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Key points 

• An intronic deletion in MKL1 leads to increased MKL1 activity and actin content in B cells 

• Increased MKL1 activity leads to B cell hyperproliferation, genomic instability, and 

increased tumor growth  

 

Abstract  

Megakaryoblastic leukemia 1 (MKL1) is a coactivator of serum response factor and together 

regulate transcription of actin cytoskeleton genes. MKL1 is associated with hematologic 

malignancies and immunodeficiency, but its role in B cells is unexplored. Here we examined B 

cells from monozygotic triplets with an intronic deletion in MKL1, two of whom were previously 

treated for Hodgkin lymphoma. To investigate MKL1 and B cell responses in HL pathogenesis, we 

generated Epstein Barr virus-transformed lymphoblastoid cell lines from the triplets and two 

controls. While cells from the Hodgkin lymphoma treated patients had a phenotype close to healthy 

controls, cells from the undiagnosed triplet had increased MKL1 mRNA, increased MKL1 protein, 

and elevated expression of MKL1-dependent genes. This was associated with elevated actin 

content, increased cell spreading, decreased expression of CD11a integrin molecules, and delayed 

aggregation. Moreover, cells from the undiagnosed triplet proliferated faster, displayed a higher 

proportion of cells with hyperploidy, and formed large tumors in vivo. This phenotype was 

reversible by inhibiting MKL1 activity. Interestingly, cells from the triplet treated for Hodgkin 

lymphoma in 1985 contained two subpopulations: one with high expression of CD11a that behaved 

like control cells and the other with low expression of CD11a that formed large tumors in vivo 

similar to cells from the undiagnosed triplet. This implies that pre-malignant cells had re-emerged a 

long time after treatment. Together, these data suggest that dysregulated MKL1 activity participates 

in B cell transformation and Hodgkin lymphoma pathogenesis.  
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Introduction 

Hodgkin lymphoma (HL) is a B cell malignancy of largely unknown etiology. Familial clustering 

and twin concordance is seen, as well as links to viral infections such as Epstein-Barr virus (EBV) 

(1, 2). The malignant HL Reed-Sternberg cells have frequently undergone class switch 

recombination and likely originate from germinal center B cells that fail to undergo apoptosis 

despite destructive somatic mutations (1, 3, 4). A number of studies have shown the ability of EBV 

to rescue crippled germinal center B cells from apoptosis, supporting its role in HL pathogenesis (5, 

6). 

 

Megakaryoblastic leukemia 1 (MKL1; also known as MRTF-A, MAL, or BSAC) is a 

transcriptional coactivator of serum response factor (SRF) and binds to globular (G-)actin via an 

RPEL motif (7, 8). As cytoplasmic G-actin is polymerized into filamentous (F)-actin, the G-actin 

pool diminishes. This leads to MKL1 translocation into the nucleus where it interacts with SRF to 

induce transcription of cytoskeleton-related genes, including actin, integrin molecules, and SRF 

itself (7-10). Indeed, inducible expression of SRF in response to serum stimulation is dependent on 

SRF and MKL1 activity (9, 11). Actin polymerization and MKL1-SRF activity are additionally 

regulated by extracellular signaling through several integrin molecules which activate the small Rho 

GTPases, including RhoA (12).  

 

MKL1 was initially described as part of a fusion protein in megakaryoblastic leukemia of poor 

prognosis (13, 14). MKL1 expression is detected in malignant cells in breast and liver cancer and 

associated with increased cell proliferation, anchorage-independent cell growth, and metastasis (15, 

16). Small molecule inhibitors of the MKL1-SRF pathway have been identified, facilitating studies 

on the biological activity of MKL1 and are tested as potential cancer therapeutic agents (17). One of 

these compounds is CCG-1423 that was originally identified as a RhoA-MKL1-SRF pathway 

inhibitor and later defined to directly target MKL1 (17, 18). 
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A loss-of-function mutation in MKL1 was recently identified in a 4-year-old girl with severe 

primary immunodeficiency (19). MKL1 deficiency caused reduced G-actin and F-actin content in 

patient neutrophils leading to reduced phagocytosis and migration (19). In 2013, a familial case of 

two monozygotic triplets that developed HL at the age of 40 and 63 was described (20). Both 

patients are in remission upon HL treatment in 1985 and 2008 and the third triplet remains 

undiagnosed. Using microarray comparative genomic hybridization, a 15–31-kb deletion in intron 1 

of MKL1 was identified in the triplets (20). The impact of this mutation on MKL1 expression and B 

cell function remains unknown. 

 

We here took the approach to generate EBV-transformed lymphoblastoid cell lines (LCLs) from the 

triplets with the deletion in MKL1 intron 1 (HL0, HL1, and HL2) and two healthy controls (C1 and 

C2). We found that the LCLs from the undiagnosed triplet had increased MKL1 and SRF 

expression, and elevated G-actin content. This was associated with hyperproliferation, genomic 

instability, and tumor formation when injected into immunocompromised mice. When compared to 

control LCLs with high CD11a expression and capacity to form large aggregates, HL0 LCLs 

expressed low CD11a and had reduced capacity to form aggregates. The HL1 LCLs showed a 

bimodal expression of CD11a and when sorted for CD11a low and CD11a high cells, CD11a high 

cells mimicked the response of control LCLs whereas HL1 CD11a low cells mimicked the response 

of HL0 cells with increased proliferation and tumor formation. Finally, treatment of HL0 cells with 

the MKL1 inhibitor CCG-1423 reverted the phenotype and prevented tumor growth in vivo. This 

data shows that unregulated MKL1 alters B cell cytoskeletal responses leading to B cell 

transformation.  
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Methods 

Human blood samples and EBV transformation 

Whole blood samples were obtained from the triplets and age-matched controls after informed 

consent was given. This study was performed according to the principles expressed in the Helsinki 

Declaration and with approval from the local ethics committee (Dnr 2015/416-31). For analysis of 

primary cells, the first experiment included samples from HL0, HL1, and ctrl (not used for EBV-

transformation) collected in February 2015 and the second experiment HL2 and C1, collected in 

May 2015. To establish EBV-transformed LCLs, PBMCs from HL0, HL1, and HL2, and two age- 

and sex-matched controls (C1 and C2), all collected in November 2015, were cultured with 

supernatant of the virus-producing B95-8 line (21). 

 

Mice 

NOD/SCID-IL2rγnull (NSG) mice were bred and maintained at the animal facility of the Department 

of Microbiology, Tumor and Cell Biology at Karolinska Institutet under specific pathogen-free 

conditions. Female mice were used and all animal experiments were performed after approval from 

the local ethics committee (the Stockholm District Court, permit N77/13 and N272/14). For 

inhibitor treatment, 10 μM CCG-1423 or DMSO was injected intratumorally for 6 consecutive 

days. The volume of the tumor was calculated at the endpoint using a caliper. 

 

Flow cytometry and Microscopy 

Flow cytometry was performed on PBMCs, LCLs, and cultured primary B cells using the 

LSRFortessa X-20 (BD Biosciences) and results were processed using FlowJo v10 software 

(TreeStar Inc., St. Ashland, Oregon, USA). To determine integrin expression at the cell surface, 

LCLs were labeled with an anti-human CD11a antibody (TS2/4; Biolegend) for total CD11a 

expression, or an anti-human CD11a antibody (Hl111; Biolegend) for inactive/closed conformation-

CD11a expression, or an anti-human CD54 antibody (Biolegend), followed by an anti-mouse-
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Alexa647 antibody (ThermoFisher Scientific). To determine F- and G-actin content in two LCL 

samples side by side, one sample was incubated with an anti-human CD54 antibody (Biolegend) for 

30 minutes on ice and thereafter labeled with DNaseI-Alexa488 (ThermoFisher Scientific) and 

phalloidin-Alexa568 (ThermoFisher Scientific). 

 

Results 

The MKL1 intron 1 deletion is associated with increased expression of MKL1 and MKL1-

induced genes.  

