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ABSTRACT

Diminished overall survival rate of non-Hodgkin lymphoma (NHL) patients treated with a combination
regimen of rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone (R-CHOP) has been
recently linked to recurrent somatic mutations activating FOXO1. Despite of the clinical relevance of this
finding, the molecular mechanism driving resistance to R-CHOP therapy remains largely unknown. Herein,
we investigated the potential role of FOXO1 in the therapeutic efficacy of rituximab, the only targeted
therapy included in the R-CHOP regimen. We found CD20 transcription is negatively regulated by FOXO1 in
NHL cell lines and in human lymphoma specimens carrying activating mutations of FOXO1. Furthermore,
both the expression of exogenous mutants of FOXO1 and the inhibition of AKT led to FOXO1 activation in
lymphoma cells, increased binding to MS4A1 promoter and diminished CD20 expression levels. In contrast, a
disruption of FOXO1 with CRISPR/Cas9 genome-editing (sgFOXO1) resulted in CD20 upregulation, improved
the cytotoxicity induced by rituximab and the survival of mice with sgFOXO1 tumors. Accordingly,
pharmacological inhibition of FOXO1 activity in primary samples upregulated surface CD20 levels.
Importantly, FOXO1 was required for the downregulation of CD20 levels by the clinically tested inhibitors of
BTK, SYK, PI3K and AKT. Taken together, these results indicate for the first time that the AKT-unresponsive
mutants of FOXO1 are important determinant of cell response to rituximab-induced cytotoxicity, and
suggest that the genetic status of FOXO1 together with its transcriptional activity need further attention
while designing anti-CD20 antibodies based regimens for the therapy of pre-selected lymphomas.
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Introduction

B-cell non-Hodgkin lymphomas (B-NHL) originate mainly from
the germinal center (GC) B cells as a result of genetic alterations of
pathways involved in GC reaction as well as recycling of B cells
between dark zone (DZ) and light zone (LZ).! FOXO1 plays a criti-
cal role in cell fate decisions in mature B-cells.** Within the GC
compartment, expression of this transcription factor, restricted to
DZ, is required for DZ formation and contributes to the LZ-DZ
transition.>” The constitutive activity of FOXO1 might contribute
to malignant transformation by supporting DZ germinal center B-
cell program involved in cell proliferation and impaired DNA
repair.” Consistently, frequent mutations in FOXOI gene have
been reported in Burkitt lymphoma’ and follicular lymphoma,®
indicating their potential role in the pathogenesis of B-NHL. More-
over, recent reports have identified FOXOI mutations in diffuse

large B-cell lymphoma (DLBCL), the most common type of B-
NHL, particularly in patients relapsing or refractory to standard
treatment with rituximab, cyclophosphamide, doxorubicin, vin-
cristine, and prednisolone (R-CHOP).” FOXOI mutations, the
majority of them predicted to be activating, were also found to cor-
relate with a decreased overall survival in DLBCL patients uni-
formly treated with R-CHOP.® Although the contribution of
FOXO1 mutations to the therapeutic resistance of B-NHLs
becomes apparent, the molecular mechanisms underlying the R-
CHOP’s low efficacy have not been explained so far. Roughly 30-
40% of patients develop resistance to rituximab-based immuno-
chemotherapies (reviewed in*'®). The diminished levels of CD20
on the cell surface of tumor cells are among several potential mech-
anisms underlying the resistance to anti-CD20 monoclonal
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antibodies (mAbs). This holds especially true for rituximab and
ofatumumab, type I mAbs that eliminate tumor cells by the activa-
tion of complement cascade.'’ CD20 has been reported to be
down-modulated epigenetically by DNA methyltransferases'” and
by histone deacetylases,'” as well as at the transcriptional level."*
Resistance to rituximab has been also linked to CD20 posttran-
scriptional regulation, associated with internalization," shedding,"®
trogocytosis,””  translational regulation'® or conformational
changes of CD20 antigen.'” Moreover, treatment with anti-CD20
monoclonal antibodies may exhaust effector mechanisms (comple-
ment components”’ or CD16 expression on NK cells*') responsible
for elimination of tumor cells. Recently, we reported that the block
of tonic BCR (B-cell receptor) signaling activates FOXO1**, and
that inhibitors of the downstream BCR signaling pathway decrease
CD20 expression.” In the present study, we show that FOXO1 reg-
ulates the abundance of CD20 on the surface of tumor cells, thus
influencing the response to rituximab-based therapies. Our results
provide strong evidence confirming FOXO1’s role as a suppressor
of CD20 transcription and establish the importance of FOXOL1 sig-
naling in determining the response of B-cell lymphomas to anti-
CD20 based therapies. Our findings are further supported by the
recent observation showing higher CD20 expression in GCB cen-
trocyte (LZ-derived) subtype of DLBCL patients, characterized by
superior prognosis after R-CHOP, as compared with the GCB cen-
troblast (DZ-derived) subtype.24

