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1. RESUMEN

La leucemia linfoblastica aguda de células B (LLA-B) es el cancer infantil mas
comun. A pesar de que la mayoria de los pacientes con LLA-B alcanzan la
remision, aproximadamente el 20% sufre una recaida. La mayoria de las
recaidas se producen en la médula 6sea (MO), de forma aislada o combinada
con afectacién del sistema nervioso central (SNC), testiculos u otros 6rganos
extramedulares. La extravasacion de células leucémicas requiere una
migracion transendotelial controlada por el citoesqueleto de actina. La
cortactina es una proteina de unién a actina que se acumula al frente de las
células migratorias. Recientemente, demostramos que la cortactina se
sobreexpresa en las células B de los pacientes con LLA-B y que correlaciona
con una mayor capacidad migratoria, colonizacién a médula ésea, infiltracién
de 6rganos y recaida. La cortactina necesita ser desacetilada por la histona-
desacetilasa-6 (HDACG6) para inducir de manera eficiente la motilidad. HDAC6
es una histona desacetilasa de clase Il dependiente de zinc con una
localizacion citoplasméatica. Se han detectado niveles altos de HDAC6 en
tumores solidos donde se correlacion6 con metastasis en pacientes, pero se
desconoce si HDAC6 también modula la agresividad de las células B en LLA.
En este estudio, investigamos la relevancia de HDAC6 en la migracion de
células leucémicas in vitro e in vivo. Encontramos que HDACG6 esta
sobreexpresado en la linea celular REH de LLA-B en comparacion con células
B sanas, y que colocaliza con cortactina en el citoplasma. Células derivadas
de pacientes con LLA-B también expresan altos niveles de HDACG6 y
encontramos una correlacién positiva con la recaida. Ademas, encontramos
gue se requiere HDACSG para la polimerizacion de actina eficiente, la migracién
transendotelial, la colonizacion de MO vy la invasion de o6rganos in vivo.
Nuestros hallazgos destacan el potencial de la inhibicion farmacologica de
HDACG6 como nueva estrategia terapéutica en pacientes con LLA-B que podria

ayudar a prevenir la infiltracion a érganos y recaida de la enfermedad.



1.1 ABSTRACT

B- cell acute lymphoblastic leukemia (B-ALL) is the most common childhood
cancer. While most of the patients with B-ALL accomplish complete remission,
approximately 20% suffer relapse. Most of relapses occur in the bone marrow
(BM), alone or in combination with central nervous system (CNS), testis or
other extramedullary organs involvement. Leukemic cell extravasation is a
migratory process that requires actin cytoskeleton remodeling. Cortactin is an
actin-binding protein that accumulates at the leading edge of migrating cells.
Recently, we demonstrated that cortactin is overexpressed in B cells from B-
ALL patients and that it correlates with higher migratory capacity, BM
colonization, organ infiltration and relapse. Cortactin needs to be deacetylated
by the histone deacetylase-6 (HDACG6) to induce efficient cell motility. HDAC6
is a class Il zinc-dependent histone deacetylase with a cytoplasmic localization.
High HDACSG levels have been detected in solid tumors where it correlates with
metastasis in patients, but whether HDAC6 modulates B-ALL cell
aggressiveness has not yet been explored. In this study, we investigated the
relevance of HDACG in leukemic B cell migration in vitro and in vivo. We found
that HDACG6 is overexpressed in the B-ALL cell line REH in comparison to
healthy B cells, and that HDACS6 colocalizes with cortactin in the cytoplasm. B-
ALL patient-derived cells also possess high HDACG6 levels and we found a
positive correlation with relapse. Furthermore, we found that HDACG6 is
required for efficient actin polymerization, transendothelial migration, BM
colonization and organ invasion in vivo. Our findings highlight the potential of
HDACG6 pharmacological inhibition as a new therapeutic strategy in B-ALL

patients, which could help to prevent organ infiltration and disease relapse.



2. INTRODUCTION

2.1 Statistics of childhood leukemia

Childhood cancer comprises only a small proportion of the global cancer
burden. In high-income countries, more than 80% of children with cancer
survive after diagnosis (Lam et al., 2019; World Health Organization, 2021).
However, approximately 90% of children who develop cancer worldwide live in
low- and middle-income countries (Force et al., 2019). Unfortunately, these
children have low survival rates due to inadequate sanitary resources,
inaccurate diagnosis, limited access to drugs, and therapy abandonment
(Zapata-Tarrés et al., 2021).

Acute leukemias (AL), especially acute lymphoblastic leukemias (ALL), are the
most common childhood cancers throughout the world, accounting for about
30% of all cases (Siegel et al., 2023). The reported incidence worldwide is
153,000 new cases and 47,600 deaths (Lancet, 2019).

For Mexico City, the frequency of ALL is among the highest in the world (Pérez-
Saldivar et al., 2011). In public hospitals, the B cell subtype in pediatric patients
is found with frequencies of 76.1-81.4%, followed by the T-cell subtype (12.4-
23.6%) (Mejia-Aranguré et al.,, 2022). For the B-ALL subtype, the
immunophenotypes of children were determined for 113 pediatric AL cases
with 26.5% corresponding to pro-B, 19.5% to pre-B and 32% to combined pro-
B and pre-B differentiation stages (Balandran et al., 2016). Thus, B-lineage

leukemias dominate within the pediatric lymphoid leukemias.

2.2 B-cell acute lymphoblastic leukemia biology

B-cell acute lymphoblastic leukemia (B-ALL) is a clonal malignant disease
characterized by the presence of abnormally large numbers of hematopoietic
B-precursor cells (blasts) within the bone marrow (BM) due to an uncontrolled

proliferation and inhibition of lymphoid differentiation resulting in the



suppression of normal hematopoiesis (Huang et al., 2020; Terwilliger & Abdul-
Hay, 2017; Vilchis-Ordoiiez et al., 2015).

The etiology of B-ALL is not well understood. A minority of cases can be
associated with genetic syndromes such as Down syndrome and Fanconi
anemia (Paul et al., 2016; Terwilliger & Abdul-Hay, 2017). Viral infections can
alter DNA methylation patterns in genes associated with cell proliferation
leading to progression of ALL (Rahmani et al., 2018). Additional predisposing
factors comprise exposure to ionizing radiation, pesticides, and certain solvents
(Paul et al., 2016; Terwilliger & Abdul-Hay, 2017, causing cytotoxicity and DNA
damage in the BM (Mansell et al., 2019).

The fetal environment is also thought to play a vital role in the development of
pediatric ALL, with the hypothesis that as cells proliferate during fetal
development, random alterations can occur creating a preleukemic clone (M.
Greaves, 2018; Paul et al., 2016). In some cases, the postnatal acquisition of
secondary genetic changes drives conversion to leukemia. In the majority of
cases, B-ALL appears as a de novo malignancy in previously healthy
individuals, involving a variety of genetic alterations: chromosome
abnormalities, such as hyperdiploidy or translocations, point mutations and
deletions (Cobaleda & Sanchez-Garcia, 2009; Greaves & Wiemels, 2003;
Terwilliger & Abdul-Hay, 2017). These oncogenic conversions may interfere
with the networks controlling B-cell differentiation. For example, B-cell blasts
might lose their capacity to respond to external signals that regulate
differentiation; could acquire the capacity for unlimited self-renewal; or may
activate molecular pathways that mimic a particular stage of its normal
differentiation (Cobaleda & Sanchez-Garcia, 2009; Pui et al., 2008).

2.2.1 B-ALL clinical features and diagnosis

Most of the clinical manifestations of B-ALL reflect the accumulation of
malignant, poorly differentiated lymphoid cells within the bone marrow,

peripheral blood, and extramedullary sites. Patients can present a range of
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ailments such as fever, weight loss, infections, easy bruising, bleeding, and
fatigue due to cytopenia. Also, patients may exhibit leukemic cell infiltration in
the central nervous system (CNS), testis, lungs, and spleen, among other
organs (Loghavi et al., 2015; Paul et al., 2016; Terwilliger & Abdul-Hay, 2017).
Diagnosis is performed by determining the presence of 20% or more B
lymphoblasts in the peripheral blood or bone marrow. B lymphoblasts are larger
than normal lymphocytes and bestow higher nuclear to cytoplasmic ratio with
irregular nuclear contour (Rose et al., 2020). Evaluation of cell morphology,
cytogenetics, flow cytometry immunophenotyping, age, and white blood cell
(WBC) count is effective for confirming the first diagnosis and classify the risk
(Paul et al.,, 2016; Terwilliger & Abdul-Hay, 2017; Vrooman et al., 2018).
Cytogenetics represent an important step, where FISH (Fluorescence in situ
Hybridization) karyotyping can be helpful in the identification of recurrent
translocations (Chiaretti et al., 2014). Immunophenotyping by flow cytometry
analysis is the diagnostic gold standard, with the most important surface
markers for diagnosis of B-ALL being CD19, CD20, CD22, CD24, CD34 and
CD79a (Kulis et al., 2022). The earliest B-lineage markers are CD19, CD22
(membrane and cytoplasm) and CD79a. A positive reaction for any two of these
three markers is indicative of pro-B ALL. Further presence of cytoplasmic
heavy p chain identifies the pre-B group, while the existence of surface

immunoglobulin light chains defines mature B-ALL (Chiaretti et al., 2014).

2.2.2 Treatment of B-ALL

After identifying the features mentioned above, intensity of treatment relies on
risk stratification. Children of age between 1 and 10 years old is a standard risk
feature, with more aggressive disease seen in infants of age less than 1 year
and those older than 10 years stratified as high risk, as well as those patients
with WBC greater than 50,000/mL (Cooper & Brown, 2015). The treatment of
B-ALL typically consists of chemotherapy that lasts approximately 3 years

involving a multidrug regimen with different phases: induction, consolidation,
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and maintenance (Figure 1), with CNS prophylaxis (intrathecal chemotherapy
and/or cranial irradiation) given at intervals throughout therapy (Bhojwani & Pui,
2013; Frishman-Levy et al., 2015; Paul et al., 2016; Terwilliger & Abdul-Hay,
2017). The goal of the induction phase is to achieve complete remission and
to restore normal hematopoiesis, where drugs like vincristine, anthracyclines
such as daunorubicin or doxorubicin and corticosteroids (e.g. prednisone or
dexamethasone) are administered (Huang et al., 2020). Then, consolidation
treatment with similar drugs but modified schedule and higher doses is applied
to eradicate drug-resistant residual leukemic cells and prevent leukemic
regrowth, thus reducing the risk of relapse (Jabbour et al., 2005). Finally, the
maintenance therapy is administered for a period of 2 to 3 years to prevent
relapse and prolong remission, consisting of daily 6-mercaptopurine, weekly
methotrexate, and monthly vincristine and prednisone (Paul et al., 2016; Pui &
Howard, 2008; Rudin et al., 2017).

Initial diagnosis of ALL

( Induction phase
| —induce remission immediately
> Vincristine, stercid (dexamethasone or prednisone)
| > Probably anthracyclines (typécally doxorubicin)
\ > 4-6 weeks long J/

ﬁonsolidnion phase
~gliminate residual sub-microscopic cancer cells
> Multiple treatment regimens chosen based on
patient’s risk actors
> Cyclophosphamides, cytarabine, 6-MP or other
thiopurine
> Probably with interim maintenance phase and/or
reinduction
Q 6-9 months long /
~

ﬁdalntenance phase

—decrease relapse risk post-treatment

> 6- MP and methotrexate

> Probably occasional pulses of corticosteroids and
vincristine

\ > 2-3 years long i

Figure 1. Treatment phases of pediatric B-ALL.

Immediately post-diagnosis, the induction phase of ALL treatment starts with a multi-drug
regimen to eliminate leukemic cells and induce remission. Once complete remission is
accomplished, the therapies used are intensified to prevent relapse and eliminate any
residual cancer cell (consolidation phase). Last is the maintenance phase focused on
antimetabolite therapy to reduce the risk of relapse. 6-MP, 6-mercaptopurine. (Modified from
Rudin et al., 2017).



2.2.3 Leukemic relapse

Even though the majority of B-ALL patients complete remission, about 15-20%
suffer relapse, with an overall survival of less than 10% (Terwilliger & Abdul-
Hay, 2017). Most of relapses occur during treatment or within the first 2 years

after treatment but can also emerge 10 years after diagnosis (Gaynon, 2005).

Standard regimens for relapsed B-ALL patients are mostly based on different
combinations of the same drugs used in frontline therapy in various doses and
schedules (Locatelli et al., 2012). However, leukemic blasts at relapse are more
drug resistant than blasts at initial diagnosis. Thus, developing new treatment

strategies is a priority (Locatelli et al., 2012).

Overall survival is influenced by the site of relapse and duration of first complete
remission. Most of the relapses occur in the BM, in an isolated form or
combined with involvement of CNS or testes. The best prognosis is seen in
isolated extramedullary relapses, whereas in isolated BM relapses the worst
outcomes are observed. Patients with combined bone marrow and
extramedullary relapse have an intermediate prognosis (Nguyen et al., 2008;
Bailey, Lange, Rheingold, & Bunin, 2008). Relapse isolated in the CNS is much
less frequent (Locatelli et al., 2012). Leukemic blasts may enter the CNS from
the BM of the skull into the subarachnoid space via the bridging veins or the
cerebrospinal fluid (CSF) via the choroid plexus, invade cerebral parenchyma
via brain capillaries, or infiltrate the leptomeninges via bony lesions of the skull
(Pui & Jeha, 2007) .

By studying genome wide DNA-copy-number alterations in 61 B-ALL patients,
the cells responsible for relapse were identified as ancestral to the primary
leukemia cells; and the relapse clones were usually present as minor
subpopulations at first diagnosis that expanded during treatment and became
more aggressive (Bhojwani & Pui, 2013; Mullighan et al., 2008). Minimal
residual disease (MRD) is the existence of post-therapeutic (chemotherapy,

immunotherapy, or radiotherapy) leukemia cells within the BM, therefore, the



detection of MRD through polymerase chain reaction (PCR), flow cytometry, or
next-generation sequencing (NGS) is critical to define the risk of leukemia

relapse, (Kruse et al., 2020).

Moreover, a subpopulation presenting the characteristics of dormancy, drug
resistance and leukemia-initiating properties has been identified (Ebinger et al.,
2016). Upon removal of this population from their in vivo microenvironment, it
lost dormancy and drug resistance, suggesting a reversible nature and a critical
role for the interaction between B-ALL cells and the protective niche in the bone
marrow for their expansion and survival (Dobson et al., 2020; Ebinger et al.,
2016; Pramanik et al., 2013).

2.3 The BM microenvironment can favor leukemia progression

The BM is a vascularized, innervated, and complex organ within the bone
where hematopoiesis occurs. It hosts a network of hematopoietic and non-
hematopoietic cells, including mesenchymal stromal cells (MSC), osteoblasts,
fibroblasts, adipocytes, and endothelial cells. These cells control hematopoietic
processes through the secretion of extracellular matrix molecules, cytokines,
chemokines, hormones, and growth factors (Congrains et al., 2021; Dander et
al., 2021; Man et al., 2021).

At least three distinct BM niches have been described to date: endosteal,
arteriolar, and sinusoidal. Each niche possesses distinct characteristics, cell
types, and oxygen tension (Congrains et al., 2021; Dander et al., 2021).

The endosteal niche is formed by osteoblasts within a hypoxic zone in the
endosteum (inner surface of the bone), and it negatively regulates proliferation
of HSC through osteopontin secretion. Osteoblasts also produce CXCL12,
which is involved in HSC retention and maintenance (Congrains et al., 2021,
Dander et al., 2021; L. Ding & Morrison, 2013). Signaling pathways induced by
the niche, such as Wnt, Notch and CXCL12/CXCR4 regulate cell cycling
activity and self-renewal (Chiarini et al., 2016a; Purizaca et al., 2012).
Arteriolar niches are composed of different cell populations: stromal cells,
endothelial cells, sympathetic nerves, and non-myelinating Schwann cells.

8



CXCL12-abundant reticular (CAR) perivascular stromal cells, an MSC
subpopulation, have been recognized as important regulators of HSC
maintenance and differentiation (Dander et al., 2021; Sugiyama et al., 2006).
The sinusoidal niche contains a network of blood vessels called vascular
sinuses with sinusoidal endothelial cells that promote HSC cell cycle activation
through expression of stimulatory factors (e.g. FGF2, IGFBP2, DLL1, DHH30
and BMP4) (ltkin et al., 2016; Kobayashi et al., 2010). Expression of adhesion
molecules such as E-selectin, P-selectin, VCAM-1, ICAM-1, PECAM-1, and
vascular endothelial (VE)-cadherin by endothelial cells regulate homing and
trafficking of lymphocytes (Doan & Chute, 2012; Smith & Calvi, 2013; Suarez-
Alvarez et al., 2012) as described in more detail below.

The BM microenvironment plays an important role in the regulation of leukemia
progression, survival, and chemotherapy response. Leukemic cells disrupt and
destroy HSC-supportive microenvironments, reprogramming the equilibrium
from a state that supports steady-state hematopoiesis to one favoring
proliferation (Duarte et al., 2018; Sanchez-Aguilera & Méndez-Ferrer, 2017;
Yamaguchi et al., 2021).

