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ARTICLE INFO ABSTRACT

Keywords: Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer, and the infiltration of leukemic cells is
Cell migration critical for disease progression and relapse. Nuclear deformability plays a critical role in cancer cell invasion
Epigenetics

through confined spaces; however, the direct impact of epigenetic changes on the nuclear deformability of
leukemic cells remains unclear. Here, we characterized how 3D collagen matrix conditions induced H3K4
methylation in ALL cell lines and clinical samples. We used specific StRNA and chemical inhibitors to target
WDRS5 (a core subunit involved in H3K4 methylation) and determined that targeting WDR5 reduced the H3K4
methylation induced by the 3D environment and the invasiveness of ALL cells in vitro and in vivo. Intriguingly,
targeting WDRS5 did not reduce the adhesion or the chemotactic response of leukemia cells, suggesting a different
mechanism by which H3K4 methylation might govern ALL cell invasiveness. Finally, we conducted biochemical,
and biophysical experiments to determine that 3D environments promoted the alteration of the chromatin, the
morphology, and the mechanical behavior of the nucleus in ALL cells. Collectively, our data suggest that 3D
environments control an upregulation of H3K4 methylation in ALL cells, and targeting WDR5 might serve as a
promising therapeutic target against ALL invasiveness in vivo.

Nuclear deformability
Acute lymphoblastic leukemia
Cell invasion

1. Introduction other organs (Kirby and Lammerding, 2018; Wolf et al., 2013).

Epigenetics are modifications such as histone alterations, DNA

Acute lymphoblastic leukemia (ALL) is the most common pediatric
cancer; despite current therapies have improved the outcomes for chil-
dren with ALL up to 90%, a proportion of patients still experience
therapy failure and fatal relapse (Inaba et al., 2013). Leukemic cells
interact with their surrounding environment, which provides biochem-
ical and physical signals that control leukemia initiation, proliferation,
survival, and tissue infiltration (Vadillo et al., 2018). Migration through
these 3D environments promotes nuclear alterations such as gene
regulation, epigenetic changes, and DNA damage markers (Shiva-
shankar, 2011; Yamada and Sixt, 2019). This is particularly important
for the nucleus, which acts as a cellular mechanosensor to allow cancer
cells to deform and squeeze through physical barriers, such as the
interstitial space and endothelial barriers during their infiltration into
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methylation, and ncRNA that alter the chromatin structure without
modifying the DNA sequence (Kouzarides, 2007). The potential impor-
tance of epigenetic machinery in human pathologies is widely recog-
nized (Portela and Esteller, 2010). Despite the fundamental role of
epigenetics in controlling the transcriptional stage and DNA homeosta-
sis, non-genomic functions of epigenetic changes have been proposed,
including the direct impact of epigenetic changes on the physical
properties of the nucleus (Bustin and Misteli, 2016). Although, genetic
and epigenetic studies have identified potential prognosis markers and
therapeutic targets against leukemia initiation and progression (Fig-
ueroa et al., 2013; Almamun et al., 2015); the interplay between the
surrounding environment and epigenetic changes induced in ALL cells
remains functionally unexplored. The methylation of the histone H3 in
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the residue K4 (H3K4) is a critical epigenetic marker for
transcriptional-dependent and -independent functions and contributes
to genome stability and cancer progression (Hu et al., 2017; Chong et al.,
2020; Clouaire et al., 2012). WDR5 (WD40-repeat protein 5) is a nuclear
protein involved in multiple cellular functions (Trievel and Shilatifard,
2009); although the most prominent is its binding to MLL/SET histone
methyltransferase complexes to H3K4 methylation (Dou et al., 2006).
Furthermore, WDR5 is involved in the malignant transformation and
progression of multiple cancers, including leukemia (Ge et al., 2016). In
addition, WDRS5 regulates H3K4 methylation and cancer metastasis, and
cell motility in different environments, including 3D conditions (Tan
et al., 2017; Wang et al., 2018).

Here, we characterized those 3D environmental conditions promoted
upregulation of H3K4 methylation in ALL cells. We demonstrated that
targeting WDR5 reduced leukemia cell infiltration and migration in vitro
and in vivo. Notably, we found a correlation between the expression of
WDRS5 and other cell receptors involved in ALL migration, such as
CXCR4; nonthelesss, we observed that targeting WDR5 did not reduce
the chemotactic response of ALL cells, suggesting a specific role of
WDRS for cell migration in 3D conditions. We analyzed fast transcrip-
tional changes in the genomic profile of migrating ALL cells in 3D
confined conditions and found that the H3K4 methylation induced by
3D environments was independent of other transcriptional changes. We
performed a molecular and biomechanical characterization of the nu-
cleus of ALL cells and found that 3D culture conditions influence the
global chromatin structure, the morphology, and the physical deform-
ability of the nucleus, which might be critical for cell migration across
confined spaces. Together, our results strengthen the notion that ALL
cells respond to their surrounding environment promoting nuclear
changes, which might be a promising therapeutic target against leuke-
mia invasiveness.

