Hodgkin Lymphoma
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ABSTRACT

egakaryoblastic leukemia 1 (MKL1) is a coactivator of serum
Mresponse factor and together they regulate transcription of actin

cytoskeleton genes. MKL1 is associated with hematologic malig-
nancies and immunodeficiency, but its role in B cells is unexplored. Here we
examined B cells from monozygotic triplets with an intronic deletion in
NMKL1, two of whom had been previously treated for Hodgkin lymphoma
(HL). To investigate MKL1 and B-cell responses in the pathogenesis of HL,
we generated Epstein-Barr virus-transformed lymphoblastoid cell lines
from the triplets and two controls. While cells from the patients with treat-
ed HL had a phenotype close to that of the healthy controls, cells from the
undiagnosed triplet had increased MKL1 mRNA, increased MKL1 protein,
and elevated expression of MKL1-dependent genes. This profile was asso-
ciated with elevated actin content, increased cell spreading, decreased
expression of CD1la 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 HL in 1985 contained two
subpopulations: one with high expression of CD11a that behaved like con-
trol cells and the other with low expression of CD11a that formed large
tumors 7# 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 the pathogenesis of HL.

Introduction

Hodgkin lymphoma (HL) is a B-cell malignancy of largely unknown etiology.
Familial clustering and twin concordance are seen, as are links with viral infections
such as Epstein-Barr virus (EBV)."” The malignant HL Reed-Sternberg cells have fre-
quently undergone class switch recombination and likely originate from germinal
center B cells that fail to undergo apoptosis despite destructive somatic mutations."**
Various studies have shown the ability of EBV to rescue crippled germinal center B
cells from apoptosis, supporting the role of this virus in the pathogenesis of HL.>®

Megakaryoblastic leukemia 1 (MKL1; also known as MRTF-A; MAL, or BSAC) is
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a transcriptional coactivator of serum response factor (SRF)
and binds to globular (G-)actin via an RPEL motif.”* As cyto-
plasmic G-actin is polymerized into filamentous (F)-actin,
the G-actin pool diminishes. This leads to MKL1 transloca-
tion into the nucleus where it interacts with SRF to induce
transcription of cytoskeleton-related genes, including actin,
integrin molecules, and SRF itself.”" Indeed, inducible
expression of SRF in response to serum stimulation is
dependent on SRF and MKL1 activity.”" Actin polymeriza-
tion and MKL1-SRF activity are additionally regulated by
extracellular signaling through several integrin molecules
which activate the small Rho GTPases, including RhoA.”

MKL1 was initially described as part of a fusion protein
in megakaryoblastic leukemia of poor prognosis.”*** MKL1
expression is detected in malignant cells in breast and liver
cancer and is associated with increased cell proliferation,
anchorage-independent cell growth, and metastasis.'*"
Small molecule inhibitors of the MKL1-SRF pathway have
been identified, facilitating studies on the biological activity
of MKL1, and are being tested as potential cancer therapeu-
tic agents.” One of these compounds is CCG-1423, which
was originally identified as a RhoA-MKL1-SRF pathway
inhibitor and later discovered to target MKL1 directly.”*®

A loss-of-function mutation in MKL1 was recently iden-
tified in a 4-year old girl with severe primary immunodefi-
ciency.” MKL1 deficiency caused reduced G-actin and F-
actin content in the patient’s neutrophils, leading to reduced
phagocytosis and migration.” In 2013, a familial case of two
monozygotic triplets who developed HL at the age of 40
and 63 was described.” Both patients are in remission fol-
lowing HL treatment in 1985 and 2008, respectively, 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.” The impact
of this mutation on MKL1 expression and B-cell function
remains unknown.

Here we took the approach of generating EBV-trans-
formed lymphoblastoid cell lines (LCL) from the triplets
with the deletion in MKL1 intron 1 (HLO, HL1, and HL2)
and from two healthy controls (C1 and C2). We found that
the LCL 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 the cells were injected into
immunocompromised mice. When compared to control
LCL with high CD11a expression and capacity to form
large aggregates, HLO LCL expressed low CD11a and had
reduced capacity to form aggregates. The HL1 LCL showed
a bimodal expression of CD1la and when sorted for
CD11a low and CD11a high cells, CD11a high cells mim-
icked the response of control LCL whereas the H10 CD11a
low cells mimicked the response of HLO cells with
increased proliferation and tumor formation. Finally, treat-
ment of HLO cells with the MKL1 inhibitor CCG-1423
reverted the phenotype and prevented tumor growth in
vivo. These data show that unregulated MKL1 alters B-cell
cytoskeletal responses leading to B-cell transformation.

