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Fine-tuning of FOXO3A in cHL as a survival mechanism
and a hallmark of abortive plasma cell differentiation
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We recently found that FOXO1 repression contributes to the oncogenic program of classical
Hodgkin lymphoma (cHL). Interestingly, FOXO3A, another member of the FOXO family, was
reported to be expressed in the malignant Hodgkin and Reed-Sternberg cells of cHL at higher
levels than in non-Hodgkin lymphoma subtypes. We thus aimed to investigate mechanisms
responsible for the maintenance of FOXO3A as well as the potential role of FOXO3A in cHL.
Here, we show that high FOXO3A levels in cHL reflect a B-cell-differentiation-specific
pattern. In B cells, FOXO3A expression increases during the process of centroblast to plasma
cell (PC) differentiation. FOXO3A levels in cHL were found higher than in germinal center
) B cells, but lower than in terminally differentiated PCs. This intermediate FOXO3A expression
in cHL might manifest the “abortive PC differentiation” phenotype. This assumption was
further corroborated by the finding that overexpression of FOXO3A in cHL cell lines induced activation of the master PC
transcription factor PRDM1a. As factors attenuating FOXO3A expression in cHL, we identified MIR155 and constitutive
activation of extracellular signal-regulated kinase. Finally, we demonstrate the importance of FOXO3A expression in cHL
using an RNA interference approach. We conclude that tightly regulated expression of FOXO3A contributes to the

® FOXO3A expression
indicates an abortive
PC differentiation
state in cHL.

® Tight regulation of
FOXO3A is essential
for the cHL oncogenic
program.

oncogenic program and to the specific phenotype of cHL. (Blood. 2018;131(14):1556-1567)

Introduction

Classical Hodgkin lymphoma (cHL) derives from germinal or
post—germinal center (GC) B cells." In rare cases, a T-cell origin of
cHL cells was reported.? cHL is characterized by a paucity of its
malignant component, the Hodgkin and Reed-Sternberg (HRS)
cells, which are outnumbered by immune cells of an inflam-
matory environment making up >98% of the tumor mass.? The
oncogenic program of cHL includes activation of the NF-kB-,
JAK-STAT-, and NOTCH-signaling pathways,*® resulting in
constitutive expression of MYC, IRF4, BCL2, and BCL2L1/BCL-xL
proto-oncogenes, which are responsible for uncontrolled pro-
liferation and resistance to apoptosis.’ cHL differs from other
B-cell non-Hodgkin lymphoma (NHL) entities by having almost
completely extinguished their B-cell program. This includes
the absence (POU2F2/0OCT2, POU2AF1/BOB1) or inactivation
(TCF3/E2A%7) of B-cell-specific transcription factors and re-
pression of their targets such as immunoglobulins, CD19, CD20,
and CD79A.8? At the same time, cHL harbors characteristics of
abortive plasma cell (PC) differentiation. The abortive PC dif-
ferentiation phenotype is associated with expression of both GC
(BCL6™ and PAX5") and PC markers, including IRF4,'2 its direct
target PRDM1 (although at low levels),'® and CD138/syndecan-
1.1° A comparative epigenetic profiling of cHL and myeloma cell
lines also supported the hypothesis of an abortive PC phenotype
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in cHL."* Interestingly, presence of PC characteristics like acti-
vation of NF-kB and JAK-STAT signaling, and expression of IRF4
in cHL, does not result in substantial PRDM1 production and
immunoglobulin secretion.#'3'4 The partial block of PRDM1
expression might contribute to cHL lymphomagenesis as PRDM1
has been shown to act as a tumor suppressor both in cHL'® and in
activated B-cell diffuse large B-cell lymphoma, which has an
oncogenic program similar to cHL."¢'® Recently, we identified the
transcription factor FOXO1 as tumor suppressor in cHL'® and
found that FOXO1 repression contributes to downregulation of
PRDM1a, an active isoform of PRDM1.">