Results

Ablation of FOXO1 gene results in upregulation of CD20
levels and improved rituximab efficacy both in vitro
and in vivo

To determine the potential role of FOXO transcription factors in
CD20 regulation, we disrupted FOXOI and FOXO3 loci (Fig. 1A)

A

CLONE #1 #4 #11 #2 #9 #11 #2 #6 #7 #1 #3 #12

B

100

empty v sgFOXO1 sgFOX03 sgEGFP

FOXO1 == g» o= — - . e e bt

60

FOXO3 v g e oy 0 e ———

counts

40

CD20 = e e (D SN G0 S &5 5 5 0 — 20

B-aCHN "N " w——————— o
100

(9]

]

g

® empty v (cl. 1, 1) .

® sgEGFP (cl. 1) 0.6

survival

.4
(cl.2,6,7) o

sgFOXO01
(cl. 2,9, 1)

0.2

survival [% of controls]
8 & 3 8

™ sgFOX03
v

empty v

using the CRISPR/Cas9 genome-editing technology in Raji cells
(FOXO4 expression was undetectable — data not shown). As con-
trols we transduced Raji cells with either empty vector or sgEGFP.
Only clones with sgfFOXO1 exhibited a very strong, over 3-fold
upregulation of surface CD20 levels, raising the possibility that
inhibition of FOXO1 (but not of FOXO3) expression may lead to
improvement in the rituximab efficacy due to the higher surface
abundance of its target, CD20 antigen. In in vitro complement-
dependent cytotoxicity (CDC) assay the survival of Raji cells, incu-
bated with different concentrations of rituximab (0.3 - 3 p1g/ml) in
the presence of human complement, decreased by 20-40% in con-
trol clones with empty vector or sgEGFP, as well as in clones with
sgFOXO3. The clones with sgFOXO1 were more sensitive to ritux-
imab and their survival decreased by about 80% at the highest con-
centration (3 pg/ml) of rituximab (Fig. 1C).

To determine whether the up-regulation of CD20, resulting
from FOXOI1 ablation, translates into improved antitumor
efficacy of rituximab we have used SCID Fox Chase mice intra-
venously inoculated with control (empty vector) or sgfFOXO1-
transduced mixtures of Raji clones expressing Red Firefly
Luciferase (Fig. 1D). Our results show that mice treated system-
ically with rituximab, administered at a dose of 10 mg/kg, sur-
vived longer when inoculated with sgFOXO1-transduced Raji
cells as compared with mice inoculated with control Raji cells
(median survival 49 days versus 29 days, respectively) (Fig. 1D).