Methods

Human blood samples and Epstein-Barr virus
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 HLO, HL1, and a control
(not used for EBV-transformation) collected in February 2015
and the second experiment was conducted on samples from HL2
and Cl1, collected in May 2015. To establish the EBV-trans-
formed LCL, peripheral blood mononuclear cells from HLO,
HL1, and HL2, and two age- and sex-matched controls (C1 and
C2), all collected in November 2015, were cultured with super-
natant of the virus-producing B95-8 line.”

Mice

NOD/SCID-IL2ry™" (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 uM CCG-1423 or
dimethylsulfoxide 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 peripheral blood mononu-
clear cells, LCL, and cultured primary B cells using an
LSRFortessa X-20 (BD Biosciences). The results were processed
using FlowJo v10 software (TreeStar Inc., St. Ashland, OR, USA).
To determine integrin expression at the cell surface, LCL were
labeled with an anti-human CD11a antibody (TS2/4; Biolegend)
for total CD11a expression, or an anti-human CD11a antibody
(HI111; Biolegend) for inactive/closed conformation-CD11a
expression, or an anti-human CD54 antibody (Biolegend), fol-
lowed by an anti-mouse-Alexa647 antibody (ThermoFisher
Scientific). To determine F- and G-actin content in two LCL sam-
ples side by side, one sample was incubated with an anti-human
CD54 antibody (Biolegend) for 30 min on ice and thereafter
labeled with DNasel-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 exam-
ined freshly isolated cells and LCL from the triplets (HLO,
HL1, and HL2) and two healthy controls (C1 and C2)
(Figure 1A, B). We reasoned that cells from the undiag-
nosed HLO triplet may be in a 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 lympho-
cytes was higher in the cells from all triplets than in con-
trol cells, as assessed by flow cytometry (Figure 1C and
Online Supplementary Figure S1A). Using primer walking
and sequencing, we confirmed that the triplets’ cells con-
tained a heterozygous deletion of MKL1 intron 1 (Online
Supplementary Figure S2A). The intron 1 is in the 5~
untranslated region of the MKL1 gene. We examined
exon boundaries of exons 1-4 in the 5 untranslated
region and found normal expression of adjacent exons,
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Figure 1. The MKL1 intronic deletion is associated with increased expression of MKL1 and MKL1-induced genes. (A) Pedigree of genetically identical triplets (HLO,
HL1, HL2) of whom two have been diagnosed with Hodgkin lymphoma (HL). Presence of the MKL1 intronic deletion is indicated in black, a diagnosis of HL in gray,
and undiagnosed in white. Numbers indicate year of treatment. (B) Overview of MKL1 indicating the deletion in intron 1. (C) MKL1 protein expression in primary lym-
phocytes, determined by flow cytometry, in two separate experiments. Experiment 1: control (Ctrl), HLO, and HL1. Experiment 2: C1 and HL2. Numbers indicate the
fold-change in expression normalized to the ctrl and C1 values, respectively. (D) MKL1 mRNA expression. (E) Representative image of MKL1 protein expression. (F)
MKI1 expression normalized to GAPDH expression. (G) Expression of MKL1-induced genes by real-time quantitative polymerase chain reaction. (D, F, G) Combined
data from three experiments; experiments with primary lymphocytes (C) were performed once. For bar graphs, the dotted line indicates normalization to the mean
of C1 and C2. All panels display data from lymphoblastoid cell lines except (C), which displays data from primary lymphocytes. 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 analysis of variance with a post-hoc Tukey test. ***P<0.001, ****P<0.0001.

suggesting that the intron 1 deletion did not affect splic-
ing of MKL1 (Online Supplementary Figure S3). MKL1
intron 1 contains many transcription binding sites (Online
Supplementary Figure S2B) that may affect MKL1 transcrip-
tion. We examined AKL1 mRNA expression in LCL by
real-time quantitative polymerase chain reaction (RT-
qPCR). The LCL from HLO (the undiagnosed triplet) had
higher expression of MKL1 when compared to that of the
siblings (HL1 and HL2) and controls (C1 and C2) (Figure
1D). Protein studies indicated that the levels of MKL1
were higher in HLO than in C1 and C2 (Figure 1E, F and
Ounline Supplementary Figure 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.” HLO LCL had the highest expression of both
these MKL1-dependent genes (Figure 1G). 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 HLO and HL1 cells