2. Methods
2.1. Cells and cell culture

The human CCRF-CEM (RRID: CVCL_0207) and Reh (RRID:
CVCL_1650) ALL cell lines were from ATCC, American Type Culture
Collection. Both cell lines were monthly tested for mycoplasm contam-
ination and yearly subjected to cell identification by single nucleotide
polymorphism. ALL primary cells were obtained from patients under 16
years old with informed consent for research purposes at Hospital Uni-
versitario Nino Jesis (Table S1). This study was reviewed and approved
by the ethics committee of the CSIC and Hospital Nino Jests, and written
informed consent was obtained from all parents, according to the Hel-
sinki Declaration of 1975. ALL diagnosis and treatment were defined
according to SEHOP-PETHEMA 2013 (Spanish Program for the Treat-
ment of Hematologic Diseases). All cells were cultured in RPMI 1640
medium with L-glutamine and 25 mM Hepes (Sigma Aldrich, St. Louis,
MO, USA) and 10 % fetal bovine serum (Sigma-Aldrich) and maintained
in 5 % CO, and 37 °C.

Cells were cultured in suspension, on plates coated with VCAM-1 or
embedded in a collagen matrix. For 3D matrix, collagen type I from
bovine were reconstituted at 1.7 mg/ml in RPMI and neutralized with
7.5 % NaHCO3 and 25 mM Hepes. Cells were added to the collagen
solution before polymerization at 37 °C for 1 h. In some cases, cells were
preincubated with specific chemical inhibitors and the medium was also
supplemented with these inhibitors.

2.2. Cell penetration assay

A 100 pl collagen matrix was reconstituted at 1.7 mg/ml in RPMI,
neutralized with 7.5% NaHCO3 and 25 mM Hepes and allowed to
polymerize inside transwell inserts (5 pm, Costar). 3 x 10° cells were
pretreated or not with OICR-9429 for 1 h in serum-free RPMI, or
transfected with control- and WDR5-shRNAs for 24 h before seeding
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onto a collagen gel. RPMI medium with 10% of FBS was added to the
bottom chamber of the transwell as chemoattractant. After 24 h,
invading cells were fixed with 4 % PFA for 1 h, permeabilized with 0.5 %
Triton-X-100 in PBS for 30 min and stained with propidium iodide.
Invading cells were imaged with a sCMOS Orca-Flash 4.0LT camera
(Hamamatsu) coupled 5 to an inverted DMi8 microscope (Leica),
capturing serial z- stacks every 10 pm with a 10 x objective (dry ACS
APO 10x/NA 0.3). Percentage of penetrating cells in each range of dis-
tances was quantified with FIJI software (National Institute Health, US).

2.3. In-vivo short-term leukemia homing assay

NOD-SCID-I12rg-/- (NSG) mice (Mus musculus), were purchased at
Charles River (France), and bred and maintained at the Servicio del
Animalario del Centro de Investigaciones Energéticas, Medi-
oambientales y Tecnolégicas (CIEMAT) with number 28079-21A. All
procedures for animal experiments were approved by the Committee on
the Use and Care of Animals and carried out in strict accordance with the
institution guidelines and the European and Spanish legislations for
laboratory animal care. 5 x 10° control and WDRS5 inhibited CCRF-CEM
cells were labeled with Cell Tracker Far Red (1 uM) and CFSE (5 pM),
respectively. After 30 min, cells were mixed and intravenously (IV)
administered to 15 weeks-old non-conditioned NSG mice. Sacrifice was
performed 3 h after injection. Bone marrow from femurs and spleens
were extracted, processed through mechanical disaggregation and
stained cells were resuspended in the PBS. Samples were acquired in a
FacsCanto II (BD, San Jose, CA) cytometer and the number of labeled
cells analyzed using FacsDiva software. Transfected control (labeled
with Cell Tracker Far Red) and WDR5 shRNA (labeled with CFSE) CCRF-
CEM cells were mixed and intravenously administered to NSG mice.
Organs were extracted, processed through mechanical disaggregation
and stained cells were resuspended in the PBS and analyzed by flow
cytometry. Also, the distribution among the tissues of colonizing cells
was studied by sample fixation in formaldehyde, frozen in OCT (opti-
mum cutting temperature) and serial cryostat sections were stained with
Dapi and directly imaged with a 20 x objective.

3. REsuLts

3.1. The 3D environment promotes H3K4 methylation in ALL cells, which
control their invasiveness in vitro through WDR5

We first determined whether 3D conditions might alter chromatin
changes in ALL cells. We cultured two ALL cell lines (CCRF-CEM and
Reh) in suspension or embedded them in a 3D collagen matrix and found
that the 3D environment upregulated the levels of H3K4me3 in both cell
lines compared to cells cultured in suspension (Fig. 1A, B). Furthermore,
we also confirmed that 3D culture conditions upregulated the levels of
H3K4me3 in primary T- and B-ALL cells within 1 h. (Fig. S1A). We
confirmed that 3D culture conditions did not alter the levels of other
histone markers and c-myc in ALL cells at the times studied (Fig. S1B).
Then, we cultured ALL cells in 3D conditions for different times and
confirm that cells embedded in a collagen matrix were able to upregu-
late H3K4 methylation within 1 h (Fig. S1C). To explore whether 3D
conditions promoted permanent or transient changes in the levels of
H3K4me3, we cultured ALL cells in 3D conditions, collected them, and
cultured them in suspension for an additional hour. Interestingly, the
H3K4 methylation induced by 3D conditions was reversible in the
absence of confined environments (Fig. S1D). Together, this set of evi-
dence suggests that 3D conditions might promote a transient upregula-
tion of H3K4me3 levels in ALL cells.