Next, we sought to determine whether the pharmacological
inhibition of both FOXO1 and its upstream regulator PTEN
(by AS1842856 and SF1760, respectively) modulate CD20
expression (Fig. 2A). SF1760 and AS1842856 significantly
increased CD20 levels in Raji cells at a concentrations range
of 1-2.5 uM and 2.5-10 uM, respectively (Fig. 2B-C). In a
panel (n = 14) of primary CLL cells AS1842856 induced a sig-
nificant increase in CD20 levels at a concentration range of
0.5-5 uM (Fig. 2D), further confirming that inhibition of

sgFOXO01

CD20 MFI [% of empty vector]

0
# o4 M
CLONE

#1183 #12 #2 #9 W11 #2 #6 WT
CLONE CLONE CLONE

104 108

102
CD20 FITC

emptyv sgEGFP sgFOXO01 sgFOX03

-~ empty v
-a- sgFOXO1

p<0.002

l ™ T ™
0.3 1 3

RITUXIMAB [pg/mi]

0.
0 5 10 15 20 25 30 35 40 45 50 55 60 65

days upon inoculation

Figure 1. Ablation of FOXO genes and its effects on CD20 levels and rituximab efficacy in vitro and in vivo. (A) Western blotting showing FOXO1, FOX03 and CD20 proteins
levels in Raji cell clones that were previously transduced with lentiviruses encoding sgRNA (CRISPR/Cas9 technology) targeting either FOXOT or FOXO3 loci. Clones with
empty vector or sgEGFP were used as controls. B-actin level was used as loading control. (B) FACS analysis of cell surface levels of CD20 (left panel, example of graph
from FlowJo software; right panel, quantification of MFI values) in clones of Raji cells characterized in panel A. (C) CDC (complement-dependent cytotoxicity) assay show-
ing improved response of sgFOXO1 cell clones to low concentrations of rituximab in the presence of human serum. (D) Kaplan-Meier survival plot of mice inoculated
intravenously with Raji cells (either mix of 3 control clones or mix of 3 clones with sgfFOXO1) expressing Red Firefly luciferase. Mice (n = 7) were then injected intraperito-

neally with rituximab (10 mg/kg) three times a week.
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Figure 2. Pharmacological inhibition of FOXO1 activity elevates CD20 levels in Raji cell line and tumor cells from CLL patients ex vivo. (A) Schema illustrating signaling of
PTEN/AKT/FOXO pathway, combined with PTEN inhibitor (SF1760), FOXO1 inhibitor (AS1842856) and our hypothesis concerning negative regulation of CD20 expression
by FOXO1. (B-C) FACS analysis showing increased levels of cell surface CD20 antigen 48 h upon incubation of Raji cells with different concentrations of either SF1760
(panel B) or AS1842856 (panel C). (D) FACS analysis of cell surface CD20 antigen in tumor cells (CD19-positive) isolated from blood of CLL patients and treated for 48 h ex

vivo with different concentrations of AS1842856. Statistical significance was determined with 1-way Anova,

FOXOL activity is able to increase the surface levels of CD20
antigen.

Activation of FOXO1 downregulates CD20 expression
and impairs the efficacy of rituximab in vitro

It has been previously shown that the BCR signaling inhibitors
are able to activate FOXO1 in tonic BCR signal-dependent
DLBCLs.” Since PI3K/AKT is one of the downstream pathways
of BCR signaling, we studied the effect of clinically tested PI3K-
AKT inhibitors on the activity of FOXOs. Both inhibitors,
MK-2206 (allosteric inhibitor of AKT) and GDC-0068 (ATP-
competitive AKT inhibitor), at nontoxic concentrations, led to
the dephosphorylation and nuclear accumulation of FOXOLI in
Raji and SU-DHIA cell lines (Fig. 3A and Suppl. Fig. 1A) accom-
panied by a decrease of total (Suppl. Fig. 1A) and surface CD20
levels (Fig. 3B, left panel and Suppl. Fig. 1B, left panel). Likewise,
the clinically used PI3K inhibitor (idelalisib) downregulated
CD20 levels in both cell lines (Fig. 3B and Suppl. Fig. 1B).
Consistently, MK-2206 or GDC-0068-dependent downregula-
tion of CD20 translated into impaired complement-dependent rit-
uximab efficacy in vitro (Fig. 3B, right panel). While the survival of
control cells in the presence of complement decreased by 90% at
the highest tested rituximab concentration (100 pg/ml), the pre-
treatment with MK-2206 or GDC-0068 rendered Raji cells par-
tially resistant to rituximab-mediated CDC by 55% and 80%,
respectively. SU-DHL4 cells were more sensitive than Raji cells to
rituximab-induced CDC (most likely due to higher surface levels
of CD20 antigen; MFI in Fig. 5C-D). Low concentrations of rituxi-
mab (1 pg/ml) decreased SU-DHL4 survival by 80% (Suppl.
Fig. 1B, right panel), while the pretreatment with GDC-0068

ook

p < 0.001 vs controls.