To understand how the deletion in AKL{ intron 1
affected actin content and responses, we examined F-
actin content in primary lymphocytes by flow cytometry.
No difference was seen when comparing HLO and HL1 to
control lymphocytes while HL2 had a higher F-actin con-
tent compared to that of C1 (Figure 2A). In primary
monocytes gated based on forward and side scatter pro-
files by flow cytometry, the triplets’ cells had higher
MKL1 expression (Online Supplementary Figure S1C) and
higher F-actin content (Online Supplementary Figure S1D).
Monocyte-derived dendritic cells from whole blood of
the controls and HL patients displayed a similar ability to
form podosomes (Online Supplementary Figure S4A, B). To
exclude a possible effect of cell size and different
hematopoietic cell subsets of primary cells, we compared
actin content in cells from the triplets’ LCL with those of
controls side by side by alternately labeling one cell pop-
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ulation with anti-CD54 antibodies after fixation and
before mixing the two populations. Thereafter, we
detected G-actin using DNAsel, and F-actin using phal-
loidin (Figure 2B and Online Supplementary Figure S1E, F).
HLO cells had increased G-actin and a tendency for
increased F-actin (Figure 2B-D). To examine whether
increased actin content had any impact on cytoskeletal
rearrangement, the triplets” and control LCL were exam-
ined microscopically on glass surfaces coated with

HLO cells display decreased aggregation and reduced
CD11a integrin expression

LCL grow in clusters by homotypic aggregation
dependent on leukocyte function antigen-1 (LFA-1, con-
sisting of subunits CD11a/integrin oL and CD18/integrin
B2) and intercellular adhesion molecule-1 (ICAM-
1/CD54) (Online Supplementary Figure S6).** When cultur-
ing LCL, we observed decreased clustering of the triplets’
cells, an effect that was especially pronounced for HLO

fibronectin and anti-CD19 antibodies. HLO and HL1 cells
had increased capacity to spread, with formation of long
dendritic protrusions (Figure 2E, F and Online
Supplementary Figure S5A), and increased adhesive area
measured by interference reflection microscopy (Figure
2G, H). This indicates that the deletion in MKL7 intron 1
was associated with increased actin content and actin-
dependent B-cell spreading.

LCL (Online Supplementary Figure S5B). To quantify this,
we measured aggregation from single cell suspensions by
live cell imaging over 2 h. LCL from C1, C2, HL1, and
HL2 formed aggregates instantly, whereas those from
HLO displayed impaired aggregation with delayed forma-
tion of small aggregates over 2 h (Figure 3A, B). We inves-
tigated whether decreased aggregation resulted from
altered surface expression of adhesion receptors. C1, C2,
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Figure 2. Increased actin content and actin-dependent spreading in HLO and HL1 cells. (A) Phalloidin expression in primary lymphocytes determined by flow cytom-
etry. Experiment 1: Control (Ctrl), HLO, and HL1. Experiment 2: C1 and HL2. Numbers indicate fold-change in expression normalized to ctrl and C1, respectively. (B)
Representative flow cytometry plot of G-actin and F-actin content in C2 and HLO and (C, D) quantification of G- and F-actin content in control and the triplets’ lym-
phoblastoid cell lines (LCL). (E) Immunocytochemistry of LCL adhering to glass slides coated with fibronectin and anti-CD19 antibody. Spread cells are defined as
those with lamellipodia-like structures and/or long protrusions. White arrowheads indicate examples of spread cells; black arrowheads indicate non-spread cells.
Cells stained with phalloidin-Alexa488 (green color) and mounted in Vectashield Antifade Mounting Medium with 4',6-diamidino-2- phenylindole (DAPI, blue color).
Original magnification x400. (F) Proportion of spread LCL. 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; HLO: 1081; HL1: 1062; HL2: 983; and 200 cells or more were counted per sample per experiment. (G)
Interference reflection microscopy of LCL adhering to cover slips coated with fibronectin and anti-CD19 antibody. Original magnification x630. (H) Area of LCL spread
on coverslips. Total cells counted: C1: 119; C2: 109; HLO: 109; HL1: 131; HL2: 123. (C, D, F) Combined data from three experiments. (H) Combined data from two
experiments. (A) The experiments with primary lymphocytes were performed once. (B) Representative histograms. (E, G) Representative images. For bar graphs, the
dotted line indicates normalization to the mean of C1 and C2. All panels display data from LCL except (A), which displays data from primary lymphocytes. 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 analysis of variance with the post-hoc Tukey test. *P<0.05, **P<0.01, ***P<0.001,
**%%P<0.0001.
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HL1, and HL2 cells displayed similar expression of total
surface and intracellular CD11a, and inactive CD11a
(Figure 3C-G and Ounline Supplementary Figure S5C). HLO
cells displayed lower expression of total surface and intra-
cellular CD11a, and inactive CD11a as well as lower
CD1la mRNA (ITGAL) (Figure 3C-G and Ounline