It has been reported that targeting WDR5 could block the migration
of cancer cells (Punzi et al., 2019). By using a specific inhibitor against
H3K4 methylation and the WDR5-MLL interaction, called OICR-9429
(Grebien et al., 2015), we confirmed that the H3K4me3-induced by
3D conditions in ALL cells was dependent on WDRS5 (Fig. 1C). Then, to
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Fig. 1. 3D conditions control the H3K4 methylation and infiltration of ALL cells. (A) CCRF-CEM and Reh cells were cultured in suspension (Control) or embedded in
a 3D collagen matrix (3D). After 1 h, the protein levels of H3K4me3 were tested by western blotting. (B) Graph shows the H3K4 methylation levels normalized to
loading controls. Mean n = 3 + SEM. (C) CCRF-CEM and Reh cells were pretreated or not with 1 pM OICR-9429 (WDRS5 inhibitor) and cultured in suspension or in
3D conditions. Then, H3K4me3 levels were tested by western blotting. Numbers represent the H3K4me3/H3 ratio after normalizing control cell values to 1. (D) ALL
primary cells were pretreated or not with 1 pM OICR-9429, seeded on the top of the collagen matrix, and allowed to invade into the collagen in response to serum
(FBS, fetal bovine serum) for 24 h. Cells were fixed and stained with Propidium Iodide. Images show rendering reconstruction from serial confocal sections of the cell
invasion into the collagen. (E) CCRF-CEM and Reh cells were transfected with control or WDR5 shRNAs for 24 h and cultured in suspension or in 3D conditions.
Protein levels were determined by western blotting. Numbers represent the H3K4me3/H3 and WDR5/-actin ratio after normalizing control cell values to 1. (F)
Control or WDR5-depleted CCRF-CEM and Reh cells were seeded on the top of collagen matrix and allowed to penetrate into the collagen in response to FBS. Graphs
show the cell invasion into the collagen. (*) P < 0.05, (**) P < 0.005, (***) P < 0.001.
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determine the functional consequences of H3K4 methylation on leuke-
mia invasiveness, we seeded control or OICR-9429-treated ALL cells
onto the surface of 3D collagen matrices and their invasion was visual-
ized by confocal sections. We carried out 3D rendering reconstructions
and color-coded the depth of invasion of ALL cells and found that
OICR-9429 treatment reduced the invasive deepness of primary ALL
samples (Fig. 1D and Fig. S2A) and both ALL cell lines (Fig. S2B and
S2C). To further validate our observations, we depleted WDR5 expres-
sion in both cell lines (Fig. S2D) and confirmed that WDR5 depletion
impaired the H3K4 methylation induced by 3D conditions (Fig. 1E) and
reduced the invasiveness of ALL cells into the collagen matrix (Fig. 1F).
Together, our data indicate that ALL cells increased their levels of H3K4
methylation in 3D conditions, and targeting WDR5 might serve to
reduce the infiltration of ALL cells into dense extracellular
environments.

3.2. WDR5 inhibition impairs the infiltration of ALL cells in vivo

To enhance the physiological relevance of targeting WDR5 during
ALL migration, we mixed control and WDR5-depleted cells and injected
them into the tail vein of recipient immunodeficient NSG (NOD scid
gamma) mice. We quantified the percentage of ALL cells in the spleen
and the bone marrow at 3 h post-injection (Fig. 2A) and confirmed that
WDRS silencing reduced the homing of ALL cells into these organs
(Fig. 2B). Likely, OICR-9429 pretreatment also inhibited the homing of
ALL cells into the spleen (Fig. S3A and S3B). We next assessed whether
targeting WDR5 might have an effect on the specific infiltration and
localization of ALL cells into the different tissues. Our analyses
demonstrated that OICR-9429 treatment reduced the total number of
ALL cells reaching the tissues without affecting their distribution
throughout the tissues (Fig. 2C). To discard that OICR-9429 treatment
might be affecting the cell migration via cell cycle regulation or
apoptosis, we incubated ALL cell lines with OICR-9429 and confirmed
that their cell cycle progression and survival were not affected at 3 h
(data not shown) and 24 h (Fig. 2D and E). Our results might suggest
that OICR-9429 treatment might induce a small increment in the levels
of cyclin D1 (a G1 phase marker) without further affecting the levels of
phospho-H2AX (a DNA damage marker) (Fig. 2F and Fig. S3C). To
further validate these results, we confirmed that WDRS5 depletion did not
alter the levels of these proteins, nor the cell cycle progression (Fig. S3D
and S3E). Taken together, these data propose that targeting WDR5
might have an impact on the infiltration and dissemination of ALL cells
in vivo without affecting their viability.

