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SUMMARY

The use of Bruton tyrosine kinase (BTK) inhibitors such as ibrutinib achieves a remarkable clinical response in
mantle cell ymphoma (MCL). Acquired drug resistance, however, is significant and affects long-term survival
of MCL patients. Here, we demonstrate that DNA methyltransferase 3A (DNMT3A) is involved in ibrutinib
resistance. We find that DNMT3A expression is upregulated upon ibrutinib treatment in ibrutinib-resistant
MCL cells. Genetic and pharmacological analyses reveal that DNMT3A mediates ibrutinib resistance inde-
pendent of its DNA-methylation function. Mechanistically, DNMT3A induces the expression of MYC target
genes through interaction with the transcription factors MEF2B and MYC, thus mediating metabolic reprog-
ramming to oxidative phosphorylation (OXPHOS). Targeting DNMT3A with low-dose decitabine inhibits the
growth of ibrutinib-resistant lymphoma cells both in vitro and in a patient-derived xenograft mouse model.
These findings suggest that targeting DNMT3A-mediated metabolic reprogramming to OXPHOS with deci-
tabine provides a potential therapeutic strategy to overcome ibrutinib resistance in relapsed/refractory MCL.

INTRODUCTION

Mantle cell lymphoma (MCL) is an incurable, rare type of B cell
non-Hodgkin lymphoma, accounting for 5%-6% of all lym-
phoma cases."? A hallmark of MCL is the t(11; 14)(q13; q32)
translocation, juxtaposing the cyclin D 1 proto-oncogene
(CCND1) to the immunoglobulin heavy-chain gene (IgH), leading
to CCND1 constitutive expression at the pre-B cell stage.”
Genomic translocations between CCND2/3 and IgH are also
observed but not common.®* These genomic alterations, how-
ever, are not sufficient to drive tumorigenesis. Additional alter-
ations at the genomic and transcriptional levels during B cell
development are required to give rise to MCL.

Constitutively activated B cell receptor (BCR) signaling is
required for the survival of MCL cells as demonstrated by the
clinical use of selective inhibitors of BCR such as ibrutinib or aca-
labrutinib.>~” A BCR gene signature can predict the outcomes of
MCL patients, although the mechanism for aberrant BCR activa-
tion remains unclear.®° Ibrutinib covalently binds to the active

site at cysteine 481 (C481) of the Bruton tyrosine kinase (BTK),
a key component of the early BCR signaling pathway.® Ibrutinib
has been approved as the second line of treatment for relapsed
or refractory MCL, with an overall response rate of 68%.° Unfor-
tunately, almost all patients relapse, with a 1-year survival rate of
only 22%."° The C481-to-S mutation in BTK associated with ac-
quired ibrutinib resistance, which has been frequently identified
after treatment of chronic lymphocytic leukemia, is only rarely
observed after treatment in MCL."'~"® A recent study has identi-
fied oxidative phosphorylation (OXPHOS) as a targetable mech-
anism of ibrutinib resistance in MCL,'® suggesting that nonge-
netic mechanisms should be explored further to identify
therapeutic vulnerabilities to achieve deep and durable re-
sponses to BTK inhibitors (BTKis), including ibrutinib.

In addition to the BCR gene signature, methylation signatures
cluster MCL patients into two main subtypes with distinct clinical
outcomes, with a higher methylation level having worse sur-
vival."* However, the role of DNA methyltransferases (DNMTs)
in MCL is less studied. The oncogenic role of inactivating
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mutations of DNMT3A has been extensively studied in the
etiology of acute myeloid leukemia (AML)'®""® and T cell lym-
phoma,”®?" but DNMT3A is not mutated in MCL.?** A recent
study demonstrated that the expression of DNMT3A is higher
in MCL patients who are resistant to ibrutinib compared to pa-
tients who are sensitive to ibrutinib,'® but the role of DNMT3A
in ibrutinib resistance remains unclear.

Here, we demonstrate a methylation-independent function of
DNMTS3A as a transcriptional activator. Using MCL as a disease
model, we show that DNMT3A is required for MCL cell growth in
part by regulating mitochondrial biogenesis. Mechanistically,
DNMT3A interacts with myocyte enhancer factor 2B (MEF2B),
a transactivator of MYC, to activate the transcription of MYC
target genes, including those that govern mitochondrial biogen-
esis. Targeting DNMT3A with a low dose of decitabine, a pan in-
hibitor of all DNMTs, significantly reduces OXPHOS and tumor
burden as well as prolongs survival in preclinical mouse models.
The combination of IM156, a complex | inhibitor, and decitabine
induces synergistic lethality in vitro, and this combination is se-
lective for B cell lymphoma cells. In addition, we show that
DNMT3A-mediated OXPHOS contributes to ibrutinib resistance
in MCL and that decitabine enhances the efficacy of ibrutinib in
patient-derived xenografts (PDXs).

RESULTS

DNMTS3A expression is required for MCL cell growth

in vitro and in vivo without affecting cell cycle or
apoptosis

We first tested whether DNMT3A is required for the growth of
MCL cell lines in vitro. To knock out DNMT3A, we used an induc-
ible CRISPR-Cas9 system in which Cas9 was constitutively ex-
pressed and single-guide RNA (sgRNA) was induced by doxycy-
cline (20 ng/mL). This concentration of doxycycline was not toxic
for lymphoma cells, and uninduced cells served as controls as
described in our recent studies.?>*°

Two distinct sgRNAs were designed to target the second exon
and the MTase domain of DNMT3A to knock out both DNMT3A1
and DNMT3A2 isoforms efficiently (Figure 1A). The global
methylation was reduced by 20%-50% after knock out, indi-
cating that DNMT3A is important in establishing de novo methyl-
ation in MCL cells (Figures 1B and S1A). After the induction of
sgDNMT3A, cells from cultures were counted by trypan blue
exclusion assay every 3 days, for up to 7 days. The total number
of viable cells was calculated relative to day 0. The growth rate of
DNMT3A knockout (KO) cells was slower than that of control
cells (Figure S1B). After 1 week, all of the DNMT3A KO MCL
clonal cell lines exhibited a significant reduction in growth rela-
tive to control cells (Figure 1C). Of note, the reduced growth of
DNMT3A KO cells was not due to increased cell apoptosis (Fig-
ure S1C) or cell-cycle arrest (Figure S1D).

To test whether DNMT3A is required for MCL cell growth
in vivo, two MCL clonal cell lines Z-138 clone 7 (Z-138 no. 7)
and Granta-519 clone 7 (Granta-519 no. 7), were subcutane-
ously injected into immunocompromised NOD scid yc ™/~
(NSG) mice. Once a tumor reached a palpable size, mice
received normal drinking water or water with doxycycline
(2 mg/mL) to knock out DNMT3A. The growth rate of tumors defi-

2 Cell Reports Medicine 5, 101484, April 16, 2024

Cell Reports Medicine

cient in DNMT3A was significantly slower than that in control
mice (Figure 1D). The differential growth is likely due to a reduced
proliferative capacity of DNMT3A KO cells rather than engraft-
ment potential because doxycycline was given to mice only
when tumors had been successfully engrafted. Taken together,
these observations suggest that the expression of DNMT3A is
required for the growth of MCL cells and that DNMT3A is a po-
tential oncogene that provides a proliferative advantage to
MCL cells through a mechanism rather than by promoting the
cell cycle or protecting cells from apoptosis.

DNMT3A modulates OXPHOS by controlling
mitochondrial biogenesis independently of its
methyltransferase activity

To understand the underlying mechanism of DNMT3A-mediated
MCL growth, we performed RNA sequencing (RNA-seq) of
Z-138 no. 7 cell line. Gene set enrichment analysis (GSEA) re-
vealed that downregulated genes were enriched in OXPHOS,
mitochondrial membrane, and target genes of MYC in
DNMT3A KO cells as compared to DNMT3A wild-type (WT) cells
(Figure 2A). We used functional assays to evaluate mitochondrial
activity, mitochondrial membrane potential (MMP), and biogen-
esis to test whether DNMT3A regulates OXPHOS in MCL by
affecting mitochondrial biogenesis as MYC transcriptionally reg-
ulates a set of genes required for mitochondrial biogenesis.?” "

A mitochondrial stress test showed that the oxygen consump-
tion rate (OCR) and ATP production of DNMT3A KO cells were
reduced relative to control cells, indicating that OXPHOS is
impaired in DNMT3A-deficient cells (Figure 2B). We next as-
sessed the integrity of the mitochondria by measuring MMP
with the JC-1 dye, a cationic dye that aggregates and emits
red fluorescence when there is a high concentration of electrons
within intact mitochondria (aggregates) or shifts to green fluores-
cence when the concentration of electrons decreases (mono-
mers). The ratio of aggregates to monomers is an indicator of
MMP. The mitochondria of DNMT3A KO cells exhibited reduced
MMP compared to that of control cells (Figure 2C). The by-prod-
uct of mitochondrial activity, mitochondrial reactive oxygen spe-
cies, approximated by total H,O,, was also decreased in
DNMT3A KO cells (Figure S2A). These results indicate that
DNMT3A is required for mitochondrial integrity and function.

To test whether DNMT3A affects mitochondrial function by
regulating mitochondrial biogenesis, we used transmission elec-
tron microscopy (TEM) to capture single-cell images. The mito-
chondrial mass of each cell was approximated by the ratio of
area of mitochondria to that of the cytosol.**** The mitochon-
drial mass was significantly reduced in DNMT3A KO cells
compared to control cells (Figure 2D). Flow cytometric analysis
using nonyl acridine orange dye, an indicator of mitochondrial
mass because it is independent of MMP, was used as an alter-
native approach to confirm this finding (Figure S2B). The data
indicate that DNMT3A is necessary for mitochondrial activity in
part by controlling mitochondrial biogenesis.

We next determined whether DNMT3A is sufficient to increase
mitochondrial function by overexpressing the cDNA of WT
DNMT3A (DNMT3A™T) or a methylation-null mutant DNMT3A
(DNMT3AY7"8%) in MCL cell lines JeKo-1 and Rec-1. Both cell
lines express DNMT3AYT. A structural study demonstrated
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Figure 1. DNMT3A expression is required for in vitro and in vivo growth of mantle cell ymphoma

(A) The design of 2 sgRNAs targeting DNMT3A (top) and immunoblots (bottom) showing the reduction of DNMT3A expression in 7 distinct clones of MCL cell lines
after 6 days of doxycycline treatment (20 ng/mL).