Intronic deletion in MKL1 alters B-cell function

Supplementary Figure S5C). Interestingly, cells lacking
MKL1 expression® showed higher surface CD11a expres-
sion when compared to control cells (Online
Supplementary Figure S4C). LCL from the triplet and con-
trols had similar expression of CD54 (Figure 3H and
Ounline Supplementary Figure S5C). This shows that HLO
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Figure 3. HLO cells display decreased aggregation and reduced CD11a integrin expression. (A) Aggregation of lymphoblastoid cell lines (LCL), representative images.
(B) Average area of aggregates observed in (A). (C) Representative flow cytometry plots of total CD11a surface expression in LCL. (D) Quantification of CD11a surface
expression as seen in (C). (E, F) Quantification of inactive CD11a surface expression and intracellular CD11a expression as seen in Online Supplementary Figure S3.
(G) Expression of ITGAL (CD11a) by real-time quantitative polymerase chain reaction. (H) Quantification of CD54 surface expressio. (B, D-F) Combined data from three
experiments. (G-H) 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 LCL. 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 (F). All data were analyzed using analysis of variance with the post-hoc Tukey test. *P<0.05, **P<0.01,
**%P<0.001.
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cells had reduced capacity to form aggregates and this
was associated with low expression of CD11a.

HLO cells display increased proliferation and
genomic instability

HL has previously been associated with immunodefi-
ciency and altered proliferation.® To examine for
immunodeficiency, we used flow-cytometric assay of
specific cell-mediated immune response in activated
whole blood (FASCIA) analysis to detect B- and T-cell
responses to various antigens.” We found that the
triplets’ B cells displayed a decreased response to poke-
weed mitogen but had normal T-cell responses (Online
Supplementary Table S1). To address how increased MKL1
expression correlated to proliferation, primary B cells
were cultured with anti-CD40 antibodies and inter-
leukin-4 for 72 h and labeled with the proliferation mark-

The triplets’ samples had more Ki-67* proliferating B
cells than those of the controls (Figure 4A). To exclude
that any variation was due to sample collection time
when using Ki-67, we measured proliferation in LCL by
DNA synthesis over 20 h using *H-thymidine incorpora-
tion. Compared to controls, HLO cells had greater DNA
synthesis (Figure 4B). To examine whether proliferation
rate was associated with cell cycle alterations, we used
DNA-specific Hoechst labeling to evaluate cells in the
GO/G1 (2n DNA content), S, and G2/M (4n DNA con-
tent) phases. The proportion of cells in S or G2/M phase
was higher in HLO LCL (Figure 4C). Three percent of HLO
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,” we counted
nuclei in the LCL from the triplets and controls to evalu-
ate whether multinuclearity could explain the proportion