To understand how the deletion in MKL1 intron 1 affected actin cytoskeleton regulation in B cells, 

we examined freshly isolated cells and LCLs from the triplets (HL0, HL1, and HL2) and two 

healthy controls (C1 and C2; Figure 1A-B). We reasoned that the undiagnosed HL0 triplet may 

represent the pre-HL stage, whereas HL1 and HL2 cells may be more similar to control cells 

because of successful treatment for HL in 1985 and 2008, respectively. MKL1 protein in primary 

blood lymphocytes was higher in all triplets when compared to control cells as assessed by flow 

cytometry (Figure 1C and S1A). Using primer walking and sequencing, we confirmed that the 

triplets contained a heterozygous deletion of MKL1 intron 1 (Figure S2A). The intron 1 is in the 5´ 

untranslated region of the MKL1 gene. We examined exon boundaries of exon 1-4 in the 5’ 

untranslated region and found normal expression of adjacent exons, suggesting that the intron 1 

deletion did not affect splicing of MKL1 (Figure S3). MKL1 intron 1 contains many transcription 

binding sites (Figure S2B) that may affect MKL1 transcription. We examined MKL1 mRNA 

expression in LCLs by RT-qPCR. HL0 (undiagnosed triplet) LCLs had higher expression of MKL1 

when compared to the siblings (HL1 and HL2) and controls (C1 and C2) (Figure 1D). Detection of 

MKL1 protein indicated that HL0 LCLs displayed higher MKL1 than C1 and C2 (Figures 1E-F and 

S1B). To investigate whether increased MKL1 expression was associated with increased MKL1 

activity, we examined mRNA expression of specific MKL1-dependent genes including SRF and 

ACTB (19). HL0 LCLs had the highest expression for both MKL1-dependent genes (Figure 1G). 
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This suggests that the intron 1 deletion in MKL1 directly influences the expression of MKL1 and 

MKL1 target genes. 

 

Increased actin content and actin-dependent spreading in HL0 and HL1 cells.  

To understand how the deletion in MKL1 intron 1 affected actin content and responses, we 

examined F-actin content in primary lymphocytes by flow cytometry. No difference was seen when 

comparing HL0 and HL1 to control lymphocytes while HL2 had higher F-actin content when 

compared to C1 (Figure 2A). In primary monocytes gated based on FSC and SSC profiles by flow 

cytometry, triplet cells had higher MKL1 expression (Figure S1C) and higher F-actin content 

(Figure S1D). Moreover, control and patients monocyte-derived dendritic cells from whole blood 

displayed a similar ability to form podosomes (Figure S4A and B). To exclude a possible effect of 

cell size and different hematopoietic cell subsets of primary cells, we compared actin content in 

triplet LCLs with controls side by side by alternately labelling one cell population with anti-CD54 

antibodies after fixation and before mixing the two populations. We thereafter detected G-actin 

using DNAse1, and F-actin using phalloidin (Figure 2B and S1E-F). HL0 cells had increased G-

actin and a tendency for increased F-actin (Figure 2B-D). To examine if increased actin content had 

any impact on cytoskeletal rearrangement, triplet and control LCLs were examined microscopically 

on glass surfaces coated with fibronectin and anti-CD19 antibodies. HL0 and HL1 cells had 

increased capacity to spread with formation of long dendritic protrusions (Figure 2E-F and S5A) 

and increased adhesive area measured by interference reflection microscopy (Figure 2G-H). This 

indicates that the deletion in MKL1 intron 1 was associated with increased actin content and actin-

dependent B cell spreading. 

 

HL0 cells display decreased aggregation and reduced CD11a integrin expression.  

LCLs grow in clusters by homotypic aggregation dependent on leukocyte function antigen-1 

(consisting of subunits CD11a/integrin αL and CD18/integrin β2) and intercellular adhesion 
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molecule-1 (ICAM-1/CD54, Figure S6) (22-24). When culturing LCLs, we observed decreased 

clustering of triplet cells, especially pronounced for HL0 LCLs (Figure S5B). To quantify this, we 

measured aggregation from single cell suspensions by live cell imaging during 2 hours. C1, C2, 

HL1, and HL2 LCLs formed aggregates instantly, whereas HL0 LCLs displayed impaired 

aggregation with delayed formation of small aggregates over 2 hours (Figure 3A-B). We examined 

if decreased aggregation resulted from altered surface expression of adhesion receptors. C1, C2, 

HL1, and HL2 cells displayed similar expression of total surface and intracellular CD11a, and 

inactive CD11a (Figure 3C-G and S5C). HL0 cells displayed lower expression of total surface and 

intracellular CD11a, and inactive CD11a as well as lower CD11a mRNA (ITGAL, Figure 3C-G and 

S5C). Interestingly, cells lacking MKL1 expression (19) showed higher surface CD11a expression 

when compared to control cells (Figure S4C). Triplet and control LCLs had similar expression of 

CD54 (Figure 3H and S5C). This shows that HL0 cells had reduced capacity to form aggregates and 

this was associated with low expression of CD11a. 

 

HL0 cells display increased proliferation and genomic instability. 

HL has previously been associated with immunodeficiency and altered proliferation (25, 26). To 

examine for immunodeficiency, we used FASCIA (Flow-cytometric assay of specific cell-mediated 

immune response in activated whole blood) analysis to detect B and T cell responses to various 

antigens (27). We found that triplet B cells displayed a decreased response to pokeweed mitogen 

but had normal T cell responses (Table S1). To address how increased MKL1 expression correlated 

to proliferation, primary B cells were cultured with anti-CD40 antibodies and IL-4 for 72 hours and 

labelled with the proliferation marker Ki-67 (Figure 4A and S5D). Triplet samples had more Ki-67+ 

proliferating B cells than controls (Figure 4A). To exclude the variation due to sample collection 

time when using Ki67, we measured proliferation in LCLs by DNA syntesis over 20 hours using 

3H-thymidine incorporation. Compared to controls, HL0 cells had higher DNA synthesis (Figure 

4B). To examine if proliferation rate was associated with cell cycle alterations, we used DNA-
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specific Hoechst labeling to evaluate cells in G0/G1 (2n DNA content), S, and G2/M (4n DNA 

content) phases. The proportion of cells in S or G2/M phase was higher in HL0 LCLs (Figure 4C). 

3% of HL0 cells had more than 4n DNA content, compared to 0–1% of control cells (Figure 4D). 

Since EBV has been shown to induce multiple nuclei in transformed cells (28), we counted nuclei 

in triplet and control LCLs to evaluate if multinuclearity could explain the proportion of cells with 

more than 4n DNA content. No correlation was seen between multinuclearity and DNA content 

(Figure 4E-F), indicating that increased DNA content could have resulted from genomic instability. 

When arresting triplet and control LCLs in metaphase, HL0 and HL1 had a higher proportion of 

cells (approximately 25–35 %) with more than 46 chromosomes (Figure 4G-H). To investigate the 

growth of HL0 and C1 cells in vivo, cells were injected subcutaneously into NSG mice that lack a 

functional immune response and cell growth was examined as tumor mass on day 9. C1 cells failed 

to form a tumor mass whereas HL0 cells formed tumors with distinct angiogenesis (Figure 4I). 

Together this suggests that increased MKL1 expression and activity is directly associated with 

hyperproliferation and genomic instability leading to formation of a tumor mass in vivo.  

 

HL1 display two distinct populations of cells of which one shows an HL0 phenotype.  

We noticed that HL1 cells recurrently showed an intermediate phenotype when compared to HL0 

and control cells. HL1 cells showed a bimodal expression of CD11a and we examined if this 

represented two populations of cells with different phenotype. We used FACS sorting to sort out 

CD11a low and CD11a high cells from the HL1 cells (Figure 5A). Genomic DNA PCR showed that 

sorted HL1 CD11a low and HL1 CD11a high cells contained the heterozygous deletion of MKL1 

intron 1 (Figure S2A). CD11a low cells had increased MKL1 protein and increased cell spreading 

when compared to CD11a high cells (Figure 5B-C). We quantified aggregation during 2 hours and 

found that CD11a low cells had reduced capacity to aggregate when compared to CD11a high cells 

(Figure 5D-E). To examine proliferation, we sorted 250000 cells of CD11a low and CD11a high 

cells and counted cells at day 3–8. The CD11a high cells showed only modest proliferation whereas 
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the CD11a low cells expanded 3–4-fold during day 3–8 (Figure 5F). To examine proliferation of 

cells in vivo, we injected CD11a low and CD11a high cells into NSG mice and monitored tumor 

growth on day 15. CD11a low cells formed a large tumor mass with visible angiogenesis, whereas 

CD11a high cells formed a smaller tumor mass (Figure 5G). To address if the control C1 and C2 

cells also contained a stable CD11a low population, we used FACS sorting and cultured the C1 and 

C2 CD11a low and CD11a high cells for 17 days. The C1 and C2 CD11a low cells gained 

expression of CD11a during the culture, suggesting that the CD11a phenotype in control cells was 

unstable (Figure S7-S8). We next examined if alterations in CD11a expression was found in the 

L1236 HL cell line derived from a primary isolate of a patient with advanced HL (29). The L1236 

cells contained large Reed-Sternberg-like cells and smaller cells (Figure 5H). Using flow cytometry, 

small and large cells were identified based on FSC and SSC populations. Small cells had low 

expression of CD11a and the large cells were devoid of CD11a expression (Figure 5H). Together, 

this data suggests that low expression of CD11a may be a characteristic feature of pre-malignant B 

cells in HL.  