(B) The global methylation was reduced after DNMT3A KO using methylation dot blots. The global methylation was reduced after treating Granta-519 cells with
decitabine (1 1M, 48 h), and this served as a positive control for this assay (top). A representative image of reduced global methylation in Rec-1- sgDNMT3A clone
no. 6 (Rec-1 no. 6) after doxycycline-induced DNMT3A KO 6 days posttreatment (bottom).

(C) DNMT3A KO inhibited the in vitro growth of MCL cell lines. Error bars represent mean + SD (Student’s t test).

(D) Z-138 no. 7 (left) and Granta-519 no. 7 (right) were established as subcutaneous tumors in NSG mice. Error bars represent mean + SEM (2-way ANOVA). All
in vitro experiments were performed independently at least 3 times with 3-4 technical replicates.
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that the DNMT3AY" "¢ mutant is unable to bind the cytosine for
base flipping, thus abrogating both CpGs and non-CpG methyl-
ation.** We functionally confirmed this mutant by treating cells
with decitabine. Decitabine is an analog of cytosine and forms
a covalent bond with DNMTs, leading to their degradation, likely
mediated by TRAF6.°° We reasoned that if DNMT3AY7 6% is null
for methylation due to its inability to bind cytosine, DNMT3AY716¢
should not be degraded by decitabine treatment. Indeed, we
observed a significant reduction in DNMT3AYT expression after
decitabine treatment but no change in the level of DNMT3AY716G
expression relative to DMSO-treated cells (Figure S2C, left).
Concordantly, the overexpression of DNMT3AY'¢C desensitized
cells to decitabine to a greater extent than that of DNMT3AWT
overexpression (Figure S2C, right). We further confirmed the
methylation defect of DNMT3AY7"6 variant by overexpressing
these variants in HEK293T cells. We observed a significant in-
crease in methylation upon the forced expression of
DNMT3AWT, but reduced methylation with DNMT3A""'®¢ over-
expression by methylation dot blot (Figure S2D). Of note, we
were unable to observe any changes in the global methylation
of transduced MCL lines, likely due to a higher endogenous level
of methylation in the parental cells (Figure S2E). In addition,
DNMT3AY7'8¢ is unlikely to be a dominant-negative mutant
because it was unable to reduce global methylation after trans-
duction in MCL cell lines expressing DNMT3AWT,

Cells that were transduced with DNMT3A"T or DNMT3AY76¢
showed an increase in OCR compared to cells transduced with
an empty vector control (Figure S2E). Because the mammalian
expression vector contains GFP that cannot be distinguished
with the green fluorescence of monomer in JC-1 assay, we
used MitoTracker deep red as an alternative to approximate
the MMP of these cells because this dye uses MMP to stain
the mitochondria. The MMP of DNMT3A"7"C cells was signifi-
cantly higher than that of empty vector control cells (Figure 2E).
Of note, DNMT3A™T expression increased MMP in JeKo-1 cells
but not in Rec-1 cells. This may be due to a more saturated
expression of endogenous DNMT3A in Rec-1 cells than that in
JeKo-1 cells. Together, these data indicate that DNMT3A is suf-
ficient to enhance the mitochondrial activities in a methylation-
independent manner.

DNMTS3A forms a transcriptional activating complex

with MEF2B and MYC to regulate genes involved in
mitochondrial biogenesis in MCL

Our data challenge the existing paradigm that DNMT3A acts as a
transcriptional repressor. We tested the hypothesis that DNMT3A
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interacts with other transcription factors to promote the
transcription of specific genes. We performed high-throughput
sequencing of chromatin immunoprecipitation (ChlP-seq) to
search for the footprints of potential factors binding with or in
the proximity of DNMT3A. To determine the chromatin-binding
profile of DNMT3A in MCL, we used the Z-138 cell line that is
WT for DNMT3A and Z-138 DNMT3A KO cells as a negative con-
trol. A total of 477 significant binding peaks were identified (Fig-
ure 3A). DNMT3A binding sites were primarily enriched at pro-
moter (37.3%) and intergenic (31.35%) regions, followed by
intronic regions (22.29%) (Figure 3B).

DNMT3A is known to bind other cofactors and transcriptional
factors at distal intergenic regions for transcriptional activa-
tion.*%*" Given the enrichment in downregulated genes after
knocking out DNMT3A, we hypothesized that DNMT3A binds
with other factors at enhancer regions to facilitate transcriptional
activation. After performing de novo motif analyses, we found
significant enrichments of many transcription factors. Among
them, MEF2B stood out to us because MEF2B is critical to the
development of the germinal center and has been found to be
mutated in both indolent and aggressive lymphomas (Fig-
ure 3C).***° The footprint of MEF2B around DNMT3A binding
sites indicated two working models: DNMT3A and MEF2B bind
in proximity or they physically interact irrespective of DNA
context. To delineate these possibilities, DNase was added dur-
ing all of the coimmunoprecipitation (colP) experiments to frag-
ment DNA (Figure S3A). We showed that DNMT3A and MEF2B
interact despite the fragmentation of DNA in both MCL cell lines
and primary cells (Figure 3D). This result favors the latter model
that the interaction between DNMT3A and MEF2B is likely to
be direct.

We further examined whether methylation and histone-binding
activities of DNMT3A are required for this interaction. We took
advantage of the DNMT3AY7"®C variant that is unable to bind
cytosine and generated DNMT3AP333A variant that is unable to
recognize histone H3 lysine 36 dimethylation (H3K36me2).*'
We performed colP in HEK293T cells in which FLAG-tagged
MEF2B and myc-tagged DNMT3AWTV716G/D333A \yere cotrans-
fected. The interaction of MEF2B and DNMT3A was preserved
in all of the conditions (Figure 3E), indicating that the interaction
does not depend on DNA methylation or H3K36me2 binding of
DNMT3A.

We tested whether MEF2B selectively interacts with DNMT3A
or with other members of the DNMTs as well. We used anti-
FLAG antibody to pull down FLAG-tagged MEF2B in HEK293T
cells that was cotransfected with FLAG-tagged MEF2B and

Figure 2. DNMT3A expression is required for OXPHOS in MCL cells by controlling mitochondrial biogenesis independent of its methyl-

transferase activity

(A) GSEA of DNMT3A KO cells shows downregulation of genes involved in OXPHOS, mitochondrial biogenesis, and MYC transcriptional pathway compared to

control cells.

(B) The reduced rate of OCR (pmol/min/cell) and ATP productions in DNMT3A KO cells relative to control cells. All of the OCR values were normalized to total live-
cell number. OCR experiments were performed independently at least 2 times, each with 6 technical replicates.
(C) Reduced MMP in DNMT3A KO cells compared to control cells by flow cytometric analysis of JC-1 dye.

(D) Representative images of TEM of Z-138 no. 7 control cells compared to DNMT3A KO cells (top). A significant decrease in mitochondrial mass, approximated
by the relative area of mitochondria to cytosol per cell, of DNMT3A KO cells relative to control cells (bottom). Each data point represents an individual cell (n = 60—
61 cells). TEM experiments were performed independently twice, each with duplicates.

(E) DNMT3AY7"¢C expression was sufficient to increase MMP in Rec-1 and JeKo-1 cells and the quantification of MMP in Rec-1 cells. Error bars represent mean +
SD (Student’s t test, 2 independent experiments in triplicate).
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(A) ChIP-seq of DNMT3A in Z-138 cells. Heatmaps show 477 DNMT3A peaks using Z-138 DNMT3A KO no. 7 cells as a ChIP control after 6 days of sgRNA
induction.

(B) Genomic features of DNMT3A binding sites.
(C) Genomic occupancy analysis demonstrated that DNMT3A binds in proximity of MEF2B binding sites.
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myc-tagged DNMT1, DNMT3B, or DNMT3A.The interaction be-
tween DNMT3A and MEF2B was stronger than those between
MEF2B and DNMT1 or MEF2B and DNMT3B (Figure S3B).
FLAG pulldown did not immunoprecipitate the endogenous
MYC in HEK293T cells (Figure S3B). It is therefore likely that the
interaction of DNMTs and MEF2B was direct rather than mediated
by MYC.

MEF2B is known to enhance MYC transcriptional activities.*?
Given that DNMT3A KO downregulates target genes of MYC and
genes involving in mitochondrial membrane (Figure 2A), and that
MYC regulates genes required for mitochondrial biogenesis, we
postulated that MYC, MEF2B, and DNMT3A form a transcrip-
tional activator complex to regulate genes involved in mitochon-
drial biogenesis in MCL cells. The immunoprecipitation of
endogenous MYC revealed that MYC and DNMTB3A interacted
in all three MCL cell lines tested (Figures 3F and S3C), consistent
with previous reports in other cancers.**** Importantly, MYC
only interacts with MEF2B, not with other MEF2 family members
in lymphoma cell lines (Figure S3D).

To test whether MYC-regulated mitochondrial genes are co-
regulated by DNMT3A and MEF2B, we confirmed that the
mRNA levels of some of MYC target genes regulating mitochon-
drial biogenesis were reduced after DNMT3A KO compared to
control cells (Figure S3E). To identify putative regulatory regions
to which DNMT3A, MEF2B, and MYC cobind, we overlapped
multiple ChiP-seq datasets of DNMT3A (Z-138 cells), H3K27ac
(cell line: Z-138; GEO: GSE97541), and MEF2B (cell line:
GM12878; GEO: GSE127481). We did not overlap these data-
sets on a genome-wide scale but focused on two mitochondrial
MYC target genes that showed overlapping peaks across these
ChIP datasets to functionally validate this transcriptional pro-
gram in the context of MCL (Figures S3F and S3G).