impaired the cytotoxic effects of rituximab and decreased cell sur-
vival by 55% only (Suppl. Fig. 1B, right panel).

The decline in surface CD20 upon incubation with AKT
inhibitors was clearly dependent on FOXOI1 levels. Only
sgFOXOL1 clones (but not sgfFOXO3 clones) were resistant to
MK-2206 or GDC-0068 effects on CD20 levels (Fig. 3C). We
also confirmed our previous observations that BCR inhibitors
(including inhibitors currently tested in clinical trials)
strongly downregulate CD20 expression in tumor cells.”’
Here, we further demonstrated that FOXOL1 is the transcrip-
tion factor required for the decline in CD20 upon incubation
with BTK, SYK, PI3K and AKT inhibitors (Suppl. Fig. 2).
Consistently, the inhibitor of mTOR (rapamycin), an alterna-
tive AKT downstream target, had no influence on CD20 lev-
els (Suppl. Fig. 2).

The results of CDC assay showed that the incubation with MK-
2206 (Fig. 3D, left panel) or GDC-0068 (Fig. 3D, right panel)
impaired the cytotoxic effects of rituximab in control sgEGFP cells,
while it did not change the sensitivity of sgfFOXO1 cells to rituxi-
mab-mediated CDC. Besides being sensitive to rituximab
sgFOXOL1 cells were also slightly more sensitive than control cells
to chemotherapy (components of R-CHOP) in vitro (Suppl. Fig. 3).

Regulation of MS4A1 promoter activity by FOXO1

To determine whether expression of MS4A1 gene (encoding
CD20) is modulated by AKT inhibitors at the transcriptional
level, MS4A1 transcript was quantified in both Raji and SU-
DHILA4 cells using reverse transcription polymerase chain reac-
tion (QRT-PCR). The results showed that MK-2206 and GDC-
0068 downregulated the levels of MS4A1 mRNA (Fig. 4A). The
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Figure 3. AKT inhibitors activate FOXO1, affect CD20 levels and impair rituximab efficacy in vitro. (A) The levels of FOXO1, FOXO3 and AKT (either total or phosphorylated)
in Raji cells incubated for 6-24 hours with MK-2206 or GDC-0068 (left panel) followed by nuclear/cytoplasmic fractionation. Oct-2 and EEA1 were used as nuclear and
cytoplasmic markers, respectively. Quantification of nuclear FOXO1 upon incubation with either MK-2206 (1 M) or GDC-0068 (2.5 M) was performed, normalized to
Oct-2 using the ImageStudio software and depicted on graphs (right panel). (B) FACS analysis showing decreased levels of cell surface CD20 antigen 48 h upon incubation
of Raji cells with inhibitors of PI3K (idelalisib) and AKT (MK-2206 and GDC-0068) (left panel) and CDC assay showing impaired response of Raji cells to different concentra-
tions of rituximab upon pre-incubation with 1 M idelalisib, 1 M MK-2206 or 2.5 M GDC-0068 for 48 hours (right panel). (C) FACS analysis of cell surface levels of
(D20 in clones of Raji cells (top panel) and SU-DHL4 (lower panel) with sgFOXO1, sgfFOX03 and control clones (with either empty vector or sgEGFP) incubated with AKT
inhibitors for 48 h (same clones as in Fig. 1). (D) Impaired response of control clone (with sgEGFP), but not the clone with sgFOXO1 to low concentrations of rituximab in
the presence of human serum, as estimated by CDC assay. Cells were incubated with either MK-2206 (left panel) or GDC-0068 (right panel) for 48 hours before rituximab

application and estimation of cell survival.

activity of MS4AI promoter (location —394/+89bp according
to NCBI Reference Sequence NM_152866.2) was then assessed
using reporter constructs. In agreement with ours qRT-PCR
results, the activity of MS4AI promoter was decreased upon
incubation with AKT inhibitors (Fig. 4B).