er Ki-67 (Figure 4A and Ounline Supplementary Figure S5D).  of cells with more than 4n DNA content. No correlation
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Figure 4. HLO cells display increased proliferation and genomic instability. (A) Expression of the proliferation marker Ki-67 by flow cytometry on primary B cells cul-
tured 48 h with interleukinlL-4 and anti-CD40 antibodies. Numbers indicate fold-change of expression normalized to the mean of C1 and C2. (B) DNA synthesis rate
as measured by radiation from incorporated 3H-thymidine after 48 h. (C) Proportions of cell cycle phases (GO/G1, S and G2/M) determined by Hoechst 33342 stain-
ing, measured by flow cytometry (representative histograms). Left graph shows how the 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) cells of lymphoblastoid
cell lines (LCL). White color: 4',6-diamidino-2- phenylindole (DAPI); green color: phalloidin-Alexa488. (F) Proportion of multinucleated LCL cells, as assessed by manual
microscopical counting of nuclei stained with DAPI. Numbers indicate counted cells for each sample. (G) Telomere-fluorescence in situ hybridization on chromosomes
in metaphase. Representative images of a normal cell with 46 chromosomes and a hyperploid cell with 92 chromosomes; insets show magnified representative chro-
mosomes. 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. (l)
Subcutaneous injection of C1 and HLO LCL 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 the endpoint. Black arrowhead indicates angiogenesis. (A) Data from one experiment. (B, D, F, H) Combined data from three exper-
iments. () 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 LCL
except (A), which displays data from primary B cells. Error bars represent the standard deviation of the measurements. All data were analyzed using analysis of vari-
ance with the post-hoc Tukey test, except (I) that was analyzed using a t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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was seen between multinuclearity and DNA content
(Figure 4E, F), indicating that increased DNA content
could have resulted from genomic instability. When
arresting LCL from the triplets and controls in
metaphase, HLO and HL1 had higher proportions of cells
(approximately 25-35%) with more than 46 chromo-
somes (Figure 4G, H). To investigate the growth of HLO
and C1 cells in vivo, the cells were injected subcutaneous-
ly 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 HLO cells
formed tumors with distinct angiogenesis (Figure 4I).
Together these observations suggest that increased
MKL1 expression and activity is directly associated with
hyperproliferation and genomic instability leading to for-
mation of a tumor mass in vivo.

HL1 cells contain two distinct populations of which
one shows an HLO phenotype

We noticed that HL1 cells recurrently showed an inter-
mediate phenotype when compared to HLO and control
cells. HL1 cells showed a bimodal expression of CD11a
and we examined whether this represented two popula-
tions of cells with different phenotypes. We used fluores-
cence activated cell sorting (FACS) to sort out CD11a low
and CD11a high cells from the HL1 cells (Figure 5A). PCR
of genomic DNA showed that sorted HL1 CD11a low and
HL1 CD11a high cells contained the heterozygous deletion
of MKL1 intron 1 (Online Supplementary 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 over 2 h and found that
CD11a low cells had a reduced capacity to aggregate com-
pared to that of CD11a high cells (Figure 5D, E). To exam-
ine proliferation, we sorted 250,000 CD1la low and
CD11a high cells and counted them between days 3 and 8.
The CD11a high cells showed only modest proliferation
whereas the CD11a low cells expanded 3- to 4-fold in the
period between day 3 and day 8 (Figure 5F). To examine
proliferation of cells in vivo, we injected CD11a low and
CD11a high cells into NSG mice and determined 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
whether the control C1 and C2 cells also contained a stable
CD11a low population, we used FACS 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 (Online Supplementary Figures S7
and S8). We next examined whether alterations in CD11a
expression were present in the L1236 HL cell line derived
from a primary isolate of a patient with advanced HL.* 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 forward and side scatter.
Small cells had low expression of CD11a and the large cells
were devoid of CD11a expression (Figure 5H). Together,
these data suggest that low expression of CD11a may be a
characteristic feature of pre-malignant B cells in HL.

Inhibition of MKL1 activity in HLO cells induces
a phenotype similar to that of control cells

We next investigated whether we could revert the phe-
notype of HLO cells to that of control cells using the
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MKL1 small molecule inhibitor CCG-1423.""® To define
the dose range, HLO cells were treated with different
doses of CCG-1423 and cell death measured by flow
cytometry. At doses of 2-10 uM CCG-1423, 90% of cells
were viable (Figure 6A). HLO cells treated with CCG-
1423 displayed dose-dependent lowering of MKL1 pro-
tein and decreased SRF expression (Figure 6B-D). The
spreading capacity of HLO 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 whether the
MKL1 inhibitor could suppress tumor growth i vivo, HLO
cells were injected into NSG mice by subcutaneous injec-
tions. From day 6 to day 12, a daily dose of 10 uM CCG-
1423 was injected intratumorally. Compared to treat-
ment with vehicle (dimethylsulfoxide), treatment with
the MKL1 inhibitor led to reduced HLO tumor mass in
mice (Figure 6I).