Oncogenes can activate inflammation-related gene cascades, thus
contributing to a tumor-promoting microenvironment (Mantovani et al., 2019).
B-ALL cells produce proinflammatory cytokines including TNFa, IL-1, IL-12,
and GM-CSF supporting the idea that cancer cells bestow a pro-inflammatory
microenvironment within the BM. This pro-inflammatory state is mediated by
hyperactivation of the NFkB and STAT3 pathways, maintaining the consecutive
secretion of proinflammatory cytokines (Balandran et al.,, 2017; Vilchis-
Ordofiez et al., 2015). Furthermore, MSC isolated from the BM of B-ALL
patients have increased nuclear translocation of the NF-kB transcription factor
and consequently increased production of inflammatory intermediaries such as
IL-1q, IL-6, IL-12p70 and TNF-a (Figure 2) (Balandran et al., 2017).
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Figure 2. Leukemic B cells modify the bone marrow microenvironment.

Normal lymphopoiesis is supported by mesenchymal stromal cells (MSC), which produce high
levels of CXCL12. However, during leukemogenesis, leukemic B cells hijack the
microenvironment by reducing CXCL12 levels and increasing pro-inflammatory cytokines
leading to leukemic cell proliferation and disruption of the balance of normal lymphopoiesis
(Balandran et al., 2017).

Indeed, direct leukemia-MSC contact via VCAM-1/VLA-4 interactions enhance
leukemia survival by activating NF-kB signaling within the leukemic BM niche,
suggesting a reciprocal NF-kB activation essential for promoting
chemoresistance (Jacamo et al.,, 2014; Ma et al., 2020). Additionally,
transcriptional profiles of MSC derived from primary patient samples showed
two characteristics: a CXCL11-high immune-suppressive and leukemia-
initiating cell (LIC)-like niche where LICs are maintained; and a CXCL12-low
inflammatory and leukemia expansion (ILE)-like niche supporting leukemic
burden (Balandran et al., 2021).

Different studies on BM samples of pediatric B-ALL patients at disease
diagnosis have demonstrated a dramatic decrease in CXCL12, which plays a
crucial role in maintaining the hematopoietic stem cells pool. Loss of CXCL12

disrupts the CXCL12/CXCR4 axis, thus triggering the release of lymphatic
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leukemic cells from the BM into blood circulation (Balandran et al., 2017; van
den Berk et al., 2014).

2.4 The CXCL12/CXCRA4 axis regulates B-ALL cell migration

Chemokines are small 8-12 kDa proteins that bind to their corresponding G-
protein-coupled receptors and regulate various cellular processes, such as
formation of tissues, recruitment of immune cells, migration, invasion, and
inflammatory microenvironment of tumors (Mousavi, 2020; Zhao et al., 2022).
CXCL12 is a homeostatic chemokine that is also known as stromal cell-derived
factor-1 (SDF-1). There are three isoforms of CXCL12: q, B, and y. However,
most studies focus on CXCL12-a, which possesses the highest binding affinity
for the CXCL12 receptor CXCRA4, followed by the B and y isoforms (Laguri et
al., 2007; Zhao et al., 2022).

CXCL12 is a chemokine constitutively expressed in many organs such as liver,
brain, pituitary gland, kidney, lymph nodes (LN), colon, heart, and BM, but it is
rapidly degraded in the blood. Many cell types produce CXCL12, including
osteoblasts, endothelial cells and stromal cells within the BM as well as
epithelial cells in extramedullary tissues. CXCL12 expression controls
hematopoietic cell trafficking and adhesion during immune surveillance and

development (Cojoc et al., 2013; Crazzolara et al., 2001; Mousavi, 2020).

Both CXCR4 and CXCR7 bind CXCL12 with high affinity. The expression of
CXCR4 is highest in hematopoietic cells (normal CD34*-hematopoietic
progenitors, megakaryocytes, dendritic cells, monocytes, and B and T
lymphocytes), but it is also widely present in endothelial stem cells, liver oval
stem cells, neural stem cells, skeletal muscle satellite cells, primordial germ
cells and embryonic stem cells (Cojoc et al., 2013; Zhao et al., 2022; Zhou et
al., 2017). These cell populations not only have functional CXCR4 on their

surface, but can also follow a CXCL12 gradient (Cojoc et al., 2013).

After binding CXCL12, CXCR4 activates several downstream signaling
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pathways including Janus kinase/signal transducer and activator of
transcription (JAK/STAT), Src kinase, p38 mitogen-activated protein kinase
(pP38MAPK), MEK/ERK, phosphatidylinositol 3-kinase (PI3K)/Akt, and protein
kinase C (PKC). These result in regulation of gene transcription, cell survival,
proliferation, adhesion, chemotaxis, and cell migration (Figure 3) (Chatterjee et
al., 2014; Cheng et al., 2017; Shi et al., 2020).

The CXCL12/CXCR4 axis is involved in the development and maintenance of
healthy tissues and organs; however, it also plays a critical role in
hematopoietic disorders such as B-ALL (Chiarini et al., 2016). B leukemic
lymphoblasts and related cell lines such as REH and Nalm6 display aberrant
activation of key signaling pathways that control proliferation and the capacity
to invade and spread (Chiarini et al., 2016). High expression of CXCR4 by
leukemic cells and hyperactivation of the CXCL12/CXCR4 axis is involved in
leukemia progression (Chiarini et al., 2016; Duarte et al., 2018; W. Shen et al.,
2001; van den Berk et al., 2014). As CXCL12 is constitutively produced by
different cells within the BM, a CXCL12 gradient drives the migration of
circulating leukemic cells to the bone marrow during a process termed homing
(Juarez et al., 2009), causing bone marrow infiltration and establishment within
the BM (Chiarini et al., 2016b; Duarte et al., 2018; W. Shen et al., 2001; van
den Berk et al., 2014). Moreover, CXCL12 can upregulate the expression of
adhesion molecules such as very late antigen 4 (VLA-4), thus stimulating
integrin-mediated adhesion of circulating cells on the vascular endothelium and
promoting infiltration by leukemic blasts overexpressing CXCR4 into
extramedullary tissues where CXCL12 is being secreted (Mousavi, 2020;
Spiegel et al., 2008; Zhao et al., 2022).
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Figure 3. CXCL12/CXCR4 activates several signaling pathways.

When CXCL12 binds to CXCR4, it triggers downstream signaling through G proteins, which
then activate MAPK, ERK1/2, and AKT, leading to cell survival and proliferation. Subsequently,
B-arrestin recruitment causes CXCR4 internalization. CXCR7 can also induce B-arrestin
recruitment, resulting in MAPK activation and CXCL12 scavenging (Shi et al., 2020).

2.5 Leukocyte homing and transendothelial migration

Migration of hematopoietic cells from the bloodstream to the bone marrow
niche is known as homing, which follows similar steps of transendothelial
migration of other leukocytes to sites of inflammation (Heazlewood et al.,
2014).

Both homing and transendothelial migration rely on intracellular signaling and
interaction between chemokines, chemokine receptors, adhesion molecules
and proteases, promoting leukocyte adhesion to microvessels (Caocci et al.,
2017). The sequence of adhesive interactions of leukocytes with endothelial
cells is termed leukocyte extravasation cascade and involves different steps:
tethering, rolling, slow rolling, firm adhesion, crawling, transmigratory cup

formation on the apical endothelial surface and diapedesis (Figure 4) (Rutledge
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& Muller, 2020; Schnoor et al., 2015; Vestweber, 2015).
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Figure 4. Leukocyte transendothelial migration cascade.

Cell adhesion receptors on activated endothelial cells mediate capture and rolling by binding
to PSGL-1 and integrins on leukocytes. Transition from fast rolling to slow rolling enables
leukocyte activation by recognition of chemokines and their receptors. Leukocytes adhere and
crawl along the vessel wall to accomplish transmigration through the endothelial barrier.
Diapedesis is mediated by sequential interactions between adhesion receptors expressed by
the migrating leukocyte and the endothelium (Rutledge&Muller, 2020).

Within the BM, endothelial selectins (E- and P-selectin) as well as VCAM-1 are
constitutively expressed by microvessels and are essential for cell movement
(Caocci et al., 2017; Frenette et al., 1998). The interaction of leukocytes with
CXCL12 is a critical chemoattractant mechanism (Heazlewood et al., 2014),
which induces activation of VLA-4 (a1 integrin) in leukocytes thus leading to
firm adhesion (Figure 5) (Caocci et al., 2017; Mazo et al.,, 2011). CXCR4
triggers downstream signaling, resulting in phospholipase C (PLC) activation,
increased intracellular Ca?*, and activation of small GTPases such as Rapl
and Rho-A inducing actin remodeling. Leukocytes then crawl on the
endothelium until they find the ideal spot for transmigration (Nitzsche et al.,

2017), where they then pass through the endothelial cell cytoplasm (Sage &

14



Carman, 2009).

The extravasation cascade allows leukocytes to exit the blood stream into
target tissues during immune surveillance and normal conditions. Likewise,
leukemic cells need to transmigrate to infiltrate the BM and extramedullary
organs (Gossai & Gordon, 2017; Infante & Ridley, 2013; Pramanik et al., 2013).
B-ALL cells can infiltrate the central nervous system (CNS), lungs, testes,
spleen, lymph nodes, liver and kidney (Crazzolara et al., 2001; Gossai &
Gordon, 2017; Nies, Bodey, Thomas, Brecher, & Freireich, 1965; Spiegel et
al., 2008), thus contributing to clinical manifestations of leukemia and disease

progression (Chiarini et al., 2016b; Crazzolara et al., 2001).

Dynamic actin cytoskeletal remodeling in both transmigrating leukocytes and
endothelial cells is required to accomplish transmigration and homing. Thus,
actin-binding proteins (ABPs) such as cortactin are essential to regulate cell

movements involved in these processes (Schnoor, 2015).
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Figure 5. HSC homing into the bone marrow.

Endothelial cells in the BM microvessels express E- and P-selectin to promote slow rolling and
adhesion of hematopoietic cells. Both cell types are further activated by CXCL12 binding to
CXCRA4. This results in stronger interaction between LFA1/ICAM-1 and VLA-4/VCAM-1 and
firm arrest followed by transmigration. Molecules such as fibronectin in the extracellular matrix
also favor hematopoietic cell retention in the BM. This mechanism is also exploited by B-ALL
cells (Caocci et al., 2017).
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2.6 Cortactin regulates migration of healthy and leukemic cells

Human cortactin is encoded by the cttn gene within the chromosome region
11913 and generates a protein of 550 amino acids with several important
domains (Figure 6) (Castellanos-Martinez et al., 2020; Schnoor et al., 2015;
Schuuring et al., 1993; van Rossum et al., 2005). The N-terminal domain of
cortactin includes an acidic region, which binds the Arp3 subunit of the Arp2/3
complex, an important nucleator of actin polymerization. Next is a 6.5 tandem
repeat region responsible for F-actin binding. The C-terminal domain of
cortactin regulates its activity, and consists of a helical region of unknown
function, followed by a proline-serine-threonine-rich region (PST) and a Src
homology 3 (SH3) domain. The SH3 domain mediates interactions with
different actin cytoskeleton effectors or scaffolding proteins, including zonula
occludens-1 (ZO-1), neural Wiskott-Aldrich syndrome protein (N-WASP),
Nckl, and dynamin (Castellanos-Martinez et al., 2020; Cosen-Binker, 2006;
Schnoor et al., 2017).

Three cortactin isoforms exist with repeat regions of different sizes that affect
its ability to bind to F-actin (Lua & Low, 2005). Besides the WT isoform of 80
kDa, two splice variants have been reported: SV1-cortactin, lacking the 6th
repeat (exon 11), and SV2-cortactin, lacking the 5th and 6th repeats (exon 10
and 11), generating proteins of 70 kDa and 60 kDa, respectively (Castellanos-
Martinez et al., 2020; Schnoor et al., 2017; van Rossum et al., 2005).

Cortactin is an ABP colocalizing with actin-rich structures in the cell cortex and
a linker between signal transduction and cytoskeletal organization (Cosen-
Binker, 2006; Schnoor et al., 2017). Cortactin accumulates in lamellipodia at
the leading edge of migrating cells, and in invadopodia where it triggers the
secretion of extracellular matrix (ECM)-degrading proteinases essential for

tumor cell invasion (Yin, Ma, & An, 2017).
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Figure 6. Cortactin protein domains.

Cortactin possesses an acidic region at the N-terminal domain (NTA), which interacts with the
Arp3 subunit of the Arp2/3 complex. This is followed by a tandem repeat region prone to
acetylation, where the 4th repeat is essential for F-actin binding. At the C-terminus, the proline-
rich domain contains phosphorylation sites for several kinases. The SH3 domain mediates
binding to many other cytoskeletal effector proteins (Modified from Schnoor, Stradal, & Rottner,
2017).

Cortactin is known to drive cancer progression. Overexpression of cortactin has
been associated with invasive cancers, including melanoma, breast cancer,
colorectal cancer, glioblastoma, and leukemia, making cortactin an important
biomarker in different cancers (Gattazzo et al.,, 2014; MacGrath & Koleske,
2012; Schnoor et al., 2017; Veldzquez-Avila et al., 2018; Yin et al., 2017).

In B cells derived from patients with chronic lymphoblastic leukemia (CLL),
cortactin is overexpressed. Most of the patients overexpressed the wild-type
isoform of cortactin of 80 kDa, which is absent in normal B-cells (Gattazzo et
al., 2014). Cortactin overexpression also correlates with markers of poor
prognosis, including ZAP-70 and MMP-9. Moreover, depletion of cortactin in
CLL B cells reduced MMP-9 secretion, as well as the migratory capacity of the
cells (Martini et al., 2017).

Recently, our group identified the expression of the 60 kDa isoform of cortactin
(SV2) inthe pre-B ALL cell line REH. Importantly, leukemic B cells from patients
with relapse to bone marrow showed a positive correlation with high cortactin
levels.

In REH cells, high cortactin levels correlated with CXCL12-dependent
transendothelial migration, colonization of bone marrow organoids and organ

infiltration in a mouse xenotransplantation model. Furthermore, cortactin-
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depletion reduced organ invasion, strongly suggesting that cortactin drives the
aggressiveness of leukemic B cells and enables them to infiltrate peripheral

organs (Veldzquez-Avila et al., 2018).

However, cortactin needs to be activated by post-translational modifications

(PTM) to accomplish these functions efficiently.

2.6.1 Cortactin is activated by PTMs

In response to signaling pathways such as integrin- and cadherin-adhesion
receptors as well as growth factor receptors, cortactin gets phosphorylated by
the Src family kinases Fer, Fyn, Syk and Src, by the tyrosine kinases Abl and
Arg, and serine/threonine kinases such as ERK, p21 activated kinase 1 (PAK1)
and protein kinase D (PKD) (Figure 7) (Castellanos-Martinez et al., 2020;
Kirkbride et al., 2011; MacGrath & Koleske, 2012; Schnoor et al., 2017).

Cortactin was first identified as a substrate of Src kinase with phosphorylation
sites at tyrosines 421, 466, and 482 in mice (470 and 486 in humans) within
the proline-rich domain. These phosphorylations induce activation of cortactin
leading to extensive actin polymerization and cell migration (Huang et al., 1998;
MacGrath & Koleske, 2012; Martinez-Quiles et al., 2004; Yin et al., 2017).

High levels of cortactin phosphorylation have been strongly associated with
enhanced cell migration and cancer invasion, thus inhibition of kinases
targeting cortactin has resulted in impairment of these processes (Castellanos-
Martinez et al., 2020; Gattazzo et al., 2014; Hasan et al., 2019; Lua & Low,
2005).

Besides phosphorylation, cortactin activity can be regulated through
acetylation by the histone acetyltransferases PCAF and p300, and
deacetylation by histone deacetylase 6 (HDACG6) and sirtuin-1 (SIRT1)
(Castellanos-Martinez et al., 2020; Schnoor et al., 2017; Zhang et al., 2007;
Zhang et al., 2009). Acetylation sites of cortactin are within the tandem repeat
region, which is essential for binding to F-actin. Acetylation of lysine residues
neutralizes the charge of the protein, causing a reduction of the affinity of
18



cortactin for F-actin and a decrease in cell migration. HDAC6 overexpression
leads to hypoacetylation of cortactin, potentiating cell migration capacity. Thus,
cell migration is influenced by a HDAC6-dependent pathway (Kaluza et al.,
2011; Luxton & Gundersen, 2007; MacGrath & Koleske, 2012; Nakane et al.,
2012).
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Figure 7. Post-translational modifications of cortactin and related functions.

Cortactin activity can be regulated by phosphorylation within the C-terminus, which enhances
cell migration. In the tandem repeat region, several lysines can be modified by reversible
acetylation, influencing cortactin affinity for F-actin and thus cell migration (Modified from
Castellanos-Martinez et al., 2020).

2.7 HDACSG participates in several cellular processes

To date, 18 mammalian histone deacetylases have been identified and
categorized into four classes. Class | (HDAC1, HDAC2, HDAC3, and HDACS),
class Il (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10) and class
IV (HDAC11) are Zinc-dependent amidohydrolases and localized in both the
nucleus and the cytoplasm of the cell. Class Ill HDACs (SIRT1-7) belong to
the sirtuin family (homologous to the yeast Sir2 (Silent information regulator 2)
family of proteins), which are NAD+-dependent enzymes localized in the
nucleus (Glozak & Seto, 2007; Haberland et al., 2011; Park & Kim, 2020).
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HDACSE is the largest protein of the HDAC family containing 1215 amino acids.
It harbors two homologous catalytic domains and a SE14 motif required for its
cytoplasmic anchorage. HDACG6 also possesses an ubiquitin-binding zinc
finger domain (ZnF-UBP domain) in the C-terminal region, which regulates
ubiquitination-mediated degradation (Hard et al., 2010). Additionally, HDAC6
has a nuclear export sequence (NES) favoring its cytoplasmic localization
(Figure 8) (Li et al., 2018; Milazzo et al., 2020; Safa, 2017). HDAC6 can also
be found at the perinuclear region and at the leading-edge within migrating
cells. HDAC6 associates with microtubules and localizes with p1509ed, a
protein found in the dynein—dynactin microtubule motor complex, suggesting
that HDAC6 may control microtubule-motor based cargo transport (Hubbert et
al., 2002; Sakamoto & Aldana-Masangkay, 2011). Both catalytic domains of
HDACG6 are needed for the overall activity of the enzyme. Catalytic domain 1
(CD1) preferentially deacetylates C- terminal acetyl-lysine substrates and CD2
exerts its activity on any acetyl-lysine (Hai & Christianson, 2016). The spatial
arrangement of the two CD domains in HDACG is important for an efficient
deacetylation reaction, as a significant loss of activity was found when inserting

or deleting aminoacids in the linker region (Zhang et al., 2006).
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Figure 8. Structure of HDACS.