FOXO1 belongs to the FOX O family of forkhead transcription
factors, which share high homology in the DNA-binding fork-
head domain.?®> FOXO family transcription factors have been
intensively studied due to their versatile effects on critical cellular
processes including differentiation, cell death, proliferation, and
protection against reactive oxidative species.?! The FOXO family
comprises 4 members: FOXO1, FOXO3, FOXO4, and FOXO6.
Their role in PC differentiation is not clear. Knockout of Foxo1 or
Foxo3a does not repress PC generation in mouse models.?223 In
contrast, knockout of 14-3-3¢/stratifin, the protein responsible for
nuclear export of FOXOs, leads to faster proliferation and dif-
ferentiation of mouse B cells into immunoglobulin Gs—positive
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plasmablasts.?* Moreover, FOXO3 is strongly induced in human
B cells committed to PC differentiation in vitro.?>2¢

Interestingly, FOXO3A was detected in HRS cells but only in
limited numbers of NHLs.?”?® We thus hypothesized that the
maintenance of FOXO3A contributes to the oncogenic program
of cHL. FOXO3A expression might not only reflect the aborted
PC differentiation process and the specific phenotype of cHL,
but also facilitate its oncogenic transformation.

We found that cHL shares a unique pattern of FOXO3A/FOXO1
expression with PCs and that FOXO3A levels are tightly regu-
lated in cHL.

Material and methods

Cell lines and treatment

All cell lines were cultured at standard conditions and the au-
thenticity of the cell lines was confirmed by short-tandem-repeat
DNA typing as described in supplemental Methods (available
on the Blood Web site). Clones of KM-H2 and L428 stably ex-
pressing FOXO3(A3)ER were generated by transfection of the
cell lines with pcDNA-FOXO3(A3)ER vectors followed by se-
lection with 1 mg/mL G418 sulfate (Calbiochem, Darmstadt,
Germany). Nuclear translocation of FOXO3(A3)ER was induced
by adding 4-hydroxytamoxifen (4-OHT; Calbiochem) at a final
concentration of 200 nM.

Tonsillar CD19* cells were isolated by positive selection using
microbeads (Miltenyi Biotec) as described previously.??

Vectors and transduction

The phosphorylation-insensitive pcDNA-FOXO3(A3)ER  vector
was cloned from pBABE-FOXO3(A3)ER*® (donated by P. J. Coffer,
Utrecht, The Netherlands) into the pcDNA3.1(+) vector. We
performed luciferase reporter assays to measure the functional
activity of the FOXO expression vectors. The construct expressing
FOXO3A tagged by a biotin ligase recognition signal (bFOXO3)
was generated in a similar way as described for FOXO1."® The
open reading frame of a constitutively active myristoylated version
of AKT?*" (myrAKT; Addgene) was cloned into the SF-LV-cDNA-
EGFP vector as described in supplemental Methods. FOXO1
and FOXO3A short hairpin RNAs (shRNAs) as well as scrambled
control were overexpressed with the help of the lentiviral pRSI12-
Ué6-sh-UbiC-TagRFP-2A-puro vector (Cellecta [https://www.cellecta.
com/]) obtained from BioCat (Heidelberg, Germany). Lentiviral
particles were produced as described in supplemental
Methods.

ChiP

Chromatin immunoprecipitation (ChIP) was done as described
earlier for FOXO1'> with the exception that the bFOXO3-
PCDNA3.1 vector was used. A short protocol is given in sup-
plemental Methods.

Luciferase reporter assay
The luciferase reporter assay was done as described' (for de-
tails, see supplemental Methods).

RT-gPCR and immunoblotting
RNA was isolated, complementary DNA (cDNA) generated,
quantitative reverse transcription polymerase chain reaction
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(RT-gPCR) was performed and data were analyzed by the AA
cycle threshold method as we described'® (for the list of primers,
see supplemental Methods).

Immunoblot was done as we described.’ A detailed de-
scription and the list of antibodies are available in supple-
mental Methods.