 

Inhibition of MKL1 activity in HL0 cells induces a phenotype similar to control cells. 

We next examined if we could revert the phenotype of HL0 cells to that of control cells using the 

MKL1 small molecule inhibitor CCG-1423 (17, 18). To define the dose range, HL0 cells were 

treated with different doses of CCG-1423 and cell death measured by flow cytometry. At 2–10 μM 

CCG-1423, 90% of cells were viable (Figure 6A). HL0 cells treated with CCG-1423 displayed 

dose-dependent lowering of MKL1 protein and decreased SRF expression (Figure 6B-D). The 

spreading capacity of HL0 cells was reduced upon CCG-1423 treatment (Figure 6E). Lowering 

MKL1 protein and activity led to increased aggregate formation and reduced proliferation (Figure 

6F-H). To examine if the MKL1 inhibitor could suppress tumor growth in vivo, HL0 cells were 

injected into NSG mice by subcutaneous injections. At day 6–12, a daily dose of 10 μM CCG-1423 
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was injected intratumorally. When compared to mice treated with vehicle (DMSO), treatment with 

the MKL1 inhibitor led to reduced HL0 tumor mass (Figure 6I).  

 

Discussion 

Dysregulation of MKL1 expression and the actin cytoskeleton has been implicated in hematological 

malignancies, although the exact mechanism has not been determined (Figure S9) (30, 31). Mutated 

MKL1 was originally described in patients with acute megakaryoblastic leukemia where MKL1 was 

fused with RBM15 by a chromosomal translocation (13, 14). The role of MKL1 in megakaryocyte 

differentiation, migration, and in the formation of proplatelets was subsequently described in 

MKL1-deficient mice (32, 33). In humans, MKL1 deficiency greatly impacts the hematopoietic cell 

actin cytoskeleton resulting in severely impaired cell migration and phagocytosis (19). The 

genetically identical triplets with a large deletion in MKL1 intron 1, HL affected and undiagnosed, 

provided a unique opportunity to investigate MKL1 and B cell responses in HL pathogenesis. We 

identify that increased activity of MKL1 in B cells led to the classical hallmarks of cancer cells: 

hyperproliferation, genomic instability, and formation of tumors with induction of angiogenesis 

(34).  

 

We have in this study mainly used EBV-transformed B cells (LCLs) from two controls and the 

triplets. To minimize the possible variation due to EBV transformation, all samples were EBV-

transformed under the same condition in regards to day of transduction, virus batch and 

concentration. The EBV cells allowed us to extensively investigate the impact of the MKL1 intron 1 

deletion on B cells and importantly perform controlled experiments where control and patient cells 

could be compared side by side. A limitation with EBV transformation is that highly proliferative B 

cells are favoured during EBV transformation (35). Moreover, the donor distribution of naïve, non-

switched memory, and switched memory B cells are reflected in the EBV-transformed B cells (35, 

36). We can not exclude that the EBV transformation induced expansion of a dominant subclone, 



13 
 

however, the CD11a staining revealed variable expression of CD11a in each sample although with 

different distribution. In fact, the variable CD11a expression allowed us to define different 

subpopulations in the HL0 and HL1 samples and argue against a dominant subclone upon EBV 

transformation.  

 

Since the deletion in MKL1 is intronic, we did not anticipate any changes in the amino acid 

sequence and found that MKL1 was expressed at normal size. The first intron is often essential for 

the regulation of gene expression (37, 38), why we investigated possible alterations of MKL1 

expression in the triplet cells and found that cells from the undiagnosed triplet (HL0) displayed the 

highest expression of MKL1 while HL1 and HL2, the triplets who were successfully treated for HL, 

showed an intermediate phenotype. This suggests a phenotypical difference between the triplets 

based on the onset and treatment of the disease. MKL1 via its interaction with SRF regulates 

expression of hundreds of genes involved in cell migration, adhesion, and differentiation (15, 39). 

We show that the high mRNA and protein expression of MKL1 in HL0 cells correlated with high 

expression of MKL1 target genes SRF and ACTB. MKL1 activity promotes migration and 

proliferation of cancer cells (16, 40, 41), suggesting that HL0 LCLs could be pre-malignant.  

 

Because the absence of MKL1 results in a severely impaired actin cytoskeleton (19), we reasoned 

that overexpression of MKL1 could result in a more active actin cytoskeleton. Actin cytoskeleton 

proteins are upregulated in invasive cancer (42), suggesting that the increased activity of the actin 

cytoskeleton in the HL0 cells could enhance cell migration and cell division, promoting invasion of 

cells and growth of tumors. In support of this, HL0 cells with the highest MKL1 expression had 

higher G- and F-actin content and displayed increased spreading, a process that depends on actin 

cytoskeleton dynamics. The migration and hyperproliferation of cancer cells are also regulated by 

the alteration of integrin expression at the cell surface and the modification of the subsequent 

intracellular integrin signaling (43). EBV-transformed B cells aggregate in cell culture via the 
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interaction between the integrin CD11a (subunit of LFA-1) and the adhesion molecule ICAM-1 

(this study) (22-24). We examined LCL aggregation in vitro and observed that HL0 cells 

aggregated poorly, while HL1 cell aggregation varied and HL2 cell aggregation was similar to 

controls. We could show that the surface and total protein as well as the mRNA expression of 

CD11a was low in HL0 cells while similar to control in HL2 cells. Interestingly, CD11a expression 

in HL1 cells showed a bimodal distribution with CD11a low and CD11a high cells that might be the 

cause of the high variation of HL1 cell aggregation results. It is possible that the overactive actin 

cytoskeleton in HL0 cells prevented correct translocation of adhesion receptors to the cell surface or 

affected integrin inside-out and outside-in signalling.  

 

Because of the possible pre-malignant stage of HL0 cells, we investigated the cell proliferation 

response in vitro and in vivo for formation of tumor mass. HL0 cells were hyperproliferative in vitro 

and also in vivo where HL0 cells rapidly formed tumors in immunocompromised NSG mice. The 

HL0 population showed increased DNA content and a higher percentage of hyperploid cells. 

Because polyploidy is a result of incomplete cytokinesis (44), the increased hyperploidy of HL0 

cells could be due to an elevated rate of cytokinesis failure, possibly connected to overactivity of 

the actin cytoskeleton as shown previously when the actin regulator WASp is overactive (45, 46). 

Reed-Sternberg cells originate from failed cytokinesis and re-fusion of HL daughter cells (47, 48). 

This suggests that the failure of HL0 cells to complete cytokinesis could lead to the formation of 

giant multinucleated cells similar to Reed-Sternberg cells. 

 

The variable phenotype of the HL1 and HL2 triplets treated for HL in 1985 and 2008, respectively, 

was at first puzzling. Since all triplets contained the heterozygous deletion of MKL1 intron 1, we 

reasoned that whether a cell expresses the healthy MKL1 allele or the intron 1 deleted allele of 

MKL1 must be a stochastic event. The transcription of the MKL1 gene is quite complex with several 

sets of transcripts. The transcriptional start site is in exon 4, placing intron 1 is in the 5’ untranslated 
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region of MKL1. To understand the MKL1 associated phenotype, we took advantage of the bimodal 

expression of CD11a in HL1 cells to sort out CD11a low and CD11a high cells. CD11a high cells 

behaved similar to the control cells, displaying low expression of MKL1, low spreading and 

proliferation, together with a strong aggregation response. In contrast, CD11a low cells behaved 

similar to HL0 cells with high expression of MKL1, decreased aggregation, as well as increased 

proliferation in vitro and tumor formation in vivo. We also sorted out the small population of 

CD11a low cells from the control C1 and C2 cells, however, control CD11a low cells were not 

stable in culture and started to express CD11a during 17 days of culture. This suggests that the 

stable CD11a low phenotype in HL0 cells and sorted HL1 cells is associated with increased MKL1 

expression. Interestingly, HL Reed-Sternberg cells are characterized by low mRNA expression of 

CD11a (49, 50). Thus, since the HL0 triplet has not received HL treatment we reason that HL0 cells 

could represent a pre-HL stage. The presence of CD11a low cells in the HL1 patient, treated for HL 

using mustargen, oncovin, procarbazine, prednisone/adriamycin, bleomycin, vinblastine, and 

dacarbazine in 1985 (20), may indicate de novo HL with the CD11a low cells possibly outgrowing 

the healthy CD11a high cells. With this reasoning, the HL2 patient that received adriamycin, 

bleomycin, vinblastine and dacarbazine to treat HL in 2008 (20) would predominantly have CD11a 

high cells assuming that the highly proliferative CD11a low cells would have been mostly 

eradicated by the HL treatment. 