HDACSG6 possesses two deacetylase domains (DD) and a nuclear exclusion signal (NES) that
favors its cytoplasmic localization improved by the SE14 (serine-glutamate tetradecapeptide)
repeats which forms a unique structure required for cytoplasmic retention. HDAC6 N-terminal
nuclear localization signal region (NLS) is target of acetylation, losing its interaction with the
nuclear importin-a protein resulting in cytoplasmic maintenance of HDAC6. The ubiquitin-
binding zinc finger (BUZ) domain is able to bind to ubiquitin and regulates proteosome-
mediated degradation (Modified from Safa A., 2017; Yiu L., 2012; Bertos N., 2004).

HDACEG6 displays a variable pattern of expression in healthy tissues. Highest

levels of expression are found in breast, testis and skin, and lower levels in
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blood cells, muscles, and pancreas, and low to absent levels in liver, spleen,

and adipose tissues (Milazzo et al., 2020).

HDACSG6 regulates multiple cellular processes via its deacetylase and ubiquitin
binding ZnF-UBP domains. Through its deacetylase domains HDACSG triggers
cell migration by deacetylating cortactin and a-tubulin, important regulators of
dynamic organization of the cytoskeleton during migration (Hubbert et al.,
2002; Sakamoto & Aldana-Masangkay, 2011; Zhang et al., 2007). HDACG6 also
mediates deacetylation of the chaperone heat-shock protein 90 (HSP90),
which is required for its engagement with its targets to protect them from
polyubiquitination and subsequent degradation (Kovacs et al., 2005; Liu et al.,
2021).

In response to cell stress, the ubiquitin-binding ZnF-UBP domain of HDACG is
crucial. HDAC6 can bind to polyubiquitinated misfolded proteins, recruiting
them as cargos to dynein motors for transport along microtubules (Kawaguchi
et al., 2003). Furthermore, HDACG6 recruits a cortactin-dependent actin-
remodeling machinery to mediate autophagosome-lysosome fusion and
autophagic degradation, which is activated as a compensatory mechanism
when the ubiquitin—proteasome system is impaired in stressed cells (Lee et al.,
2010). HDACE is also able to regulate apoptosis through deacetylation of
Ku70. When Ku70 is in a deacetylated state, it binds to Bax, a pro-apoptotic
protein, thus preventing Bax-induced cell death leading to cell survival (Gong
et al., 2019; Subramanian et al., 2011).

Reversible acetylation occurs in a large number of non-histone proteins in both
nuclear and cytoplasmic compartments (Choudhary et al., 2009; Glozak &
Seto, 2007; Hofmann et al., 2011). However, the acetylation status of the whole
proteome is impaired by dysregulated deacetylases in cancer, triggering tumor
initiation and progression (Li & Seto, 2016; Parbin et al., 2014).

Aberrant expression of classical HDACs (class |, IlI, IV) has been associated
with solid and hematological malignancies. HDAC6 substrates are involved in

the regulation of cell cycle, apoptosis, migration and metastasis, thus high
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HDACSs levels correlate with tumor aggressiveness and poor outcomes (Li et
al., 2020; Li & Seto, 2016).

2.7.1 HDACG6 promotes cell migration and cancer invasion

The microtubules (MTs) are regulators of cell motility and are composed of a-
and [B-tubulin subunits. MTs polymerize and depolymerize at high rates
enabled by reversible acetylation of a-tubulin on K40. In the cytoplasm, HDACG6
associates with MTs and localizes with the microtubule motor complex
containing p150 9ved (Hubbert et al., 2002). Importantly, a-tubulin was the first
identified non-histone protein substrate of HDAC6. HDACG6-mediated
deacetylation of o-tubulin correlates with microtubule dynamics.
Depolymerized tubulin is promptly deacetylated, whereas tubulin acetylation
occurs only on stable or polymerized MTs. Microtubules growth occurs at the
cell leading edge and microtubule shortening at the cell body and rear. MTs
growth and shortening activate the small GTPase Rac-1 and RhoA signaling,
respectively, to control actin dynamics and cell motility (Hubbert et al., 2002;
Sakamoto & Aldana-Masangkay, 2011; Waterman-Storer & Salmon, 1999).

Additional to its participation in MTs-dependent migration, HDAC6 can also
regulate actin-dependent cell migration through deacetylation of cortactin (Li et
al., 2018; Zhang et al., 2007). After stimulation with growth factors and
downstream integrin signaling, cortactin translocates to the cell periphery as a
result of Racl activation (Weed et al., 1998). HDACS is also enriched at the
membrane, where it needs to be phosphorylated by AURKA to be activated.
NEDD9, a scaffold protein, brings cortactin, AURKA, and HDACSG into a single
complex, and once deacetylated by HDACSG6, cortactin increases its ability to
bind to F-actin and stabilize the branching mediated by the actin-nucleating
complex Arp2/3, thus promoting cell movement (Kozyreva et al., 2014; Liet al.,
2018; Van Helleputte et al., 2014; Zhang et al., 2007).

Cancer is characterized by uncontrolled proliferation of abnormal cells with high

migratory and invasive capabilities (Friedl & Wolf, 2003; Sakamoto & Aldana-
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Masangkay, 2011). HDACG6 overexpression has been identified in many types
of cancer, tumor cell lines and mouse tumor models, where it contributes to

cancer metastasis (Sakamoto & Aldana-Masangkay, 2011).

In breast cancer, estrogen mediates upregulation of HDACG6, which increases
cell motility through deacetylation of both cortactin and tubulin, making it a
useful biomarker to determine patient prognosis (Li et al., 2018; Saji et al.,
2005). HDACG6 expression levels were higher in low-grade and high-grade
ovarian carcinomas compared with benign lesions and immortalized ovarian
surface epithelium cell lines (Bazzaro et al., 2008). Moreover, migration assays
using ovarian cancer cell lines showed that high levels of HDAC6 and
hypoacetylated cortactin triggered faster migration in comparison to those cell
lines that expressed lower levels of HDAC6 with hyperacetylated cortactin
(Zhang et al., 2007). In pancreatic cancer tissues, both HDAC6 mRNA and
protein levels were highly increased, correlating also with increased cell motility
(Li et al., 2014). HDAC6 expression was also upregulated in primary oral
squamous cell lines and its level of expression correlated with primary tumor
stage, with higher HDAC6 expression in more advanced stages (Sakuma et
al., 2006; Tavares et al., 2022). Furthermore, overexpression of HDACG6 in
neuroblastoma, bladder cancer, malignant melanoma, lung cancer, multiple
myeloma and lymphoma have been reported (Li et al., 2018; Sakamoto &
Aldana-Masangkay, 2011).

HDACSs inhibitors have been shown to be effective therapeutic anticancer
agents.

Pan-HDAC inhibitors are natural or synthetical products that possess different
structural characteristics, such as cyclic peptides (Romidepsin, Apicidin),
benzamides (Entinostat), aliphatic acids (Butyrate) and hydroximates (SAHA,
Vorinostat, Trichostatin-A) (Li et al., 2018; Tan et al., 2010). However, despite
the large number of existing pan-HDAC inhibitors, few compounds are able to
selectively inhibit HDACG6 (Losson et al., 2020) (Table 1).
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Table 1. Pan-HDAC inhibitors.

Classification

Examples Specificity to
HDAC
I. Aliphatic fatty acids  Butyrate Classes | and lla

2. Hydroxamate

Valproic acid

SAHA (vorinostat)
PXDI0! (belinostat)
LBH589 (panobinostat)

Classes | and lla
Pan inhibitor
Pan inhibitor
Classes | and Il

ITF2357 (givinostat) Pan inhibitor
4SC-201 (resminostat) Pan inhibitor
PCI 24781 (abexinostat) Classes | and |l
Tubacin Class llb

3. Benzamides MS-275 (entinostat) Class |
MGCDO0103 (mocetinostat)  Class |
Cl-994 (tacedinaline) Class |
MGCD-0103 Classes | and IV

4. Cyclic peptides Depsipeptide/FK228 Class |
(romidepsin)
Apicidin Class |

5. Mercaptoketone KD5170 Classes | and |l

(Tandon N et al., 2016)

The first synthesized HDACG6-specific inhibitor was Tubacin, which inhibits a-
tubulin deacetylation (Haggarty et al., 2003) and decreases migration of
bladder cancer and Burkitt's lymphoma cells (Ding et al., 2014; Zuo et al.,
2012). However, the complexity of its synthesis and lipophilicity eventually
prevented its use in vivo (Haggarty et al., 2003). Later in 2010, Tubastatin-A
was designed. Tubastatin-A is a tetrahydro-y-carboline-capped selective
HDACSG inhibitor over other HDACs, that displays a phenyl-hydroxamate as a
linker zinc binding group (Shen et al., 2020). Tubastatin-A was first tested in
neuron cultures and found to induce tubulin acetylation but not histones (Butler
et al., 2010), and recently has been used in gliobastoma and breast cancer,
where it was able to reduce tumor cell migration and invasion (Kozyreva et al.,
2014; Urdiciain et al., 2019). Since HDACG6 knock-out mice are viable, it is
thought that selective inhibition could minimize the toxicity of current clinical
HDAC inhibitors maintaining therapeutic effectiveness (Olaoye et al., 2021).
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2.8 HDACSG6 in leukemia

Few studies exist on HDAC6 in the context of leukemias.
Importantly, HDAC6 was consistently overexpressed in primary acute myeloid
leukemia (AML) blasts from patients (Bradbury et al., 2005). Moreover, HDAC6
overexpression in AML patient cells correlated with expansion of the
hematopoietic stem and progenitor cell (HSPCs) population and increased
chemotaxis efficacy (Pezzotta et al., 2022). In chronic myeloid leukemia (CML),
HDACG6 deacetylates HSP90a, which targets BCR-ABL. In the acetylated form,
HSP90a loses its chaperone function, leading to proteosome-mediated
degradation of its targets. Pan-HDAC inhibitors (hydroxamic acid analogues
LAQ824 and LBH589) and HDAC6 knockdown using siRNA in K562 cells
inhibited HDACG6 activity and increased HSP90a acetylation leading to the
ubiquitination and degradation of BCR-ABL (Kramer et al., 2014; Losson et al.,
2020).

Regarding lymphoblastic leukemia, HDACG6 has been found upregulated in B-
chronic lymphoblastic leukemia (B-CLL) patient cells and cell lines compared
to normal controls. HDACSG inhibition inhibited cell proliferation and sensitized
B-CLL cells to apoptosis (Maharaj et al., 2018). However, there is no report
yet on the role of HDACG6 in B-ALL.

Considering all the evidence about HDACG6 playing an important role in cell
migration and survival, it is critical to determine whether HDACG6 also regulates

transmigration and organ invasion of B-ALL cells.

3. JUSTIFICATION

Cortactin is overexpressed in leukemic B cells and triggers transendothelial
migration, extramedullary infiltration, bone marrow colonization and relapse.
Acetylation of cortactin regulates its affinity for F-actin and thus cell migration.
However, it remains to be explored whether this modification modulates the
aggressiveness of B-ALL cells. HDAC6 regulates cortactin deacetylation,

migration, and proliferation; and its hyperactivation correlates with cell survival
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and migration in solid tumors. Little is known about the role of HDAC6 in B-
ALL. Thus, investigating the relevance of HDAC6-mediated cortactin
deacetylation and the use of a pharmacological HDACG6 inhibitor to reduce
migration of leukemic cells in vitro and in vivo may unveil a potential new

therapeutic target for high-risk B-ALL patients to prevent disease relapse.
4. HYPOTHESIS

HDACG6-mediated deacetylation of cortactin is a critical event in leukemic B

cells to favor transendothelial migration and organ infiltration.

5. GENERAL OBJECTIVE

To investigate the relevance of HDACG6 functions in leukemic B cells and
analyze the effect of HDACSG inhibition on the migratory capacity of leukemic B

cells that is controlled by cortactin.

6. PARTICULAR OBJECTIVES

1) To analyze HDACSG levels in leukemic B cells.

2) To evaluate whether pharmacological inhibition of HDAC6 alters the
migratory behavior of leukemic B cells.

3) To unravel the molecular mechanism through which HDACG6 regulates
leukemic B cell migration.

4) To test whether pharmacological inhibition of HDAC6 in
immunodeficient mice reduces organ infiltration of leukemic B cells.

5) To evaluate HDACG6 levels and functions in patient-derived B-ALL

samples and correlate them with available clinical data.
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7. MATERIAL AND METHODS

7.1 MATERIAL

7.1.1 Culture media

Table 2. List of culture medium used.

Medium

Company, Catalogue number

Dulbecco Modified Eagle’s Medium
(DMEM) — high glucose

Sigma. Ref D5648-10X1L

Endothelial cell medium ECM

ScienCell. Ref 1001

RPMI 1640

Sigma. Ref R4130-10X1L

Minimum Essential Medium Eagle

Sigma. Ref M4655-1L

7.1.2 Plasmids

Table 3. List of plasmids used.

Plasmids Reference

psPAX2 Addgene #12260
pMD2.G Addgene #12259
pLentiCRISPRv2 puro Addgene #98290

7.1.3 Antibodies

Table 4. List of antibodies used.

Antibody

Company, catalogue number
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Alexa Fluor™ 488 goat anti-mouse
lgG (H+L)

Invitrogen. Ref A11001

Alexa Fluor™ 647 goat anti-mouse
IgG (H+L)

Invitrogen. Ref A21236

Anti- human acetyl-cortactin

Millipore. Ref 09-881

Anti-human acetyl-tubulin  (Lys40)
(D20G3) XP®

Cell Signaling Technology. Ref 5335

Anti-cortactin Alexa Fluor® 488/647
conjugated, clone 289H10

Kindly provided by Dr. Klemens

Rottner, TU Braunshweig, Germany

Anti-human GAPDH Antibody (0411)

Santa Cruz. Ref sc-47724

Anti-human HDAC6 (D-11) Alexa
Fluor® 647 conjugated

Santa Cruz. Ref sc-28386

Anti-human HDACG6

Cell Signaling Technology. Ref 4569

Anti-human cortactin, clone 289H10

Kindly provided by Dr. Klemens

Rottner, TU Braunshweig, Germany

Anti-y Tubulin Monoclonal Antibody
(4D11)

ThermoFisher. Ref MA1-850

APC anti-human CD184 (CXCR4)

Biolegend. Ref 306510

APC anti-human CD29

Biolegend. Ref 303007

FITC anti-human CD34

Biolegend. Ref 304058

Goat anti-Mouse I1gG-HRP (H+L)

horse radish peroxidase conjugate

Invitrogen. Ref G21040
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Human TruStain FcX™ (Fc Receptor

Blocking Solution)

Biolegend. Ref 422301

Mouse anti-Rabbit igG-HRP (H+L)
horse radish peroxidase conjugate

Santa Cruz. Ref sc-2357

PB-anti human CD45

Biolegend. Ref 304022

PE anti human CD19

Biolegend. Ref 302254

PE-anti mouse CD45

Biolegend. Ref 103106

PE/Cy7 anti-human CD49d

Biolegend. Ref 304313

7.1.4 Kits

Table 5. List of kits used.

Kits

Company, catalogue number

CellTrace™ Violet (CTV, DMSO)

Invitrogen. Ref C34557

DC™ Protein assay

Biorad. Ref 5000112

Mojo Sort™ Human CD19 Selection
Kit

Biolegend. Ref 480106

MTT Cell Proliferation Assay

ATCC. Ref 30-1010K

Pacific Blue™ Annexin V Apoptosis
Detection Kit with PI

Biolegend. Ref 640928

SuperSignal WestFemto

ThermoFisher. Ref 34095

Vybrant™ CFDA SE Cell Tracer Kit

Invitrogen. Ref V12883

Zombie NIR™ Fixable Viability Kit

Biolegend. Ref 423106
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7.1.5 Reagents

Table 6. List of chemicals and reagents used.

