 (0.43–1.33) 0.338

aMultivariate Cox regression analysis of TTT was performed by including the following covariates: Rai stage, IGHV gene mutational status, interac-

tion between 13q deletion groups and RB1 deletion (i.e., del13q<70%þdelRB1, del13q�70%þdelRB1). For each variable, the selected cut-off

points or the compared categories are indicated. TTT, time-to-first-treatment.
bBased on the final model after backward selection of covariates. HR, hazard ratio; CI, confidence interval.
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nuclei (HR ¼ 1.69, P ¼ 0.036), such an increased

risk being independent of Rai staging and IGHV

gene mutational status. The independent prog-

nostic value provided by the additional informa-

tion regarding 13q deletion size and load was

further demonstrated by a significant likelihood

test obtained comparing models including or not

this interaction (P ¼ 0.006).

The four FISH subtypes of del13q-only cases,

as emerged by combining both deletion load and

deletion size, were also analyzed by genome-wide

DNA profiles. In particular, among the 67

del13q-only cases that were investigated, FISH

analysis defined 23 cases as del13q < 70% cases,

19 cases as del13q < 70% þ delRB1 cases, 16

cases as del13q � 70% cases and 9 cases as

del13q � 70% þ delRB1 cases. As shown in Sup-

porting Information Fig. S5, with the only exclu-

sion of rare cases in which RB1 deletion was

detected in as few as 5–10% of nuclei by FISH,

genome-wide DNA analysis confirmed smaller

deletions for del13q < 70% (median size 904 Kb,

range 694–2,740 Kb) or del13q � 70% cases (me-

dian size 954 Kb, range 381–1,788 Kb), compared

with CLL carrying concomitant RB1 deletion

(del13q < 70% þ delRB1 cases, median size

4,386 Kb, range 889–18,598 Kb; del13q � 70% þ

delRB1 cases, median size 3,727 Kb, range 936–

18,728 Kb). A total of 10 out of 28 cases with

extremely large deletions (median 13,785 Kb,

range 982–18,728 Kb, vs. median 2,627 Kb, range

859–4,974 Kb for the remaining RB1 deleted

cases) were identified by genome-wide DNA

analysis both among del13q < 70% þ delRB1

and del13q � 70% þ delRB1 subgroups. Notably,

these cases showed shorter TTT than the

remaining RB1 deleted cases (median TTT, 8

months vs. 98 months, P ¼ 0.0182) without a

skewing in the distribution of all of the investi-

gated prognosticators (data not shown).

Prognostic Significance of the Percentage of 13q

Deleted Nuclei and 13q Deletion Size in an

Unselected Consecutive Mono-Institutional CLL

Cohort

To further characterize the clinical heterogene-

ity related to deletion at 13q, also in relationship

with the main chromosomal abnormalities with

prognostic relevance in CLL, we evaluated the

clinical course of 265 CLL cases belonging to a

consecutive unselected mono-institutional CLL

cohort, in which FISH analyses at diagnosis were

performed for 13q deletion (LSI-D13S319 and

LSI-RB1 probes), trisomy 12, 11q deletion, and

17p deletion (Supporting Information Table S2).

This cohort presented 136 cases with a 13q dele-

tion, of which 97 were del13q-only cases, while

14 (out of 48), 11 (out of 18), and 14 (out of 27)

cases had a concomitant trisomy 12, 11q deletion

or 17p deletion, respectively. No difference was

detected in terms of TTT by comparing cases

with a concomitant 13q deletion versus cases

without a concomitant 13q deletion in the con-

text of these chromosomal aberrations (data not

shown). Moreover, a significant association was

found between the previously described cytoge-

netic groups (i.e., normal karyotype, 13q deleted,

trisomy 12, 11q deleted and 17p deleted cases)

(Dohner et al., 2000; Mehes, 2005) and duration

of TTT intervals also in the present series (data

not shown).

In this consecutive unselected cohort, maxi-

mally selected log-rank statistics confirmed a cut-

off close to 70% of nuclei carrying 13q deletion

as appropriate for discriminating del13q-only

cases into two subgroups with different TTT dis-

tributions (P ¼ 0.0198, data not shown). As sum-

marized in Figure 4, the presence of 13q deletion

in <70% of cells in the absence of RB1 deletion

Figure 4. Prognostic significance of the percentage of 13q deleted
nuclei and 13q deletion size in an unselected consecutive mono-insti-
tutional CLL cohort. Kaplan-Meier curves obtained by comparing
TTT intervals of CLL cases with normal karyotype (normal), tris-
omy12 (tris12), deletion at 11q (del11q), deletion at 17p (del17p),
and deletion at 13q. The latter cases were split in three groups
according to the percentage of nuclei carrying a 13q deletion and the
presence or the absence of a concomitant RB1 deletion: (i) 13q dele-
tion in <70% of nuclei in the absence of a RB1 deletion (del13q <
70% cases); (ii) 13q deletion in <70% of nuclei with the presence of
a concomitant RB1 deletion (del13q < 70% þ delRB1 cases); (iii) 13q
deletion in �70% of nuclei in the absence of a RB1 deletion and cases
carrying a 13q deletion in �70% of nuclei in the presence of a RB1