 

Finally, we investigated if the HL0 cell phenotype could be reverted by inhibition of MKL1 using 

the small molecule CCG-1423 (17, 18). HL0 cells treated with the MKL1 inhibitor showed 

decreased expression of MKL1 protein and the MKL1 target gene SRF, as well as reduced cell 

spreading. Importantly, using the MKL1 inhibitor we could revert the hyperproliferation of HL0 

cells in vitro and also by intratumoral injections in vivo.  
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We here present the first example of an intron mutation in MKL1, resulting in increased MKL1 

expression, increased actin content, decreased aggregation, hyperproliferation, and genomic 

instability in B cells. Of the triplet samples, HL0 showed the most pronounced difference in both 

MKL1 expression and activity, as well as in cellular responses when compared to controls. HL1 and 

HL2 patient cells, successfully treated for HL, had a phenotype closer to healthy controls. This 

finding together with the known role of MKL1 in metastasis (15) and with high mRNA expression 

of MKL1 in many types of lymphomas, suggests that increased MKL1 expression actively 

participates in B cell transformation and HL pathogenesis. 
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Figure legends 

Figure 1. The MKL1 intronic deletion is associated with increased expression of MKL1 and 

MKL1-induced genes. (A) Pedigree of genetically identical triplets whereof two have been 

diagnosed with HL. The MKL1 intronic deletion is indicated by black color, HL with grey color, 

and undiagnosed with white color. Numbers indicate year of treatment. (B) Overview of MKL1 

indicating the deletion in intron 1. (C) MKL1 protein expression in primary lymphocytes by flow 

cytometry from two separate experiments. Experiment 1: Ctrl, HL0, and HL1. Experiment 2: C1 

and HL2. Numbers indicate expression fold change normalized to ctrl and C1, respectively. (D) 

MKL1 mRNA expression. (E) Representative image of MKL1 protein expression; in (F) normalized 

to GAPDH expression. (G) Expression of MKL1-induced genes by RT-qPCR. (D, F, G) show 

combined data from three experiments; experiments with primary lymphocytes (C) were performed 

once. For bar graphs, the dotted line indicates normalization to mean of C1 and C2. All panels 

display data from LCLs except (C), which displays primary lymphocyte data. Error bars represent 

the standard deviation of the measurements. Symbols represent technical replicates from three 

independent experiments in D and G, and single values from independent experiments in F. All data 

were analyzed using ANOVA with post-hoc Tukey test. *** p<0.001, **** p<0.0001 

Figure 2. Increased actin content and actin-dependent spreading in HL0 and HL1 cells. (A) 

Phalloidin expression in primary lymphocytes by flow cytometry. Experiment 1: Ctrl, HL0, and 

HL1. Experiment 2: C1 and HL2. Numbers indicate expression fold change normalized to ctrl and 

C1, respectively. (B) Representative flow cytometry plot of G-actin and F-actin content in C2 and 

HL0 and (C-D) quantification of G- and F-actin content in control and triplets LCLs. (E) 

Immunocytochemistry of LCLs adhering to glass slides coated with fibronectin and anti-CD19 

antibody. Spread cells defined as having lamellipodia-like structures and/or long protrusions. White 

arrowheads indicate examples of spread cells; black arrowheads indicate non-spread. Cells stained 

with phalloidin-Alexa488 (green color) and mounted in Vectashield Antifade Mounting Medium 
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with DAPI (blue color). Original magnification x400. (F) Proportion of spread LCLs. The 

experiment was repeated three times and cell spreading was determined each time in three separate 

fields of view. Total cells counted: C1: 800; C2: 1356; HL0: 1081; HL1: 1062; HL2: 983; and 200 

cells or more were counted per sample per experiment. (G) Interference reflection microscopy of 

LCLs adhering to cover slips coated with fibronectin and anti-CD19 antibody. Original 

magnification x630. (H) Area of LCLs spread on coverslips. Total cells counted: C1: 119; C2: 109; 

HL0: 109; HL1: 131; HL2: 123. (C, D, F) show combined data from three experiments and (H) 

from two experiments. Experiments with primary lymphocytes (A) were performed once. (B) shows 

representative histograms and (E, G) show representative images. For bar graphs, the dotted line 

indicates normalization to mean of C1 and C2. All panels display data from LCLs except (A), 

which displays primary lymphocyte data. Error bars represent the standard deviation of the 

measurements. Symbols represent technical replicates from three independent experiments in F, and 

pooled single values from three independent experiments in H. All data were analyzed using 

ANOVA with post-hoc Tukey test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 

Figure 3. HL0 cells display decreased aggregation and reduced CD11a integrin expression. 

(A) Aggregation of LCLs, representative images. (B) Average area of aggregates observed in (A). 

(C) Representative flow cytometry plots of total CD11a surface expression in LCLs. (D) 

Quantification of CD11a surface expression as seen in (C). (E-F) Quantification of inactive CD11a 

and CD54 surface expression as seen in Figure S3. (G) Expression of ITGAL (CD11a) by RT-

qPCR. (H) Quantification of total CD11a protein expression. (B, D-F) show combined data from 

three experiments. (G-H) show combined data from two experiments. For bar graphs, the dotted 

line indicates normalization to the mean of C1 and C2. All panels display data from LCLs. Error 

bars represent the standard deviation of the measurements. Symbols represent technical replicates 

from three independent experiments in G, and single values from three independent experiments in 



24 
 

F. All data were analyzed using ANOVA with post-hoc Tukey test. * p<0.05, ** p<0.01, *** 

p<0.001 

Figure 4. HL0 cells display increased proliferation and genomic instability. (A) Expression of 

proliferation marker Ki-67 by flow cytometry on primary B cells cultured 48 hours with IL-4 and 

anti-CD40 antibodies. Numbers indicate expression fold change normalized to the mean of C1 and 

C2. (B) DNA synthesis rate as measured by radiation from incorporated 3H-thymidine after 48 

hours. (C) Cell cycle phase proportions (G0/G1, S and G2/M) determined by Hoechst 33342 

staining, measured by flow cytometry (representative histograms). Left graph shows how Y-axis 

was cut to allow for emphasized visualization of hyperploid cells with >4n of DNA content, 

quantified in (D). (E) Comparison of mononuclear (indicated by white arrowhead) and multinuclear 

(black arrowhead) LCLs. White color: DAPI; green color: phalloidin-Alexa488. (F) Proportion of 

multinucleated LCLs, as assessed by manual microscopical counting of nuclei stained with DAPI. 

Numbers indicate counted cells for each sample. (G) Telomere-FISH on chromosomes in 

metaphase. Representative images of a normal cell with 46 chromosomes and a hyperploid cell with 

92 chromosomes; insets show magnified representative chromosomes. Original magnification 

x1000. Chromosomes hybridized with TelG-Cy3 PNA probe (red color) and mounted in 

Vectashield Antifade Mounting Medium with DAPI (blue color). (H) Proportion of metaphases 

with a hyperploid amount of chromosomes (>46). Numbers indicate counted metaphases for each 

sample. (I) Subcutaneous injection of C1 and HL0 LCLs in NSG mice and measurement of tumor 

mass at day 9. Each circle represents one mouse. Right subpanel: representative image of tumor 

mass assessed at endpoint. Black arrowhead indicates angiogenesis. (A) shows data from one 

experiment; (B, D, F, H) show combined data from three experiments; (I) shows combined data 

from two experiments. For bar graphs, the dotted line indicates normalization to the mean of C1 and 

C2. All panels display data from LCLs except (A), which displays primary B cell data. Error bars 

represent the standard deviation of the measurements. All data were analyzed using ANOVA with 
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post-hoc Tukey test, except (I) that was analyzed using t-test. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001 

Figure 5. HL1 display two distinct populations of cells of which one shows an HL0 phenotype. 