Analysis of FOXO expression data
using GENEVESTIGATOR

To compare FOXO1 and FOXO3A expression levels at normal
stages of B-cell differentiation (root: anatomy) and cHL (root:
cancer), data were mined from public repositories by the web-
based GENEVESTIGATOR software (https://genevestigator.
com/; 04.14.2017).32 The following probe sets were used in
our studies: FOXO1, probe set 202724 _s_at; FOXO3A, probe
set 204131_s_at; FOXO4, probe set 205451_at; FOXO§,
probe set 239657 _x_at. GENEVESTIGATOR uses probe sets
that are validated by RT-qPCR across several organisms.3? The
202724 _s_at probe set targeting FOXO1 was already used in
our previous publication due to its high Jetset score®* and was
verified by RT-qgPCR and immunoblot analysis.?® The probe set
204131_s_at for FOXO3A also shows high correlation with
RT-gPCR data.*

Correlation analysis

To investigate the correlation between PRDM1 and FOXO3
messenger RNA (mRNA) levels in 29 microdissected HRS cells,
data were mined from the Gene Expression Omnibus (GEO)
data repository (http://www.ncbi.nlm.nih.gov/geo/; GSE39133).
Probe set 228964_at was used for PRDM1 and probe set
224891_at for FOXO3 analysis. The probe set for PRDM1T was
already confirmed in our previous study’® and the expression of
the FOXO3 probe set is known to be increased in PCs.*” The
probe set 224891_at for FOXO3 also shows higher specificity for
FOXO3A than for its pseudogene FOXO3B (www.genecards.org;
01.15.2018).

MIR155 measurement and inhibition

To inhibit MIR155, we used a specific miScript microRNA
(miRNA) inhibitor (anti-hsa-miR-155-5p; Qiagen). L428 cells
were transfected by nucleofection (Lonza) with 2 wM of the
specific miRNA inhibitor or with the miScript miRNA-negative
control RNA. Cells were harvested for miRNA 24 hours, and
for protein isolation 72 hours after transfection. miRNA was
isolated using the Pure-Link miRNA Isolation kit (Invitrogen),
and cDNA was synthesized with the miScript Reverse Tran-
scription kit (Qiagen). MIR155 expression was detected by
RT-gPCR using the Hs_miR-155_2 miScript Primer Assay
(Qiagen) and the miScript SYBR Green PCR kit (Qiagen). Ué
served as reference gene. Primer sequences for U6 were
forward 5'-CTCGCTTCGGCAGCACA and reverse 5'-AACGCTT
CACGAATTTGCGT.

Viability and cell-death analysis

Viability of cells was assessed using the trypan blue exclusion
method on days 0, 2, 4, and 6 after activation of FOXO3A.
Cells were counted with a hemacytometer. Cell death was
assessed by Annexin V—fluorescein isothiocyanate/propidium
iodide (Pl) and by recording the stained cells with a FACSCanto I
cytometer (BD Biosciences). Specific cell death was calculated
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using the following formula: specific cell death (%) = 100 X
(Dex — DJ/(100 — D). Dex equals the percentage of dead
cells in the treated sample and D, of the control sample. Dead
cells were defined as either single or double positive for
Annexin V and/or Pl (see supplemental Methods for further
details).

Cell-cycle analysis

Atotal of 1 X 104 cells were washed with phosphate-buffered
saline, fixed in ice-cold 70% ethanol, and incubated on ice
for at least 1 hour. After centrifugation and resuspension in
phosphate-buffered saline containing 40 pg/mL Pl (Sigma-
Aldrich) and 100 pg/mL RNAseA (Amersham), cells incubated
for 1 hour at room temperature. Cell cycle was measured by flow
cytometry using a FACSCalibur flow cytometer (BD Biosciences)
and the percentage of cells in the different cell-cycle phases was
analyzed with help of ModFit LT version 2.0 software (Verify
Software House, Topsham, ME).