We also compared the effects of DNA binding-defective
mutant of FOXOI (H215R) and overexpressed wild-type
FOXOI on both FOXO and MS4Al promoter’s activities.
FOXO activity (measured using the 3 x IRS-Luc reporter) was
increased only by the overexpressed wild-type FOXOI, but not
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tone H3 (acetyl-K27) (E) and FOXO1 (F) to fragment —182/—88 bp of MS4AT promoter as well as to the promoters of known FOXO transcriptional targets (GADD45a and

IL7R) (G) upon incubation of SU-DHL4 and Raji cells with GDC-0068 for 24 hours.

by the DNA binding-defective H215R mutant (Fig. 4C, left
panel). The mutant H215R FOXOI had weak or no effect on
the MS4A1 promoter activity in comparison to the negative
effect of wild-type FOXO1 (Fig. 4C, right panel), although the
levels of expression of both FOXO1 constructs were compara-
ble (data not shown). In summary, the results clearly indicated
that DNA-binding activity of FOXOI is critical for inhibiting
the MS4A1 promoter activity.

Although we are uncertain of the exact location of FOXO con-
sensus binding site in the MS4A1 promoter, we analyzed the pub-
lished ChIP-seq data of B cells isolated from human tonsils.> We
found that the MS4AI gene was among the FOXOLI target gene
repertoires with a 594 bp-wide peak. Evaluating the distribution of
sequencing reads indicating FOXO1 binding sites (Fig. 4D), we
found that the highest peak corresponded to a 220 bp-long region
located upstream of TSS (transcription start site) in the MS4AI
promoter, commonly in two biological replicates of ChIP-seq
experiments. These results were further supported by our ChIP
assays, where immunoprecipitation was performed with anti-acet-
ylated histone H3 (K27) and anti-FOXO1 antibody followed by
qRT-PCR (Fig. 4E-F) using primers flanking the —182/ —88 bp

fragment of MS4A1 promoter. We observed abundant histone H3
acetylation within this sequence, which is commonly seen in chro-
matin regions permissive for gene expression (Fig. 4E).*® More-
over, within the —182/ —88 bp fragment of MS4A1 promoter we
detected specific binding of FOXOL1 in both Raji and SU-DHL4
cells, which was strongly increased upon incubation with GDC-
0068 (Fig. 4F). Importantly, we observed lack of FOXO1 binding
to MS4A1 promoter in sgFOXO1 cells as compared with control
(sgEGFP), which served as a validation of the specificity of ChIP
assay (Suppl. Fig. 4). As a control, we found increased binding of
FOXOL1 to the promoters of known FOXOI targets, GADD45a
and IL7R (Fig. 4G). Collectively, we demonstrated that wild-type
FOXO1 downregulates CD20 transcription and binds MS4Al
promoter as other promoters of known FOXO1 target genes in a
GDC-0068-activated manner.

Mutants of FOXO1 downregulate CD20 expression

Since N-terminal mutations of FOXOI in DLBCL are linked
to its increased transcriptional activity,® we analyzed the
expression of MS4A1 mRNA in primary FOXOI-wild type
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and FOXOI-mutated lymphoma samples (ICGC, MALY-DE
project). We found that the levels of MS4A1 mRNA in
FOXOI-mutated samples (M1V, R21C, R21H, T24A and
T241 mutations) were significantly lower than in wild-type
FOXO1 samples (averaged normalized expression 1699 versus
2871, respectively, Fig. 5A).