We chose the mitochondrial transcription factor A (tfam)
because, as a direct target of MYC,?’ tfam is essential for mito-
chondrial biogenesis and mitochondrial DNA maintenance.*® We
cloned the 3.5-kb upstream region of tfam into a luciferase back-
bone (pGL3-tfam) because this region is cobound by DNMT3A
and MEF2B and is marked with H3K27ac. Of note, this region
is extensively marked with cis-regulatory elements (Figure S3H;
ENCODE). We truncated the MADS (MCM1-agamous-deficiens-
serum response factor) domain of MEF2B (residues 8-91;
AMADSMEF2B). The MADS domain is required for dimerization
and DNA binding of the MEF proteins.*® MEF2B harbors 3 hot-
spot mutations in lymphomas (K4, Y69, and D83: 8%-18% in
diffuse large B cell lymphoma,13% in follicular lymphoma, and
3% in MCL), all of which are within the truncated MADS
domain.?>*"~*° The AMADSMEF2B variant therefore controls
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for the transactivation function of MEF2B that is dependent on
DNA-binding ability. It is important to note that the C terminus,
which is enzymatically responsible for the transactivation activity
of MEF2Bs, is intact. As expected, MEF2BYT alone but not
AMADSMEF2B activated the transcription of pGL3-tfam (Fig-
ure 3G, left). Although MYC alone decreased pGL3-tfam tran-
scription, the addition of MEF2B™T but not AMADSMEF2B
enhanced MYC transcription of pGL3-tfam (Figure 3G, center,
right). These results confirmed that MEF2B transactivates MYC
to increase the transcription of pGL3-tfam DNA, whereas MYC
alone represses this gene.

Both DNMT3AYT and DNMT3A"" %% enhanced the expression
of pGL3-tfam alone or in the presence of MEF2B and MYC
(Figures 3H and S3l). More intriguingly, both DNMT3AYT and
DNMT3AY7'8S supported the ability of AMADSMEF2B to trans-
activate MYC transcription of pGL3-tfam, whereas DNMT3B
and DNMT1 could not (Figure 3H). We propose that the biolog-
ical significance of the interaction between DNMT3A and
MEF2B is that it selectively retains the transactivation of MYC
by MEF2B even when MEF2B lacks DNA-binding ability. These
results collectively favor a model in which DNMT3A selectively
forms an activating transcriptional complex with MEF2B and
MYC, relative to DNMT1 and DNMTS3B, to regulate the expres-
sion of genes, including those involved in mitochondrial biogen-
esis in MCL cells.

Targeting DNMTS3A by decitabine reduces OXPHOS and
tumor burden in both cell line- and PDXs

We assessed whether inhibiting DNMT3A by a pan-DNMT inhib-
itor, decitabine, could reduce OXPHOS and tumor growth in vivo.
We opted to use decitabine because it is clinically safe and effec-
tive in treating several hematological malignancies, including
AML.%%°" Decitabine has been shown to induce the degradation
of DNMT1, DNMT3A, and DNMT3B by TRAF6 through a lyso-
some-dependent protein-degradation pathway.*® We validated
decitabine-mediated degradation of DNMT1, DNMT3A, and
DNMT3B in MCL cells (Figure S4A). Decitabine reduced the
growth of MCL cell lines in vitro (Figure S4B). The expression
levels of MYC target genes involved in mitochondrial biogenesis
were reduced after decitabine treatment (Figure S4C).
Importantly, decitabine treatment increased the fraction of cells
with low mitochondrial activity, whereas overexpressing
DNMT3AYT or DNMT3AY7"¢ reduced the fraction of cells with
low mitochondrial activity after decitabine treatment (Fig-
ure S4D). Furthermore, decitabine-induced DNMT3A degrada-
tion resulted in reduced interaction between MYC and MEF2B
(Figure S4E). Taken together, these data indicate that decitabine

(D) Endogenous DNMT3A coprecipitated with MEF2B in the Z-138 cell line and in 2 primary MCL samples, MCL-4 and MCL-7.
(E) Biochemical characterization of the interaction between DNMT3A and MEF2B. Immunoprecipitation of FLAG-tagged MEF2B cotransfected with myc-tagged
DNMT3AYT or DNMT3AY7'6S that lacks cytosine base-flipping, or DNMT3AP331A defective in H3K36me2 recognition.

(F) Endogenous MYC coprecipitated with DNMT3A in the Z-138 cell line.

(G) MEF2B is a transcriptional activator of tfam based on the luciferase reporter assay in HEK293T cells (left). MYC alone decreased the transcription of tfam
(center), but MEF2B enhanced MYC transcription of tfam (right). AMADSMEF2B failed to increase the transcription of tfam. All of the conditions were co-

transfected with B-galactosidase as an internal control.

(H) DNMT3AYT and DNMT3AY716¢ enhanced MYC and MEF2B-mediated transcriptional activation of tfam despite lacking the MADS domain of MEF2B (first 2).
AMADSMEF2B variant failed to enhance transcriptional activation of tfam by MYC in the presence of DNMT1 or DNMT3B (last 2). Error bars represent mean + SD

(Student’s t test).
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(B) Representative images of the fluorescence intensity of NAD(P)H and FAD in PBS (control, n = 3) and decitabine-treated mice (n = 3). Scale bar, 25 um.
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reduces tumor growth partly by inhibiting mitochondrial activity
through the DNMT3A-MEF2B-MYC complex in a DNA-methyl-
ation-independent manner.

Given that DNMT3A regulates mitochondrial biogenesis and
OXPHOS, we tested whether decitabine reduces OXPHOS
in vivo by optical metabolic imaging (OMI) of Z-138 tumors in
NSG mice®” (Figures 4A and 4B). Two-photon fluorescence life-
time imaging microscopy (FLIM) of the autofluorescent meta-
bolic coenzymes nicotinamide adenine dinucleotide (phosphate)
(NAD(P)H) and flavin adenine dinucleotide (FAD) provides im-
ages of cell metabolism at a single-cell level with spatial context
conserved. The fluorescence lifetime, the time a molecule re-
mains in its excited state before relaxing to ground state, informs
on the protein-binding activity of NAD(P)H and FAD. The fluores-
cence lifetimes of free versus protein-bound NAD(P)H and FAD
are distinct and can be quantified using FLIM. After 6 days of
treatment with decitabine, we imaged Z-138 tumor ex vivo and
observed a significant reduction in the mean fluorescence life-
time () of FAD in decitabine-treated compared to PBS-treated
mice, indicating that FAD is more predominantly in its protein-
bound form (<0.1 ns) rather than in its free form (1-2 ns)>>~>°
(Figures 4C and 4D, left). The percentage of bound FAD oy was
higher and free FAD (a,) was correspondingly lower in decita-
bine-treated mice than in PBS-treated mice (Figure 4D, center,
right). In addition, we observed that the optical redox ratio was
significantly more oxidized in control compared to decitabine-
treated mice, although there were large variations among tested
mice (Figure 4E). Overall, decitabine-induced metabolic changes
measured by OMI were consistent with the inhibition of OXPHOS
because treatment with rotenone and antimycin a, known inhib-
itors of OXPHQOS, elicited similar changes in these parameters in
quiescent T cells.°® There was no clear change in NAD(P)H fluo-
rescence lifetimes, suggesting that decitabine had less effect on
NAD(P)H enzyme-binding activities.

We further tested the efficacy of decitabine in vivo by using the
Z-138 cell line-derived and two MCL PDXs. The two samples
(MCL-4 and MCL-7), together with another two samples
(MCL-5 and MCL-9), came from relapsed MCL patients who
were heavily treated with chemotherapy drugs and ibrutinib.®’
The Z-138 xenograft and the MCL-7 PDX showed a significant
reduction in tumor burden (Figures 4F and 4G) but no improve-
ment in survival, which is likely due to the toxicity associated
with the dosage of 1 mg/kg decitabine. We reduced the dosage
to 0.25 mg/kg and observed both tumor regression and pro-
longed survival in the MCL-4 PDX model up to 120 days posttu-
moral injection (Figure 4H). This dose of decitabine in mice can
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be converted to the human equivalent dose <1 mg/m?/day®,
which is much lower than the 20 mg/m?/day that has usually
been used in treating hematologic malignancies.®®°°

Of note, we performed whole-exome sequencing (WES) on all
4 MCL patient samples (MCL4, MCL-5, MCL-7, and MCL-9)
used in this study and found no ibrutinib-resistant related muta-
tions in BTK or PLCG2 or any hotspot mutations of DNMT3A and
MEF2B (Table S1). The hotspot mutation in the NSD2 gene
(E1099K) was detected in MCL-5 (Table S1). Collectively, the
data show that decitabine reduces tumor growth and OXPHOS
in vivo, in part due to the degradation of DNMT3A.

Decitabine synergizes with a complex | inhibitor to
inhibit the growth of MCL cell lines and primary MCL
samples

We next investigated whether the inhibition of both DNMT3A and
OXPHOS exerts synergistic lethality in MCL. We used IM156, a
metformin derivative.°® IM156 exhibits higher bioavailability
than metformin, which therefore requires a lower dose to reach
therapeutic efficacy. IM156 has been shown to be safe and
effective in patients with refractory advanced solid tumors and
preclinical models.®”"°® IM156 has moderate cytotoxic effect
as a single agent in MCL cells because the half-maximal inhibi-
tory concentration (ICso) of several MCL cell lines are in the
micromolar range (Figure S5A). We tested whether DNMT3A is
a determinant of sensitivity to IM156 because DNMT3A regu-
lates mitochondrial biogenesis in MCL cells. We first created a
reference for sensitivity of IM156 by depleting cellular mitochon-
dria using gamitrinib, a selective mitochondrial HSP90 inhibitor
that reduces mitochondrial biogenesis and functions partly in a
PINK1/Parkin-dependent mitophagy manner (Figure S5B).5°""®
Depleting mitochondria resulted in a 15-fold decrease in sensi-
tivity to IM156 (Figure S5C). Similarly, depleting DNMT3A that re-
sulted in reduced mitochondrial mass decreased the sensitivity
to IM156 of MCL cell lines (Figure S5D). Conversely, the forced
expression of DNMT3AYT or DNMT3AY7'6C sensitized cells to
IM156, presumably due to the increased dependency of cells
on the mitochondria (Figure S5E). Taken together, these data at-
tributes DNA-methylation-independent functions of DNMT3A to
the sensitivity of MCL cells to IM156.