Chemical

Company, catalogue number

30% Acrylamide/bis solution

Biorad. Ref 161-0153

Agarose

Cleaver Scientific Ltd #CSL-
AG50

Alexa Fluor 488™ phalloidin

Invitrogen™ #A12379

Ammonium persulfate

Biorad. Ref 161-0700

Antibiotic/Antimycotic 100X

Corning. Ref 30-004-Cl

BD Pharm Lyse™

BD Biosciences #555899

Bovine Serum Albumin

Sigma. Ref A2153-100G

CaCl2

J.T. Baker. Ref 1313-01

cOmplete™ protease inhibitor cocktail

Roche. Ref 11697498001

Dimethyl Sulfoxide (DMSO)

Sigma. Ref 8418-250ML

Ethanol BioUltra

Sigma. Ref 64-17-5

Ethylenediaminetetraacetic acid (EDTA)

Sigma. Ref E9884-500G

Ethyl alcohol

Sigma. Ref E703-1L

Fetal Bovine Serum

Biowest. Ref S1810

Glycerol Sigma. Ref G6279-500ML
Glycine J.T. Baker. Ref 4059-06
Imidazole Sigma. Ref 12399
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KCI

J.T. Baker. Ref 3040-01

KH2PO4:3H20

Macron. Ref 7088-04

L-glutamine 100X

Gibco. Ref A2916801

Lymphoprep™

Stemcell. Ref 07851

MEM NEAA 100X

Gibco. Ref 11140-050

MgSO4+7H20 Merck. Ref A999986
NazHPO4e7H20 J.T. Baker. Ref 3824-01
NaCl J.T. Baker. Ref 3624-05
NaF Sigma. Ref S7902
NaHCO3 Sigma. Ref S5761-1KG
NasVOa4 Sigma. Ref S6508
NazHPO4e7H20 J.T. Baker. Ref 3824-01

Na-pyruvate 100X

Gibco. Ref 11360-070

Nitrocellulose membrane, pore 0.45 um

Biorad. Ref 1620115

Nonidet™ P-40

Sigma. Ref 21-3277 SAJ

Paraformaldehyde

Sigma. Ref 158127-500G

Penicillin/streptomycin

Gibco

PhosSTOP phosphatase inhibitor

Roche. Ref 04-906-845-00

Polybrene® (Hexadimetrine bromide)

Sigma. Ref 107689

Ponceau S

Merck-Millipore. Ref 159270025
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Puromycin

Sigma. Ref P8833

Recombinant Human SDF-1a (CXCL12)

Preprotech. Ref 300-28A

Recombinant Human VCAM-1-Fc (carrier-

free)

Biolegend. Ref 553706

Rhodamine phalloidin

Invitrogen. Ref R415

Saponin

Sigma. Ref 84510-100

Skim milk

Svelty

Sodium dodecyl sulfate (SDS)

Biorad. Ref 1610302

Sodium pyruvate solution

Sigma. Ref S8636

TEMED

Biorad. Ref 161-0801

Trisebase

J.T. Baker. Ref 4109-06

Triton™ X-100

Sigma. Ref T9284-500ML

TrypLE™ Express

Gibco. Ref 12604-013

Trypsine-EDTA 0.25%

Sigma. Ref T4049-500ML

Tween 20°

Sigma. Ref P1379-500ML

Ultracomp eBeads™  Compensation
Beads

Invitrogen. Ref 1943757

UltraPure DNase/RNase-Free Distilled
Water

ThermoFisher. Ref 109977023

B-Mercaptoethanol

Sigma. Ref M3148-25ML

32




7.1.6 Buffers

Table 7. List of buffers used.

Blocking buffer

TBS-T
5% BSA or 5% milk

1X HBSS

8000 mg/L NacCl

400 mg/L KCI

40 mg/L NazHPOa4
60 mg/L KH2PO4

350 mg/L NaHCOs3
1000 mg/L D-glucose
pH 7.4

2X HBSS

16000 mg/L NacCl
800 mg/L KCI

80 mg/L NazHPO4
120 mg/L KH2PO4
700 mg/L NaHCOs3
2000 mg/L D-glucose
50 mM HEPES

pH 7.4

HBSS Ca**Mg**

HBSS 1X
140 mg/L CaClz
120 mg/L MgSO4

5X Laemmli buffer

0.1875 M Tris-HCI pH 6.8
45% glycerol

2.5% SDS

1.78 M B-mercaptoethanol
0.00125% bromophenol blue

1X Mojo Sort

isolation buffer

1X PBS
0.5% BSA
2mM EDTA

33




pH 7.2

1X PBS

138 mM NacCl

3 mM KCI

8.1 mM Naz2HPO4
1.5 mM KH2POq4
pH 7.4

1X PBS-EDTA

1X PBS
5 mM EDTA

SDS lysis buffer

25 mM HEPES pH 7.5
2 mM EDTA

25 mM NaF

1 % SDS

1X Complete protease inhibitor cocktail

SDS-PAGE buffer

25 mM Tris

192 mM Glycine
0.1% SDS

pH 8.3

1X TBS buffer

150 mM NacCl
10 mM Tris
pH 8.0

TBS-T

TBS 1X
0.1% Tween20°®

Transfer buffer

20% Methanol
25 mM Tris

192 mM Glycine
0.1% SDS

pH 8.3
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7.2 METHODS

7.2.1 Isolation of CD19* B cells from human peripheral blood

Buffy coats from healthy donors were collected from the blood bank of Hospital
Juarez (Mexico City, Mexico). The blood collection procedure was done
according to international and institutional guidelines. Mononuclear cells
(MNC) were isolated from the buffy coats by gradient centrifugation using
Lymphoprep™. The buffy coats were mixed with sterile 1X PBS at a 3:1 ratio,
then 35 mL of cell suspension was added on top of 15 mL of Lymphoprep™ in
a 50 mL falcon tube. Cells were centrifuged at 700xg for 30 min at room
temperature (RT). Then, the MNC layer was recovered from the interphase,
washed with sterile 1X PBS and 107 MNC resuspended in ice-cold 1X Mojo
Sort™ isolation buffer were placed in a 5 mL (12x75 mm) polypropylene tube.
to purify human B cells. Human CD19* B cells were purified using the Mojo
Sort™ Human CD19 Selection kit (Biolegend). 10 pL of the biotin anti-human
CD19 antibody (clone SJ25C1) were added and incubated on ice for 15 min.
Then, the Streptavidin Nanobeads were resuspend by vortexing and 10uL were
added to the cells and incubated on ice for 15 min. 2.5 mL of Mojo Sort™
isolation buffer were added and the tube was placed in the magnet for 5 min.
The unbound fraction was poured, and the cells bound to the walls of the tube
were resuspended in 1 mL Mojo Sort™ Buffer. The Ethics, Research, and
Biosafety Committees at Hospital Juarez (HIM-DIE-002- MA) approved all the
procedures. All the samples were obtained after written informed consent from

the donors.

7.2.2 B-ALL patients

BM aspirates and peripheral blood (PB) samples were obtained according to
international and institutional guidelines from children and adolescents younger
than 18 years that were newly diagnosed with B-ALL before starting any
treatment, or upon relapse. All samples were collected after written informed

consent from parents.
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Patients were recruited and followed in the Hospital Infantii de Mexico
“Federico Gomez” (Mexico City), the Centro de Investigaciéon Biomédica de
Oriente (CIBIOR, IMSS) (Atlixco, Mexico) and the IMIEM Hospital para el Nifio
(Toluca, Mexico). All procedures were approved by the Ethics, Research and
Biosafety Committees of the hospitals and the bioethics committee of
CINVESTAV. Clinical and laboratory data were obtained from patient records

and institutional laboratory registers and correlated with our data.

Inclusion criteria
Patients younger than 18 years
Patients newly diagnosed with ALL without treatment
Patients newly diagnosed with ALL relapse
Normal control: PB CD19* cells from healthy consenting individuals, BM cells
from patients not diagnosed with ALL
Exclusion criteria
Patients whose parents did not agree to participate
Samples stored at RT or at 4°C for more than 24 hours

Samples from patients in remission or under treatment

7. 2.3 Cell culture

The B-ALL cell line REH (pre-B leukemic cells, with the translocation 12:21
producing the TEL/ETV6-AML1 fusion gene, from peripheral blood of a relapse
case, (ATCC CRL-8286)) was cultured in RPMI 1640 (Sigma) medium
supplemented with 10% FBS and 1% antibiotic/antimycotic. Primary B cells
from healthy donors and B-ALL patients were cultured in the same media. The
human BM stromal cell line HS-5 (ATCC CRL-11882) was cultured in DMEM
(Gibco) medium supplemented with 10% FBS and 1% penicillin/streptomycin.
Spheroids from these cells were maintained in the same medium. Primary MSC
from B-ALL patients were cultured in DMEM medium supplemented as
described above. REH cells were treated for different time points with the
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HDACSG inhibitor Tubastatin-A at 10 and 20 uM. Control cells were treated with
equal volumes DMSO. After incubation, cells were washed with 1X PBS two

times and used in the functional assays.

7.2.4 Generation of stable cortactin-depleted REH cells

3.8x10% HEK 293T cells were cultured in a 100 mm plate, and incubated at
37°C, 5% CO2 until they were at 70% confluency. Then, a mixture containing
200 pL DMEM (without FBS), 30 pL polyethyleneimine (PEI, 1 mg/mL), 3 ug
psPAX2 plasmid, 1 pg pCMV-VSVG plasmid and 4 pg of cortactin
pLentiCRISPRv2 plasmid (Table 2) were prepared and incubated for 15 min at
RT. A mixture with the same components but the empty pLentiCRISPRv2
plasmid was used as control. HEK 293T cells were washed and 7 mL
supplemented DMEM medium containing the described plasmid mixture was
added. Cells were incubated for 6 hours at 37°C, 5% CO.. Afterwards, the
medium was discarded and fresh medium added. After 48 hours, the cell
culture supernatants were harvested and stored at 4°C. 7 mL fresh
supplemented DMEM medium were added to the transduced HEK 293T cells,
and cultured at 37°C, 5% CO.. After 24 hours, cell culture supernatants were
again harvested and mixed with the supernatant from the day before.
Supernatants were centrifuged at 13,000 rpm for 2 hours at 4°C to pellet the
virus. The viral pellet was resuspended in 1 mL of RPMI medium supplemented
with 10% FBS and 1% antibiotic/antimycotic.

Table 8. Sequences of sgRNA for the generation of stable cortactin knock-down cells.

Human
CTTN#1 | ATGACGCGGGGGCCGATGAC

CTTN#2 | ATCGGCCCCCGCGTCATCCT
CTTN#4 | GTCCATCGCCCAGGATGACG
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After resuspending the viral pellet, 1 mL of the suspension was added to 5x10°
REH cells in 1 mL of RPMI medium supplemented with 10% FBS and 1%
antibiotic/antimycotic with a final concentration of 8 pg/mL Polybrene®
(hexadimethrine bromide) to increase transduction efficiency. Additionally,
cells without the viral suspension were considered as a negative control for
transduction. After 48 hours, the medium was changed to RPMI medium
supplemented with 10% FBS and 1% antibiotic/antimycotic medium containing
2 pg/mL puromycin to eliminate non-transduced cells and incubated at 37°C,
5% COs2. Cells were maintained in selection medium until all negative control

cells died.

7.2.5 Isolation and propagation of HUVEC

To isolate human umbilical vein endothelial cells (HUVEC), umbilical cords of
at least 25 cm were washed with water to remove excess of blood. Under sterile
conditions, in the upper end of the cord vein a canule with a syringe containing
20 mL 1X PBS and 1% antibiotic solution was inserted and all content flushed.
The syringe was removed, and ends were sealed with hemostatic clamps. 10
mL 0.25% trypsin-EDTA were added into the vein using a syringe and the cord
was incubated at 37°C for 10 min in a water bath. The cord was massaged to
facilitate the digestive process. Then, the clamp of the lower end was removed,
and the content was recovered into a falcon tube and centrifuged at 1,500 rpm
for 5 min. The cell pellet was resuspended in ECM medium (ScienCell) and
plated in a 60 mm cell bind dish. To propagate and maintain HUVEC, the
medium was aspirated, and cells were washed with 1X PBS three times. Then
1 mL of 0.25% trypsin-EDTA was added, and cells were incubated at 37°C for
5 min. 3 mL of serum-containing medium was added for trypsin inactivation,

and the cell suspension was plated.

7. 2.6 Immunofluorescence microscopy

REH cells resuspended in 100 uL RPMI medium supplemented with 10% FBS

and 1% antibiotic/antimycotic were placed on top of poly-L-Lysine coated slides
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to allow adherence. After 15 min, the cells were fixed using 4%
paraformaldehyde (PFA) at RT for 10 min and washed with 1X PBS three
times. Cells were permeabilized with 0.1% Triton X-100 for 10 min at 4°C.
Samples were blocked with 3% BSA in 1X PBS. Then, primary antibodies for
HDACG6 and cortactin were incubated at 4°C overnight. Samples were washed
three times with 1X PBS for 5 min. Cells were incubated with a species-specific
secondary antibody coupled to Alexa-488 or Alexa-647 for 1 hour at RT in the
dark. Samples were washed once with 1X PBS in the dark. Next, the cover
slips were mounted using ProLong GOLD (Thermo Fisher Scientific) containing
0.5 ug/mL DAPI to stain nuclei. Cells were analyzed using a Leica SPE-8

confocal microscope.

7. 2.7 Western blotting

Cells were lysed in SDS buffer (25mM HEPES pH7.5, 150mM NaCl, 10mM
MgClz, 1ImM EDTA, 1% NP-40, 2% glycerol and complete protease inhibitor
cocktail). Equal protein amounts were separated by 8% or 10% SDS-PAGE,
transferred to nitrocellulose membranes (pore 0.45um, Biorad) and blocked
with either 5% skim milk or 5% BSA in TBS (150 mM NacCl,10 mM Tris, pH 8)
with 0.1% Tween20. Membranes were incubated with primary anti-acetyl-
cortactin (1:2000), anti-acetyl-tubulin (1:2000), anti-cortactin 289H10 (1:2000),
anti-HDAC6 (1:4000) or anti-y tubulin (1:4000, loading control) at 4°C
overnight. Then, membranes were washed three times with TBS containing
0.1% Tween20 and incubated with species-specific peroxidase-conjugated
secondary antibody (1:10,000 Santa Cruz) for 1 h at RT. The membranes were
washed three times with TBS-T and developed using SuperSignal West Pico
or Femto Chemiluminescent substrates (Thermo Scientific).
Chemiluminescence signals were recorded using a Chemidoc imaging system
(Bio Rad).
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7. 2.8 Cell viability assay

REH cells were seeded at 3x10* cells/well in a 96-well plate. Cells were treated
with different concentrations of Tubastatin-A (50, 100 and 150 uM). Tubastatin-
A was dissolved in DMSO and diluted to the final concentrations in RPMI
medium. Control cells were treated with DMSO only. Following culture for 24 h
with Tubastatin-A, 10 pL/well MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (5 mg/mL) was added and incubated for 4 h at
37°C. Subsequently, to solubilize crystals 100 pL of acidic propanol (50 mL of
Triton X-100, 4 mL of HCI, 446 mL of isopropanol) was added to each well and
stirred continuously at room temperature and darkness for 3 h. The absorbance
of plates was determined at 560 nm using a spectrophotometer (Infinite F500
TECAN). The dose-response curve was used to calculate the concentration of

the inhibitor resulting in 50% inhibition of cell viability (ICso).

7. 2.9 Chemotaxis assay

2.5x10° patient-derived cells isolated from BM or PB were added in the top
chamber of a Transwell filter (5 um pore size) and 600 uL of complete medium
containing 100 ng/mL of CXCL12 as chemoattractant was added to the bottom
well. Cells were incubated for 4 h at 37°C to allow for chemotaxis.
Subsequently, migrated cells were recovered from the bottom wells, and
counted in a Neubauer chamber using trypan blue. Samples were analyzed in

duplicates or triplicates depending on the number of viable cells.

7. 2.10 Filter-based transendothelial migration assay

8x10% HUVEC were grown to confluence on 5 um pore transwell filters
(Corning) pretreated with gelatin (Gibco, Thermo Scientific) for 30 min at 37°C.
As a control to monitor monolayer formation, HUVEC were seeded in 96 well
plates at the same density. Once the monolayer was formed (usually 48 h),
1.5x10° REH cells untreated or previously treated with Tubastatin-A at 20 uM

for 3 hours were washed twice with 1X PBS. Cells were resuspended in 100
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ML RPMI medium and placed on top of the endothelial monolayer. 100 ng/mL
of CXCL12 (Peprotech) as chemoattractant in 500 pl of fresh medium was
added to the bottom well. Cells were allowed to transmigrate for 4 hours at
37°C. Transmigrated cells from the bottom chamber were collected and

counted using a Neubauer chamber.

7.2.11 In vitro spheroid competition colonization assay

HS-5 stromal cells were cultured in DMEM (Gibco) medium supplemented with
10% FBS and 1% antibiotic/antimycotic. To form spheroids in non-adhesion
wells, suspensions of 2.5x104 stromal cells were seeded in 96 well plates pre-
coated with 100 uL 1% agarose to avoid adhesion to the plastic surface and
incubated for 48 hours at 37°C, 5% CO:2 thus allowing for cell aggregation and
formation of spheroids.

Untreated REH cells were stained with CFDA, meanwhile Tubastatin-A treated
REH cells (20 uM for 3 h) were stained with CTV. 2.5x10% stained REH cells
were washed twice with 1X PBS and co-cultured with a spheroid for 24 hours.
After this period, hematopoietic cells outside of spheroids were collected from
supernatants, and spheroids with hematopoietic cells inside were collected
separately after disaggregation of spheroids. To this end, spheroids were
extensively washed with 1X PBS containing 5mM EDTA and enzymatic
digestion was performed using TrypLE (Thermo Scientific) to dissociate
attachment of MSC and REH cells by vigorous pipetting several times. The cell
suspensions from inside and outside the spheroid were fixed and analyzed by
flow cytometry.