3.3. WDR5 expression is associated with cell migration molecules in
samples of ALL patients

Next, we interrogated whether the effect of targeting WDR5 on
leukemia invasiveness might be due to altered chemotaxis of ALL cells,
as leukemia cell migration depends on integrins and the chemotactic
response of leukemia cells (Vadillo et al., 2018). Some chemokine re-
ceptors are critical modulators of leukemia invasion and might serve as
prognostic markers of ALL, including CXCR4 (C-X-C Motif Chemokine
Receptor 4) and CCR7 (C-C Motif Chemokine Receptor 7) (Crazzolara
et al., 2001; Corcione et al., 2006; Buonamici et al., 2009). First, we
analyzed the expression of WDR5 in mRNA samples from a cohort of 15
B-ALL patients, and found a positive correlation between the mRNA
levels of WDR5 and CXCR4 in samples from patients with ALL (Fig. 3A);
however, we did not observe a similar correlation with CCR7 (Fig. S4A).
As mRNA expression might not correlate with the surface expression and
function of cell receptors, we tested the expression levels of CXCR4 at
the surface of ALL cells treated with OICR-9429 or depleted for WDR5
and found no significant differences upon WDRS5 targeting (Fig. 3B and
S4B). The sphingosine-1-phosphate (S1P) modulates migration of lym-
phocytes and tumor cells (Spiegel and Kolesnick, 2002; Garcia-Bernal
et al., 2013; Golan et al., 2013), and we confirmed that both ALL cell
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lines expressed low levels of S1PR1 (sphingosine-1-phosphate receptor
1, also designed as EDG-1, endothelial differentiation gene-1) and
OICR-9429 treatment did not alter its levels (Fig. S4C). Furthermore, we
confirmed that the levels of CXCR4 and S1PR1 remained unaltered in
total lysates of CCRF-CEM and Reh cells upon WDRS5 silencing or inhi-
bition (Fig. S4D). As expected from the qPCR analysis, we also observed
no significant differences in the levels of CCR7 at the surface of ALL cells
treated with OICR-9429 (Fig. S4E). Then, we assessed the chemotactic
response of ALL cells by treating primary samples and ALL cell lines with
OICR-9429. We observed that WDR5 inhibition did not reduce the
migration, and even increased the migration of ALL towards FBS
(Fig. 3C). We also confirmed that WDR5 depletion did not reduce the
migration of CCRF-CEM and Reh cells (Fig. S4F). As WDRS5 targeting
seemed to increase slightly the migration of ALL cells to chemoattracts,
we specifically analyzed the chemotactic response of ALL cells to
CXCL12 (the ligand for CXCR4), and found that targeting WDR5 might
promote a slight increment in the migratory response of ALL cells to
CXCL12 (Fig. 3D).

The integrin VLA-4 (very late antigen 4) has been proposed as a
prognosis marker for ALL (Crazzolara et al., 2001; Shalapour et al.,
2011). Having observed a potential link between CXCR4 and WDR5
expression, we next compared WDR5 expression and the mRNA levels of
the integrin a4 (a subunit of the integrin VLA4). Although we did not
observe a correlation between both proteins (Fig. S5A), we found that
those patients stratified as high-risk (poor early cytological response, or
minimal residual disease level > 0.05 % at the end of reinduction) might
suggest a positive correlation between the mRNA levels of WDR5 and a4
subunit (Fig. S5B). Then, we characterized whether targeting WDR5
might impair ALL cell migration via VLA4. To address this; we deter-
mined that targeting WDR5 did not affect the surface expression of
a-subunit of the integrin (Fig. 3E and S5C). As expected, when we
determined the activation stage of the pl-subunit of the integrin VLA4,
we found only slight differences in ALL cells treated with OICR-9429 or
depleted for WDRS5 (Fig. S5D and S5E). To determine whether the effect
of targeting WDR5 on ALL cell invasiveness was independent of VLA4,
we analyzed the cell migration induced by VCAM-1 (Vascular cell
adhesion protein 1, a specific ligand of VLA4), and found that
OICR-9429 treatment did not reduce the migration of ALL cells induced
by (Fig. 3F).

These results indicate that WDR5 expression may correlate with
migratory molecules in ALL cells; although its activity was not required
for ALL cell migration mediated by these receptors. This supports the
notion that targeting WDRS5 might impede the dissemination of ALL cells
by a different mechanism.

3.4. H3K4 methylation induced by 3D conditions is dependent on myosin
activation and controls cell motility through confined conditions