We next examined whether the combination of IM156 and
decitabine resulted in synergistic toxicity in vitro. Synergistic
lethality was achieved across six MCL cell lines tested (Fig-
ure 5A). Synergism was quantified by synergistic scores
(s-score) calculated using four different models with Synergy
Finder*.”* Most of the mean s-scores were above 8, indicating

(C) Representative images of 7, of FAD in control and decitabine-treated mice (left) and the quantification of FAD 1, (right) at the single-cell level (control = 2,544
cells; decitabine = 1,743 cells). Bars represent mean + SD. Different colors denote separate imaging days. Scale bar, 25um.
(D) Single-cell quantifications of the lifetime of bound FAD (t+) (ps, picosecond), the percentage of bound FAD (o), the lifetime of free FAD (o), and the percentage

of free FAD (o).

(E) Representative of images of the optical redox ratio and the single-cell quantifications of optical redox ratio. Different colors denote separate imaging days.

Scale bar, 25 pm. Mann-Whitney U test was used in (C)—(E).

(F) Z138 xenografts, the same as in (A). Red arrows indicate treatment start and end dates. Tumor dimensions were measured with calipers 3 times per week until
endpoint, defined as any dimension exceeding 20 mm or mice becoming morbid.

(G) The effect of decitabine in MCL-7 PDXs.

(H) Bioluminescence images of MCL-4 PDX mice (left), growth curves presented as log.o of the average radiance of tumors (ps~'cm~2sr™ ), with dashed line
indicating that all of the mice are euthanized (center), and the probability of survival (right) are shown. Error bars represent mean + SEM (2-way ANOVA). sr:

steradian or square radian.
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a strong in vitro synergism between decitabine and IM156 in
MCL cell lines (Figure S5F). Two primary MCL samples, MCL-4
and MCL-7, demonstrated a dose-dependent sensitivity to dec-
itabine or IM156 (Figure S5G). Low dosages of decitabine and
IM156 also induced synergistic lethality in both samples (Fig-
ure 5B). Equally important, this combination did not induce syn-
ergistic toxicity in normal B cells (Figure 5C). These results indi-
cate that decitabine and IM156 selectively synergize to inhibit
MCL cell growth in vitro.

To address whether this synergism is dependent on mitochon-
drial biogenesis, we tested whether decitabine or IM156 alone or
the combination of both induces lower toxicity in cells with low
mitochondrial mass induced by gamitrinib compared to cells
with higher mitochondrial mass. There was a significant reduc-
tion in sensitivity to the single drug alone and to the combination
treatment in cells with lower mitochondrial mass, indicating that
mitochondrial mass is attributed to the synergism between
IM156 and decitabine (Figure 5D). In summary, these data
suggest that the antitumor response of decitabine and IM156
combination is driven by DNMT3A-regulated mitochondrial
biogenesis.

DNMTS3A is upregulated after ibrutinib treatment and
therefore a therapeutic vulnerability of ibrutinib
resistance in MCL

We have established the role of DNMT3A in regulating mitochon-
drial biogenesis and OXPHOS in MCL. We next tested whether
DNMTS3A contributes to resistance to ibrutinib in MCL because
increased OXPHOS has been identified as a nongenetic driver
of ibrutinib-resistance in MCL."® To test how DNMT3A protein
levels change after ibrutinib treatment, we used three primary
ibrutinib-resistant MCL samples (MCL-4, MCL-7, and MCL-9)
and one control sample (MCL-5) with less ibrutinib resistance,
as described in our recent study.”®

Primary MCL cells underwent in vivo expansion as described
previously.®” For each mouse, spleen and liver were collected
at days 30-35 postinjection. Cell identity was confirmed by sur-
face markers (human CD20 and CD19), with tumor purity of both
organs being >90% (Figure S6A), although there were variations
in the expression of surface markers between organs and among
mice inoculated with the same sample. We also observed differ-
ential sensitivities to ibrutinib (Figures 6A and S6B). Because of
the heterogeneity in the immunophenotypes and sensitivities to
ibrutinib, likely due to the clonality of MCL,?*"® we considered
cells from each organ as an independent sample.

Intracellular flow cytometry was used to evaluate the protein
level of DNMT3A in live cells (Figure 6A). After 3 days of treatment
with ibrutinib at 2.5 pM, there was a significant increase in the
level of DNMT3A protein in all 12 individually cultured cells
from the spleens and livers of three primary ibrutinib-resistant
MCL samples whose viabilities were >90% after treatment
(MCL-4, MCL-7, and MCL-9) (Figure 6B). Conversely, DNMT3A
expression did not change in the less ibrutinib-resistant MCL-5
sample whose viability was <85% after ibrutinib treatment
(Figures 6A and S6B). Importantly, ibrutinib treatment upregu-
lated the protein level of DNMT3A in a dose-dependent manner
in two primary MCL samples, two ibrutinib-resistant cell lines,
JVM-13 and Z138, but not in two ibrutinib-sensitive cell lines
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(Figures S6C and S6D). In addition, DNMT3A expression
increased in acquired ibrutinib-resistant JeKo-1 and Rec-1 cell
lines but not in their respective parental cells (Figure S6E). This
result suggests that DNMT3A expression is associated with ibru-
tinib resistance in MCL.

To test the role of DNMT3A in ibrutinib resistance, we tested
the sensitivity to ibrutinib of MCL cells when DNMT3A was
knocked out or overexpressed. DNMT3A KO cells were more
sensitive to ibrutinib than control cells (Figure 6C) because mul-
tiple DNMT3A KO clonal cell lines showed a significantly lower
ICsq of ibrutinib than control cell lines (Figure 6D). Overexpress-
ing DNMT3AYT or DNMT3AY8"7C conferred resistance to ibruti-
nib with a 4-fold increase in ICsq (Figure 6E). This observation
is consistent with our finding that DNA methylation is not neces-
sary for DNMT3A-mediated mitochondrial biogenesis and
OXPHOS. Overall, these results establish that DNMT3A contrib-
utes to ibrutinib resistance by regulating mitochondrial biogen-
esis and OXPHOS in a methylation-independent manner.

To test whether decitabine enhanced ibrutinib efficacy, we
first demonstrated that the combination of decitabine signifi-
cantly reduced cell viability to a greater extent than either drug
alone in multiple MCL cell lines (Figure 6F). For in vivo study,
we used MCL-7 primary cells labeled with luciferase. Nine
days after injection, tumor engraftment was documented by
bioluminescent imaging. Mice were randomized into four
groups: PBS control, ibrutinib, decitabine and a combination of
both drugs. The results demonstrated that tumor volumes
were significantly reduced in the combination group compared
with the single drug or PBS groups (Figure 6G), suggesting
that decitabine restored the sensitivity of MCL-7 cells to ibrutinib
treatment. No apparent toxicities were observed in the decita-
bine- and ibrutinib-treated MCL PDX mice, and body weights
were not significantly different from each treatment group (Fig-
ure 6G). In summary, these data suggest that ibrutinib treatment
upregulates DNMT3A expression and that this increase is asso-
ciated with the lack of response to ibrutinib in primary MCL cells.
Furthermore, targeting DNMT3A by a low dose of decitabine is a
potential therapeutic strategy to overcome ibrutinib resistance.

DISCUSSION

DNA methyltransferase proteins DNMT3A and DNMT3B have
been regarded as tumor suppressors in some hematological ma-
lignancies.””’® The driver mutation R882H of DNMT3A, for
example, is associated with a global hypomethylation by inhibit-
ing DNMT3AWT forming active tetramers in AML.'® However,
decitabine, which acts as a hypomethylating agent that de-
grades the endogenous level of all DNMTs, is an effective treat-
ment for AML and other hematological malignancies. We have
resolved this paradox. A clue to our resolution came from a study
demonstrating that AML patients with DNMT3A mutations are
dependent on the activities of electron transport chain complex
I and exhibit a high level of OXPHOS.”® We have now revealed
that DNMT3A is required for the optimal growth of MCL both
in vitro and in vivo by regulating mitochondrial biogenesis in a
methylation-independent manner. We suggest that decitabine
is effective not by hypomethylating the genomes of cancer cells
but by inducing the degradation of DNMTs, which in turns
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(B) Decitabine and IM156 synergized to inhibit primary MCL cells.
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prevents the methylation-independent inhibition of oncogenic
pathways such as MYC. Therefore, we provide an example of
this effect in which a methylation null DNMTS3A variant is suffi-
cient to increase OXPHOS in MCL and provides a survival
advantage in the presence of ibrutinib.

Furthermore, our OMI data provide evidence at the single-cell
level that decitabine inhibits OXPHOS in vivo, likely due to the
degradation of DNMT3A. These data provide an additional
mechanistic insight into the impressive efficacy of the combina-
tory treatment of decitabine/azacitidine and venetoclax, a selec-
tive inhibitor of BCL-2, for AML.%%°" It is important to emphasize
that additional mechanisms also contribute to the potent anti-
tumor effect of decitabine because decitabine inhibits all
DNMTs. For instance, decitabine induced DNA damage, cell-cy-
cle arrest, and apoptosis at nanomolar concentrations in MCL
cell lines, likely due to the increase in the activation of inter-
feron-vy through the reactivation of LINE-1, an endogenous retro-
transposable element (Figures S6F-S6J).2° These mechanisms
of action for decitabine have been reported in other cancers.®'%°

Mechanistically, we have identified MEF2B as a binding part-
ner of DNMT3A. The interaction of these two proteins transacti-
vate MYC, leading to the expressions of MYC target genes,
including those required for the mitochondrial biogenesis.
Notably, DNMT3A but not DNMT1 or DNMT3B can maintain
the transactivation of a MEF2B variant that is defective in DNA-
binding ability.