deletion (del13q � 70% � delRB1 cases). The number of patients
(pts) included in each group is reported in parenthesis; the reported
P value refer to log-rank test.
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identified a patient subset with a particularly sta-

ble and benign clinical course (48 cases; median

TTT not reached). Conversely, patients charac-

terized by 13q deletion in <70% of cells but with

a larger deletion, as determined by concomitant

RB1 deletion (24 cases), or 13q deletion in �70%

of cells (with or without RB1 deletion, 25 cases)

or a normal karyotype (75 cases) had shorter me-

dian TTT intervals (ranging from 105 to 129

months, P < 0.01 in all of the comparisons).

Finally, patients carrying trisomy 12 (48 cases)

and 11q deleted or 17p deleted (45 cases) experi-

enced the worst clinical course (P < 0.0001).

Survival According to Percentage of 13q Deleted

Nuclei and 13q Deletion Size

OS data were available in 325 out of 342

del13q-only cases. Although the number of

events in this series was relatively low (32/325,

9.8%), both the deletion load, using the 70% cut-

off, and the deletion size, reaching or not the

RB1 locus, turned out to have prognostic rele-

vance as OS predictors (Supporting Information

Fig. S6, P < 0.05 in both cases). Despite this, in

multivariate analysis, both the percentage of

nuclei carrying a 13q deletion and the presence

of larger deletion involving the RB1 locus failed

to be selected as independently related to OS

(data not shown).

DISCUSSION

Two recent studies (Hernandez et al., 2009;

Van Dyke et al., 2010) described a relationship

between the number of CLL nuclei carrying 13q

deletion, expressed as percentage of deleted

nuclei, and disease outcome. Specifically, Her-

nandez et al., (2009) reported that del13q-only

cases carrying a del13 in �80% of nuclei had a

shorter TTT and OS than those with <80% of

deleted nuclei. Van Dyke et al., (2010), using a

cutoff of 65.5% of deleted nuclei, obtained the

same result comparing the TTT of the two cate-

gories, whereas no difference in OS was

observed. In this study, by taking advantage of a

wider cohort of del13q-only cases than those pre-

viously investigated (Hernandez et al., 2009; Van

Dyke et al., 2010), we were able to confirm this

relationship for both TTT and OS. Although in

our series we chose to use the value of 70% of

deleted nuclei as the optimal cutoff, significant

differences were maintained, also when the previ-

ously proposed cutoffs (Hernandez et al., 2009;

Van Dyke et al., 2010) were applied. These

results concordantly confirm the notion that

del13q-only cases represent a clinically non-ho-

mogeneous CLL subgroup, and that a 13q dele-

tion load, when involving the vast majority of the

neoplastic clone, has a negative prognostic impact

for del13-only CLL (Hernandez et al., 2009; Van

Dyke et al., 2010). Additional metaanalysis stud-

ies or studies in the context of wide, randomized

clinical trials are needed to definitely identify the

cutoff of 13q deleted nuclei to be used to sepa-

rate del13q-only CLL in subgroups with different

prognosis. Finally, biallelic 13q deletion failed to

have a prognostic impact both in our and previ-

ous studies (Hernandez et al., 2009; Van Dyke

et al., 2010), suggesting the existence of addi-

tional factors (e.g., deletion of different sizes) in

defining del13q-only CLL prognosis.

Beside the deletion load, another matter of

heterogeneity among 13q deleted CLL is repre-

sented by the size of 13q deletion (Ouillette

et al., 2008; Mosca et al., 2010; Parker et al.,

2011). In this context, recent studies proposed to

classify del13q-only CLL based on genomic

maps, and indicated the RB1 gene as size land-

mark. In particular, the existence of at least two

subtypes of 13q deletion, different in size and

discernible by investigating losses at the RB1

locus, has been proposed (Ouillette et al., 2008;

Mosca et al., 2010). These studies, however,

failed to correlate the size of 13q deletion with

the clinical behavior of CLL patients carrying

these chromosomal abnormalities.

In this study, by investigating for deletion

involving the RB1 locus in nuclei from 342

del13q-only CLL, we clearly demonstrated that

the relationship between percentage of 13q

deleted nuclei and prognosis can be refined by

adding information regarding the deletion size. In

particular, small 13q deletions, i.e., not compris-

ing the RB1 locus, appeared to characterize a

subgroup of del13q-only cases with a particularly

indolent clinical course, whereas the presence of

larger 13q deletions, i.e., involving the RB1 locus,

increased the risk of progressive disease in

del13q-only cases with <70% of deleted nuclei.