(A) i) Representative flow cytometry plots from eight experiments showing gating on LCLs using 

SSC vs FSC. ii) CD11a expression in HL1 cells. HL1 cells were sorted using according to CD11a 

surface expression resulting in the two populations CD11a low and CD11a high cells shown in iii) 

and iv), respectively. (B) MKL1 expression in CD11a low and CD11a high LCLs was evaluated by 

Western blot. Left subpanel: representative Western blot showing MKL1 expression in CD11a low 

on high cells. Right subpanel: quantification by densitometry of MKL1 relative expression over 

GAPDH in four independent experiments. (C) Proportion of spread LCLs. CD11a low and high 

cells were let to spread on glass slides coated with fibronectin and anti-CD19 antibody. The 

experiment was repeated two times and cell spreading was determined each time in three separate 

fields of view. Total cells counted: CD11a low: 689; CD11a high: 579; and 200 cells or more were 

counted per sample per experiment. (D) Aggregation of CD11a low and high LCLs, representative 

images. (E) Average area of aggregates. Results from three independent experiments. (F) Cell 

concentration of CD11a low and CD11a high LCLs over 8 days. Results from five independent 

experiments. (G) Left subpanel: CD11a low or CD11a high LCLs were injected subcutaneous in 

NSG mice and the tumor size was measured 15 days later. Right subpanel: quantification of the 

tumor size in NSG mice injected with either CD11a low or high LCLs. Results from three 

independent experiments. (H) Microscopy for the L1236 HL cell line. Green: F-actin; blue: nuclear 

stain. CD11a expression by flow cytometry. Symbols represent single values from four independent 

experiments in B and F, and  technical replicates from two and three independent experiments in C 

and G respectively. Error bars represent the standard deviation of the measurements. All data were 

analyzed using t-test. * p<0.05, *** p<0.001 
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Figure 6. Inhibition of MKL1 activity in HL0 cells induces a phenotype similar to control 

cells. (A) Left and middle subpanels: Representative flow cytometry plots showing gating for size, 

granularity, and DAPI fluorescence intensity as a measure of the proportion of dead cells of HL0 

LCLs treated with 10µM of CCG-1423 for 24 hours. Right subpanel: quantification of cell death of 

HL0 cells treated with DMSO or CCG-1423 for 24 hours. Representative graph of three 

independent experiments. (B) Representative image of MKL1 protein expression in HL0 LCLs 

treated with DMSO or CCG-1423 for 24 hours. (C) Quantification of MKL1 expression levels 

normalized to GAPDH in HL0 LCLs treated with DMSO or CCG-1423 for 24 hours. Results from 

three independent experiments. (D) Expression of SRF mRNA by RT-qPCR in HL0 LCLs treated 

with DMSO or CCG-1423 for 24 hours. Results from three independent experiments. (E) 

Proportion of spread HL0 LCLs after treatment with DMSO or CCG-1423 for 48 hours. Experiment 

was repeated two times and cell spreading was determined each time in three separate fields of 

view. Total cells counted: DMSO: 541; 2 µM: 517; 5 µM: 454; 10 µM: 271; and 100 cells or more 

were counted per sample per experiment. (F) Aggregation in culture of HL0 LCLs treated with 

DMSO or CCG-1423 for 24 hours. More than 15 fields were randomly chosen for quantification. 

Original magnification x40. (G) Quantification of aggregation observed in (F) using ImageJ. Data 

representative of two independent experiments. Numbers indicate counted aggregates for each 

sample. (H) DNA synthesis rate in HL0 LCLs as measured by radiation from incorporated 3H-

thymidine after 48 hours of treatment with DMSO or CCG-1423. (I) HL0 LCLs were injected in 

NSG mice. From day 6, 50µL of DMSO or 10µM of CCG-1423 was injected intratumorally daily 

for 6 days. Tumor size was measured on day 12. Error bars represent the standard deviation of the 

measurements. Symbols represent single values from three independent experiments in C, mean 

values in D, and  technical replicates from two independent experiments in C and G. All data were 

analyzed using ANOVA with post-hoc Tukey test. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001 
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Extended Methods 

 

Human blood samples  

Whole blood samples were obtained from the triplets and age-matched controls after informed 

consent was given. This study was performed according to the principles expressed in the 

Helsinki Declaration and with approval from the local ethics committee (Dnr 2015/416-31). 

For analysis of primary cells, the first experiment included samples from HL0, HL1, and ctrl 

(not used for EBV-transformation) collected in February 2015 and the second experiment HL2 

and C1, collected in May 2015. To establish EBV-transformed LCLs, PBMCs from HL0, HL1, 

and HL2, and two age- and sex-matched controls (C1 and C2), all collected in November 2015, 

were cultured with supernatant of the virus-producing B95-8 line (1). 

 

Clinical status of patients 

HL0 has remained free from HL including the time of blood sampling. He suffered one stroke 

in 2009 and another in 2010. However, he still (2019) remains free from HL. The triplet HL1 

was diagnosed in 1985 at age 40 with stage IIIA HL of Epstein-Barr virus (EBV)–positive 

mixed cellularity subtype. He has been treated with mustargen, oncovin, procarbazine, 

prednisone/adriamycin, bleomycin, vinblastine, and dacarbazine chemotherapy. The triplet 

HL1 had enjoyed a 31-year continuous first complete remission at the time of blood sampling. 

To date he remains free from HL but underwent surgery for a prostate cancer in 2011. He 

suffers from cardiovascular disease. The triplet HL2 developed stage IIIB HL in 2008. His 

tumor was EBV-positive and of nodular sclerosis (NS) subtype. A complete and lasting 

remission was achieved following adriamycin, bleomycin, vinblastine and dacarbazine 

chemotherapy. The triplet HL2 died from cardiac insufficiency in January 2017. There were 

no clinical or laboratory signs of HL at the time of blood sampling or death. 
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Mice 

NOD/SCID-IL2rγnull (NSG) mice (2) were bred and maintained at the animal facility of the 

Department of Microbiology, Tumor and Cell Biology at Karolinska Institutet under specific 

pathogen-free conditions. Female mice were used 6-12 weeks of age and all animal 

experiments were performed after approval from the local ethics committee (the Stockholm 

District Court, permit N77/13 and N272/14). 

 

Flow-cytometric assay of specific cell-mediated immune response in activated whole 

blood (FASCIA) 

Whole blood samples were subjected to Flow-cytometric Assay for Specific Cell-mediated 

Immune-response in Activated whole blood (FASCIA) (3) to examine the capacity to form 

blast cells upon stimulation with different antigens. Heparinized whole blood was diluted 1:10 

in RPMI-1640 supplemented with 10-20 % fetal calf serum (FCS), L-glutamine, penicillin-

streptomycin, and Na-pyruvate (complete RPMI). The blood-medium mixture was stimulated 

with medium alone or with medium containing Phytohemagglutinin, Pokeweed mitogen, 

Concanavalin A, Prevenar vaccine, Tetanus toxin, Influenza A vaccine, PPD, Candida, 

Staphylococcal enterotoxin A/B, or Varicella zoster virus and cultured for 7 days at 37 °C with 

5 % CO2. At day 7, cells were stained with CD3-FITC/CD4-PE Simultest mix (BD 

Biosciences, San Jose, CA, USA) and in samples with Pokeweed mitogen with CD19-PC7 

(Beckman Coulter, Brea, CA, USA). Blast numbers were acquired during 80 seconds using a 

FC500 or Navios flow cytometer (Beckman Coulter). To obtain an absolute number of 

proliferating (blast) cells per µL whole blood, Trucount (BD Biosciences) tubes were used (3). 

Table 1 shows blast cell numbers at day 7. 
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Primary B cell isolation and culture 

Ten mL of whole blood was diluted 1:4 with 0.9 % NaCl and underlaid with 10 mL of Ficoll-

Paque PLUS (GE Healthcare Life Sciences, Marlborough, MA, USA); after centrifuging at 

400 g for 40 minutes at room temperature (rt), the peripheral blood mononuclear cell (PBMC) 

layer was aspirated and washed twice with Ca2+ and Mg2+-free Hank’s balanced salt solution 

(ThermoFisher Scientific, Waltham, MA, USA). B cells were isolated using the CD19 

MicroBeads kit (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the company 

protocol. MACS buffer was prepared with phosphate-buffered saline (PBS), pH 7.2, 0.5 % 

bovine serum albumin (BSA), and 2 mM EDTA. Cells were suspended in 80 µL of buffer and 

20 µL of CD19 MicroBeads per 107 cells, incubated for 15 minutes at 4 °C, and subsequently 

washed with buffer. Labeled cells were separated by passing cell suspension through MACS® 

MS columns (Miltenyi Biotec). For primary cell culture, B cells were suspended at 0.5x106 

cells/ml in complete RPMI with 30 ng/mL human IL-4, (Peprotech, London, UK), and 3 µg/mL 

anti-human CD40 (S2C6; MabTech, Cincinnati, OH, USA).  