The function of DNMT3A identified in this study explains the
discrepancy of two studies focusing on the effects of the hotspot
mutations K4E, D83V, and Y69H in MEF2B.?%“C It is reasonable
to expect that such mutations in the DNA-binding domain of
MEF2B decrease its ability to bind DNA and therefore reduce
transcriptional activity. Indeed, K43E and D83V mutations
decrease DNA binding of MEF2B as shown by gel shift assay.*®
Our study demonstrates that the interaction between DNMT3A
and MEF2B can overcome the defects of these hotspot muta-
tions in binding DNA because DNMT3A is a DNA-binding
enzyme itself. In addition, among the MEF2 family members,
MEF2B is selectively essential for lymphoid cells, as opposed
to the nonessentiality of MEF2A as well as the essentiality of
MEF2C and MEF2D found in both lymphoid and myeloid cells
(Dependency Map). Furthermore, MYC interacts with MEF2B
but not with other MEF2 family members in lymphoma cell lines.
Taken together, we propose that DNMT3A-MEF2B interaction is
selectively important in the context of MYC-related metabolism
in non-Hodgkin lymphomas.
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We believe that DNMT3A-MEF2B interaction is of broad inter-
est for several reasons: the hotspot mutations in MEF2B are pre-
sent in several types of lymphoma, including diffuse large B cell
lymphoma and follicular lymphoma in addition to MCL?**7~4%;
the selective dependency of lymphoma cells on MEF2B; and
the selective interaction between MYC and MEF2B.

From a translational perspective, the study suggests that
decitabine is a potential therapeutic drug for the treatment of
MCL patients. We provide evidence that DNMT3A contributes
to ibrutinib resistance in MCL by increasing mitochondrial
biogenesis and OXPHOS. Recent clinical studies demon-
strated the potential of BTKis as a first-line treatment option
for MCL.2""%8 Given the high relapse rate observed with ibrutinib
and other BTKis, there is an urgent need to identify mecha-
nisms of resistance to enhance the efficacy of these BTKis.
Here, we have demonstrated that targeting DNMT3A by genetic
knockout overcomes ibrutinib resistance in various MCL clonal
cell lines. More important, targeting DNMT3A by a low dose of
decitabine enhances the efficacy of ibrutinib in an ibrutinib-
resistant PDX model.

In summary, our study uncovers a DNA-methylation indepen-
dent role of DNMT3A. DNMT3A physically interacts with MEF2B
as an anchor to DNA,; this interaction bypasses the DNA-binding
requirement for the transactivation of MYC by MEF2B to in-
crease the transcription of genes involved in mitochondrial
biogenesis. We also provide evidence that decitabine is effective
in inhibiting tumor growth in PDX models. Because decitabine
has already been used in several hematological malignancies
and solid tumors, it can be rapidly repurposed to treat
relapsed/refractory MCL patients in combination with a BTKi.

Limitations of the study

Our study has several limitations. First, with the development of
the next generation of BTKis, it is unclear whether OXPHOS and
the upregulation of DNMT3A are associated with resistance to
these BTKis. Second, because we used NSG mice to study
the effect of decitabine in MCL, the effect of decitabine on
normal B cell subtypes remains unclear. Finally, the rarity of
MCL precludes us from testing whether DNMT3A upregulation
is associated with primary or acquired resistance to ibrutinib
because we could not obtain paired, untreated primary MCL
samples. Although further studies are needed to address these
limitations, our current studies mechanistically demonstrate a
methylation-independent function of DNMT3A in mediating
OXPHOS and ibrutinib resistance.

Figure 6. DNMT3A is a potential biomarker for and therapeutic vulnerability of ibrutinib resistance

(A) Representative intracellular flow cytometric of DNMT3A. The staining was validated in DNMT3A KO cells (top left). MCL-5 was less ibrutinib resistant (top
right). MCL-4, MCL-7, and MCL-9, defined as ibrutinib-resistant samples, showed an increased DNMT3A expression after ibrutinib treatment (2.5 uM, 3 days).
(B) Increased DNMT3A expression was correlated with resistance to ibrutinib.

(C) DNMT3A KO desensitized MCL cell lines to ibrutinib.

(D) The ICs( of ibrutinib in control and DNMT3A KO MCL clones (Student’s t test, **p < 0.01).

(E) The overexpression of DNMT3AYT or DNMT3AY""6¢ desensitized the ibrutinib-sensitive JeKo-1 cells to ibrutinib. The ICs of ibrutinib is shown.

(F) Decitabine enhanced the efficacy of ibrutinib in MCL cell lines. Relative viability for each condition, control (uninduced) or DNMT3A KO, were obtained by
normalizing the number of live cells in treated conditions to that in the DMSO-treated control. The statistical significance of individual drug concentrations when
combined one another is shown. Error bars represent mean + SD (Student’s t test).

(G) The effect of decitabine/ibrutinib alone or in combination in MCL-7 PDX model. Bioluminescence images (left), the radiance of primary tumors (top right), and
mouse body weight of mice before and during treatment as indicated between 2 arrows (bottom right) are shown. Error bars represent mean + SEM (2-way
ANOVA).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-DNMT3A (64B1446)
Rabbit polyclonal anti-MEF2B

Rabbit monoclonal anti-beta-Actin
GAPDH-HRP

Anti-rabbit IgG, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody
Mouse monoclonal anti-FLAG® M2 antibody
APC mouse anti-human CD38

Novus Biologicals™
ThermoFisher Scientific
Cell signaling

CST

Cell signaling

Cell signaling
Sigma-Aldrich

BD biosciences

NB120-13888; RRID: AB_1149786
PA5101143; RRID: AB_2850587
4967S; RRID: AB_330288

3683; RRID: AB_1642205

7074; RRID: AB_2099233

7076; RRID: AB_330924

F1804; RRID: AB_262044

555462; RRID: AB_398599

PE mouse anti-human CD19 Clone 4G7 R&D biotechne MAB4867R

anti human CD20 FITC-LT20 clone, mouse IgG1k Miltenyi Biotec 130-113-373; RRID: AB_2726142
5mC antibody epigentek A-1014-050

Mouse monoclonal [9E10] to Myc tag abcam ab32; RRID: AB_303599

Rabbit monoclonal- MYC antibody (Y69) abcam ab32072; RRID: AB_731658
Bacteria and virus strains

DH5a. Invitrogen™ 18265017

Biological samples

B cells from cord blood Stem Cell Technologies 70013

Primary MCL cells

Mohanty et al.*”

https://doi.org/10.1182/
blood-2018-05-851667

Chemicals, peptides, and recombinant proteins

Ibrutinib

IM156

Decitabine

JC-1 Dye

MitoSOX™ Red Mitochondrial
Superoxide Indicator
MitoTracker™ Deep Red

SuperSignal™ West Femto Maximum
Sensitivity Substrate

Pierce™ BCA Protein Assay Kit
Trizol for RNA extraction

APC Annexin V

Pl flow dye (BD)

Doxycycline hyclate

RPMI-1640 medium (1x) -L-glutamine

DMEM/High glucose with L-glutamine,
sodium pyruvate

FBS
XF RPMI Medium ph7.4
XF Calibrant, ph 7.4

Corning® Cell-Tak™ Cell and
Tissue Adhesive

pen/strep solution
Corning® glutagro™

Selkchem

Targetmol

Targetmol

Invitrogen™

Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
BD pharmingen

BD pharmingen
Sigma-Aldrich

hyclone

hyclone

R&D
Agilent
Agilent
Corning

lonza
Corning

S2680

S9604
T1508-SB100
T3168
M36008

M22426
34096

23225
15596018
550474
556463
D9891
SH30096.LS
SH30243.FS

S10350
103576
100840
354240

17-602E
25-015-Cl

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MEM Non-Essential Amino Lonza 13-114E
Acid Solution (100X)

Sodium Pyruvate Solution GE Healthcare Life Sciences SH30239.01
Trypan Blue Solution (w/v) in PBS corning 25-900-Cl
Protease inhibitor cocktail sigma-aldrich P8340

PMSF Protease Inhibitor Thermo Scientific™ 36978
D-Luciferin, Sodium Salt Gold Biotechnology LUCNA
Triton X-100 EMD MILLIPORE 94101L
pierce 16% formaldehyde (w/v), pierce 28908
methanol-free

PureLink™ RNase A Invitrogen 12091021
Critical commercial assays

Galacto-Star™ B-Galactosidase Thermo Fisher Scientific T1012
Reporter Gene Assay System

SuperScript™ IV First-Strand Thermo Fisher Scientific 18091050
Synthesis System

GeneArt® Site-Directed invitrogen A13282
Mutagenesis System

Maxwell RSC Culture Cells DNA kit Promega AS1620
Luciferase Assay System Promega E1500
CellTiter-Glo(R) 2.0 Assay Promega G9242

APC BrDu flow kit BD pharmingen 552598
Seahorse XF Cell Mito Stress Test Kit Agilent 103015
QIAquick PCR Purification kit QIAGEN 28106
SensiFast SYBR Hi-Rox Kit Bioline BIO-92005
TruSeq Stranded mRNA Library illumina RS-122-2102
Preparation Kit Set B

TruSeq DNA LT Sample Prep Kit lllumina FC-121-2001
Ovation Ultralow System V2 NuGEN 0344NB

Qbit dsDNA Broad range assay Invitrogen Q32850
Deposited data

MCL-4 This paper PRJNA1077921
MCL-5 This paper PRJNA1077921
MCL-7 This paper PRJNA1077921
MCL-9 This paper PRJNA1077921
DNMT3A ChlP-seq in Z138 WT This paper GSE227976
DNMT3A ChlP-seq in Z138#7 KO This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-uninduced-1 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-uninduced-2 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-uninduced-3 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-5 days-1 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-5 days-2 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-5 days-3 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-7 days-1 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-7 days-2 This paper GSE227976
DNMT3A-Z138sgDNMT3A#7-dox-7 days-3 This paper GSE227977
MEF2B ChIP-seq in GM12878 Luo et al.®® GSE127481
H3K27ac in 2138 Ryan et al.” GSE97541

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

JeKo-1* Liet al.® https://doi.org/10.1038/onc.2016.155

Rec-1* Lietal® https://doi.org/10.1038/onc.2016.155

Z138* Lietal.® https://doi.org/10.1038/onc.2016.155

Rec-1* Lietal® https://doi.org/10.1038/onc.2016.155

Mino* Liet al.® https://doi.org/10.1038/onc.2016.155
JVM-13 Zhang et al.™® https://doi.org/10.1126/scitranslmed.aau1 167
Granta-519 Zhang et al.™® https://doi.org/10.1126/scitranslmed.aaul 167
Maver-1 Zhang et al.™® https://doi.org/10.1126/scitranslmed.aau1167
JeKo-1 Ibrutinib resistant Liuetal.”® https://doi.org/10.1182/blood.2022018674
Rec-1 Ibrutinib resistant Liu et al.” https://doi.org/10.1182/blood.2022018674