Results

FOXO3A is highly expressed in cHL

To clarify the role of FOXOs in the process of PC differentia-
tion and in the oncogenic program of cHL, we first used the
GENEVESTIGATOR tool to compare the expression of FOXO
transcription factors at different stages of B-cell differentiation
to microdissected HRS cells of cHL. As we and others showed
earlier,'9%3? centroblasts (CBs) expressed the highest levels of
FOXO1. We observed that FOXOT then gradually decreased
during the process of terminal B-cell maturation into PCs. In
contrast, FOXO3A levels progressively increased. With regard to
cHL, we found that FOXOT1 expression in HRS cells was similar
to that of PCs. Remarkably, FOXO3A expression in HRS cells was
lower than in PCs, but significantly higher than in GC B cells
(Figure 1A). FOXO4 and FOXO6 were expressed at much lower
levels than FOXO3A at all stages of mature B-cell differentiation,
and their expression levels in cHL were even below that of FOXO1
(Figure 1A).

Next, we validated the GEP results by analyzing FOXO1 and
FOXO3A expression in normal CD19* B cells and in B-cell-
derived (KM-H2,40417 428,442 U-HO1,*® L1236,* and SUP-
HD144%) and T-cell-derived (HDLM24'" and L5404"4¢) cHL cell
lines using RT-gPCR and immunoblot (Figure 1B-H). In accor-
dance with previous data,’” FOXO T mRNA expression in all cHL
cell lines was lower than in CD19* B cells (Figure 1B). Of note,
expression of FOXO1 in HDLM2, a T-cell-derived cHL cell line,
was higher than in B-cell-derived cells. On the contrary, ex-
pression of FOXO3A in B-cell cHL cell lines was higher than in
normal B cells and, in most cases, higher than in T-cell-derived
cHL cell lines (Figure 1C). To identify the predominant FOXO
family member in cHL cell lines and to point out possible
differences between B- and T-cHL with regard to their FOXO
expression levels, we also calculated FOXO3A/FOXO1 mRNA
ratios. We found that FOXO3A is the main FOXO subtype
in B-cell cHL, whereas T-cell-derived cHL cell lines showed
an inverse FOXO mRNA expression profile (Figure 1D).
A high FOXO3A-to-FOXO1 ratio in B-cell-derived cHL cell
lines was also seen at the protein level, except for SUP-HD1
(Figure 1E-H).
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Thus, cHL expresses FOXO3A levels intermediate between GC
B cells and PCs, which further indicates the abortive PC phe-
notype of cHL. In addition, B- and T-cHL maintain different
FOXO3A/FOXO1 expression patterns, which may reflect their
different origin.

FOXO3A directly induces PRDM1« expression in
cHL cell lines

Recently, we found that FOXO1 induces PRDM1a in cHL cell
lines, suggesting that repression of FOXO1 might contribute to
the arrest of PC differentiation in cHL."> Considering our new
finding, we asked whether the maintenance of FOXO3A ex-
pression might explain the intermediate levels of PRDM1 in
cHL.

We first reanalyzed our GEP data of microdissected HRS cells*
and found a positive correlation between FOXO3 and PRDM1
mRNA expression (Figure 2A). We were aware that both PRDM 1
and FOXO3A are located on Chr 6921, a region that is fre-
quently deleted in B-cell NHL*” and in cHL.# In fact, we identified
a significant positive correlation between PRDM1 and FOXO3A
copy-number states (supplemental Figure 1). Yet, there was no
significant correlation between PRDM1 expression and its
corresponding copy number in HRS cells, thus indicating the
role of transcriptional regulation for PRDM 1 expression.’® To see
whether there is a direct effect of FOXO3A on PRDMT tran-
scription, we generated KM-H2 and L428 cell lines stably
expressing an inducible constitutively active variant of FOXO3A
(FOXO3(A3)ER). Expression of the transgene and its functional
activity in cHL cell lines was proven by immunoblot and lucif-
erase reporter assay, respectively (Figure 2B-C). Activation of
FOXO3A by 4-OHT strongly induced expression of PRDM 1«
at mRNA and protein levels in both cell lines (Figure 2D-E,
respectively). Expression of PRDM1B, a truncated variant of
PRDM1 with strongly reduced repression activity, was not in-
creased by FOXO3A (Figure 2E). We then analyzed the effect
of FOXO3A on the transcriptional activity of PRDMTa and
PRDM1B promoters using a luciferase reporter assay. FOXO3A
activated only the PRDMTa but not the PRDM1B promoter
(Figure 2F).