For immunofluorescence, spheroids were recovered after co-culture with REH
cells. Spheroids were washed with 1X PBS-5mM EDTA and fixed for 1 hour in
4% PFA at RT. Then, spheroids were washed again with 1X PBS, and with
bidistilled water to remove salts. Spheroids were placed on slides, allowed to
dry, and mounted using DABCO mounting medium without DAPI. Images were
taken using a Leica SPE-DMI4000 confocal microscope. The number of cells

in the spheroids was quantified using Imaris software.
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7.2.12 Flow cytometry analysis of patient-derived cells

MNC were washed with 1 mL FACS buffer (1X PBS+1%FBS), blocked with
anti-human FcRy (1:1000) for 15 min at RT and then incubated with anti-human
CD34 FITC (1:200; Biolegend), and anti-human CD19 phycoerytrin (1:200;
Biolegend) in FACS buffer for 15 min at RT in the dark to identify CD34*
progenitors, CD34*CD19" pro-B and CD34°CD19* pre-B cells. Then cells were
fixed with 4% PFA for 20 min and permeabilized with FACS buffer containing
0.1% saponin (PermWash). Cells were incubated for 15 min at RT in the dark
with either Alexa 647-labelled anti-human HDACG6 antibody (1:100) or Alexa
647-labelled anti-human cortactin antibody (1:100). Cells were resuspended in
100 uL FACS buffer and analyzed using a BD FASCanto Il flow cytometer and
FlowJo X software. CD19* B cells from healthy donors were used as non-

malignant control cells.

7.2.13 Flow cytometry analysis of apoptosis

After Tubastatin-A treatment, REH cells were washed twice with FACS buffer
and resuspended in 150 uL Annexin V binding Buffer (Biolegend). 1 uL of
Pacific Blue™ Annexin V was added. Subsequently, 0.8 uL of propidium iodide
was added. The cell suspension was gently vortexed and incubated for 15 min
at RT in the dark. 100 pL of Annexin V binding buffer was added to each tube
and analyzed by flow cytometry using an Aurora flow cytometer and FlowJo X
software. REH cells with and without DMSO treatment were used as viability

controls.

7.2.14 Flow cytometry analysis of CXCR4 and VLA-4

To analyze the effect of HDACG6 inhibition on CXCR4 dynamics, REH cells
untreated or treated with Tubastatin-A at 10 or 20 uM for 24 h or 3 h were
washed with 1X PBS+1%FBS. To analyze surface expression of CXCRA4, cells
were blocked with anti-human FcRy (1:1000) and then incubated with APC-
anti-human CXCR4 (1:200). To analyze total expression of CXCR4, cells were
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washed, fixed with 4% PFA for 20 min and washed with Permwash to
permeabilize. Then, cells were stained intracellularly with APC-anti-human
CXCR4 (1:200), and washed with 1 mL FACS buffer, centrifuged for 5 min at
1500 rpm, and resuspended in 100 uL FACS buffer. To analyze VLA-4 levels,
REH cells were washed and fixed with 4% PFA for 20 min. Subsequently, cells
were washed with Permwash to permeabilize and stained intracellularly with
APC-anti-human CD29 or PE/Cy7-anti-human CD49d. Cells were washed with
1 mL FACS buffer, centrifuged for 5 min at 1500 rpm, and resuspended in 100
uL FACS buffer. Samples were analyzed using a FACS Canto Il flow cytometer

and FlowJo X software.

7.2.15 Flow cytometry analysis of F-actin polymerization

To evaluate F-actin dynamics, REH cells untreated or treated with Tubastatin-
A at 20 uM for 3h were stimulated with 100 ng/mL CXCL12 for 15, 30, 60, 180
and 360 seconds. Cells were directly transferred to 150 yL 4% PFA and
incubated for 20 min at RT. Cells were then permeabilized with PermWash,
and 1:400 Alexa Fluor™488-Phalloidin was used to stain F-actin for 30 min at
RT. Acquisition was performed using a FACS Canto Il cytometer, and data was
analyzed using FlowJo X software.

7.2.16 Leukemic xenotransplantation assays

To analyze organ infiltration, 3x10°% REH cells were injected via the tail vein into
non-irradiated male NSG mice (Jackson Laboratories, ME, USA). 50
mg/kg/day Tubastatin-A were intraperitoneally administered into mice three
days per week for 3 weeks. An equivalent volume of DMSO was injected into
control mice. Mice were kept in the animal facility of CINVESTAV and changes
in body weight were monitored three times per week. Once disease was
established in control mice (usually after 3 weeks, identified by weight loss,
ruffled fur, hind limbs paralysis, lethargic, abnormal breathing, abnormal

locomotion), mice were euthanized and BM, liver, spleen, brain, lung and testis
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were harvested and mechanically disaggregated by careful slicing of tissue into
pieces. Peripheral blood was obtained by cardiac puncture and erythrocytes
were lysed using 1X BD Pharm lyse™ buffer according to the manufacturer’s
instructions. Single cell suspensions were analyzed for the presence of human
CD45* leukemic B cells by flow cytometry. Data acquisition was performed

using an Aurora cytometer, and analyzed using FlowJo X software.

7.2.17 Statistics

To perform statistical analysis, Prism V8.0.1(GraphPad) software was used.
Differences between two groups were analyzed by Student’'s T-test,
considering statistically significant values of p<0.05. Differences between more
than two groups were analyzed by one-way ANOVA, whereas differences
between more than two groups with different conditions were determined by
two-way ANOVA considering statistically significant values of p<0.05.
Multivariant statistical analysis was performed to correlate HDACG6 levels with

clinical parameters. Mann—Whitney U-test was applied for clinical data.

44



8. RESULTS

8.1 The B-ALL cell line REH has higher HDACG6 levels compared
to normal B cells

We previously reported that the B-ALL cell line REH overexpresses cortactin,
which correlates with a high migratory capacity triggering organ infiltration in B-
ALL (Veldzquez-Avila et al., 2018). Cortactin regulates leukemic B cell
migration and needs to be activated by deacetylation for efficient interaction
with F-actin (Castellanos-Martinez et al., 2020). HDACG6 deacetylates cortactin
and is also known to control cell migration and invasion in cancer (Sakamoto
& Aldana-Masangkay, 2011). Considering these findings, we first analyzed
HDACG6 protein levels by flow cytometry in REH cells compared to healthy
CD19* B cells (Fig. 9A) and found that leukemic cells contain significantly
higher HDACS6 levels, suggesting that it could play an important role in B-ALL.
Western blot analysis confirmed this finding and showed the expected
molecular weight of HDACG6 at 160 kDa (Fig. 9B and 9C).
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Figure 9. HDACSG protein levels in the B-ALL cell line REH.

A) Flow cytometry of HDAC6 protein levels in the REH cells normalized to HDACS6 levels in
CD19+ B cells as controls (set to 1). Data are presented as mean fluorescence intensity + SD;
n=3. *p<0.05. B) Representative Western blot of HDAC6 in CD19+ B cells and the B-ALL cell
line REH showing the expected band at 160 kDa. C) Densitometric analysis of the relative pixel
intensity was performed using Image J software. Unpaired, two-tailed Student's t-test was used
to determine statistically significant difference + SD; n=3. ****p<0.0001
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8.2 HDACG6 and cortactin co-localize in the cytosol and at the
edge of REH cells

To identify the localization of HDACG6 in REH cells, we performed IF staining.
Confocal images revealed that HDACG6 has primarily a cytoplasmic localization
(Fig 2), which confirms what has been reported (Sakamoto & Aldana-
Masangkay, 2011). IF staining for cortactin also showed its presence in the
cytosol and at the cell periphery, suggesting that HDAC6 and cortactin are in
close proximity. CXCL12 stimulation generates protrusions in REH cells, where
an enrichment of both HDAC6 and cortactin in the polarized regions could be
observed (Fig 10).

Figure 10. HDACS6 displays a cytoplasmic localization in REH cells.

Representative images of REH cells stained for HDAC6 (green), cortactin (red) and DAPI
(nuclei, blue). Cells were visualized using a Leica TCS-SPE DMI4000 confocal with a 63x
objective and a 1.5x digital zoom. Representative images of 2 independent experiments are
shown. Magnifications show HDAC6 and cortactin presence at the cell periphery in co-
localization.



8.3 Tubastatin-A kills REH cells only at high concentrations

To analyze the effect of HDACG6 inhibition on REH cell migration, we first
determined the most suitable concentration of Tubastatin-A, a specific
pharmacological HDACG inhibitor (Butler et al., 2010; S. Shen et al., 2020), by
MTT assays. We found that the I1Cso value of Tubastatin-A, which is the
concentration inducing 50% of cell death, was 94 uM after 24 hours (Fig 11).
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Figure 11. Cell viability of REH cells was assessed by MTT assay after Tubastatin-A
treatment.

3x10* REH cells were plated into 96-well plates and then incubated with different
concentrations of Tubastatin-A (50, 100 and 150 uM) for 24 h. Control cells were treated with
DMSO. ICso value is represented as * within the graph. Data are means + SD of four
independent experiments.

As we needed only viable REH cells in functional assays, we decided to select
a lower incubation time and concentration of Tubastatin-A and analyzed
apoptosis using flow cytometry as a control. Annexin V binds to
phosphatidylserine (PS), which is normally only found on the intracellular leaflet
of the plasma membrane in healthy cells, but during early apoptosis,
membrane asymmetry is lost and PS translocates to the external leaflet. To

distinguish between the necrotic and apoptotic cells, propidium iodide (PI) was
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also used, which stains late-stage apoptotic cells and necrotic cells due to its
passage into the nucleus where it can bind to DNA. Early apoptotic cells
exclude PI (Biolegend, 2020). When we treated REH cells using a
concentration of 20 uM of Tubastatin-A for 3 hours, the percentage of cells
positive for Pl and PB-Annexin V was neglectable and similar to what was
observed in control REH cells treated with DMSO, meaning that the cells are

not suffering apoptosis and are viable for functional assays (Figure 12).
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Figure 12. 20 uM of Tubastatin A for 3 h does not trigger apoptosis in REH cells.

A) Dot plots show apoptosis ratios of control REH cells treated with DMSO and REH cells
treated with 20 uM of Tubastatin-A (TubA) using propidium iodide (PI) and Pacific Blue-annexin
V. The Q1 quadrant represents dead cells (Pl positive and annexin negative). The Q2 quadrant
represents cells that are in late apoptosis or necrosis (both annexin and PI positive). The Q3
quadrant represents viable cells (both annexin and PI negative). The Q4 quadrant represents
cells in early apoptosis (annexin positive and Pl negative). Representative dot plots of 3
independent experiments are shown. B) Percentage of cells observed in each quadrant from
A. ns, not significant.

8.4 HDACG6 deacetylates cortactin and tubulin in REH cells

Cortactin and a-tubulin are important proteins regulating cell migration (Daly,
2004; Kopf & Kiermaier, 2021) and have been reported as HDACG6 substrates
in different cell lines (Hubbert et al., 2002; Zhang et al., 2007). Inhibition of
HDAC6 with 20 pM of Tubastatin-A for 3 hours in REH cells revealed an
increase in acetylation levels of both cortactin and a-tubulin, without changes
in HDACSG6 protein levels (Fig 13). These findings show HDACS is active at the
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concentration and time used and that cortactin and tubulin are also HDAC6
targets in in REH cells. Furthermore, treatment conditions are appropriate to

apply in functional assays.
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Figure 13. Tubastatin-A induces acetylation of cortactin and a-tubulin in REH cells.

Representative Western blots of HDAC6, acetyl-cortactin, cortactin and acetyl-tubulin after
treatment with 20 uM of Tubastatin-A (TubA) in REH cells. GAPDH and y-tubulin were used as
loading control. Representative blots of 3 independent experiments are shown.

8.5 HDACSG inhibition reduces migration of leukemic B cells

by inhibition of F-actin polymerization

To evaluate whether HDACG6 has an important role in the migratory capacity of
leukemic B cells, we pre-treated only REH cells with Tubastatin-A and
performed transendothelial migration assays. We found that HDACG inhibition
in REH cells significantly reduced their capacity to transmigrate across HUVEC
monolayers in response to CXCL12, compared with DMSO pre-treated REH
cells (Fig. 14A), suggesting that HDACG6 is needed to accomplish efficient
transendothelial migration. Transmigration depends on F-actin dynamics. To
investigate whether the reduced transmigration is due to altered F-actin
dynamics, we performed actin polymerization assays. CXCL12 stimulation
rapidly produced new actin filaments in control cells. However, actin
polymerization in leukemic B cells under was significantly reduced by
Tubastatin-A treatment at early time points in comparison with DMSO treated
cells (Fig 14B).
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Figure 14. REH cell transendothelial migration and actin polymerization are reduced by

HDACSG inhibition.
A) Transendothelial migration across HUVEC monolayers in response to CXCL12 (100 ng/mL)
4 h after treatment of REH cells with Tubastatin-A (TubA) 20 uM. Control REH cells were
treated with equal volume of DMSO. Unpaired, two-tailed Student's t-test was used to
determine statistically significant differences between experimental groups. Error bars in
figures represent SD ****p<0.0001; n=3. B) Tubastatin-A pre-treated REH cells were stimulated
with CXCL12 for the indicated time points. Cells were then immediately fixed at the indicated
times and F-actin was stained using phalloidin. Data are presented as relative change to
controls (time point 0 s set to 1) + SD; n=3. Significance was determined using two-way
ANOVA. ***p<0.001, **p<0.01, ns, not significant.

8.6 HDACSG6 inhibition in cortactin-depleted REH cells does not
cause an additional effect on transendothelial migration

To analyze whether cortactin is a main target of HDAC6 through which it
regulates transendothelial migration, we generated stable cortactin-depleted
REH cells and subjected them to transmigration assays in the presence or
absence of Tubastatin-A. Cortactin was depleted in REH cells with an efficiency

of around 50% as confirmed by Western blot (Fig 15).
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Figure 15. Generation of cortactin-depleted REH cells. Cortactin (CTTN)-depletion in REH
cells was corroborated by western blot.

A) Representative blot of three independent experiments is shown. GAPDH was used as
loading control. B) Relative pixel intensity of cortactin WT and KD REH cells after normalizing
with GAPDH. The graph shows a reduction of around 50% on cortactin levels in KD cells
compared to WT cells. Significance was determined using paired, two-tailed Student's t-test.
Error bars in figures represent SD; *p<0.05.

HDACG6 inhibition in WT REH cells significantly impaired transmigration
compared to DMSO pre-treated WT cells (Fig 16). Control cortactin-KD REH
cells transmigrated significantly less in comparison to control WT REH cells.
However, in cortactin-KD cells, HDACG6 inhibition did not further reduce
transmigration in comparison to DMSO-treated KD cells or Tubastatin A-
treated WT cells. Thus, the similar inhibition of transmigration in cortactin-
depleted and Tubastatin-A treated WT REH cells, with no additional effect of
HDACSG6 inhibition in cortactin KD cells suggests that HDAC6 decreases
transendothelial migration of REH cells mainly by acting on cortactin.
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Figure 16. HDACG inhibition does not further reduce transendothelial migration of
cortactin-KD REH cells.

Tubastatin-A (TubA)-treated (20 uM, 3 h) WT and cortactin-depleted REH were subjected to
transendothelial migration assays using transwell filters and 100 ng/mL CXCL12 as
chemoattractant for 4 h. Cells that migrated to the bottom chamber were stained with trypan
blue and counted using a Neubauer chamber. Control WT and KD REH cells were treated with
equal volume of DMSO. Data are presented as numbers of transmigrated cells £ SD; n=4.
Significance was analyzed by two-way ANOVA using Graph Pad. ****p<0.0001; ***p<0.001;
**p<0.01. ns, not significant.

8.7 BM organoid colonization is impaired after HDAC6
Inhibition in REH cells

The bone marrow microenvironment supports the growth and survival of
normal and leukemic cells. CXCL12 is a chemokine constitutively produced by
bone marrow mesenchymal stromal cells (MSC) to regulate the homing of
circulating normal and leukemic cells to the bone marrow (Duarte et al., 2018).
Thus, we wanted to know whether HDACG6 in REH cells is critical to accomplish
colonization of MSC organoids resembling BM (Balandran et al., 2017). We
performed competition assays and flow cytometry analysis and found that REH
cells pre-treated with Tubastatin-A were less able to colonize MSC organoids
compared to DMSO treated REH cells (Fig. 17A), suggesting that HDACG is
needed for an efficient colonization of BM-MSC organoids. Moreover, as
control we analyzed whether the deacetylase activity of HDAC6 in REH cells

was still inhibited after pre-treatment of Tubastatin-A and even maintained after
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washing and 24 h co-culture with MSC organoids to allow colonization. We
observed that after completion of colonization, ac-tubulin levels were similar to
those observed immediately after Tubastatin-A treatment indicating that
HDACG6 was indeed inhibited throughout the course of the experiment (Fig
17B).
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Figure 17. HDACS6 inhibition in REH cells diminishes their capacity to colonize MSC
organoids.

A) MSC organoids were co-cultured for 24 h with REH cells. Prior co-culture, control REH cells
were stained with CFDA, treated with DMSO and washed with 1X PBS. Tubastatin-A (TubA)-
treated REH cells were stained with CTV and washed with 1X PBS. After co-culture, organoids
were recovered, disaggregated, fixed, and analyzed using a BD FACS Canto Il cytometer. Data
are shown as colonization percentage of single cells. Significance was determined using
paired, two-tailed Student's t-test. ***p<0.001; n=3. B) Representative Western blot of two
independent experiments showing ac-tubulin levels in REH cells after 20 yM TubA treatment,
washing with 1X PBS and 24h culture with fresh media. Tubulin was used as loading control.