Experimental models: Mouse

NOD.Cg-Prkdcscid l12rgtm1Wijl/SzJ Jackson Laboratory 5557
Oligonucleotides
See Table S2 for sequences of oligonucleotides N/A

Recombinant DNA

pRSGT16-U6Tet-sg-HTS6C-CMV- Cellecta #SVCRUGT16-L

TetRep-2A-TagRFP-2A-Puro

pR-CMV-Cas9-2A-Hygro Cellecta #SVC9-PS

phCMV-GalV-MTR Caeser et al.”’ Addgene #163612

pCDH-DNMT3A WT This paper N/A

pCDH-DNMT3A V716G This paper N/A

pCDNA.3-Myc-DNMT3A WT Chen et al.” Addgene plasmid #35521

pCDNA.3-Myc-DNMT3A D333A This paper N/A

PCDNA.3-Myc-DNMT3A V716G This paper N/A

pCDNA.3-Myc-DNMT1 Liet al.” Addgene plasmid #36939

pCDNA.3-Myc-DNMT3B1 Chen et al.” Addgene plasmid #35522

pGL3-tfam This paper N/A

Software and algorithms

ImageJ 142 software NIH https://imagej.nih.gov/ij/index.html

GraphPad Prism 9.0 Graphpad www.graphpad.com

FlowJo Software vX 10.0.7v2 FLOWJO, LLC https://www.flowjo.com/

StringTie Pertea et al.>* https://ccb.jhu.edu/software/stringtie/

DEseq2 Love et al.”® http://bioconductor.org/packages/DESeq2/

Genrich Gaspar™® https://github.com/jsh58/Genrich

HISAT2 Kim et al.”” http://daehwankimlab.github.io/hisat2/

ChiPSeeker Wang et al.”® http://bioconductor.org/packages/
Yu et al.” release/bioc/html/ChlPseeker.html

deepTools-Correct GC bias
GSEA v3.0

BioRender BioRender
Igtegrative Gomomic Viewer v2.13.2

Custom Python script for manual
correction of tumor segmentation

Benjamini et al."®

Broad Institute

BioRender
Broad Institute

Pachitariu et al., '’

Stringer et al.'®”

https://deeptools.readthedocs.io/en/latest/

https://software.broadinstitute.org/
cancer/software/gsea/wiki/index.php/Main_Page

https://biorender.com/
https://software.broadinstitute.org/software/igv/
https://www.github.com/mouseland/cellpose

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lixin Rui

(Irui@medicine.wisc.edu)
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Material availability
Request for cell line generated in this study should be directed to and will be fulfilled by the lead contact, Lixin Rui ([rui@medicine.
wisc.edu)

Data and code availability
® RNA-seq, ChlP-seq from MCL cell lines, and WES data from MCL patients generated have been deposited at GEO and SRA,
respectively, and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources
table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture

Doxycycline-inducible human MCL cell lines (Mino, Rec-1, JeKo-1, Z138), originally obtained from the American Type Culture Collec-
tion (ATCC), were engineered and authenticated by gene expression profiling to express the bacterial tetracycline repressor as
described previously.® Wild-type Granta-519, Maver-1, JVM-13 were provided by Dr. Michael Wang at MD Anderson Cancer Center.
Doxycycline (20 ng/mL) was used for inducing the expression of sgDNMT3A of interest. The MCL cell lines were grown in RPMI 1640
media (Hyclone) supplemented with 10% FBS (fetal bovine serum, Atlanta Biologicals), 100 U/ml penicillin, 100 png/mL streptomycin
(Corning Cellgro), 2 mM GlutaGRO (Corning Cellgro), 1 x MEM-NEAA (Quanlity Biological, Inc.), and 1 mM Sodium Pyruvate Solution
(Hyclone). Human embryonic kidney cell line 293T was cultured in DMEM (Dulbecco’s modified Eagle’s medium, Hyclone) with 10%
FBS, 100 U/ml penicillinand 100 ug/mL streptomycin (Corning Cellgro). Cell lines were authenticated using short tandem repeat anal-
ysis (Idexx BioAnalytics, Westbrook, ME) and per ATCC guidelines using morphology, growth curves, and Mycoplasma testing within
6 months of use with the e-Myco mycoplasma PCR detection kit (iINtRON Biotechnology Inc, Boca Raton, FL). All cell lines were
cultured at 37°C in a 5% CO..

Xenografts

Male and female (8-12 weeks of age) NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ (NSG) breeder pairs were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred under specific pathogen-free conditions in sterile ventilated racks in the animal care fa-
cility at the University of Wisconsin-Madison. The study was approved by the Animal Care and Use Committee of the University of
Wisconsin-Madison. Tumor cells (7-8 x 10%) were injected subcutaneously into the right flank of each mouse.

Human samples

Four viable cryo-preserved of previously treated primary MCL samples were provided by Dr. Vu N. Ngo at the Beckman Research
Institute of City of Hope. Samples were originally obtained from the tumor bank of the Pathology Department of City of Hope as de-
identified samples. De-identified patient samples were obtained with informed consent and xenografted under Dana-Farber/Harvard
Cancer Center Institutional Review Board (IRB)-approved protocol #13-351. MCL-4 (DFBL-98848, male), MCL-5 (DFBL-44685,
male), MCL-7 (DFBL-91438, male) and MCL-9 (DFBL-96069, female) patients were relapsed from immunochemotherapy drugs
(all four patients) and ibrutinib (except for MCL-4).

METHOD DETAILS

sgDNMT3A experiment

When tumors became palpable (2138 #7 median: 73.4 mm?; range: 37.4-613.4 mm?; Granta-519 #7 median: 127 mm?; range 44.1-
239.2 mm®), mice received normal drinking water or water with doxycycline (2 mg/mL). Tumor measurements were recorded three
times per week until endpoint, defined as when tumor exceeded 20 mm in any direction or became morbid. The relative tumor growth
was calculated by normalizing tumor volumes to the start day of tumor measurement for each mouse.

Decitabine treatment

Treatment started when palpable tumors were observed (~300-450 mm?®), approximately 10-12 days post tumoral injection. When
mice became moribund or when tumor size exceeded 20 mm in any direction, mice were euthanized as required by institutional
protocols.

Expansion of primary MCL samples

In vivo expansion was described in our recent study.”® Briefly, 2 x 10° cells were injected into the tail vein of NSG mouse after sub-
lethal irradiation (2 Gy). 35-45 days post tumoral injection, mice were sacrificed. Livers and spleens were collected and processed by

e4  Cell Reports Medicine 5, 101484, April 16, 2024


mailto:lrui@medicine.wisc.edu
mailto:lrui@medicine.wisc.edu

Cell Reports Medicine ¢ CelPress

OPEN ACCESS

mechanical disruption, Ficoll density gradient centrifugation and AKC lysis to remove red blood cells. Flow cytometric analysis using
markers for human CD19 and human CD20 confirmed that 85-90% of cells were cancer cells.

In vitro maintenance of primary MCL samples

To maintain primary MCL cells in vitro, we co-cultured them with YK6-CD40Ig-IL21 cells (YK6).91 2-4 x 10* of irradiated YK6 cells (30
Gy) were seeded in a 6 well plate 24 h prior to co-culture of MCL cells. Primary MCL cells grew and expanded more than 7 days
without observable changes of surface markers.

MCL patient-derived xenografts

All four primary cell samples were used for a recent study.®”

MCL-7 PDX

Freshly collected MCL-7 cells, which had been previously tagged with luciferase and expanded in vivo for 30-35 days, were subcu-
taneously injected into immunocompromised NSG mice. Tumor signals were monitored using the Xenogen IVIS Imaging System
(Calliper Life). When they reached approximately 12 x 108 of total flux (ps~"), mice were treated with either PBS or with 1 mg/kg of
decitabine (i.p.) every day, 5 days a week for a total of 21 injections. Bioluminescence images of mice before and every week during
the course treatment (left) and growth curves are shown (right). Fresh aliquots of decitabine were used for every injection. The red
arrow indicates treatment start. All mice died after 10 injections, potentially due to the potency of decitabine when fresh aliquots
were used.

MCL-4 PDX

A procedure similar to MCL-4 PDX was followed to establish tumors. Starting bioluminescence signal was approximately 2.5 x 107
total flux (ps~"), bioluminescence images were recorded every 5 days, and decitabine concentration was 0.25 mg/kg.

The endpoint for MCL-4 PDX was reached when tumor signal exceeded 1 x 10'°, or there were greater than 2 metastases, or pa-
ralysis, or morbidity. The endpoint for MCL-7 PDX was similar with the exception that the total flux exceeds 1 x 10" because MCL-7
tumors tended to localize at the injection site, whereas MCL-4 tumors had a higher tendency to metastasize.

MCL-7 PDX in decitabine-ibrutinib combination study

A procedure like the above PDX was followed to establish tumors. When tumor signal reached approximately 11.8 x 107 of total flux
(ps~"), mice were intraperitoneally (i.p.) treated with decitabine (0.25 mg/kg) or ibrutinib (30 mg/kg), at 5 days a week for both, or with a
combination of the two drugs.

DNMTS3A knockout with an inducible 2-vector CRISPR-Cas9 knockout system

The Lentiviral plasmid pRSGT16-U6Tet-sg-HTS6C-CMV-TetRep-2A-TagRFP-2A-Puro (Cellecta) was used to express sgRNA tar-
geting a gene of interest and pR-CMV-Cas9-2A-Hygro (Cellecta) was used to generate Cas9-expressing cells. We first transduced
Cas9 expressing plasmid into different MCL cell lines and select cells with hygromycin for at least 10 days. Two distinct sgRNAs tar-
geting exon 2 and the MTase domain of DNMT3A were packaged into lentiviral particles in equal molar ration (1:1) using PAX2 and
MD2G plasmids. Cells that expressed Cas9 confirmed by immunoblot were then transduced with sgDNMT3A. After puromycin se-
lection, Cas9-sgDNMT3A expressing cells were diluted at a density of 1 cell per 3 well and seeded onto a 96-well plate. Single-cell
clones were confirmed by light microscope (ZEISS PrimoVert). sgDNMT3A targeting exon 2 was designed using online software
(https://chopchop.rc.fas.harvard.edu/). The sgDNMT3A sequence that targets the MTase domain was from a publication.'®® These
sequences were inserted into sgRNA construct following the manufacturer’s instructions. Doxycycline (2 ng/mL) was used to induce
the expression of sgRNA and the subsequent knockout of the target gene.