We have previously shown that FOXO1 can bind to FOXO-
binding sites on the PRDM1a promoter region by ChIP."® To
demonstrate direct binding of FOXO3A to the PRDMTa pro-
moter, we generated a construct expressing the constitutively
active form of FOXO3A tagged by a biotin ligase recognition
signal (bFOXO3). Efficient biotinylation by the humanized ver-
sion of the bacterial biotin ligase BirA and preservation of an-
tigenic specificity was confirmed by pulling down bFOXO3 with
streptavidin magnetic beads followed by immunoblot analysis
(supplemental Figure 2A). The integrity of the transactivation
activity of the tagged construct was confirmed by a luciferase
reporter assay (supplemental Figure 2B). We tested binding
of bFOXO3 to the promoter regions at positions —549, —832,
and —953 upstream of the PRDM1e transcription start site. As
controls, we used the gene desert locus on chromosome 12
(Chr12) containing no FOXO1-binding sites and the FOXP1
enhancer region where FOXO3A is known to bind directly.*®
Quantification of the precipitated chromatin showed enrichment
of all 3 PRDMTa promoter regions. No binding was detected at
the gene desert locus whereas strong interaction at the FOXP1
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Figure 1. FOXO3A is highly expressed in cHL. (A) Gene expression profiling (GEP) data were mined and analyzed with help of the GENEVESTIGATOR software. The following
data sets were used for analysis: CB and CC (GSE15271, GSE38697, GSE56314); M (GSE1266, GSE45113, GSE17186, GSE44028); PC (GSE12366, GSE45537, GSE56464, GSE5900),
cHL (GSE14879). FOXOT: probe set 202724 _s_at; FOXO3A: probe set 204131_s_at; FOXO4: probe set 205451 _at; FOXO6: probe set 239657_x_at. CB (n = 15); centrocytes (CC;
n = 15); memory B cells (M; n = 38); PC (n = 13); microdissected HRS cells of cHL (cHL; n = 4). Data are represented as mean fluorescence + standard deviation (SD). Means of
FOXO3A levels in GC B cells and cHL were compared using an online software (https://www.medcalc.org/calc/comparison_of_means.php; 10.23.2017). ****P < .0001. (B-H)
FOXO1 and FOXO3A mRNA and protein expression in CD19* B cells and B- or T-cell-derived cHL cell lines. FOXO1 (B) and FOXO3A (C) mRNA levels were measured by
RT-qPCR and expressed as ratio to RPL13A. Data are shown as mean =+ SD of 3 independent experiments. FOXO1 and FOXO3A expressions of all cHL cell lines except for
FOXO3A in L540 significantly differed from CD19* B cells with P < .01. Statistical significances were analyzed by 2-tailed t tests. (D) FOXO3A/FOXO1 mRNA ratio in B cells and
cHL. Data were extracted from experiments shown in panels B and C. (E) FOXO1 and FOXO3A protein expression was measured by immunoblot. The most representative of
3 independent analyses is shown. TUBB served as loading control. (F-G) The immunoblots were quantified using ImageJ 64 software. FOXO1 (F) and FOXO3A (G) values
were normalized to TUBB. Data are shown as mean = SD of all 3 experiments and values for KM-H2 were set to 1. (H) The apparent FOXO3A-to-FOXO1 protein ratio for each
sample was calculated as: (FOXO3A/TUBB)/(FOXO1/TUBB). The apparent ratio does not represent the molar FOXO3A-to-FOXO1 ratio but permits to compare relative
expression of FOXO proteins in different samples.
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Figure 2. FOXO3A directly activates PRDM1« in cHL cell lines. (A) PRDM1 and
FOXO3 mRNA levels positively correlate in microdissected HRS cells. Data were
mined from GEO (GSE39133). PRDM1, probe set 228964 _at; FOXO3, probe set
224891_at. Statistical significance was analyzed by a 2-tailed Student t test. r, Pearson
correlation coefficient. (B-F) The cHL cell lines KM-H2 and L428 expressing the con-
stitutively active version of human FOXO3A (FOXO3(A3)ER [F3ER]) or EV were treated
with 200 nM 4-OHT for 24 hours to induce nuclear translocation of the construct. (B)
F3ER protein expression in stable cHL cell lines was assessed by immunoblot analysis.
(C) Functional activity of F3ER in stably transfected cHL cell lines was demonstrated by
transfection with a reporter vector containing the forkhead response element upstream
offirefly luciferase and cotransfection with a Renillaluciferase reporter under the control
of the ubiquitin promoter. F3ER was activated by 4-OHT immediately after transfection.
Luminescence was measured as described in “Materials and methods.” Bars indicate
average firefly luciferase activity normalized to Renilla luciferase luminescence. (D-E)
FOXO3A increases PRDM1a mRNA (D) and protein (E) expression levels. cHL cells
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enhancer was seen (Figure 2G). Thus, FOXO3A directly activates
PRDM 1« transcription in cHL.