 

EBV transformation 

For the establishment of EBV-transformed LCLs, PBMCs from HL0, HL1, and HL2, and two 

age- and sex-matched controls (C1 and C2) were isolated from blood by Ficoll-Paque gradient 

separation. B cells were infected with EBV by incubating the PBMCs with supernatant of the 

virus-producing B95-8 line for 90 minutes at 37 °C (1). Thereafter the cells were washed, re-

suspended in complete RPMI-1640 medium and cultured until stable LCLs were obtained. 

Cyclosporin A was added to the medium (0.5 µg/mL) for the first 4 weeks in order to inhibit 

EBV-specific T cells. LCLs were cultured in complete RPMI at 0.3–1.5x106 cells/mL. 

 

Reverse transcriptase-quantitative real-time polymerase chain reaction (RT-qPCR) 
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Total RNA from LCLs was isolated with the RNeasy kit (QIAGEN GmbH, Hilden, Germany). 

Each sample was treated with RNAse-free DNAse (QIAGEN) and RNA concentration was 

measured with the NanoDrop 2000 (ThermoFisher Scientific). The visual quality control for 

RNA integrity and purity was performed by 1 % UltraPure Agarose (ThermoFisher Scientific), 

1x TAE gel electrophoresis analysis. Gel images were created with the ImageQuant LAS4000 

Image System using the ImageQuant LAS4000 Control Software (GE Healthcare). Two µg of 

total RNA per sample was used for each cDNA synthesis reaction together with SuperScript II 

Reverse Transcriptase (ThermoFisher Scientific). The following primer pairs was used; 

MKL1-forward 5’-ACTAGCCGATGACCTCAATGA-3’ and MKL1-reverse 5’-

TTCACCTGGCCCACAATGATG-3’; SRF-forward 5’-CGAGATGGAGATCGGTATGGT-

3’ and SRF-reverse 5’-GGGTCTTCTTACCCGGCTTG-3’; ACTB-forward 5’-

CATGTACGTTGCTATCCAGGC-3’ and ACTB-reverse 5’-

CTCCTTAATGTCACGCACGAT-3’; ITGAL-forward 5’-

TGCTTATCATCATCACGGATGG-3’ and ITGAL-reverse 5’-

CTCTCCTTGGTCTGAAAATGCT-3’. RT-qPCR reactions were performed using 

SsoAdvanced Universal SYBR Green Supermix kit (Bio-Rad, Hercules, CA USA) in the 

C1000/CFX96 RT-qPCR System (Bio-Rad). Gene expression data were analyzed using Excel 

(Microsoft, Redmond, WA, USA). The arithmetic mean Ct of the triplicate, Ct, and RQ values 

were calculated, and then RQ values were normalized by average RQ of healthy controls (C1 

and C2).  The normalized RQ mean of biological replicates was determined and shown as 

“Expression fold change” with error bars representing the average deviation. 

 

Western blotting 

Cell lysates from LCLs were obtained by incubating 2x106 cells for 30 minutes at 4 °C in 100 

µL of NP-40 based buffer (NaCl: 150 mM, NP40: 0.5 %, tris(hydroxymethyl)aminomethane 
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(Tris)-Cl, pH 8.0: 50 mM) or radioimmunoprecipitation assay buffer (G-Biosciences, St. Louis, 

MO, USA) containing a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). 

During the lysis, the samples were vortexed every 10 minutes. The samples were then 

centrifuged at 13,000 rpm at 4 °C for 10 minutes before the supernatant was collected and 

mixed with Laemmli sample buffer in a 1:1 ratio and boiled at 95 °C for 10 minutes. Cell 

lysates (20 μL per well) were separated on Bolt 4–12 % Bis-Tris Plus polyacrylamide gels 

(ThermoFisher Scientific) in 1x MOPS (3-[N-morpholino]propanesulfonic acid) SDS 

Running Buffer (ThermoFisher Scientific). SeeBlue® Plus2 Pre-stained Protein Standard 

(ThermoFisher Scientific) was included as a size marker. The membrane was then blocked with 

5 % BSA/PBS-Tween 0.1 % (PBST) solution before being incubated overnight at 4 °C in 5 % 

BSA/PBST with the anti-MKL1 antibodies sc-21558 (Santa Cruz Biotechnology, Dallas, TX, 

USA) or HPA030782 (Sigma-Aldrich) at 1:500 and 1:250, respectively. The membrane was 

then incubated for 1 hour at rt with HRP-conjugated secondary antibodies mouse anti-rabbit 

(sc-2357; Santa Cruz Biotechnology) or mouse anti-goat (sc-2354; Santa Cruz Biotechnology) 

in 5 % BSA/PBST at 1:5000 and 1:10,000 respectively. The blot membrane was then 

developed with PIERCE ECL Western Blotting substrate and blot images were acquired using 

the ImageQuant LAS4000 Image system and ImageQuant LAS4000 Control Software (GE 

Healthcare). An anti-GAPDH antibody (sc-25778; Santa Cruz Biotechnology) was used as 

loading control. 

 

Flow cytometry 

Flow cytometry was performed on PBMCs, LCLs, and cultured primary B cells using the 

LSRFortessa X-20 (BD Biosciences) and results were processed using FlowJo v10 software 

(TreeStar Inc., St. Ashland, Oregon, USA). Whole blood was diluted 1:20 in FACS Lysing 

solution (BD Biosciences) to lyse erythrocytes, washed twice with PBS after 5 minutes of 
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incubation. Cultured primary B cells and LCLs were washed with PBS and analyzed in single-

cell suspensions. 

 

Analysis of primary lymphocytes was performed by first incubating the cells for 10 minutes in 

PBS with FcBlock (1:200; BD Biosciences) for blocking together with the Aqua Dead Cell 

Stain (1:300; ThermoFisher Scientific) diluted at 1:300 to determine living cells. The cells were 

then fixed and permeabilized with the Foxp3/Transcription Factor Fixation/Permeabilization 

kit (ThermoFisher Scientific). Proliferation was assessed using an anti-human Ki-67-Alexa647 

antibody (Biolegend) at 1:100 in 5 % BSA/PBS for 30 minutes at rt. 

 

For MKL1 expression in primary B cells, cells were fixed with Fix/Perm solution (BD 

Bioscience) for 30 minutes before being stained with rabbit anti-human MKL1 at 1:50 (Sigma-

Aldrich) for 30 minutes at rt. The cells were then incubated with a goat Alexa568-conjugated 

anti-rabbit antibody at 1:1000 (ThermoFisher Scientific) for 30 minutes. To determine the F-

actin content, the cells were, after fixation and permeabilization, incubated with a solution of 

biotinylated phalloidin (ThermoFisher Scientific) at 1:1000 for 30 minutes at rt. The cells were 

then incubated with streptavidin-APC/Cy7 (BioLegend, San Diego, CA, USA) at 1:1000 for 

30 minutes at rt. All steps above were followed by three washes with PBS. 

 

Cell cycle analysis of LCLs was performed by collecting cells directly from culture and 

labelling them with 5 µg/mL Hoechst-33342 (ThermoFisher Scientific) in PBS for 30 minutes 

at 37 °C, and then washed twice in PBS before analysis. 

 

To determine integrin expression at the cell surface, LCLs were collected and washed twice 

with ice-cold PBS before being resuspended in 100 µL of 2 % BSA/FcBlock (BD Bioscience) 
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in PBS and incubated for 20 minutes on ice. The cells were then stained for 30 minutes on ice 

with an anti-human CD11a antibody (TS2/4; Biolegend) for total CD11a expression, or an anti-

human CD11a antibody (Hl111; Biolegend) for inactive/closed conformation-CD11a 

expression, or the anti-human CD54 antibody (Biolegend). The cells were incubated with an 

anti-mouse-Alexa647 antibody (ThermoFisher Scientific) for 30 minutes on ice before being 

analyzed. All staining steps were followed by two washes with ice-cold PBS and one wash 

with ice-cold 2 % BSA/PBS. 