This finding prompted us to further elucidate the role of
FOXOI mutants in the regulation of CD20 expression. We
employed a commonly used FOXO1-AAA mutant, located in
the nucleus and resistant to the inactivation by AKT,***” and
therefore mimicking the constitutive activity of recurrently
mutated FOXOI in human B-NHL tumors.® We confirmed
that FOXOL1 transcriptional activity (as measured by 3 x IRS-
Luc reporter) is greater with mutated than wild type FOXOL.
Unlike the activity of exogenous wild-type FOXO1, inhibited
by AKT, the activity of mutated FOXO1 remains high and
unchanged by the expression of the constitutive active myr-
AKT1 (Fig. 5B).

In both Raji and SU-DHIA4 cell lines, FOXO1-AAA downre-
gulated CD20 surface levels (Fig. 5C and D, respectively) and
inhibited MS4A1 promoter activity in luciferase assays (Fig. 5E).
These effects were found to be even greater with mutant
FOXO1-AAA than with wild-type FOXOL1 overexpression.

Discussion

FOXO1 transcription factor has recently been identified as one
of the top eight candidate genes implicated in the resistance of
DLBCL to R-CHOP therapy.” In particular, primary cells iso-
lated from relapsed and refractory DLBCL patients are
enriched in FOXO1 mutations in comparison to untreated
DLBCLs (27% vs. 8.6% of cases). Consistently, clonal expansion
of cells with FOXOI mutation has been documented by com-
parison of DLBCL samples from patients at diagnosis versus
the relapse stage.” Moreover, upon R-CHOP treatment DLBCL
patients with mutations in FOXOI have a decreased overall sur-
vival, when compared to patients without such mutations.® In
DLBCL, the majority of mutations are activating, located to the
N-terminal region of FOXO1. They result in diminished phos-
phorylation of FOXO1 by negative regulators (such as AKT)
and in nuclear retention of FOXO1®.

Although the contribution of FOXOI mutations to the ther-
apeutic resistance of B-NHLs becomes apparent, the molecular
mechanism underlying such phenomenon has not been
explained so far. Herein, we report for the first time that
FOXOL1 is a negative transcriptional regulator of CD20 expres-
sion. Importantly, we demonstrate the negative correlation
between recurrent FOXOI mutations and the expression of
MS4A1 mRNA in human primary lymphoma samples. Our
results provide strong evidence that activating N-terminal hot
spot mutations of FOXOI in human B-NHL inhibit expression
of CD20 and we hypothesize that it might be one of the key
mechanisms responsible for the increased resistance to rituxi-
mab-based therapies. In this scenario, tumor cells with activat-
ing mutations of FOXOI would be characterized by the
reduced levels of CD20 molecule and undergo clonal expansion
under the selective pressure of rituximab treatment. Therefore,
FOXO1 may play active role in the resistance of B-cell
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Figure 5. Expression of mutated FOXO1 results in decreased levels of CD20 antigen.
(A) Averaged normalized expression of MS4A1 mRNA in malignant lymphoma sam-
ples collected by International Cancer Genome Consortium (ICGC, MALY-DE project),
including samples with wild-type FOXOT (n = 10) and with N-terminal mutations of
FOXOT (n = 6). Results were visualized using GraphPad Prism software. Statistical sig-
nificance was determined with Mann Whitney test, “p < 0.05 (B) FOXO transcriptional
activity was measured using luciferase assays with 3 x IRS-Luc reporter (IRS, insulin-
responsive signal), introduced to cells together with constructs encoding either wild-
type FOXO1 (FOXO1-WT) or FOXO1-AAA mutant, mixed with constructs encoding
either myr-AKT1 and GFP or GFP alone (as control). (C-D) FACS analysis showing levels
of surface CD20 in Raji cells (panel C) and SU-DHL4 cells (panel D) expressing exoge-
nous FOXO1 (WT or mutant). Cells were cotransfected with construct encoding EGFP
followed by the FACS analysis of CD20 surface level (mean fluorescence intensity;
MFI) in EGFP-positive cells (48 h post transfection) and visualization using FlowJo soft-
ware (left panel in D). (E) Luciferase reporter assays showing reduced activity of
MS4A1 promoter (—394/+89 bp) introduced by nucleofection into Raji cells
(left panel) and SU-DHL4 cells (right panel), together with constructs encoding either
wild-type or mutant FOXO1.



lymphomas to R-CHOP therapy by affecting the expression of
the rituximab target, CD20 antigen. However, we cannot
exclude the contribution of other mechanisms causing R-
CHOP resistance, particularly resistance to chemotherapy in
tumors with FOXO1 mutations.