Furthermore, we corroborated our results by confocal microscopy (Fig 18A).
We recovered the complete organoids and confirmed that Tubastatin-A-treated
REH cells were less able to colonize the organoids in comparison to DMSO-
treated REH cells. We quantified the number of cells using IMARIS Software
and found a significant reduced number of Tubastatin-A pre-treated REH cells
inside the organoid in comparison to DMSO treated REH cells (Fig. 18B),
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supporting the idea that HDACG is necessary for homing of B-ALL cells into the
BM.
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Figure 18. Confocal microscopy of MSC-organoid showed less presence of Tubastatin-
A-treated cells.

A) MSC organoids were recovered after 24 h co-culture with REH cells, and analyzed using a
Leica TCS-SPE DMI4000 confocal microscope. DMSO-treated cells were stained with CFDA
(green) and TubA-treated cells with CTV (blue). Bar=50um B) The number of REH cells inside
the organoids was quantified using IMARIS Software. Significance was determined using
paired, two-tailed Student's t-test. ****p<0.0001; n=22 spheroids from 3 independent
experiments.

8.8 HDACS6 inhibition causes a decrease in CXCR4 and VLA-4
levels in REH cells

As leukemic B cell transmigration and homing into the BM also depends on
integrins and chemokine receptors, we analyzed CXCR4 and VLA-4 levels
after HDACG inhibition. After 3 hours of treatment with Tubastatin-A, total
CXCRA4 levels were not changed compared to DMSO-treated control REH cells
(Fig. 19A). Interestingly, we found significantly lower surface levels of CXCR4
in Tubastatin-A treated REH cells in comparison to DMSO-treated control REH
cells. However, internalization of CXCR4 in response to CXCL12 occurred at
similar rates in both cell types (Fig 19B). CXCR4 levels after 24 h of Tubastatin-
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A treatment revealed that both surface and total levels of CXCR4 were
significantly diminished compared to DMSO treated cells, therefore suggesting
that HDAC6 may be involved in CXCR4 transport and degradation (Fig 19C).
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Figure 19.Tubastatin-A treatment diminishes surface and total CXCR4 levels in REH cells.

A) Total levels of CXCR4 were analyzed in permeabilized REH cells after 3 h treatment with
20 pM Tubastatin-A (TubA). n=3. ns, not significant. B) After 3 h treatment with 20 yM TubA,
surface levels of CXCR4 were analyzed in non-permeabilized, untreated or CXCL12-
stimulated cells. n=4. *p<0.05. C) Surface and total CXCR4 levels were determined after 24h
treatment with 10 uM Tubastatin-A. In all experiments, DMSO-treated REH cells were used as
control. Samples were analyzed using a BD FACS Canto Il cytometer and analyzed by FlowJo
X software. Data are presented as MFI £ SD. Significance was determined using unpaired,
two-tailed Student's t-test and two-way ANOVA using Graph Pad. n=3. *p<0.05; ***p<0.001.
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HDACSG inhibition in REH cells for 3 h did not cause any changes in the surface
levels of the VLA-4 integrin subunits (CD49d (integrin as4) and CD29 (integrin
B1), in comparison to DMSO-treated cells (Fig 20A). However, after 24 h of
Tubastatin-A treatment, we found a significant reduction of both CD49d and

CD29 levels (Fig 20B), suggesting that HDAC6 may play a role in integrins

transport.
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Figure 20. Tubastatin-A treatment for 24 h in REH cells causes a decrease in CD29 and
CD49d subunit levels of VLA-4 in REH cells.

A) Surface CD29 and CD49d (VLA-4) levels were determined after 3 h treatment with 20 M
Tubastatin-A. n=3. ns, not significant. B) After 24h treatment with 10 uM Tubastatin-A, surface
CD29 and CD49d levels were analyzed. In all experiments, DMSO treated REH cells were
used as control. Samples were analyzed using a BD FACS Canto Il cytometer and analyzed
by FlowJo X software. Data are presented as MFI + SD. Significance was determined using
two-way ANOVA using Graph Pad. n=3. *p<0.05; ****p<0.0001.

8.9 HDACG expression is higher in B cells derived from patients
with B-ALL compared to normal B cells

Having shown the overexpression of HDAC6 in REH cells and its importance
for migration, we wanted to investigate whether this was also true for primary
patient-derived B-ALL cells. We investigated the expression of HDACG6 in a
cohort of 22 pediatric B-ALL patients (Appendix 1). RNA-seq data revealed that
HDACG6 expression was significantly higher in B-ALL patients compared with
control patients (Fig 21A). Furthermore, we examined the protein levels of
HDACG6 by flow cytometry in patient-derived bone marrow cells from a second
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cohort of 49 B-ALL patients (Appendix 2). HDAC6 protein levels were also
found to be higher in B-ALL cells compared with non-malignant CD19* B cells
(Fig 21B). Remarkably, HDACG6 levels in B-ALL cells from relapse patients
were increased threefold compared to cells from debut patients. Importantly,
we followed 4 patients of our cohort since diagnosis, and found that their blasts
at relapse increased HDACG levels in comparison to their blasts at debut (Fig
21C).
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Figure 21. HDAC6 mRNA and protein levels are higher in primary leukemic B cells than in
normal B cells.

A) HDAC6 RPKM expression values (reads per kilobase million) as determined by RNA-seq in
a cohort of 22 B-ALL patients and 4 control patients. Each dot represents an individual. B) Flow
cytometry of HDACG6 protein levels in newly diagnosed (n=39) and relapse (n=10) B-ALL
patients normalized to HDACS6 levels in CD19+ B cells as controls (set to 1) (n=5). Each dot
represents an individual. C) Flow cytometry of HDACG protein levels in 4 patients followed from
debut to relapse. Each dot represents an individual. Data were normalized to HDACSG levels in
CD19+ B cells as controls (set to 1) (n=1). Flow cytometry data were analyzed by FlowJo X
software and are presented as mean fluorescence intensity + SD. One-way ANOVA was used
to determine statistically significant differences between experimental groups using Graph Pad.
Significance was calculated by comparing HDACSG levels in B-ALL patient cells vs CD19+ B
cells. *p<0.05; ***p<0.001; ****p<0.0001; ns, not significant.
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Correlation analysis of HDAC6 RPKM expression values with clinical
parameters using non-parametric Mann-Whitney U test did not reveal any

significative correlation (Table 9).

Table 9. Correlation analysis of HDAC6 RPKM expression.

HDAC6 RPKM

Variable P-value (Reads per Kilobase million)
Sex Female (n=6) 484.79
0.1545 Male (n=16) 311.02
Risk Standard (n=8) 414.16
0.4822 High (n=14) 326.55
Translocation Negative (n=18) 324 .64
0.3002 Positive (n=4) 510.38
Hepatomegaly Negative (n=12) 368.48
0.8212 Positive (n=10) 381.73
Splenomegaly Negative (n=6) 402.02
0.4070 Positive (n=16) 301.13
Adenomegaly Negative (n=12) 34435
0.7223 Positive (n=10) 375.28
Death Negative (n=14) 373.50
0.99 Positive (n=8) 376.25

To compare HDACG6 expression with available numeric variables, we used
Pearson’s correlation test. However, HDACG6 expression did not correlate with
the percentage of BM blasts, platelets, leukocyte numbers or hemoglobin
concentration (Fig 22).
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Figure 22. Correlation analysis of HDAC6 RPKM with patient data.

HDAC6 RPKM values in blasts from bone marrow of B-ALL patients (n=22) and control
individuals (n=4) was determined by RNA-seq and then correlated with the indicated patient
data. Y-axis is in logarithmic scale.

In order to correlate HDACSG protein levels to clinical parameters, we analyzed
clinical patient data and performed statistical analysis. We used non-parametric
Mann-Whitney U test to categorize variables and analyze if they could be
related with the increased HDACG6 levels. For each category, mean HDACG6
levels are displayed as fold increase (according to control CD19"* B cells) (Table
10). Statistical analysis to identify whether HDACG6 levels associate to clinical
features confirmed a significant correlation with relapse and translocations.
However, HDACG6 upregulation was not related to sex, risk, immunophenotype,
response to steroids, infections, neutropenia, thrombocytopenia, anemia,

hepatomegaly, adenomegaly, splenomegaly or death. Importantly, Pearson’s
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correlation tests revealed increased leukocytes number and platelet numbers
as significant correlation (Fig 23); but blasts percentage in BM and PB, lactate
dehydrogenase (LDH) levels and hemoglobin levels were not significantly
correlated to higher HDACEG levels.
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Figure 23. Correlation analysis of HDACSG levels with patient data.

Fold increase levels of HDACS in progenitor and precursor B cells from bone marrow of B-ALL
patients (n=49) was determined by flow cytometry (normalized to the mean fluorescence
intensities from CD19+ B cells as controls (n=5), and then correlated with the indicated patient
data. Y-axis is in logarithmic scale.
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Table 10. Correlation analysis of HDACG6 protein levels.

Variable

Sex

Risk

Immunophenotype

Translocation

Response to steroids

Infections

Anemia

Neutropenia

Thrombocytopenia

Hepatomegaly

Splenomegaly

Adenomegaly

Relapse

Death

P-value

0.8150

0.2528

0.1007

0.0034

0.5687

0.0787

0.7677

0.0683

0.4788

0.5936

0.6168

0.2471

=0.0001

0.5485

Female (n=27)
Male (n=22)
Standard (n=12)
High (n=26)
Pre-B (n=14)
Pro-B/Pre-B.Pro-B (n=35)
Negative (n=25)
Positive (n=15)
Negative (n=4)
Positive (n=31)
Negative (n=29)
Positive (n1=9)
Negative (n=6)
Positive (n=36)
Negative (n=14)
Positive (n=13)
Negative (n=10)
Positive (n=32)
Negative (n=18)
Positive (n=27)
Negative (n=22)
Positive (n=23)
Negative (n1=18)
Positive (n=27)
Negative (n1=39)
Positive (n=10)
Negative (n=47)

Positive (n=2)
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HDACG levels

(Fold increase of mean
fluorescence intensity)
3.18
2.48

2.96
2.73
4.99

2.77

3.03
2.20
3.04

2.20

2.26
2.98
2.21
6.16
2.73

2.07



8.10 Inhibition of HDACG6 in patient-derived leukemic B cells
reduces their invasive capacity

Our previous results show that B-ALL patients have significantly increased
HDACG6 levels compared to healthy B cells, suggesting that HDAC6
overexpression is a common characteristic in B-ALL, and more importantly,
that HDACG6 upregulation is associated to relapse. Taking into account our
previous findings that REH cells with high HDACG6 levels migrate more, we
hypothesized that high HDACG6 levels in B-ALL cells from patients also trigger
migration and organs invasion. To this end, we performed transmigration
assays in response to CXCL12 across HUVEC monolayers with HDAC6
inhibition and found that leukemic blasts transmigrated less after Tubastatin-A
treatment in comparison to DMSO-treated cells (Fig 24), which is in agreement
with our findings in REH cells. Thus, HDACEG is required in leukemic B cells to

accomplish transmigration efficiently.
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Figure 24. Patient-derived B-ALL cells transmigrate less after HDACG6 inhibition.

Transendothelial migration assays across HUVEC monolayers in response to CXCL12 (100
ng/mL) were performed for 4 h after treatment of REH cells with 20 yM Tubastatin-A (TubA)
for 3 h. Control cells were treated with equal volume of DMSO. Unpaired, two-tailed Student's
t-test was used to determine statistically significant differences between experimental groups.
Error bars in figure represent SD; n=4. **p<0.01.
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B

Furthermore, BM organoid colonization competition assays demonstrated that
Tubastatin-A-treated B cells from patients colonized the organoids less
efficiently than DMSO-treated cells (Fig 25A), which was also confirmed by IF
(Fig 25B, 25C), similar to what we found using REH cells indicating that HDAC6

inhibition in leukemic B cells with high HDACG6 levels could reduce their

invasiveness.
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Figure 25. HDACSG inhibition in patient-derived B-ALL cells reduces their ability to colonize
MSC organoids.

A) MSC organoids were co-cultured for 24 h with patient-derived B-ALL cells. Prior co-culture,
control cells were stained with CFDA, treated with DMSO, and washed with 1X PBS.
Tubastatin-A (TubA, 20 uM, 3 h) treated cells were stained with CTV and washed with 1X PBS.
After co-culture, organoids were recovered, disaggregated, fixed, and analyzed using a BD
FACS Canto Il cytometer. Data are shown as colonization percentage of single cells.
Significance was determined using paired, two-tailed Student's t-test. **p<0.01; n=5. B) Whole
MSC organoids were recovered after co-culture with patient-derived B-ALL cells, washed, fixed
and analyzed using a Leica TCS-SPE DMI4000 confocal microscope. DMSO-treated cells
were stained with CFDA (green) and TubA pre-treated cells with CTV (blue). Bar=50um. C)
Quantification of the number of cells inside the organoids was analyzed using IMARIS
Software. Significance was determined using paired, two-tailed Student's t-test. ****p<0.0001;
n=22 spheroids from 3 independent experiments.

63



8.11 B-ALL patient cells isolated from BM possess higher
HDACG6 levels than cells from PB, and bestow a migratory
advantage

Next, we analyzed whether B-ALL cells isolated from BM or PB would exhibit
different HDACG6 levels. We found that 9 of 12 patients from our cohort
possessed higher HDACG6 levels in BM-derived blasts compared to blasts
derived from PB (Fig 26A), suggesting that HDAC6 upregulation is triggered in
the BM, which could potentiate leukemic B cells escape into blood circulation.
Moreover, we found that relapse patients had higher HDACG levels in cells from
both BM and PB in comparison to debut patients and control individuals (Fig.
26B).
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Figure 26. HDACS levels in patient-derived blasts from BM and PB correlate with
migratory efficiency.
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A) HDACEG levels were analyzed by flow cytometry in patient-derived blasts isolated from BM
and PB. Samples from 1 healthy individual, 9 newly diagnosed and 3 relapse patients were
analyzed. Data were analyzed by FlowJo X software and are presented as MFI £ SD. B) Flow
cytometry of HDACG6 protein levels in BM (left) and PB (right)-derived non-malignant cells
(n=1), newly diagnosed (n=9) and relapse (n=3) B-ALL patients. Each dot represents an
individual. Flow cytometry data were analyzed by FlowJo X software and are presented as
mean fluorescence intensity + SD. One-way ANOVA was used to determine statistically
significant differences between experimental groups using Graph Pad. Significance was
calculated by comparing HDACS6 levels in B-ALL patient cells vs CD19+ B cells. *p<0.05;
**p<0.01; **p<0.001; ns, not significant.

With the available patient cells we performed chemotaxis assays, and of note,
we found that debut patient BM-derived blasts with highest HDACS6 levels (P5)
were able to migrate more in response to CXCL12 in comparison to BM-derived
blasts from debut patients with lower HDACG6 levels (P2, P4), demonstrating
that HDACG6 indeed provides a migratory advantage (Fig. 27A). Additionally,
chemotaxis assays comparing BM and PB blasts from 3 patients confirmed that

migration efficiency correlated with HDACS6 levels (Fig. 27B).
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Figure 27. HDAC6 bestows a migratory efficiency in patient-derived blasts from BM
and PB.

A) Chemotaxis assays were performed with patient-derived BM blasts and the number of
migrated cells in response to CXCL12 after 4 h were counted. B) Chemotaxis assays in
response to CXCL12 were performed with patient-derived BM and PB blasts. After 4 h, the
number of migrated cells were counted. Experiments were performed by triplicate for each
patient.
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8.12 Direct contact with stromal cells leads to an increase of
HDACS6 levels in leukemic B cells

The previous finding indicates that the BM microenvironment could be
mediating HDACG6 upregulation. To corroborate this, we performed an
adhesion assay, where REH cells were co-cultured for 24 h on top of MSC line
HS5. Importantly, we found that REH cells that were strongly adhered to MSC
presented a significant increase in HDACG levels compared to cells cultured
alone. REH cells in the co-culture but not adhered to HS5 cells also showed an
increase in HDACSG levels (Fig. 28A). Furthermore, we analyzed HDACG6 levels
in REH cells that were able to colonize BM-MSC organoids and found that
leukemic B cells inside the organoid possessed higher HDACG6 levels

compared to those cells that were not able to colonize (Fig. 28B).
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Figure 28. REH cells in contact with HS5 cells increase HDACG levels.

A) REH cells were stained with CFDA and added on top of a monolayer of HS5-MSC. After 24
h co-culture, REH cells in suspension were recovered and cells attached to HS5 cells were
detached using TrypLE. HDACG6 levels were analyzed by flow cytometry and analyzed using
FlowJo X software. Data are presented as fold change in comparison to REH cells cultured
alone (dotted line, set to 1) + SD. Significance was determined by one-way ANOVA using
Graph Pad. n=3. B) HDACS6 levels in CFDA-stained REH cells were quantified after HS5-
organoid co-cultures. Colonizing cells (in) expressed higher HDACG6 levels compared to non-
colonizing cells (out). Data are presented as fold change in comparison to non-colonizing REH
cells. Significance was determined by paired, two-tailed Student's t-test using Graph Pad. n=3.
**p<0.01; ***p<0.001; ****p=<0.0001; ns, not significant.
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These results were confirmed when analyzing B-ALL patient-derived cells.
After adhesion to HS5-MSC, blasts from patients increased significantly
HDACEG levels, but cells in suspension did not show an increase (Fig. 29A). As
well, patient-derived B-ALL cells that colonized BM-MSC organoids also
significantly increased HDACG6 levels in comparison to cells that did not

colonize the organoids. (Fig. 29B).
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Figure 29. Patient-derived cells in contact with HS5 cells increase HDACSG levels.