 

To determine F- and G-actin content in two LCL samples side by side, one sample was 

incubated with an anti-human CD54 antibody (Biolegend) for 30 minutes on ice. The cells 

were washed three times with ice-cold PBS before being incubated with an anti-mouse-

Alexa647 antibody (ThermoFisher Scientific) for 30 minutes on ice. The labeled sample were 

mixed with an unlabeled sample in the same tube and then fixed using 4 % formaldehyde (FA) 

for 20 minutes and permeabilized using 0.1 % Triton X-100 (Sigma-Aldrich) for 10 minutes. 

PBS containing 2 % BSA was used as blocking agent for 30 minutes before the cells were 

stained for 30 minutes with a 2 % BSA/PBS solution with DNaseI-Alexa488 (ThermoFisher 

Scientific) and phalloidin-Alexa568 (ThermoFisher Scientific) at 1:1000 and 1:400, 

respectively. The cells were washed three times for 5 minutes with PBS before being analyzed. 

 

Fluorescence-activated cell sorting  

HL1 cells were sorted according to their CD11a expression. 10x106 cells or more were 

collected and washed twice with ice-cold PBS before being resuspended in 2 % BSA/FcBlock 

(1:50, BD Bioscience) in PBS and incubated for 20 minutes on ice. Then, cells were stained 

for CD11a for 30 minutes on ice with an anti-human CD11a antibody (TS2/4; Biolegend). 

Subsequently, cells were incubated with Alexa647-conjugated anti-mouse antibody 
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(ThermoFisher Scientific) for 30 minutes on ice before being resuspended in 1 % FBS/Gey's 

balanced salt solution (GBSS). The cells were sorted using a FACSAria (BD Biosciences) and 

collected in 50 % FBS/GBSS. 

 

Immunocytochemistry 

Glass slides were coated with a fibronectin solution (50 µg/mL in PBS; Invitrogen) for 1 hour 

at 37 °C (ThermoFisher Scientific) and then with anti-CD19 antibody (BD Biosciences) (20 

µg/mL in PBS) for 1 hour at 37 °C before being washed twice with PBS. Cells in complete 

RPMI were seeded at 106 cells/mL and were let to adhere for 1 hour and 40 minutes at 37 °C. 

Cells were then fixed with 3.7 % FA for 15 minutes and permeabilized with 0.1 % Triton X-

100 (Sigma-Aldrich) for 15 minutes. 10 % FCS/PBS was used for blocking for 1 hour before 

F-actin was stained with phalloidin-Alexa488 (ThermoFisher Scientific) at 1:500 in 10 % 

FCS/PBS. Each step listed above was followed by three 5-minute PBS washes. Slides were 

mounted with Vectashield Antifade Mounting Medium with DAPI (Vector Laboratories, 

Burlingame, CA, USA). The cells were imaged using a Leica DMRE epi-fluorescence 

microscope equipped with 25x/0.75 PL-FL and 40x/1.00-0.50 PL-FL objectives. Images were 

acquired at rt using the Hamamatsu C4880 camera and the HiPic 32 software (Hamamatsu, 

Shizuoka, Japan). Original magnification x400. Brightness and contrast were adjusted using 

ImageJ/FIJI(4). Spread cells were defined as having lamellipodia-like structures and/or long 

protrusions and manually counted. For nuclei counting, cell borders were determined by 

phalloidin staining and nuclei identified by DAPI (4',6-diamidino-2-phenylindole) staining. 

 

Interference reflection microscopy 

To determine cell adhesion area, 0.25x106 LCLs were transferred to glass cover slips coated 

with 50 µg/mL fibronectin (Invitrogen) and 5 µg/mL purified anti-CD19 antibody (BD 
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Biosciences) and thereafter incubated for 1 hour and 40 minutes at 37 °C. Afterwards, cells 

were fixed with 1.3 % FA and mounted with Aqua Poly/Mount (Polysciences Inc., Taipei, 

Taiwan). Cells were assessed with interference reflection microscopy using a Zeiss Axio 

Observer Z1 microscope equipped with a Zeiss analyzer slider D/A, 360° rotatable position, 

polarizer and a Hg/Mercury-lamp. Pictures were acquired using a 63x oil-immersion lens and 

the ZEN software (Zeiss, Oberkochen, Germany). ImageJ was used for data analysis of 

adhesion area, following normalization of brightness and contrast by setting the range equal to 

all pictures within the experiment, subtraction of the background using a 50 pixel rolling ball 

radius and normalization of threshold.  

 

Time-lapse imaging of cell aggregation 

LCLs were washed twice with PBS and resuspended at 1.6x106 cells/mL in RPMI-1640 

containing 0.5 % BSA and 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 

acid). 100 µL of cell suspension per sample was seeded in a flat bottom 96-well plate. The 

plate was placed in the microscope environmental chamber at 37 °C, incubated for 10 minutes, 

whereby 100 µL of warm medium was added to the wells and incubated for 10 minutes. 

Aggregation was imaged every 2 minutes at 37 °C with 5 % CO2 using a Zeiss CellObserver 

Z1 equipped with a EC Plan-Neofluar 10x/0.30 Ph1 objective and a Zeiss Axiocan MR R3 

camera. Images were processed using ImageJ/FIJI. To detect aggregates, the “Find edges” 

function and a Gaussian filter (Sigma: 4) were applied resulting in the aggregates displayed as 

bright objects over a dark background. A signal threshold was then applied to generate a binary 

image and to locate aggregates. To discriminate aggregates from single cells that were not 

filtered out by the threshold, aggregates of 5 cells or more were detected with the “Analyze 

particles” function (size filter: 500 µm2–∞). Results were analyzed in Microsoft Excel 

(Microsoft, Redmond, Washington, USA). 
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DNA synthesis assessment 

LCLs were seeded at 3x105 cells/mL and cultured for 48 hours with a 2.5 μCi/mL 3H-thymidine 

(1 Ci = 37 GBq) pulse the last 20 hours. Cells were harvested onto a membrane, scintillation 

liquid was added, and incorporated radioactivity was measured using a Wallac microplate 

scintillation counter (Wallac Oy, Turku, Finland).  

 

Metaphase preparation and telomere-FISH 

Telomere-fluorescent in situ hybridization was performed as previously described (5). LCLs 

in culture were seeded at 106 cells/mL and arrested in metaphase with the addition of 0.1 μg/mL 

colcemide (ThermoFisher Scientific) for 5 hours at 37 °C. After PBS washing, 10 mL of 0.075 

M KCl was added slowly to the cells to allow them to swell, while vortexing them gently to 

avoid aggregation. Cells were incubated at 37 °C for 15 minutes whereafter two drops of 

fixative consisting of 3:1 of methanol and glacial acetic acid (Sigma-Aldrich) were added, 

before pelleting the cells at 700 rpm for 7 minutes and discarding supernatant. Cells were 

resuspended slowly in 10 mL of fixative while vortexing gently. The suspension was 

centrifuged at 700 rpm for 7 minutes and the fixation procedure was repeated twice before cells 

were dropped onto Superfrost Poly+ slides (ThermoFisher Scientific) to let cells burst and 

chromosomes adhere to the surface. Slides were held with surfaces facing down towards water 

vapor for 5 seconds and then dried on a heating block, after which they were incubated with 1 

mg/mL of pepsin in H2O at 37 °C for 10 minutes. TelG-Cy3 PNA probe (Panagene, Daejeon, 

South Korea) was added 1:20 in hybridization buffer (consisting of 10 mM NaHPO4 pH 6.4, 

10 mM NaCl, 20 mM Tris pH 7.5, 70 % FA, Denhardt’s solution, and 10 μL/mL ssDNA) 

together with 100 μg/mL cot1 DNA, hybridized at 80 °C for 3 minutes and subsequently 

incubated at rt for 2 hours. Slides were washed 3 times in 0.1 % Tween/PBS preheated to 55 
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°C and mounted in Vectashield Antifade Mounting Medium with DAPI. Cells were imaged at 

rt using a Leica DMRE microscope equipped with a 100x/1.25 N PLAN objective. Images 

were taken using the Hamamatsu C4880 camera and HiPic 32 software (Hamamatsu). Image 

brightness and contrast were adjusted using ImageJ. 

 

Inhibition of MKL1 using CCG-1423 

HL0 cells were incubated with indicated concentration of CCG-1423 for 24 or 48 hours at 37 

°C and 5 % CO2. The DMSO control used was equivalent to the highest amount of DMSO of 

the experiment, i.e. 10 or 20 µM condition. For in vivo administration, NSG mice were injected 

with HL0 cells by subcutaneous injection. After 6 days, 50 l of 10 M CCG-1423 or DMSO 

was injected intratumorally for 6 consecutive days. The volume of the tumor was calculated at 

the endpoint using a caliper.  