The model cell lines used in our study, SU-DHL4 and Raji,
represent DLBCL and Burkitt lymphoma respectively, the types
of human B-NHL most commonly affected by FOXO1 muta-
tions.>® Our results demonstrate that the expression of exoge-
nous constitutively-active mutant of FOXO1 (AAA mutant) in
both cell lines diminishes cell surface levels of CD20 to a higher
extent than the overexpression of wild-type FOXOI. From these
experiments a new role of FOXOI1 as a negative regulator of
CD20 expression has emerged. Moreover, we report here that
disruption of FOXO1 expression (but not FOXO3) by CRISPR/
Cas9 gene editing results in upregulation of CD20 levels and
improved efficacy of rituximab both in vitro and in vivo, suggest-
ing that the actions of FOXO1 and FOXO3 on CD20 gene regu-
lation are not redundant. Their functions are unlikely dependent
on similar posttranslational modifications (phosphorylation by
AKT), interacting partners, factors causing their translocation to
nucleus as reported in human embryonic stem cells (hESCs).***°

Based on the knockout mice studies, both FOXOI and
FOXO3 were proposed to act as tumor suppressors.”’ Tumor
suppressor role of FOXO1 was reported in classical Hodgkin lym-
phoma (cHL).> The traditional notion of FOXO3 as tumor sup-
pressor inducing apoptosis and differentiation was reported in
hindering lymphoma and leukemia development.”>> However,
recent evidence suggests that FOXO1 and FOXO3 may behave as
either tumor suppressors or oncogenes depending on tumor
type.>**® Unlike FOXOI, the hot spot mutations of FOXO3 in
human lymphoma samples have not been identified so far.

Recently, the lists of genes positively and negatively regulated
by FOXOL1 in mouse germinal center B cells upon conditional
deletion of FOXOI have been published, together with a list of
potential FOXO1 targets that were identified by ChIP-seq analy-
sis in human tonsil-derived B cells.” The MS4A1 gene was listed
among genes downregulated in the dark zone (when compared
to light zone) of germinal center, where FOXOL1 activity is pres-
ent exclusively, and is strictly required for dark zone formation.”
Our findings demonstrating that FOXO1 is a negative regulator
of human CD20 are consistent with the ChIP-seq results, show-
ing that MS4A1 promoter is among the promoters specifically
bound by FOXO1. Although we did not determine the exact
localization of a putative binding site for FOXOs in the promoter
of CD20, our ChIP results suggest that a DNA-binding element
present between bp —182 and —88 could be responsible for the
indirect recruitment of FOXO1 to the MS4A1 promoter. Impor-
tantly, this region of MS4AI promoter falls within the 220bp-
long region upstream of TSS, that we mapped using the pub-
lished ChIP-seq data.” Moreover, our ChIP results show that
FOXOL1 protein bound to the MS4AI promoter was even more
abundant than FOXO1 bound to the promoters of known target
genes, such as GADD45a or IL-7R.

FOXO1 seems to bind indirectly and potentially downregu-
late the expression of many genes.” However, what is most stud-
ied and mechanistically elucidated, is the downregulation of
cyclins D1/D2 expression, previously reported in renal carci-
noma, fibroblasts, colon carcinoma, lymphoid cells and
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pancreatic /3-cells.3 740 1n these cases, the negative effects of
FOXOs on the expression of cyclins D1/D2 was suggested to be
mediated via either Bcl-6 transcriptional repressor or cdx tran-
scription factors. Indeed, ChIP-seq data from tonsil-derived B
cells identified MS4AI1 among many potential targets of Bcl-6,
however the consensus binding sites for Bcl-6 were not found in
the sequence of MS4A1 promoter,” suggesting again that the
binding to DNA might be mediated by a complex of transcrip-
tional regulators.