The cell cytoskeleton acts as a mechanotransducer to integrate
external stimuli from the surrounding microenvironment into the nu-
cleus of cancer cells (Dahl et al., 2008). As actin polymerization is
known to control adhesive structures related to cancer cell migration
and adhesion (Kelley et al., 2019), we interrogated about the potential
molecular links between WDR5 and the cytoskeleton of ALL cells. We
found that targeting WDR5 induced only minimal changes in the level of
F-actin of CCRF-CEM and Reh cells (Fig. 4A and S6A). Furthermore, we
also confirmed that OICR-9429 treatment did not affect the levels of
F-actin in primary ALL cells (Fig. S6B). MLCK (myosin light chain ki-
nase) activity and myosin phosphorylation are critical for the H3K4
methylation induced by WDR5 (Wang et al., 2018; Downing et al.,
2013). We observed that 3D conditions increased the levels of
phospho-myosin in ALL cells, and the specific inhibitor for MLCK (ml-7)
impaired this increment (Fig. S6C). Furthermore, we confirmed that the
treatment with ml-7 also impaired the upregulation of H3K4me3
induced by 3D conditions in ALL cells (Fig. 4B, C). To better define the
relationship between WDR5 and the myosin activity, we explored how
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Fig. 2. Targeting WDRS5 impairs the capacity of ALL to reach the spleen and the bone marrow in vivo. (A) CCRF-CEM cells transfected with control (CFSE+) or WDR5
(Cell Tracker Far Red+) shRNAs were mixed 1:1 and injected into the tail vein of immunodeficient recipient mice. After 3 h, animals were sacrificed and the homing
of labeled cells into the spleen and the bone marrow was determined by flow cytometry. (B) Graphs show the percentage of labeled leukemia cells according to the
total number of events. Mean n = 4 &+ SEM. (C) Representative images of tissue sections from the spleen and the bone marrow of recipient mice injected with CCRF-
CEM cells pretreated or not with 1 pM OICR-9429. (D) CCRF-CEM and Reh cells were treated with 1 pM OICR-9429 for 24 h. Then, cells were stained with PI and the
cell cycle progression was analyzed by flow cytometry. Graphs show the G1, S, and G2/M phases according to DNA content. (E) CCRF-CEM and Reh cells were treated
with 1 pM OICR-9429 for 24 h, collected and fixed. Cell viability was determined by Annexin V and PI staining. (F) CCRF-CEM and Reh cells were cultured in the
presence of OICR-9429. After 24 h, cell lysates were resolved by western blotting. Numbers represent the Cyclin D1/tubulin and pH2AX/tubulin ratio after
Eormalizing untreated cell values to 1. (*) P < 0.05, (***) P < 0.001.
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Fig. 3. Targeting WDR5 does not reduce the migration of ALL cells in response to chemokines or integrins. (A) WDR5 and CXCR4 expression (mRNA) in B-ALL cells
from patients (n = 12) were analyzed by RT-qPCR. Expression levels were normalized by TBP and the graph shows the correlation between both molecules. Pearson’s
correlation coefficient (r) and P-value are shown. (B) CCRF-CEM and Reh cells were pretreated or not with 1 pM OICR-9429. Then, the expression levels of CXCR4
were determined by flow cytometry. (C) ALL cells pretreated or not with 1 pM OICR-9429 were seeded on the top of Transwell chambers and allowed to migrate in
response to FBS. Cells were collected from the bottom chamber after 24 h and quantified. Mean n = 3 replicates + SEM. (D) CCRF-CEM and Reh cells pretreated or
not with 1 pM OICR-9429 were seeded on the top of Transwell chambers and CXCL12 (150 ng/ml) was added to the bottom Transwell chambers. Cells were collected
from the bottom chamber after 24 h and spontaneous migration was quantified. Mean n = 3 replicates + SEM. (E) Flow cytometry expression of a4 subunit at the
surface of CCRF-CEM and Reh cells pretreated with 1 pM OICR-9429. (F) CCRF-CEM and Reh cells pretreated or not with 1 pM OICR-9429 were seeded on the top of
Transwell chambers coated with VCAM-1 (10 pg/ml). Cells were collected from the bottom chamber after 24 h and spontaneous migration induced by VCAM-1
adhesion was quantified. Mean n = 4 replicates + SEM. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001.
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Fig. 4. H3K4 methylation induced by 3D
conditions depends on MLCK activity and
controls ALL cell displacement in confined
conditions. (A) CCRF-CEM and Reh cells
transfected with control or WDR5 shRNAs
were fixed, and actin polymerization was
determined by flow cytometry. (B) CCRF-CEM
and Reh cells were treated with 1 pM ml-7
(MLCK inhibitor) for 30 min prior to their
culture in 3D conditions. After 1 h, cells were
collected and H3K4me3 levels were tested by
western blotting. (C) Graph shows the H3K4
methylation levels normalized to loading
controls. Mean n =3 4+ SEM. (D) Isolated
nuclei from CCRF-CEM, Reh, and primary ALL
cells were seeded on polylysine-coated cov-
erslips. Samples were fixed, permeabilized
and the middle section of the nucleus was
analyzed by confocal microscopy using spe-
cific antibodies. (E) CCRF-CEM cells were
pretreated or not with 1pM OICR-9429,
embedded in a high-density 3D collagen gel
and allowed to migrate randomly for 3 h. Cell
trajectories were tracked and indicated.
Graph shows the mean of the track displace-
ment from CCRF-CEM cells migrating in 3D
conditions. Mean n = 3 replicates + SEM. (F)
CCRF-CEM cells were pretreated or not with
1 pM OICR-9429, embedded in a low-density
collagen gel (0.5mg/ml) and allowed to
migrate as in E. Cell trajectories were tracked
and graph shows the mean of the track
displacement. Mean n = 3 replicates + SEM.
(***) P < 0.001.
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targeting WDR5 might affect the levels of MLCK. No change in levels of
MLCK was observed in ALL cells treated with OICR-9429 (data not
shown) or depleted for WDR5 (Fig. S6D), suggesting that targeting
WDRS5 might not reduce the myosin activation per se. Then, we asked
whether MLCK might be present in the nucleus of ALL cells, and
described that MLCK localized in those chromatin regions enriched for
H3K4 methylation in isolated nuclei from CCRF-CEM and Reh cells
(Fig. 4D). To further assess this, we confirmed remarkable levels of this
protein in the nuclear fractions of ALL cell lines and primary ALL cells
(Fig. S6E).