 

Statistical analysis 

Data are expressed as means +/- SD where indicated. Statistical analyses were performed using 

the GraphPad Prism 7 software (GraphPad Software, La Jolla, California, USA). Statistical 

significance between groups was assessed by 2-tailed Student t-test or one-way ANOVA with 

post-hoc Tukey test. Differences were considered significant when P < 0.05. For each figure, 

statistical analysis details are embedded in the figure legend. 
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Table S1. Flow-cytometric assay of specific cell-mediated immune response in activated whole blood.*  
 

Stimuli 
Reference donorǂ Ctrl C1 HL0 HL1 HL2 

CD4+ CD8+ CD19+ CD4+ CD8+ CD19+ CD4+ CD8+ CD19+ CD4+ CD8+ CD19+ CD4+ CD8+ CD19+ CD4+ CD8+ CD19+ 

Medium 65 10 5 108 77 14 143 15 8 28 70 9 35 113 6 30 68 15 

Phytohemagglutinin 93 34   602 598         171 370   119 189         

Pokeweed mitogen 10138 2653 886 16724 1496 2971 34620 1629 612 2421 8970 62 1256 5361 37 3092 7211 108 

Concanavalin A 11882 6164   11467 5324   16127 3380   5847 7084   805 635   2007 6947   

Prevenar vaccine 520 42   794 95   109 51   70 108   32 55   16 73   

Tetanus toxin 85 20   83 27   17211 464   50 48   32 72   190 113   

Influenza A vaccine 1638 95   1540 237   1730 177   199 53   1079 328   103 93   

PPD 2149 165   665 131   7656 272   6988 452   2873 194   40 110   

Candida 6650 64   14077 238   8965 152   1504 103   1781 222   6477 218   
Staphylococcal enterotoxin 
A/B 34350 16542   52044 12633   53077 7461   14260 23689   3058 3250   8705 22103   

Varicella zoster virus 190 61   91 44   701 51   170 59   130 154   197 84   

 
*Numbers indicate proliferating lymphocytes as determined by increased size in forward scatter by flow cytometry. Whole blood was stimulated for 7 d 
in medium alone or supplemented with indicated stimuli. At d 7, numbers of CD4+, CD8+, and CD19+ blast cells were determined. ǂAge-matched 
reference donor. The results should be interpreted in relation to infection and vaccination history.  
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Figure S1. (A) FACS gating strategy for analysis of immune cells in PBMCs. Subpanels (left to right): 

gating of monocytes and lymphocytes using forward vs side scatter; gating on living cells using Aqua 

Dead Cell Stain; fluorescence intensity of goat Alexa568 conjugated anti-rabbit only (secondary; blue) 

and together with rabbit anti-human MKL1 (red); fluorescence intensity of streptavidin-APC/Cy7 only 

(SA; blue) and together with phalloidin-biotin (Ph; red). (B) Full Western Blot of LCLs from controls 

(C1 and C2) and triplets (HL0, HL1 and HL2) using the anti-human MKL1 antibodies sc-21558. (C) 

MKL1 expression in primary monocytes by flow cytometry. Subpanels represent experiments 

conducted at separate time points. (D) Phalloidin expression in primary monocytes by flow cytometry. 

Subpanels represent experiments conducted at separate time points. (E) Controls for detection of G-actin 

and F-actin using DNAseI and phalloidin staining, respectively. Flow cytometry analysis of G-actin and 

F actin content in LCLs from C2 treated or untreated for 30 min with 2 μM of cytochalasin B  

(CB; to depolymerize F-actin) or 0.5μM of jasplakinolide (Jas.; to stabilize F-actin). Note that 

cytochalasin B induced a small increase in DNAseI (labeling G-actin) and a decrease in Phalloidin 

(labeling F-actin, left panels). Jasplakinolide induced a decrease in DNAseI (right panels). Since 

jasplakinolide competes with phalloidin binding sites on F-actin, changes in F-actin content can’t be 

visualized. (F) Gating strategy for analysis of F and G-actin content in LCLs. Subpanels (left to right): 

gating of LCLs using forward and side scatter; gating on single cells using FCS-Area vs FCS-Height; 

gating of the CD54-Alexa647 positive and negative populations.  
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Figure S2. (A) PCR products using primer pair flanking the expected ∆MKL1. The PCR revealed a 

band present in all samples (upper band, plain arrow) and a band of lower molecular weight specific to 

the triplets indicating the intronic deletion (lower band, dashed arrow). The genomic DNA from each 

sample was subjected to 20, 25, 30, 35, 40 or 42 PCR cycles as seen on the gel from left to right. 

Upper image, top row: healthy donors C1 and C2; bottom row: triplets HL0, HL1 and HL2; Bottom 

image HL1 cells after been sorted for CD11a low and CD11a high populations. (B) Schematic of 

MKL1 first intron showing the transcription factors sites in the expected ∆MKL1 and flanking regions 

(modified from Gene Transcription Regulation Database, http://gtrd.biouml.org/).  

http://gtrd.biouml.org/
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Figure S3. Detection of exon boundaries between exons 1 and 2, 2 and 3, 3 and 4, 4 and 5 and 5 and 6 

in controls C1 and C2 and in triplets HL0, HL1 and HL2. (A) Exon boundaries were amplified y PCR 

and run on agarose gel. (B) Exon boundaries were detected by RT-qPCR. Results were normalized to 

C1 and C2 mean value. 
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Figure S4. (A) and (B) Representative images of monocytes derived dendritic cells from 

C2 control and triplet HL0, respectively . Cells were stained with AlexaFluor-488 

tagged Phalloidin (green) together with a mouse anti-vinculin antibody followed by an 

anti-mouse AlexaFluor-568 antibody (red). Cells were images using Leica SP5 confocal 

microscope equipped with an HCX PL APO CS 63.0x N.A. 1.40 Oil UV objective. Original 

magnification: x630. (C) CD11a expression levels on control (blue histogram) and 

MKL1 deficient (red histogram) B LCLs. First graph, gating of the LCLs; second 

graph, CD11a expression (histograms); third graph, quantification of CD11a expression.  
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Figures S5. (A) Representative immunocytochemistry images of B cells adhering to glass slides coated 

with fibronectin and anti-CD19. Microscope: Leica DMRE; objective: 25x/0.75 PL-FL. Cells stained 

with phalloidin-Alexa488 (green) and mounted in Vectashield Antifade Mounting Medium with DAPI 

(blue). Images taken at room temperature using the Hamamatsu C4880 camera and LAS AF acquisition 

software; brightness and contrast adjusted using ImageJ. Original magnification: 250X. (B) 

Representatives images of LCLs aggregates after 24hs in culture at 37oC. Images taken at room 

temperature using a Motic AE30 microscope equipped with 10x/0.25 Plan Achromat Phase lens and a 

Moticam 580. Original magnification: 100X. (C) Surface expression of inactive CD11 and CD54 in the 

controls and triplets LCLs. (D) FACS gating strategy for cultured B cells. Subpanels (left to right): 

gating of B cells using forward vs side scatter; live/dead staining using AmCyan; fluorescence intensity 

of Ki67-APC. 
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Figure S6. Aggregation of C1 and C2 cell was monitored over 2 hours by time lapse microscopy in 

presence of blocking antibodies directed against CD54 and CD11a or in presence of isotype control 

antibody. (A) Average area of C1 and C2 cells aggregates in presence of 10µg/ml of anti-CD54 

antibody or (B) anti-CD11a antibody. 
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Figure S7. CD11a expression in C1 and C2 cells sorted for CD11a low and high expression. 

Expression of CD11a was assessed by flow cytometry 10 and 17 days after sort. 
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Figure S8. Aggregation of C1 and C2 sorted for CD11a low and high expression. On day 16, 200 000 

cells of (A) C1 CD11alow, (B) C1 CD11ahigh, (C) C2 CD11alow and (D) C2 CD11ahigh were plated in a 

24 wells plate and left at 37oC for 24 hours before being imaged using a 10x objective. Image 

composed of 100 images stitched together. 
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Figure S9. Expression of MKL1 in (A) HL and carcinoma and (B) in lymphoma and colorectal 

adenocarcinoma patients from the R2 database (R2: Genomics Analysis and Visualization Platform; 

http://r2.amc.nl). 
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