DNMTS3A plasmid construction
The pCDNA.3-myc-DNMT3A cDNA was subcloned into Hindlll and Xho1 restriction sites of the lentiviral vector pCDH.

Mutagenesis of DNMT3A

pCDNA.3-myc-DNMT3A was used as template to mutate D333 to A and V716 to G using ThermoFisher Mutagenesis kits with the
primer sequences listed in the key resources table. Mutations were confirmed by Sanger sequencing. pCDNA.3-myc-DNMT3A
V718G \as further subcloned into Hindlll and Xho1 restriction sites of the lentiviral vector pPCDH-GFP for further experiments.

Lentivirus transduction
All the lentiviral constructs were packaged and enveloped using PAX2 and MD2G or phCMV-GalV-MTR in HEK293T cells using
LentilT (Mirus) per manufacturer protocol. Supernatant were collected 48 and 72 h post transfection, spun down to remove cell
debris, filtered through a 0.45 um PVDG membrane and aliquoted and stored at —80°C for each use.

IWhen necessary, viruses were concentrated using PEG800 follow protocol from Dr. Sudgen’s laboratory that was modified from
MD Anderson Cancer Center. MCL cell lines were transduced in the presence of 8 ng/mL of polybrene and selected with appropriate
antibiotics for 10-14 days. Purity is then confirmed using fluorescent markers (GFP or RFP).
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RNA-sequencing

Z138 sgDNMT3A #7 (2183 #7) cells were induced with 20 ng/mL doxycycline starting at staggered timepoints (5 days and 7 days) for
concurrent RNA collection. Each pair of RNA-seq sample (control and DNMT3A KO) was collected independently for a total of 3 bio-
logical replicates. RNA was kept in TriZol until all samples are collected. The total RNA was extracted using TriZol according to the
manufacturer’s protocol. RNA-seq libraries were prepared with the lllumina TruSeq stranded mRNA LT sample preparation kit (lllu-
mina). Paired-end sequencing was performed on lllumina NovaSeq 600 at the length of 150 bp.

Raw reads were mapped to the human reference genome (hg38) using HISAT2 (v2.1). Genes and transcripts were assembled and
quantified using StringTie (v1.3.4). Differential expression (DE) was analyzed with DESeqg2. DE analysis compared the changes in
mRNA abundance in cells deficient in DNMT3A to that in control cells. Gene set enrichment analysis (GSEA) was performed by
GSEA software (V4.0.1). For GSEA analysis, a pre-ranked gene list was generated using the formula:

rank = — logy,(pval) * (fold change)

The molecular signatures databases including h.all.v5.2 symbols, along with mitochondria-related gene sets were used.

Chromatin immunoprecipitation sequencing

Chromatin immunoprecipitation (ChIP) experiments were performed as previously described.'%* Briefly 20 million cells of either Z138
WT or DNMT3A KO cells (Z138#7; 7 days after doxycycline induction) were cross-linked with formaldehyde (1%) for 10 min at room
temperature. The reaction was stopped by adding glycine to the final concentration of 125 mM for 5 min. The nuclear pellets were
collected and sonicated with Covaris s220. Then anti-DNMT3A antibody was added and incubated at 4°C for 16 h on a rotator. Dy-
nabeads protein G were prewashed and added for 2 h of incubation at 4°C on a rotator. The immunoprecipitated complex was eluted
in elution buffer (1% SDS, 0.1 M NaHCO3) by a 65°C vortex for 15 min. DNA was purified using a Qiagen PCR purification kit accord-
ing to the manufacturer’s protocol. Ten nanograms of ChlP’ed DNA were used to generate the ChlP-seq library using Ovation Ultra-
low Library System V2 (NuGen Technologies), according to the manufacturer’s protocol. Paired-end sequencing was performed on
an lllumina NovaSeq 600 (150-bp length) at the University of Wisconsin Biotechnology Center DNA sequencing facility.

For ChlIP-seq data analysis, raw reads were mapped to the human reference genome (hg38) by HISAT2 (V2.1) using default pa-
rameters. Identical reads were collapsed into one. Because sequencing results had high GC bias, including input controls, all data-
sets were corrected for GC bias using deepTools with computeGCbias.'°® ChIP-seq data were visualized in an Integrative Genomic
Viewer (V2.3 40). Peaks were called by Genrich (V1.0) using default parameters. The MEME suite (with £1 kb around a peak summit)
was used for motif discovery (meme-suite.org). ChlPseeker was used to annotate and visualize the distribution of peaks.
EnrichedHeatmap (Bioconductor V1.14.0) was used to visualize differential peaks.

RNA-seq and ChIP-seq data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus'“® and are
accessible through GEO Series accession number GSE227976.

Immunoblotting assay

Cells were lysed using RIPA lysis buffer with protease inhibitor cocktail (Sigma) and phenylmethylsulfonyl flouride. Whole cell lysates
were resolved by SDS-PAGE (8-10%), transferred onto PVDF membranes upon blocking in TBS 0.05% Tween 20 (TBS-T) and 5%
non-fat dry milk for 1 h, and then incubated with a primary antibody at 4°C overnight. After washing, the membranes were probed with
a horseradish peroxidase-conjugated secondary antibody (HPR) for 1 h at room temperature. Membranes were washed with TBS-T
for at least 1 h before imaging using the G:Box SynGene imager.

Whole exome sequencing (WES)

Genomic DNA was extracted from frozen MCL samples using the Promega Maxwell RSC Culture Cells DNA kit on the automated
Maxwell RSC according to manufacturer’s protocol. Exome enrichment and paired-end sequencing was performed on an Illlumina
NovaSeq 600 (150-bp length) at the University of Wisconsin Biotechnology Center DNA sequencing facility. Exome was enriched
using the human comprehensive exome (twist bioscience). WES FASTQ files were processed by lllumina’s DRAGEN software
(version 3.10) using human genome hg38, GENCODE gene definitions (version 42), and annotations from dbSNP (version 155).
The limit of somatic variation detection is 5% at 100x and only those with filter status as PASS were kept. Variation’s impact was
inferred by VEP (version 108) and its human annotations (version 109) via the vcf2maf.pl script from https://github.com/mskcc/
vcf2maf.

Flow cytometry analyses

Cell cycle was analyzed with the APC BrdU Kit (BD Pharmingen) according to manufacturer’s instructions. Cells were pulsed with
10mM with bromodeoxyuridine (BrdU) for 4 h at 37°C. Cells were washed in the staining buffer, fixed/permeabilized with the
Cytofix/Cytoperm buffer or Cytofix/Cytoperm buffer plus and washed with the Perm/Wash buffer. After permeabilization, cells
were treated with DNase for 1 h at 37°C, and then stained with allophycocyanin (APC)- conjugated anti-BrdU antibody and
7-amino-actinomycin D (7-AAD; 25 mg/mL).
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Cell apoptosis was measured using APC-Annexin V and propidium iodide (PI) staining kit following the manufacture’s protocols.
Briefly, cells with different treatments were collected and washed twice with cold PBS, and then re-suspended in 1 xbinding buffer
from the kit. APC-Annexin V and Pl were added and incubated for 15 min at room temperature in the dark.

Mitochondrial membrane potential (4%), mitochondrial ROS, or mitochondrial mass

One million cells were washed with warm PBS once and incubated with JC-1 (5 pg/mL) for 10 min or mitoRox (5 uM) for 20 min or
MitoTracker Deep Red (20nM) in phenol red free media at 37°C or NAO (10 nM) for 10 min at room temperature in the dark, followed
by three washes with warmed PBS and immediately analyzed. DAPI, a viability dye, was immediately added prior to the acquisition on
the flow cytometer. All stained samples were measured and analyzed using ThermoFisher Attune and FlowdJo (V10.0) software. All
measurements were performed in 10,000 live cells and performed independently at least 3 times, each with 3 technical replicates.
Intracellular staining of DNMT3A

Cells were counted and resuspended in PBS at the concentration of 1 x 10° cells/100pL and processed as previously described. '’
Individual samples that showed greater than 90% viable cells after 3 days of ibrutinib treatment (2.5uM) were stained for DNMT3A
expression. Live cells were gated before measuring DNMT3A level. MCL-4: 3 spleens and 3 livers; MCL-7: 2 spleens and 2 livers;
MCL-9: one spleen and one liver.

Immunoprecipitation

Whole cell protein extracts were prepared from MCL cell lines or HEK293T cell lines 48 h post transfection using the immunoprecip-
itation (IP) buffer. For endogenous IP in MCL cell lines, the buffer included 50mM TrisHCL pH 8.0, 150 mM NaCl, 1imM EDTA, 0.5%
NP40, 0.5 mM PMSF, 50 mM sodium fluoride, and protease inhibitor cocktail (Sigma). For IP of co-transfected HEK293T, the buffer
included 50 mM TrisHCI pH 7.5, 150 mM NaCl, 2 mM EDTA pH 7.0, 0.1% NP40, 1% Triton X-100, 1% Tween, 0.5 mM PMSF, 50 mM
sodium fluoride, 1 mM sodium orthovanadate and protease inhibitor cocktail (Sigma). Lysates were pre-cleared with IgG mouse for 2
h; Dynabeads protein G were added for an additional 2 h. DNAse (6 ng/mL) was freshly added every 2 h. Eluates were incubated with
anti-FLAG or anti-DNMT3A or anti-MYC (Y69) for 3-4 h before adding dynabeads protein G for overnight incubation. Fresh DNAse
was added prior to overnight incubation. Beads were washed 8 times for a total of 2 h in the same buffer for endogenous IP, and in
wash buffer (300mM NaCl) for co-transfected IP. Fifty microliters of the eluate from overnight incubation were collected, digested
with proteinase K at 65°C for 2 h and then analyzed on an agarose gel to ensure proper DNA fragmentation. The immunocomplexes
were eluted in 1X SSB buffer. Eluates were resolved on SDS-PAGE, similar to immunoblotting protocol. After washing, the membrane
was probed with HPR-conjugated, rabbit conformation specific- or mouse light chain specific-secondary antibodies for 1 h at room
temperature. The membranes were washed with TBS-T for at least 2 h before imaging using the Odissey LI-COR imager. All immu-
noprecipitation experiments were performed independently twice except for primary MCL samples.