The development of therapeutic strategies to inhibit func-
tion of FOXOL1 has been stimulated by research conducted on
the crucial role of FOXOLI in metabolic disorders such as diabe-
tes and obesity. Specific FOXO1 inhibitor AS1842856 has been
developed and administered in vivo to diabetic or to asthmatic
mice for short period of time.*** However, long-term in vivo
studies using this inhibitor are lacking, and most studies were
limited to in vitro applications so far. Importantly, our studies
suggest that pharmacological inhibition of either PTEN or
FOXOL activity could be beneficial for patients with low CD20
levels on tumor cells, as both inhibitors upregulate surface lev-
els of CD20 antigen.

Collectively, our results indicate that FOXOI- activating
mutations are strong negative regulators of CD20 expression
and add new insights into the mechanisms underlying the con-
tribution of FOXOI mutations to the resistance of B-NHLs to
R-CHOP therapy. Results of our study have also implications
for understanding CD20 regulation in DZ and LZ of human
tonsillar GC B cells, as well as in GCB centrocyte (LZ-derived)
subtype of DLBCL patients characterized by superior outcome
after R-CHOP treatment, as compared with the GCB centro-
blast (DZ-derived) subtype.24

In light of the current knowledge, the inhibition of FOXO1
function seems to be rational and beneficial for the therapy of
B-NHL types of tumors. Future development of more specific
and well-tolerated FOXO1 inhibitors may lead to novel thera-
peutic regimens for B-NHL patients. Emerging technologies
such as proteolysis-targeting chimaeras (PROTACs) seem to
offer feasible means to target proteins that were considered
therapeutically undraggable, such as transcription factors or
regulatory proteins.*’

Materials and methods
Generation of sgFOXOs and lentiviral transduction

sgFOXO01, sgFOXO3 and sgEGFP were generated with oligo-
nucleotide pairs (Table S1) and cloned into pLenti-CRISPRv2.
293T cells were used for the production of a replication-incom-
petent lentivirus. Transduced Raji and SU-DHL4 cells were
selected upon puromycin treatment and single clones were
obtained from resistant cell pools by limiting dilution (for
details see Supplementary Information).

Luciferase assays

Luciferase assays were performed as previously described.*!
The pGL4-MS4A1 promoter-Luc reporter constructs were pre-
viously used.*” To assess FOXOs activity the 3 x IRS Luciferase
reporter was used (Addgene, plasmid #13511, gift of Kunliang
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Guan®). The construct encoding constitutively active AKT1
isoform pMIG-myrAKT1-IRES-GFP was described earlier.*®

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed according to the SimpleChIP Enzy-
matic Chromatin IP Kit (Cell Signaling) protocol (for details
see Supplementary Information).

Animal studies

The SCID FOX Chase female mice (8-9 weeks old) were intra-
venously (i.v.) inoculated with 2 x 10° Raji cells (mix of 3
clones with either empty or sgfFOXO1 vector). Mice were intra-
peritoneally (i.p.) treated with rituximab (10 mg/kg) three times
a week starting on day 5 after inoculation of tumor cells. Biolu-
minescence was measured once a week (starting from the day
of injection). Mice were i.p. injected with D-luciferin (150 mg/
kg), anaesthetized with isoflurane and visualized using IVIS
Imaging System (Xenogen, Alameda, CA, USA). Images were
analyzed with the Living Image 4.2 software (Caliper Life Sci-
ence, Hopkinton, MA, USA). Statistical significance was deter-
mined with the Mann-Whitney Rank Sum test.

Statistics

Results were plotted with GraphPad Prism, and statistical sig-
nificance was assessed by appropriate tests provided in Figure
legends. The p-value were marked with the asterisks on the

koo

charts (* p < 0.05, ™"p < 0.001).
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