This group of patients as well as all those with

13q deletions detectable in more than 70% of

nuclei, irrespective of the presence of a 13q dele-

tion involving the RB1 locus, had a clinical course

similar to that of the so-called CLL with ‘‘normal

karyotypes.’’ Thus, our results from TTT demon-

strate a contribution of deletion size in refining

the prognostic significance of deletion load in the
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context of del13q-only CLL. Of note, this contri-

bution appears evident also by analyzing OS data,

although with a necessary word of caution due to

a low number of events in our CLL series.

Thus, the knowledge of the 13q deletion load,

measured as percentage of deleted nuclei, and of

the 13q deletion size, measured by using two

13q-specific probes (i.e., LSI-D13S319 and LSI-

RB1), closely cooperate to better define the prog-

nostic cytogenetic classification of del13q-only

CLL (Dohner et al., 2000; Mehes, 2005). Accord-

ing to these data, we propose a novel FISH flow-

chart for an accurate prognostic evaluation of

del13q-only cases that specifically keep in consid-

eration the interaction between 13q deletion size

and deletion load in the context of del13q-only

cases with less than 70% of deleted nuclei. As

summarized in Figure 5, cases in which a 13q de-

letion, as investigated by using the LSI-D13S319

probe, is detected in more than 70% of nuclei

should be directly considered as having an inter-

mediate prognosis. Conversely, cases in which a

13q deletion is detected in less than 70% of

nuclei should be tested with an RB1-specific

probe to investigate for the 13q deletion size.

This additional FISH analysis allows classifying a

given del13q-only CLL as belonging to a group

of either good or intermediate prognosis (Fig. 5).

The reason(s) explaining the clinical course of

the different CLL categories identified by 13q

deletion size/load remain to be elucidated. In this

regard, in a subset of 44 del13q-only cases, repre-

sentative of all of the four 13q deletion categories

here reported, we were not able to find any corre-

lation between the expression levels of RB1, as

determined by quantitative real-time PCR, and

the presence of RB1 deletion by FISH (unpub-

lished data). Similarly, variable levels of MIR15A/

MIR16-1 were also detected in the same cases,

the lowest levels being found in the few cases

with documented biallelic deletions, in agree-

ment with previous reports (Calin et al., 2005;

Cimmino et al., 2005; Fulci et al., 2007; Bomben

et al., 2010).

Another possible explanation could be that

del13q-only cases with worse prognosis have also

larger 13q deletions, reaching or not the RB1

gene, but involving additional chromosomal loci

usually located centromeric to the DLEU2/

MIR15A/MIR16-1 locus, representing the canoni-

cal MDR of 13q deleted CLL (Liu et al., 1997;

Lagos-Quintana et al., 2001; Migliazza et al.,

2001; Calin et al., 2002) According to this line of

reasoning, genome-wide DNA analysis carried

out in this study actually detected slightly larger

deletions, centromerically located to the DLEU2/

MIR15A/MIR16-1 locus, in the vast majority (13/

16) of cases classified by FISH as having more

than 70% of deleted nuclei. Conversely, only 13

out of 23 del13q-only CLL belonging to the

good prognosis category with less than 70% of

deleted nuclei presented comparably large 13q

deletions (unpublished data). Notably, deletion

of the DLEU2/MIR15A/MIR16-1 locus in mice

determines the development of a lymphoprolifer-

ative disorder with the phenotype of aggressive

CLL (Klein et al., 2010). Such an aggressive

phenotype was thought to be due to the involve-

ment of other genetic elements, such as TRIM13,

which partially overlaps the DLEU2/MIR15A/

MIR16-1 cluster in mice, but is centromerically

located in humans (Ivanov et al., 2003;Klein

et al., 2010). Whether CLL with more than 70%

of 13q deleted nuclei and larger 13q deletions

might have deletions of additional genetic ele-

ments located in a chromosomal region just cen-

tromeric to the DLEU2/MIR15A/MIR16-1 locus,

including the TRIM13 gene, remains to be

demonstrated.

In summary, the analysis of a large series of

CLL allowed to demonstrate the prognostic het-

erogeneity that occurs in the context of del13q-

only cases, which can be revealed by FISH analy-

sis of both deletion load and deletion size. A

novel prognostic flowchart is thus proposed that

involves sequential hybridization with the LSI-

D13S319 and LSI-RB1 probes. Further studies

are needed to confirm these findings and to iden-

tify the putative tumor suppressor genes involved

in the pathogenesis of 13q deleted CLL.

Figure 5. FISH diagnostic flowchart for CLL cases harboring 13q
deletion.
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