XF cell mito stress analysis

The mitochondrial respiratory capacity was determined using XF Cell Mito Stress Test Kit (Agilent Technologies). 3-6 x10° cells per
well were seeded in parallel into the Cell-Tak-Coated 96-well XF Cell Culture Microplate and a round bottom 96 well plate. To
normalize OCR per viable cell, cells in the round-bottom 96 well plate were counted using DAPI on a flow cytometer. Cells in the
XF Cell Culture Microplate were incubated in XF RPMI Medium, pH7.4 basal media (Agilent # 103576-100) with the addition of
10 mM glucose, 2 mM sodium pyruvate and 2.5 mM L-glutamine in a CO,-free incubator at 37°C for 1 h prior to assay. The oxygen
consumption rate (OCR) was measured by XF® 96 extracellular flux analyzer (Agilent Technologies) with sequential injection of oligo-
mycin A (1 uM), FCCP (1 uM), and rotenone/antimycin A (0.5 uM). ATP production was calculated per manufacturer’s guideline as:

ATP = (Last rate before Oligomycin injection) — (Minimum rate after Oligomycin injection)

Transmission electron microscopy

Samples were processed and sectioned at ultrathin at the electron microscope facility at University of Wisconsin-Madison. Samples
were immersion fixed in a solution of 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.4 1 h
at room temperature. The tissue was then post fixed in 1% osmium tetroxide (OsO,) in the same buffer for 30 min at room temper-
ature. Following OsO, post-fixation, the samples were dehydrated in a graded ethanol series, and embedded in Durcupan epoxy
resin in small aluminum weighing dishes. After polymerization of the resin, excess resin was scrapped from the bottom of cover slips
to expose the glass surface. The samples were then etched with 52% hydrofluoric acid to completely remove the cover slips, leaving
the cells exposed at the surface of the preparation. Samples were sectioned for TEM using a Reichert-Jung Ultracut-E Ultramicro-
tome and contrasted with Reynolds lead citrate and 8% uranyl acetate in 50% EtOH. Ultrathin sections were observed with a Philips
CM120 electron microscope and images were captured with a MegaView lll side mounted digital camera.

Multiphoton imaging

Z138 cells (7 million cells/mouse) were established as subcutaneous tumors in NSG mice. When tumors became palpable, approx-
imately 10 days post tumoral injection, mice received either PBS or decitabine (1 mg/kg) 5 days a week (n = 8 per group) for a total of
20 injections. The same aliquot of decitabine was used for 5 days (4 cycles of freeze-thaw).
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Ex vivo imaging of Z-138 tumors was performed in PBS treated mice (n = 3) and decitabine treated mice (n = 3) on day 6 post treat-
ment. Tumors were well established (150 mm?®), 10-12 days after inoculation. Imaging was performed on two separate days. Ex vivo
imaging of whole Z-138 tumors was performed immediately following euthanasia via CO,. Excised tumors were secured to an im-
aging dish with PBS coupling and tape. Ex vivo imaging was complete within one to 2 h post mouse euthanasia, accurately capturing
cellular metabolism based on our previous work that showed that ex vivo metabolism is statistically identical to in vivo metabolism for
up to 12 h post euthanasia.'%®

Autofluorescence images were captured with a custom-built multi-photon microscope (Bruker) using an ultrafast femtosecond
laser (InSight DSC, Spectra Physics). The laser was tuned to 750 nm for NAD(P)H excitation and tuned to 890 nm for FAD excitation.
The average power incident on the sample was ~2-5 mW for NAD(P)H excitation and ~2-6 mW for FAD excitation. A pixel dwell time
of 4.8 us was used for allimages. NAD(P)H and FAD images were acquired sequentially. A 440/80 nm bandpass filter isolated NAD(P)
H emission onto the photomultiplier tube (PMT) detector. A dichroic mirror directed wavelengths greater than 500 nm onto a 550/
100 nm bandpass filter, isolating FAD emission onto a second PMT. Fluorescence lifetime measurements were acquired with
time-correlated single photon counting electronics (Becker and Hickl) and a GaAsP PMT (Hamamatsu). All images were acquired
with a 40x/1.13 NA water-immersion objective (Nikon) at 512 x 512 pixel resolution and an optical zoom of 1.0-3.0 (majority of im-
ages taken at zoom of 2.0). NAD(P)H and FAD intensity and lifetime images were acquired to sample metabolic behavior of Z-138
tumor cells across 5-7 fields of view and multiple depths within each tumor.

Multiphoton image analysis

Fluorescence lifetime fitting

The fluorescence lifetimes of free and protein-bound NAD(P)H and FAD are distinct, and these lifetimes along with their weights can
be recovered with a two-exponential fit function. Therefore, fluorescence lifetime decays for both NAD(P)H and FAD were fit to the
following bi-exponential function in SPCimage:

/(t) = 0(167“7'1 +0£267t/72 +C

For NAD(P)H, 71 corresponds to the free lifetime, 7> corresponds to the protein-bound lifetime, and the weights (a4, ao; o4 + 0o = 1)
correspond to the proportion of free and protein-bound NAD(P)H, respectively.®'°%11% Conversely for FAD, 74 corresponds to the
protein-bound lifetime and 7, corresponds to the free lifetime.®>>*""" An instrument response function was measured using SHG
(900 nm excitation) from urea crystals for input into the decay fit procedure. The following fluorescence lifetime endpoints were calcu-
lated from the fitted model: T+, 7, a1, and a, for both NAD(P)H and FAD; along with the optical redox ratio,’' "2 defined as the fluo-
rescence intensity of NAD(P)H divided by the sum of fluorescence intensities from NAD(P)H and FAD.

Tumor cell image segmentation

Automated tumor cellimage segmentation was performed through Cellpose, with manual corrections made as needed using the Na-
pari viewer through a custom Python script.'?"'? Single tumor cells were identified, circled, and segmented as whole cells (nuclei
and cytoplasm captured) using NAD(P)H intensity images. The resulting segmented images were saved as masks. Using these
masks and the raw imaging data, fluorescence lifetime variables and optical redox ratio values were calculated for each individual
cell. Calculations were performed using RStudio.

STATISTICAL ANALYSIS

Mann-Whitney statistical tests for non-parametric, unpaired comparisons were performed to assess differences in OMI parameters
between treatment groups. This test was chosen because these data distributions were not assumed to be parametric. Results are
represented as dot plots showing mean + standard deviation where each dot represents a single tumor cell (GraphPad Prism 9).

Luciferase reporter assay

The luciferase reporter construct (pGL3-tfam) was generated by cloning the upstream region of tfam that is co-bound by DNMT3A
and marked with H3K27ac and MEF2B into the pGL3 basic vector. All final products were verified by enzymatic digestion and Sanger
sequencing analysis.

2 x 10° HEK293T cells were seeded 24 h prior to transfection. Cells were co-transfected using PEI (PEI: total plasmid DNA = 4:1;
Polysciences) in triplicates with pCMX-B-galactosidase (B-gal) plasmid as internal control for transfection efficiency, along with
pGL3-tfam and in the presence or absence of the expression vectors, pPCDNA.3-DNMT3AYT or pPCDNA.3-DNMT3AY716% or pCDNA.3
DNMT1 or pCDH-DNMT3B. pCDH-GFP was added so that the total quantity of plasmid DNA was equal. Cells were harvested and
lysed using lysis buffer 48 h post transfection. Luciferase activity was analyzed using Promega Luciferase Assay System; B-gal ac-
tivity was detected using Galacto-Star B-Galactosidase Reporter Gene Assay System for Mammalian Cells according to manufac-
turer’s protocols. The luminescence of firefly luciferase from the pGL3 basic reporter was normalized to that of B-gal.

Luciferase experiments were performed independently, twice each with 3 technical replicates.
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Design of drug synergism experiment

A 4 x 4 matrix of two drugs and all possible combinations were designed on a 96-well plate. 10,000-20,000 cells were seeded in each
well. 3-day treatment was performed in triplicates. Cells were stained with DAPI and immediately analyzed on the Attune flow cytom-
eter. Live cells were gated as a negative signal for DAPI.

IC50 calculation

All ICsq values in this manuscript were calculated using variable slopes algorithm in PRISM. This algorithm fits the Hill Slope, which
measures the steepness of the slope, from the data rather than assuming the standard slope of 1.0. Therefore, the ICs is the con-
centration of the antagonist that reduces cell viability halfway between the top and the bottom point. Importantly, this is not the same
as the response at Y = 0.5.

Drug formulation
For in vivo studies, ibrutinib was formulated in 5% DMSO, 30% PEG400, 5% Tween 80, and 60% water. Decitabine was diluted in
PBS and frozen in aliquots. Fresh aliquots were used for every injection unless noted otherwise.

Generation and maintenance of acquired ibrutinib-resistant MCL cell lines

To generate ibrutinib-resistant MCL cells, JeKo-1 and Rec-1 cells were originally cultured in 1M ibrutinib. The drug concentrations
were increased in a stepwise manner up to 5 uM and 10uM, respectively, for a period of 40 weeks. The stable ibrutinib-resistant
phenotype was confirmed by measuring and comparing the IC5q of ibrutinib in parental and resistant cells at multiple time points dur-
ing and after 40 weeks of culture. Ibrutinib-resistant JeKo-1 and Rec-1 cells were maintained in culture media with 5uM or 10uM of
ibrutinib, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

The two-tailed Student’s t test was used to compare two normally distributed groups. The Mann-Whitney U test was used to
compare two groups that were not normally distributed. One-way or two-way analysis of variance was used to analyze variance
for comparisons between 3 or more groups. Results were presented as mean + standard deviation or standard error of the mean.
*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001 were used to show statistical significance. GraphPad Prism 9 and R packages
were used for data analysis and visualization.
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