Cell motility in 3D conditions requires high nuclear deformability in
moving cells and might be different than in 2D (Ringer et al., 2017).
Given that targeting WDR5 reduced ALL cell dissemination independent
of VLA4 and CXCL12 stimulation, we interrogated how leukemia cells
move in 3D conditions and whether targeting WDR5 might affect not
only the invasiveness but also the effective movement of ALL cells in this
environmental condition. We quantified the spontaneous displacements
of CCRF-CEM cells embedded in a 3D collagen matrix by live-cell im-
aging (Movies S1,52). Our quantitative analysis showed the trajectories
of cell migration in 3D environments and indicated that blocking WDR5
reduced the speed and the displacement of CCRF-CEM cells moving in
3D confined conditions (Fig. 4E). Similarly, Reh cells treated with
OICR-9429 presented a reduction in their migration through a 3D
collagen matrix (Movies $3,54 and Fig. S7A). To further verify the role of
the nucleus in the movement of ALL cells through 3D environments, we
performed a similar analysis of ALL cells in 3D low-density collagen gels.
A low-density collagen matrix does not require active nuclear deform-
ability from migrating cells and we hypothesized that blocking WDR5
might not reduce their movement in vitro. As expected, the impact of
WDRS inhibition on ALL cell migration across low-density collagen gels
was much lower than for restrictive 3D conditions (Movies S5-S8 and
Fig. 4F and S7B). Together, our data suggest that OICR-9429 treatment
altered the ability of ALL cells to move through confined 3D conditions.
Collectively, our data support that targeting WDR5 diminished the ca-
pacity of ALL cells to move across 3D environments, which upregulated
H3K4 methylation of ALL cells in an MLCK-dependent manner.

Supplementary material related to this article can be found online at
doi:10.1016/j.ejcb.2023.151343.

3.5. H3K4 methylation induced by 3D conditions alters the global
chromatin conformation and the nuclear mechanics of leukemia cells

Firstly, we sought to gain insights into how H3K4 methylation
induced by 3D environmental conditions might regulate the global
chromatin conformation in ALL cells. We analyzed the chromatin
accessibility of CCRF-CEM and Reh cells in suspension or in 3D condi-
tions and found that cells from 3D conditions showed an increased
chromatin accessibility to micrococcal DNAse (MNAse) digestion than
cells in suspension (Fig. 5A and Fig. S8A). We observed bigger open
peaks of nucleosome releasing in those cells cultured in 3D conditions,
suggesting that 3D conditions promoted global changes in the chromatin
conformation of ALL cells (Fig. 5B). To complement our data and
confirm morphological and chromatin changes in the nucleus of ALL
cells embedded in 3D conditions, we used electron microscopy to visu-
alize the nuclear morphology of CCRF-CEM cells cultured in suspension
and in 3D conditions. As expected from a more open chromatin
conformation in 3D culture conditions, we observed that the nucleus of
those cells cultured in 3D conditions presented less compacted chro-
matin regions and more rounded shape than their counterparts from
control cells (Fig. 5C).

To determine the changes in the levels and pattern of H3K4
methylation, we performed H3K4me3 ChIP-seq (chromatin immuno-
precipitation sequencing) analysis in CCRF-CEM cells cultured in sus-
pension and in 3D conditions and found that the predominant categories
enriched in H3K4me3 peaks corresponded to those genes related with
cell differentiation, intracellular signaling, oxidative stress and
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metabolism (Fig. 5D). Since H3K4 methylation might not be required for
active gene transcription (Clouaire et al., 2014), we tested whether 3D
conditions may promote transcriptional changes related to leukemia
progression. To address this, we performed expression profiling on a set
of RNAs from CCRF-CEM cells cultured in suspension or in 3D condi-
tions. We identified the differential expression of 165 up- and 84
down-regulated genes in CCRF-CEM cells in 3D conditions with a cut-off
of |Fold Change| > 1.5 and a P-value of 0.05 from 21,448 genes
(Fig. S8B, Table S2). Our Gene Ontology (GO) enrichment analysis
showed changes in transcripts related to transcriptional regulation, cell
division and mitosis, and DNA repair (Fig. S8C). To determine the
possible association between the global change of H3K4 methylation
induced by 3D culture conditions and its potential transcriptional role,
we compared the features of the microarray and the ChIPseq analyses
(Fig. S8D). Interestingly, we did not find a correlation between
H3K4me3 occupancy and transcriptional changes (Fig. 5E), suggesting
that the H3K4me3 upregulation induced by 3D conditions might regu-
late additional non-transcriptional functions in ALL cells. To further
validate these observations, we cultured CCRF-CEM cells in 3D condi-
tions and observed that targeting WDRS5 altered only 9 transcripts (4 up-
and 5 down-regulated) compared to untreated conditions in 3D
(Fig. S8E, Table S3). Together, this set of findings indicate that blocking
H3K4 methylation had minor effect on the transcriptional changes
induced by 3D conditions, supporting the idea that this epigenetic
change might control other non-transcriptional functions of ALL cells.

Several non-genomic functions for epigenetic markers have been
reported, including the contribution of chromatin structure to nuclear
deformability (Bustin and Misteli, 2016). This led us to consider that 3D
conditions might regulate the mechanical response of the nucleus. To
investigate this, we isolated nuclei from primary ALL cells cultured in
suspension or in 3D conditions and determined the mechanical response
of the nucleus upon external forces (Fig. 5F). We quantified the nuclear
area pre- and post-confinement and found that isolated nuclei from
primary ALL cells cultured in 3D conditions showed higher nuclear
deformability upon external compression than isolated nuclei from
control conditions (Fig. 5G). To determine the fundamental impact of
H3K4 methylation on the mechanical changes induced by 3D conditions,
we cultured control and OICR-9429-treated ALL cells in suspension or in
3D conditions. Our results confirmed that 3D conditions increased the
nuclear deformability of ALL cells, and targeting WDR5 reduced this
mechanical effect (Fig. 5H). Similarly, OICR-9429 treatment also
reduced the impact of 3D culture conditions on the nuclear deform-
ability of primary ALL cells (Fig. S9A). Consistent with these findings,
we demonstrated that WDR5 depletion also abrogated the nuclear
deformability induced by 3D conditions in ALL cells (Fig. S9B).
Together, these data support that 3D conditions altered the global
chromatin structure, the morphology, and the mechanical properties of
the nucleus of ALL cells.