A) Patient-derived cells were stained with CFDA and co-cultured for 24 h with HS5-MSC. Cells
in suspension and attached were recovered and HDACG levels were analyzed as described in
Figure 28. Data are presented as fold change in comparison to patient cells cultured alone
(dotted line, setto 1) + SD. n=2. Significance was determined by one-way ANOVA using Graph
Pad. B): HDACEG levels were analyzed in CFDA-stained patient-derived cells in HS5-organoid
colonizing (in) and non-colonizing cells (out). Data are presented as fold change in comparison
to non-colonizing patient cells. n=3. Significance was determined by paired, two-tailed
Student's t-test using Graph Pad. **p<0.01; ns, not significant.

Within the BM, the adhesion molecule VCAM-1 and the chemokine CXCL12
are expressed by MSCs and are important mediators of cell adhesion,
retention, and mobilization, thus, we evaluated whether these molecules could
be triggering HDACG6 upregulation in leukemic B cells. After culturing REH cells
under the mentioned stimuli for 24 h, we quantified HDACG6 levels by flow
cytometry, and found that both CXCL12 and adhesion to VCAM-1 slightly

increase HDACSG levels when comparing to non-stimulated REH cells. (Fig. 30).
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Activin-A is a TGF- family member produced by MSC which has recently been
demonstrated to enhance the migratory properties of B-ALL cells. (Portale et
al., 2019). When we analyzed HDACSG levels in leukemic B cells after Activin-A
stimulation, we also observed a modest increase (Fig. 30). However, none of
these molecules led to an increase in HDACEG levels as we observed in the 2D
and 3D co-culture with MSC.
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Figure 30. HDACEG levels slightly increase in leukemic B cells after CXCL12,
VCAM-1 and Activin-A stimulation.

REH cells were either seeded on top of VCAM-1-Fc (500 ng/mL) coated plates, cultured with
CXCL12 (100 ng/mL) or with Activin-A (50 ng/mL). After 24 h, cells were recovered and HDAC6
levels were analyzed using a Cytek™Aurora cytometer and FlowJo X software. Data are
presented as mean fluorescence intensity + SD. n=4). Significance was determined by one-
way ANOVA. *p<0.05; **p<0.01.

8.13 Tubastatin-A treatment in xenotransplanted mice inhibits
leukemic B cell invasion and delays the signs of leukemia

Finally, we wanted to evaluate the potential clinical application of HDAC6
inhibition in a B-ALL model. To this end, we injected NSG male mice via the
tail vein with 3 million REH cells and treated the mice with either vehicle or 50
mg/kg Tubastatin-A. The disease was established in all mice treated with
DMSO after 24 days (weight loss, paralysis of posterior limbs, minor activity),
whereas none of the Tubastatin-A-treated mice revealed any illness signs at
the same time point. We sacrificed the mice and performed flow cytometry
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analysis of the digested organs known to be targets for leukemic cells
infiltration. Strikingly, Tubastatin-A strongly decreased the capacity of REH
cells to engraft in the BM (Fig. 31A) and to invade the brain (Fig. 31D). These
mice also showed a tendency to less percentage (but insignificant) of REH cells
in PB (Fig. 31B), spleen (Fig. 31C) and lungs (Fig. 31F). Likewise, REH cells
in the Tubastatin-A treated mice had significant decreased capacity to infiltrate

the liver (Fig.31E) but did not present differences in testis (Fig. 31G).
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Figure 31. Tubastatin-A treatment in mice impaired leukemic B cells invasive capacity.
REH-xenografted mice were treated by intraperitoneal injection with DMSO (n=6) or
Tubastatin-A (50 mg/kg) (n=5) three days per week through 24 days. Bone marrow, brain,
peripheral blood, spleen, lungs and testis were harvested and disaggregated. Cell suspensions
were stained using anti-human APC-CD45 and anti-mouse FITC-CD45. Percentage of
hCD45+ cells infiltrated in organs was analyzed from alive cells using a Cytek™Aurora
cytometer. Data are represented as mean + SEM. Significance was determined using unpaired,
two-tailed Student's t-test. *p<0.05; **p<0.01; ****p<0.0001; ns, not significant.
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Importantly, populations of mCD45* cells were mostly maintained in BM, lung,
liver and testis of Tubastatin-A treated mice (Fig. 32A, 32B). Thus, our results

highlight HDACG6 as a potential target for pharmacological inhibition to prevent

organ infiltration in B-ALL patients.
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Figure 32. REH-xenografted mice were treated by intraperitoneal injection with DMSO or

Comp-FITC-A :: hCD45

Comp-FITC-A :: hCD45

Tubastatin-A (50 mg/kg) three days per week through 24 days.
A, B) Representative density plots of each organ of DMSO and Tubastatin-A treated mice are
shown. Percentage of hCD45 vs mCDA45 positive cells are shown (of living cells).
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9. DISCUSSION

HDACG6 overexpression has been detected in many solid tumors correlating
with metastasis (Gao et al., 2007; Sakamoto & Aldana-Masangkay, 2011). In
the context of leukemias, different studies revealed HDACG6 upregulation in B-
CLL and AML (Bradbury et al., 2005; Maharaj et al., 2018; Pezzotta et al.,
2022). Here, our investigation uncovered that the B-ALL cell line REH and
patients with BM relapse exhibited higher HDACG6 levels in their leukemic B-
cell precursors in comparison to healthy individuals. We also found that
pharmacological inhibition of HDAC6 in a B-ALL xenotransplantation model
strikingly reduced engraftment into the BM and organ infiltration of leukemic B

cells, thus, we propose HDACG6 as a promising drug target in B-ALL.

In this project, we demonstrated that HDACG is localized in the cytoplasm of
the pre-B ALL cell line REH. HDACG6 translocates to the cytoplasm due to the
NES and SE14 motifs (Boyault et al., 2007), where it is able to participate in F-
actin polymerization to modulate cell migration (Valenzuela-Fernandez et al.,
2008). In REH cells, HDACG6 co-localizes with cortactin. Cortactin stabilizes F-
actin branches and is a substrate of HDACG6 ( Zhang et al., 2007). High levels
of cortactin were reported by our group in REH cells, where it correlated with
increased migration and organ infiltration (Velazquez-Avila et al., 2018). Here,
we found that in REH cells both HDAC6 and cortactin accumulate in the
protrusions that are formed upon CXCL12 stimulation, suggesting that HDACG6
could be mediating cortactin activity by deacetylation to trigger cell migration

as described before in epithelial cells (Zhang et al., 2007).

Few studies have investigated HDACG6 functions in leukemic cells. The AML
cell lines HL60, K562 and KG1a had higher HDAC6 mRNA expression in
comparison to CD34" mobilized peripheral blood cells (MPB), but protein levels
and localization were not analyzed (Bradbury et al., 2005). The B-CLL cell lines
OSU-CLL and Mec2 displayed more HDACG6 protein than normal healthy
human primary B-cells (Maharaj et al., 2018). Importantly, we explored for the
first time HDACG6 protein levels in the B-ALL cell line REH, which contained

71



higher HDACG6 levels compared to healthy CD19" B cells. This cell line was
established from peripheral blood of a patient with BM relapse (Rosenfeld et
al., 1977). Relapse can occur in the BM and in extramedullary sites, where
leukemic cells can reach to get protection from systemic chemotherapy
(Gaudichon et al., 2019), thus, we think that HDAC6 could be providing a

migratory advantage.

HDACSs induce multiple cellular and molecular processes through deacetylation
of histone and nonhistone substrates, and dysregulation has been associated
with cancer. Therefore, HDAC inhibitors have demonstrated promising
therapeutic effects in solid and hematological cancer (Jenke et al., 2021).
However, the lack of specificity of available pan-HDAC inhibitors led to global
modification of acetylation levels in many substrates, which caused cytotoxic
effects and adverse reactions in trial patients including thrombocytopenia,
neutropenia, cardiac arrhythmia, and neurotoxicity (Bruserud et al., 2007).
Therefore, those clinical trials had to be stopped. To overcome this problem,
selective inhibitors for specific HDAC isoforms have been developed in the last
few years, but only few specific HDACG inhibitors exist. Only tubacin has been
examined before in the B ALL cell lines REH and Nalm-6, where an increase in
acetyl-tubulin was reported. Moreover, tubacin treatment induced apoptosis
and enhanced the effects of the chemotherapeutic agents vincristine,
dexamethasone and L-asparaginase in vitro and in vivo (Aldana-Masangkay et
al., 2011), suggesting that targeting HDACG6 could be an approach to treat B-
ALL. In our project, we used for the first time Tubastatin-A to inhibit HDACG6 in
B-acute lymphoblastic leukemic cells and observed increased acetylation

levels of both cortactin and tubulin at dosages that did not induce cell death.

Post-translational modifications of cortactin and tubulin regulate cytoskeletal
dynamics, thus their deacetylation by HDAC6 can control cell migration
(Valenzuela-Fernandez et al., 2008). Importantly, our TEM assays in response
to CXCL12 revealed a significant impairment of REH cell migration upon
HDACSG inhibition with Tubastatin-A. These data resembled what we reported
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with cortactin-knockdown REH cells. Cortactin knockdown leukemic cells were
less able to accomplish TEM (Velazquez-Avila et al., 2018), which is in line with
a previous report showing that cortactin needs to be deacetylated by HDAC6
to efficiently favor epithelial cells migration (Zhang et al., 2007). Our results
also suggest that cortactin could be the main substrate through which HDAC6
regulates migration of B-ALL cells, because we did not find any differences in
the transendothelial migration between cortactin knockdown cells and cortactin
knockdown cells treated with Tubastatin-A. Our data using REH cells are also
in line with another study showing that HDACG6 inhibition with Tubastatin-A
reduced the ability of megakaryocytes to migrate towards CXCL12, due to
reduced F-actin polymerization and increased cortactin acetylation (Messaoudi
et al., 2017). Additionally, treatment with Trichostatin A (TSA), another HDACG6
inhibitor, in the T-ALL cell line CEM decreased their TEM capacity in response
to CXCL12, which was also observed with HDAC6 knockdown lymphoblasts
(Roman Cabrero et al., 2006). Also, HDACG6 was found localized at protrusive
structures at the leading edge of T lymphoblasts supporting the involvement of
HDACSG in the regulation of motility (Roman Cabrero et al., 2006). Other HDAC6
inhibitors such as tubacin and niltubacin have been reported to inhibit CXCL12-
induced motility of the Burkitt's lymphoma cell lines Raji and Namalwa by
causing an increase in the acetylation level of tubulin (Ding et al., 2014). Thus,

HDACSG clearly controls migration of malignant T and B cells.

Cell migration is an essential process regulated by a variety of mechanisms
including actin filament and microtubule dynamics (Yin et al., 2017).
Microtubule growth occurs at the cell leading edge and microtubule shortening
at the rear, and for an efficient turnover, depolymerized tubulin needs to be
deacetylated by HDACG6 (Hubbert et al., 2002; Sakamoto & Aldana-Masangkay,
2011). This could be a mechanism through which HDACG inhibition affects TEM
of REH cells. On the other hand, cortactin promotes actin filament formation by
activating the Arp2/3 complex and stabilizing newly generated branched
filaments that drive protrusions at the leading edge of migrating cells (Weaver

et al., 2001). The tandem repeat region of cortactin is essential for F-actin
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binding (Castellanos-Martinez et al., 2020). Of note, HDACG6 is able to
deacetylate cortactin in the tandem repeat region to increase the affinity of
cortactin for F-actin, with hyperacetylated cortactin having low affinity for F-
actin leading to impaired cell migration (Zhang et al., 2007). In our investigation,
we found that HDACG inhibition significantly affected F-actin polymerization
induced by CXCL12, likely due to the observed increase in acetylated cortactin,
suggesting that HDACG6-mediated deacetylation of cortactin is critical to

stabilize new actin filaments in REH cells and potentiate migration.

Homing is the process where hematopoietic cells migrate into the BM (Caocci
et al.,, 2017). CXCL12 is a chemokine required for optimal B-ALL homing
(Juarez et al., 2009). Using a tridimensional organoid co-culture system
consisting of bone marrow-stromal and leukemic B cells, we found that
Tubastatin-A treatment of leukemic B cells strongly reduced their capacity to
colonize the BM organoids, suggesting that HDAC6 deacetylase activity is
needed for efficient BM homing. While HDACG6 has never been studied before
in the context of lymphocyte homing, HDACS5 inhibition with LMK235 enhanced
CD34* HSC homing. HDACS inhibition increased the acetylated levels of p65
in the CXCR4 promoter region leading to upregulation of CXCR4, which is the
receptor for CXCL12 (Huang et al., 2018). These findings contrast with our data
on HDACSG inhibition. Possible explanations could be that HDACS5 is a nuclear
protein and catalyzes the deacetylation of histones. As well, HDAC5 forms
complexes with HDAC3 and HDAC4 and is involved in the regulation of
apoptosis and glucose metabolism (Yang et al., 2021). Thus, HDACS and
HDACG6 have different substrates affecting different signaling pathways in a

specific manner.

High expression of CXCR4 and hyperactivation of the CXCL12/CXCR4 axis is
involved in leukemic cell mobilization and disease progression (Chiarini et al.,
2016b; Duarte et al., 2018; Shen et al., 2001; van den Berk et al., 2014). In our
study, Tubastatin-A treatment for 24 hours reduced CXCR4 surface and total
levels. Other reports have described that treatment with the pan-HDAC inhibitor
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panobinostat reduced the mRNA and protein levels of CXCR4 in OCI-AML-3
and primary AML cells. CXCR4 is chaperoned by the heat shock protein 90
(HSP90) and panobinostat led to HSP90 hyperacetylation driving CXCR4
proteosomal degradation (Mandawat et al., 2010). Moreover, HDACG6
downregulation by siRNA in this cell line induced acetylation of HSP90 and
interrupted its chaperone function, indicating that HSP90 is a HDACG6 substrate
(Bali et al., 2005). Therefore, it would be important to study whether HSP90 is
a substrate of HDACG in REH cells and verify the increase in HSP90 acetylation
when using Tubastatin-A, which may explain the reduction in CXCR4 protein
levels and provide better mechanistic understanding of HDACG6 functions in B-
ALL.

In addition to CXCR4, HDACG6 could also be regulating cell surface levels of
VLA-4 in REH cells, given our finding of reduced VLA-4 surface levels after 24
hours of Tubastatin-A treatment. Some studies reported HDAC6 association
with endosomal compartments, where it controlled epidermal growth factor
receptor (EGFR) trafficking through modulation of tubulin acetylation (Y. S. Gao
et al.,, 2010). Additionallyy, HDACG6 is involved in IL-1B exocytosis in
macrophages (Karnam et al., 2020) and regulates the movement and delivery
of the lytic granules at the immune synapse in T cells (Nufiez-Andrade et al.,
2016). Thus, tubulin acetylation due to HDACS6 inhibition could be impairing
microtubule-mediated vesicle transport in B-ALL cells, which needs to be
unraveled in future studies. In agreement with our findings using Tubastatin-A
in B-ALL cells, another group has shown that pan-HDAC inhibitors such as
SAHA and VPA downregulate VLA-4 surface levels in HSC and AML cells,
causing decreased adhesion to mesenchymal stromal cells (Mahlknecht &
Schonbein, 2008). MPT0G413, a specific HDACG6 inhibitor, was also able to
decrease the expression of VLA-4 in the multiple myeloma cells RPMI-8226
and NCI-H929 (Huang et al., 2019). As VLA-4 is essential for B-ALL cell
survival and adhesion, positioning in BM niches and mobilization from the BM
(Shalapour et al., 2011), HDACG6 inhibition could be affecting these important

processes that control disease progression by reducing anchorage within the
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BM and impairing VLA-4-mediated resistance to chemotherapy (Mahlknecht &
Schonbein, 2008) .

Noteworthy, the exploited pharmacological approach here to inhibit HDACG6
blocks only the deacetylase activity of the enzyme (Weiss et al., 2007).
However, HDACG still would be able to interact with binding partners, and thus,
off-target effects may occur. Thus, it will be important to determine whether
depletion of HDACG6 using a specific shRNA would yield the same results

without potential off-target effects of Tubastatin-A.

HDACG6 overexpression has been described in AML patients, where it
correlates with the expression of multidrug resistance genes such as the ATP
Binding Cassette Subfamily C Member 1 (ABCC1) and the additional sex
combs like-1 gene (ASXL1) (Pezzotta et al., 2022). Additionally, HDACG protein
levels were higher in CD19*CD5* cells from B-CLL patients compared to
CD19*CD5  cells from healthy donors, and also higher in CD38" patients than
in CD38 patients. However, HDAC6 overexpression did not correlate with
immunoglobulin heavy-chain variable (IGHV) region-mutated, the high risk
factor ZAP70, or relapse (Maharaj et al., 2018). Similarly, in our study, we did
not find a correlation between high HDACG protein levels and high risk debut
patients. Usually, B-ALL patients are classified as standard risk or high risk
based on age (Vrooman et al., 2018), which would not necessarily align with
specific molecular characteristics. However, B-ALL cells from patients showed
characteristic upregulation of both HDAC6 mRNA and protein in comparison to
normal CD19* B cells, without any differences in CD34*CD19* pro-B and CD34-
CD19* pre-B ALL patients. Strikingly, when we analyzed B-ALL cells from
patients with relapse to the BM, our statistical analysis showed a positive
correlation with highest HDACG levels in line with from our data using the cell
line REH that is derived from a relapse patient. Of note, we were able to follow
four patients from debut to relapse and found that leukemic B cells showed
increased HDACG levels at relapse compared to debut. Three of these four

relapsed patients exhibited higher HDACG6 levels at debut in comparison to
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other non-relapsed patients from our cohort indicating that relapse could arise
from HDACG6"9" clones. High HDACG6 levels also correlated positively with
whole white blood cell numbers and platelets. Importantly, platelets enhance
adhesion of leukemic cells to other platelets and facilitate metastasis, therefore
organ infiltration could also be related to high platelet levels (Zhang et al.,
2022). Furthermore, HDACG6 is needed by patient-derived blasts to efficiently
migrate because HDACG inhibition in patient-derived cells reduced their high
migratory activity in TEM and BM-organoid colonization assays, similar to what
we found using REH cells. Taken together, we think that HDACG6 drives organ
infiltration, but it will be important to confirm whether those patients with the

highest HDACG6 levels will always suffer infiltration to CNS or other organs.