Discussion

Dysregulation of MKL1 expression and the actin
cytoskeleton has been implicated in hematologic malig-
nancies, although the exact mechanism has not been
determined (Online Supplementary Figure $9).*' Mutated
MKL1 was originally described in patients with acute
megakaryoblastic leukemia in whom MKL1 was fused
with RBA15 by a chromosomal translocation.”" The role
of MKL1 in megakaryocyte differentiation, migration,
and in the formation of proplatelets was subsequently
described in MKL1-deficient mice.”* In humans, MKL1
deficiency has a profound affect on the hematopoietic cell
actin cytoskeleton resulting in severely impaired cell
migration and phagocytosis.” Genetically identical
triplets with a large deletion in /IKL1 intron 1, of whom
two affected by HL and one undiagnosed, provided a
unique opportunity to investigate MKL1 and B-cell
responses in the pathogenesis of HL. We found 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.*

In this study we mainly used EBV-transformed B cells
(LCL) from two controls and the triplets. To minimize
possible variation due to EBV transformation, all samples
were EBV-transformed under the same conditions with
regards to day of transduction, virus batch and concentra-
tion. The EBV cells enabled an extensive investigation of
the impact of the MKL1 intron 1 deletion on B cells and
importantly they allowed us to perform controlled exper-
iments in which cells from the controls and the triplets
could be compared side by side. A limitation with EBV
transformation is that highly proliferative B cells are
favored during EBV transformation.”” Moreover, the
donor distribution of naive, non-switched memory, and
switched memory B cells is reflected in the EBV-trans-
formed B cells.®** We cannot exclude that the EBV trans-
formation induced expansion of a dominant subclone;
however, CD11a staining revealed variable expression of
CD11a in each sample although with different distribu-
tions. In fact, the variable CD11a expression allowed us
to define different subpopulations in the HLO and HL1
samples and argue against a dominant subclone upon
EBV transformation.
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Figure 5. HL1 cells comprise two distinct populations of which one shows an HLO phenotype. (A) (i) Representative flow cytometry plots from eight experiments showing
gating on lymphoblastoid cell lines (LCL) using side scatter (SSC) vs. forward scatter (FSC). (ii) CD11a expression in HL1 cells. HL1 cells were sorted 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 LCL was evaluated by western blot. Left subpanel: representative western blot showing MKL1 expression in CD11a low and CD11a high cells. Right subpanel: quan-
tification by densitometry of MKL1 expression relative to GAPDH expression in four independent experiments. (C) Proportion of spread LCL. CD11a low and high cells were
allowed 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 LCL, representative images. (E) Average area of aggregates. Results from three independent experiments. (F) Concentration of CD11a low and
CD11a high LCL cells over 8 days. Results from five independent experiments. (G) Left subpanel: CD11a low or CD11a high LCL cells were injected subcutaneously into
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 LCL cells.
Results from three independent experiments. (H) Microscopy of the L1236 HL cell line. Green: F-actin; blue: nuclear stain. CD11a expression determined 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-tests. *P<0.05, ***P<0.001.
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Since the deletion in AMKL1 is intronic, we did not antic-  those from the undiagnosed triplet (HLO) displayed the
ipate any changes in the amino acid sequence and found highest expression of MKL1 while cells from HL1 and
that the MKL1 expressed was of normal size. The first HL2, the triplets who were successfully treated for HL,
intron is often essential for the regulation of gene expres- showed an intermediate phenotype. This suggests a phe-
sion,”** which is why we investigated possible alterations notypic difference between the triplets based on the
of MKL1 expression in the triplets’ cells and found that onset and treatment of the disease. MKL1, via its interac-
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tion with SRF, regulates expression of hundreds of genes
involved in cell migration, adhesion, and differentia-
tion.”” We show that the high mRNA and protein
expression of MKL1 in HLO cells correlated with high
expression of the MKL1 target genes SRF and ACTB.
MKL1 activity promotes migration and proliferation of
cancer cells,"*** suggesting that HLO LCL could be pre-
malignant.