4. Discussion

Cell migration through 3D environments is a critical step in multiple
physiological and pathological processes such as development, inflam-
mation, wound healing, and cancer invasion (Kirby and Lammerding,
2018). To penetrate into protective niches, such as the bone marrow or
the central nervous system, cancer cells must respond to biochemical
and mechanical signals induced by their surrounding 3D environment
(Chiarini et al., 2016). Therefore, identifying novel molecules that
regulate molecular and mechanical pathways for tumor dissemination is
an important direction to developing more effective therapeutic options.
In this study, we have defined a mechanism used by ALL cells to control
cell invasiveness through 3D environments by promoting H3K4
methylation and altering the chromatin structure and the mechanical
properties of the nucleus.

3D culture conditions lead to transcriptional and epigenetic changes,
by altering the ratio between hetero and euchromatin (Stephens et al.,
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Fig. 5. 3D conditions alter the global chromatin
conformation and the nuclear mechanics in ALL cells.
(A) CCRF-CEM cells were cultured in suspension or in
3D conditions before digesting their DNA with
micrococcal nuclease at different times. Mono (1 n),
di (2 n), and tri (3 n) nucleosomes are indicated. (B)
Graph shows the nucleosomal releasing profile of
CCRF-CEM cells in suspension or in 3D conditions at
5 min after micrococcal digestion. (C) CCRF-CEM
cells cultured in suspension or in 3D conditions
were collected and processed for thin-section elec-
tron microscopy to visualize the nuclear morphology.
Plot show changes in the nuclear morphology of
CCRF-CEM cells cultured in suspension or in 3D
conditions (n = 6 representative cells). (D) Graph
shows the top gene ontology (GO) enrichment results
from H3K4me3 ChIPseq analysis of CCRF-CEM
cultured in suspension or in 3D conditions. (E) Cor-
relation plot of differentially expressed transcripts
from the microarray experiment and the H3K4me3
occupancy from ChIPseq assays in CCRF-CEM
cultured in 3D conditions. (F) Isolated nuclei from
primary ALL cells cultured in suspension or in 3D
conditions were stained and seeded on polylysine-
coated coverslips. Confocal sections of the nuclei
were taken before (Preconf.) and after (Postconf.)
external compression of the nucleus. (G) Graph
shows the mean average of the nuclear area in (F).
Mean n = 22-46 isolated nuclei + SEM. (H) CCRF-
CEM and Reh cells were treated with 1 pM OICR-
9294 and culture in 3D conditions. Then, their
nuclei were isolated, stained and the nuclear
deformability was determined by external pressure.
Mean n = 53-71 isolated nuclei =+ SEM. (***

P < 0.001.
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2019; Segal et al., 2018). In agreement with this, we have determined
that 3D confined conditions induced upregulation of H3K4me3 of ALL
cells. This epigenetic change is critical for multiple functions of normal
lymphocytes and hematological malignancies, including cell migration,
DNA methylation, stem cell fate, and resistance to DNA damage stress
(Geetal.,, 2016; Wong et al., 2015; Scalea et al., 2020). Our observations
indicate that the H3K4 methylation induced by 3D conditions in ALL
cells was reversible, as leukemia cells recovered the basal levels in the
absence of any 3D environment. It means that H3K4 methylation might
have a protective and promigratory role when leukemia cells are moving
through confined conditions, which might be particularly important in
leukemia invasiveness as confined migration control genomic instability
and cell cycle progression (Denais et al., 2016; Uroz et al., 2018). Tar-
geting WDR5 with the specific inhibitor OICR-9429 blocks cancer cell
proliferation and growth (Zhu et al., 2015). It has been reported that
WDRS regulates the invasive properties of breast cancer cells without
inhibiting cell adhesion (Kim et al., 2014). In accordance with this
finding, we observed that targeting WDR5 severely reduced cell
migration across 3D environments. By using an in vivo model to study
ALL spreading through different tissues, we confirmed that targeting
WDRS5 reduced ALL cell invasiveness and homing into the spleen and the
bone marrow.

ALL infiltration into the interstitial space and different organs is a
multistep function that requires many external stimuli including che-
mokines and integrins, which have been reported as critical for the
migration and invasiveness of ALL cells (Redondo-Munoz et al., 2019).
As epigenetic changes have been defined as new biomarkers and po-
tential therapeutic targets in ALL (Mar et al., 2014), we explored a po-
tential correlation between WDR5 and CXCR4 or VLA4, two cell
receptors critical for ALL cell invasiveness a positive (Shalapour et al.,
2011). We found a positive correlation of mRNA levels between WDR5
and CXCR4 in clinical samples; however, our data suggested that the
inhibitory effect of WDR5 inhibition on ALL cells was not mediated by
affecting actin polymerization, nor the expression of the integrin VLA4,
S1PR1, CCR7 or CXCR4 in ALL cells. This suggests that the expression of
these molecules and WDR5 might serve to promote leukemia cell inva-
sion at different stages or for specific subtypes of ALL. Interestingly,
when we analyzed the chemotaxis of ALL cells to CXCL12 and FBS, we
observed an increment in the migratory capacity of these cells. Besides
its role in 3D cell migration, WDR5 modulates other potential cyto-
plasmic targets and multiple signaling pathways (Huang et al., 2020; Ge
et al., 2016; Chi et al., 2022; Kulkarni et al., 2018), which might
participate in the effect of WDRS5 inhibition on the chemotactic response
of ALL cells. Furthermore, it has been reported that VLA4 and CXCL12
signals promote other epigenetic changes, such as H3K9 methylation, in
ALL cells and leukocytes (Madrazo et al., 2018 and 2022; Cali et al.,
2022); therefore, we cannot exclude other molecular mechanisms
driving the dual effect observed for WDR5 targeting in 3D or chemo-
tactic migration and future experiments might be relevant to clarify this
point.