We were also interested in investigating whether HDACG levels in PB-derived
leukemic cells would be higher than in BM-derived cells, as those cells
mobilized into the blood circulation are the ones that eventually extravasate
into organs. However, we detected that BM-derived blasts from patients
possessed the higher HDAC6 levels compared to PB-derived blasts.
Surprisingly, PB-derived cells from relapse patients had higher HDACG6 levels
than PB-cells derived from debut patients and control individuals, which could
be providing a migratory advantage to colonize extramedullary organs that may

evade clinical detection.

Communication of leukemic cells with MSC in the BM is an important mediator
of disease progression in leukemia and other hematological diseases
(Yamaguchi et al., 2021). Importantly, it has been demonstrated that adhesion
of mantle cell ymphoma (MCL) and other non-Hodgkin lymphoma cells to HS5-
MSC triggers and sustains c-myc activation and miR-548m downregulation,
leading to HDACG6 upregulation (Lwin et al., 2013). When we performed co-
culture assays in a 2D- and 3D-model using HS5-MSC with either REH cells or
patient-derived blasts, we observed that HDACG6 levels were significantly
increased in leukemic B cells adhered to the stroma and inside the BM-

organoids. Thus, it will be important to analyze whether c-myc activation is
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being exploited in the B-ALL niche to drive HDACG6 upregulation in leukemic B
cells. We therefore hypothesize that BM-MSC interactions (via VLA-4 and
CXCR4) induce the synthesis of HDAC6 in B-ALL cells and that, within
leukemic B cells population, this sub-population is prone to mobilization and

migration.

Survival of B-ALL cells is also promoted by their interaction with BM-MSC,
where the VLA-4 integrin subunits alpha-4 and beta-1 mediate homing of
leukemic B cells to the BM, retention and chemoresistance (Harzschel et al.,
2020; Shabnam et al., 2011; Shishido et al., 2014). Other studies have shown
that imatinib-insensitive CML stem cells (CD347CD38") overexpress HDACG6
compared to CML cells (Losson et al., 2020), and that the pan-HDAC inhibitor
SAHA sensitizes CML stem cells to the therapeutic effect of imatinib (Bamodu
et al., 2018). Therefore, our findings using Tubastatin-A support the idea that
HDACSG6 inhibition could also enhance the sensitivity of leukemic B cells to
chemotherapy and overcome resistance induced by interactions with the bone
marrow microenvironment. Additionally, it would be relevant to investigate the
role of HDACG in B-ALL leukemia stem cells.

Finally, we tested whether targeting HDACG6 could reduce organ infiltration in a
xenotransplantation model of B-ALL. We found that Tubastatin-A treatment in
mice significantly reduced leukemic B cell engraftment in the BM and infiltration
of different extramedullary organs, processes that usually lead to fatal disease
outcomes.

The minimal leukemic B cell engraftment in the BM could also explain the
reduction in organ infiltration, as leukemic B cells must engraft first in the BM
before starting to proliferate and then exit to peripheral blood. Tubastatin-A has
been investigated by others in in vivo models, such as breast cancer (Hsieh et
al., 2019; Kozyreva et al., 2014), ovarian cancer (Depetter et al., 2019) and
squamous cell carcinoma (Zhang & Gan, 2017), where it minimized the degree

of metastasis in agreement with our results.
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To date, five compounds that inhibit HDACs have been approved by the United
States Food and Drug Administration: vorinostat (pan-HDACI), romidepsin
(class | HDACI), panobinostat (pan-HDACI), belinostat (pan-HDACI), and
tucidinostat (class | and 1l HDACI). Principally, these HDAC inhibitors have
been clinically successful in hematological malignancies, such as T-cell
lymphomas and multiple myeloma (Bondarev et al., 2021). Tubastatin-A has
been tested only in preclinical investigations by others and us. However,
although showing promising results, this compound has demonstrated reduced
bioavailability and has not been optimized for oral delivery, thus difficulting
evaluation in clinical trials. Currently, among HDACSG inhibitors, only ricolinostat
(ACY-1215) is being tested in phase | and Il clinical trials for multiple myeloma
and non-Hodgkin lymphomas as monotherapy and in combination with other
drugs. Synergistic activity was observed when ricolinostat was used in
combination with dexamethasone and the proteasome inhibitors bortezomib
and carfilzomib, demonstrating a low toxicity profile (Cosenza & Pozzi, 2018).
Whether pan-HDAC or HDACSG inhibitors could be used for treatment alone or
applied in combination therapy for those B-ALL patients displaying high HDAC6
levels and organ infiltration will be important to unravel in future clinical studies.
It will also be relevant to determine whether the approved HDACG6 inhibitor
ricolinostat could be used to treat B-ALL.

Taken together, our findings highlight HDAC6 as a biomarker for relapse
prediction and as a promising drug target to impair cell migration and organ
infiltration in B-ALL.
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10. CONCLUSION

Pharmacological inhibition of HDACG6 robustly reduced the abilities of leukemic
B cells to transmigrate, engraft in the BM and infiltrate extramedullary organs,
likely through the regulation of cortactin acetylation and actin polymerization.
HDACEG levels were higher in B-ALL patients than in healthy individuals, with
highest amounts positively correlating with relapse, thus demonstrating the
pathological relevance of HDAC6 as a biomarker for relapse prediction in B-
ALL. We propose HDAC6 as new therapeutic target for B-ALL patients to
prevent organ infiltration during relapse and improve the clinical outcome of

patients at high risk of suffering relapse.

11. PERSPECTIVES

-To generate HDAC6 knockdown REH cells to confirm our data using
Tubastatin-A and control off-target effects of HDACG6 inhibitors in vitro and in
Vivo.

-To confirm whether Tubastatin-A-mediated CXCR4 downregulation is
regulated by the acetylation of the chaperone HSP90.

-To test whether HDACG6 is needed for microtubule-mediated vesicle transport
in B-ALL cells.

-To investigate the mechanism that triggers HDACG6 upregulation in B-ALL cells
in the BM.

-To validate HDAC6 RNAseq data from B-ALL patients by performing gRT-
PCR in patient-derived cells.

-To analyze acetyl-cortactin and acetyl-tubulin status in B-ALL cells from
patients, and correlate them with HDACSG levels.

-To unravel whether those patients with the highest HDACG6 levels at debut
suffer relapse and organ infiltration.

-To explore whether HDACSG inhibitors can sensitize chemotherapy-resistant B-
ALL cells.

-To initiate clinical trials and test whether HDACG6 inhibitors could be used as
sole treatment or in combination therapy in B-ALL patients.
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13. APPENDIX 1

Patient Age Type Sex Risk Immunophenotype | BM blasts | Translocations | Response | Leukocytes PB Hemoglobine
% to (x1013) blasts % (g/dL)
steroids

P1 10Y 8M Debut M High PreB 100 BCR-ABL1 ND 15630 ND 9.5
P2 17Y 4M Debut M High PreB 98 Negative ND 12570 ND ND
P3 9Y 4M Debut F High PreB 95 Negative ND 2430 ND ND
P4 3Y9M Debut M High PreB 100 Negative ND 4400 ND 6

P5 A Debut F Standard PreB 98 TEL-AML1 ND 9200 ND ND
P6 14Y 8M Debut M High PreB 96 Negative ND 12460 ND ND
P7 4Y 8M Debut M Standard PreB 98 Negative ND 13300 ND ND
P8 9Y 10M Debut F Standard PreB 78 Negative ND 9000 ND 6.8
P9 12Y 7M Debut M High PreB 96 Negative ND 4700 ND ND
P10 1Y 8M Debut F Standard PreB 100 Negative ND 32780 ND 7.2
P11 2Y 3M Debut M High PreB 100 Negative ND 2710 ND ND
P12 13Y Debut M High PreB 100 Negative ND 8000 ND 13.8
P13 4Y 7M Debut F Standard PreB 89 Negative ND 42100 ND 8.4
P14 7Y 9M Debut F High PreB 80 MLL-AFF1 ND 371000 ND 3.9
P15 4Y 4M Debut F High PreB 100 Negative ND 20220 ND 10.8
P16 12Y 8M Debut M High PreB 85 Negative ND 7200 ND 9.9
P17 4Y 6M Debut M Standard PreB 92 Negative ND 2700 ND 6.4
P18 6Y Debut F High PreB 90 Negative ND 2360 ND 6.6
P19 7Y 3M Debut F High PreB 98 Negative ND 8600 ND 7.8
P20 4Y OM Debut F Standard PreB 96 Negative ND 19900 ND 5.2
P21 4y Debut F Standard PreB 96 TCF3-PBX1 ND 2780 ND 13.8
P22 10Y 5M Debut F High PreB 99.5 Negative ND 46300 ND 10.1
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14. APPENDIX 2

Patient
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Risk
High
High
Standard
High
High
Relapse
High
Standard
High
High
Standard
High
Standard
High
Relapse
High
High
High
ND
High
High
Standard
Standard
Standard
Standard
High
High
Standard
High
Standard
Standard
High
High
Standard
High
High
High
Relapse
Relapse
Relapse
High
Relapse
High
Relapse
High
Relapse
High
Relapse
Relapse

Immunophenotype
ProB/PreB
ProB
ProB
ProB
PreB
ProB
PreB
ProB
ProB/Pre B
ProB
ProB
ProB
ProB
ProB/Pre B
ProB
ProB/PreB
ProB
ProB/PreB
ProB/PreB
ProB/PreB
PreB
PreB
PreB
PreB
PreB
PreB
PreB
PreB
ProB
PreB
PreB
PreB
ProB/PreB
PreB
ProB/PreB
ProB/PreB
ProB
ProB
ProB
ProB
Pro-B
ProB
Pro-B
Pro-B
Pro-B
Pro-B
Pro-B
Pro-B
Pre-B

BM blasts %
96
91.1
96.7
98.7
94.4
96.4
96.3
86
92.9
87
89.9
95
63.8
827
83.4
94.7
311
86.7
96
82
80
89.54
59.87
88.83
88.19
94.84
80.88
90.77
96
80
91
90
7
89
87
90
88
80
90
7
37.7
95.6
95
796
85
99.1
95.1
73.2
22

1(9;12)(q34;p13) ETV6 ex5 - ABL1 ex2:

t(1519)(q23:;p13) TCF3 ex16 — PBX ex3

t(1:19)(q23:;p13) TCF3 ex16 — PBX ex3

t(1;19)(q23;p13) TCF3 ex16 — PBX ex3

1(11;19)(q23;p13.3) KMT2A ex9 - MLLT1 ex2
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Translocations
Negative
1(9;22)(q34;p13)
Negative
1(9;22)(q34;p13)
1(9;11)(p22;023)
Negative
1(9;11)(p22;023)
Negative
Negative

Negative
1(16;21)(p11;922)
1(12;21)(p13;922)
1(12;21)(p13;922)

Negative

Negative

Negative

Negative

Negative

Negative

ND
ND
ND
ND
ND
ND
ND
Negative
Negative
Negative
1(9;22)(q34;p13)

Negative
%(9;22)(q34;p13)
Negative

Negative
Negative
1(12;21)(p13;0922)
Negative
ND

ND
Negative
Negative
Negative
Negative
Negative

Response to steroids
Yes

Yes

Leukocytes
(x10°3)
43.03
882.20
1.00
169.00
166.20
41.10
168.50
9.93
2.76
13.25
5.50
1.70
2.20
157.50
21.90
92.00
450
6.14
21
81.2
128
ND
ND
ND
ND
ND
ND
ND
123.00
17.00
54
725
35.1
39
8.8
145
5300
23000
8500
45000
38
145.43
6.64
52.38
99.2
36.65
149
4.1
74

PB blasts %
88
100
4
96
85
76
69
0.05
10
9
36
8
30
84
69
87
4
0
5
68
90
ND
ND
ND
ND
ND
ND
ND
90
100
85
99
84
90
45
99
56
85
80
88
8
94
0
90
96.4
31
100
0
0

Hemoglobine (g/dL)
6.45
9.28
11.7
8.9
10.98
125
8.86
5.04
9.48
12.17
244
7.5

14
7.9
113
8.8
15.1
2.83
4.7
11.7
8.43
ND
ND
ND
ND
ND
ND
ND
10.1
8.9
12.1
2.49
11.9
9.1
75

10.1
9.2
9.4
4.6
48

10.34
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7.98
4.4

12.12
5.6
11.9
13.2



Thrombocyto Hepatomegal Splenomegal Adenomegal HDACS fold

Patient LDH (U/L) Platelets Infections Anemia  Neutropenia penia y y y Death change Hospital
P1 445 93 No Yes No Yes Yes No Yes No 325 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P2 1187 55 ND Yes Yes Yes Yes No Yes Yes 182 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P3 210 161 No Yes Yes No No No Yes No 2.20 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P4 602 30 No Yes Yes Yes Yes Yes Yes No 177 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P5 6918 53 ND Yes No Yes Yes Yes Yes No 1.64 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P6 1947 214 No No No No No No No No 2.28 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P7 476 40 Yes Yes No Yes Yes Yes Yes No 3.00 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P8 264 71 No Yes Yes Yes Yes No Yes No 2.52 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P9 1022 164 No Yes Yes No No No No No 2.53 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P10 540 231 No No No No Yes No Yes No 2.25 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P11 146 43 No Yes Yes Yes No No No No 291 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P12 163 65 No Yes Yes Yes No No No No 172 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P13 287 67 Yes No Yes Yes Yes Yes Yes No 2.10 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P14 355 18 No Yes No Yes Yes Yes No No 1.90 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P15 1663 57 Yes No Yes Yes No No No No 2.98 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P16 1312 14 ND Yes No Yes Yes Yes Yes ND 1.98 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P17 537 316 Yes No No No No No Yes No 1.92 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P18 326 165 No Yes Yes No Yes Yes Yes No 145 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P19 2357 51 ND Yes Yes Yes Yes Yes Yes ND 178 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P20 3095 51 No Yes Yes Yes Yes Yes Yes ND 2.04 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P21 3799 137 No Yes No Yes Yes No No ND 153 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P22 ND ND Yes ND ND ND No No No No 0.88 Hospital para el Nifio Poblano (Puebla, Mexico)
P23 ND ND ND ND ND ND ND ND ND No 2.65 Hospital de la Nifiez Oaxaquefia (Oaxaca, Mexico)
P24 ND ND ND ND ND ND ND ND ND No 184 Hospital de la Nifiez Oaxaquefia (Oaxaca, Mexico)
P25 ND ND Yes ND ND ND No No Yes No 2.74 Hospital para el Nifio Poblano (Puebla, Mexico)
P26 ND ND Yes ND ND ND No No Yes No 116 Unidad Médica de Alta Especialidad (UMAE)-Hospital de Especialidades IMSS San José (Puebla, Mexico)
p27 ND ND ND ND ND ND ND ND ND No 1.90 Hospital de la Nifiez Oaxaquefia (Oaxaca, Mexico)
P28 ND ND Yes ND ND ND No No No No 244 Hospital Infantil de Tlaxcala (Tlaxcala, Mexico)
P29 512 42000 No Yes ND Yes Yes Yes Yes No 349 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P30 480 43000 ND Yes ND Yes Yes Yes Yes Yes 2.32 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P31 390 15000 No Yes ND Yes No Yes No No 327 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P32 1150 44000 No Yes ND Yes Yes Yes No No 2.08 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P33 640 80000 No Yes ND Yes Yes Yes Yes No 4.15 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P34 520 1980 No Yes ND Yes Yes Yes No No 2.58 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P35 640 35000 No Yes ND Yes Yes Yes Yes No 149 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P36 2200 8000 No Yes ND Yes Yes Yes Yes No 228 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P37 560 114000 No Yes ND Yes No Yes Yes No 161 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P38 450 56000 No Yes ND Yes Yes Yes Yes No 122 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P39 380 87000 No Yes ND Yes Yes Yes Yes No 715 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P40 890 23000 No Yes ND Yes Yes Yes Yes No 1117 Hospital Infantil de Mexico “Federico Gomez” (Mexico City)
P41 165 88 No Yes No Yes Yes No No No 353 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P42 6089 28 ND Yes No Yes No No No No 3.80 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P43 619.16 384 Yes Yes Yes Yes Yes Yes Yes No 112 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P44 433 70 ND Yes No Yes No No No No 338 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P45 408.8 42 No Yes Yes Yes No No Yes No 399 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P46 461.99 328 No Yes No No No No No No 5.10 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P47 191.3 185 No Yes Yes No Yes Yes No No 391 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P48 1455 391 No Yes No No ND ND ND No 4.48 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
P49 144 156 ND No No No No No No No 420 Hospital para el Nifio (Instituto Materno Infantil) del Estado de México (Toluca, Mexico)
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