Because the absence of MKL1 results in a severely
impaired actin cytoskeleton,” we reasoned that overex-
pression of MKL1 could result in a more active actin
cytoskeleton. Actin cytoskeleton proteins are upregulated
in invasive cancer,” suggesting that the increased activity
of the actin cytoskeleton in the HLO cells could enhance
cell migration and cell division, promoting invasion of
cells and growth of tumors. In support of this, HLO 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 migra-
tion and hyperproliferation of cancer cells are also regulat-
ed by alteration of integrin expression at the cell surface
and modification of the subsequent intracellular integrin
signaling.” EBV-transformed B cells aggregate in cell cul-
ture via the interaction between the integrin CD1la (a
subunit of LFA-1) and the adhesion molecule ICAM-1 (this
study).”* We examined LCL aggregation in vitro and
observed that HLO cells aggregated poorly, while HL1 cell
aggregation varied and HL2 cell aggregation was similar to
that of control cells. We found that the levels of surface
and total protein as well as mRNA expression of CD11a
were low in HLO cells, but similar to control levels in HL2
cells. Interestingly, CD11a expression in HL1 cells showed
a bimodal distribution with CD11a low and CD11a high
cells, which might be the cause of the high variation of
HL1 cell aggregation results. It is possible that the overac-
tive actin cytoskeleton in HLO cells prevented correct
translocation of adhesion receptors to the cell surface or
affected integrin inside-out and outside-in signaling.

Because of the possible pre-malignant stage of HLO
cells, we investigated cell proliferation i vitro and in vivo
through formation of tumor mass. HLO cells were hyper-
proliferative in vitro and also i vivo where they rapidly
formed tumors in immunocompromised NSG mice. The
HLO population showed increased DNA content and a
higher percentage of hyperploid cells. Because polyploidy
is a result of incomplete cytokinesis,” the increased
hyperploidy of HLO 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.** Reed-Sternberg
cells originate from failed cytokinesis and re-fusion of HL
daughter cells.”* This suggests that the failure of HLO
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 AKL1 allele or the intron 1-
deleted allele of AMKL1 must be a stochastic event.
Transcription of the MKL1 gene is quite complex, with
several sets of transcripts. The transcriptional start site is
in exon 4, placing intron 1 in the 5" untranslated region of
MKL1. To understand the MKL1-associated phenotype,

N I

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 similarly 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 similarly
to HLO 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 pop-
ulation of CD11a low cells from control (C1 and C2) cells;
however, control CD11a low cells were not stable in cul-
ture and started to express CD11a during 17 days of cul-
ture. This suggests that the stable CD11a low phenotype
in HLO cells and sorted HL1 cells is associated with
increased MKL1 expression. Interestingly, HL Reed-
Sternberg cells are characterized by low mRNA expres-
sion of CD11a.”” Thus, since the HLO triplet has not
received HL treatment we reason that HLO cells could
represent a pre-HL stage. The presence of CD11a low
cells in HL1, who was treated for HL with mustargen,
oncovin, procarbazine, prednisone/adriamycin,
bleomyecin, vinblastine, and dacarbazine in 1985,* may
indicate de novo HL with the CD11a low cells possibly
outgrowing the healthy CD11a high cells. With this rea-
soning, the HL2 patient who received adriamycin,
bleomyecin, vinblastine and dacarbazine to treat HL in
2008 should have predominantly CD11a high cells,
assuming that the highly proliferative CD11a low cells
would have been mostly eradicated by the HL treatment.

Finally, we investigated whether the HLO cell pheno-
type could be reverted by inhibition of MKL1 using the
small molecule CCG-1423."** HLO cells treated with this
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 HLO cells in vitro
and also, by intratumoral injections, in vivo.

We present here the first example of an intron mutation
in MKL1, resulting in increased MKL1 expression,
increased actin content, decreased aggregation, hyperpro-
liferation, and genomic instability in B cells. Of the
triplets’ samples, those from HLO showed the most pro-
nounced difference in both MKL1 expression and activity,
as well as in cellular responses when compared to con-
trols. Cells from HL1 and HL2, successfully treated for
HL, had a phenotype closer to that of healthy controls.
This finding, together with the known role of MKL1 in
metastasis” and with high mRNA expression of MKL1 in
many types of lymphomas, suggests that increased MKL1
expression actively participates in B-cell transformation
and the pathogenesis of HL.
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