Mechanistically, the actin dynamics and myosin contractility trans-
late intracellular signals and forces critical for hematopoiesis (Shin et al.,
2014), leukemia infiltration (Wigton et al., 2016), and for nuclear
changes during cell migration through complex environments (Jain
et al., 2013). Our results revealed that 3D conditions promoted myosin
phosphorylation and an upregulation of H3K4me3 of ALL cells through
MLCK activity. It has been reported the functional link between acto-
myosin contractility and H3K4 methylation (Downing et al., 2013);
herein, we demonstrated that MLCK localized in the vicinity of
H3K4me3 regions in the nucleus of leukemia cells. This also agrees with
previous observations of MLCK and myosin in the nucleus of several cell
types (Leitman et al., 2011), which suggests a potential role of this ki-
nase in chromatin homeostasis and conformation.

WDRS interacts with the protooncogene myc and other transcription
factors to drive tumorigenesis and cancer progression (Sun et al., 2015;
Thomas et al., 2015); nonetheless, we did not find significant changes in
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the expression of c-Myc at the studied times. Our transcriptional analysis
of ALL cells embedded in 3D conditions showed potential alterations in
genes related to DNA repair and cell cycle. These transcriptional changes
might be connected to microenvironmental signals that promote clonal
genetic differences, chromatin instability, and cell resistance to drug
therapy at specific niches (Swaminathan et al., 2015). Moreover, WDR5
binds to other proteins, including nuclear factors and cytoplasmic pro-
teins regulating cell transcription, division, and morphology (Chi et al.,
2022; Kulkarni et al., 2018; Bailey et al., 2015). It is possible that these
complexes might participate in additional functions or in other biolog-
ical aspects of ALL cells rather than 3D migration. In fact, we did not see
differences in the cell cycle of ALL cells induced by WDR5 targeting; but
we cannot discard that cyclin D1 might increase at longer times or even
favors changes in cell cycle. To rule out how H3K4me3 induced by 3D
conditions might be affecting directly the transcriptional program of
ALL cells, we analyze the correlation between H3K4me3 ChIPseq and
the transcriptional analyses. Interestingly, we did not find a significant
direct correlation, which aligns with other studies where histone
methylation might alter the mechanical response of the nucleus inde-
pendently of any transcriptional regulation (Madrazo et al., 2022; Nava
et al., 2020). This might indicate other additional functions for H3K4
methylation rather than just transcriptional activation; although we
cannot discard that other molecules might contribute to multiple func-
tions of ALL cells in 3D at longer times, and or under other specific
cellular confinement. In agreement with this idea, it has been reported
that the loss of H3K4me3 has minor effects on transcription, and might
regulate other functional effects such as DNA replication stress (Mar-
garitis et al., 2012). It is well described that the mechanical properties of
the nucleus are defined by the nuclear lamina and the chromatin
structure (Stephens et al., 2018). Lamin expression in lymphocytes is
highly restrictive (Saez et al., 2020), and the chromatin compaction has
been reported as fundamental in the mechanical response of normal and
tumor cells (Segal et al., 2018; Zhang et al., 2016). Our results demon-
strated that cells embedded in 3D conditions altered the nuclear
morphology, and the global chromatin structure and showed different
nuclear deformability upon external compression, which was dependent
on WDRS5 activity. The nuclear deformability controls cancer cell
migration in confined conditions, such as 3D environments (Athirasala
et al,, 2017) and, in agreement with these observations, we have
demonstrated that targeting WDR5 diminished the migration of leuke-
mia cells through confined conditions that require active nuclear
deformability. In contrast, when leukemia cells were embedded in a
low-density collagen matrix that might not require nuclear deformation,
WDRS inhibition had a minor inhibitory effect on ALL cell migration or
even increased for the displacement of CCRF-CEM cells. This aligns with
our observation of the effect of WDR5 inhibition on the chemotactic
response of ALL cells and suggests that other potential mechanisms
might be controlled by WDR5 during the migration of ALL cells across
different microenvironments. Together, our data indicate the particular
effect of WDR5 targeting during leukemia cell migration in 3D and
anticipate other potential effects to explore depending on the microen-
vironment of migrating cancer cells.

5. Conclusions

In summary, our study emphasized on the nuclear mechanism used
by leukemia cells to sense and move through 3D spaces. This mechanism
evolves rapid dynamic adaptation of H3K4 methylation, alteration of
the morphology, and the mechanical properties of the nucleus of moving
cells. Our findings highlight a relevant function of H3K4 methylation for
ALL cell infiltration and plasticity that might provide therapeutic pos-
sibilities against leukemia dissemination.
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