FOXO3A activation results in growth arrest and
induces negative regulators of the cell cycle in cHL
cell lines

To analyze whether ectopic overexpression of FOXO3A affects
proliferation and/or survival of cHL cell lines, we used KM-H2
and L428 cells stably expressing FOXO3(A3)ER. Compared
with the empty vector (EV) control, activation of FOXO3A by
4-OHT significantly reduced the number of viable cells in both
cHL cell lines (Figure 3A). The decrease of cell numbers was
accompanied by significant, but minor, cell death (Figure 3B).
In contrast, we found that FOXO3A strongly diminished the
proportion of cells in the S phase and induced accumulation of
cells in the Go/G; phase (Figure 3C). To clarify the molecular
mechanisms of FOXO3A-induced cell-cycle arrest, we mea-
sured the expression of the FOXO-dependent cell-cycle in-
hibitors CDKN1A/p21 and CDKN1B/p27 as well as expression
of CCND2 and MYC. Given that FOXOs inhibit the expression
of cyclins and MYC by induction of BCL6, we also measured
expression of these genes.*”*° As expected, FOXO3A re-
pressed CCND2 and upregulated CDKNTA and CDKN1B at
the mRNA level in both cell lines (Figure 4A). MYC was more
strongly repressed on protein than on mRNA level (Figure 4B-C),
which can be explained by a decrease in MYC protein stability®’
or induction of MYC-targeting miRNAs.>? In contrast, BCL6
mRNA levels were significantly increased after FOXO3A acti-
vation (Figure 4D). This was also confirmed on the protein level
(Figure 4E).

We conclude that overexpression of FOXO3A in cHL has tumor-
suppressor activity and that this is associated with repression of
important inducers of cell proliferation like CCND2 and MYC,
activation of the cell-cycle inhibitors CDKN1A and CDKN1B, as
well as with upregulation of PRDM1a.

MIR155 and extracellular signal-regulated kinase
contribute to FOXO3A attenuation in cHL
Recently, we have shown that multiple mechanisms including
genomic deletions and miRNAs are involved in FOXO1 re-
pression in cHL.' Given that FOXO3A deletions are frequent
and correlate with a decrease of FOXO3A expression in HRS,*
and that FOXO3A activation negatively regulates proliferation

Figure 2 (continued) expressing F3ER were treated with 200 nM 4-OHT or vehicle.
mRNA and protein was isolated and analyzed via RT-gPCR orimmunoblot, respectively.
(F) FOXO3A activates the PRDMTa promoter. L428 cells expressing F3ER were
transiently transfected with the pGL4.20 vector containing the FOXO1 core promoter
(CP) or a vector containing PRDM1 promoter regions, together with ubi-Renilla as
reference vector. The FOXO1 CP, which does not contain FOXO-binding sites, served
as negative control. After transfection, cells were treated with 4-OHT or vehicle and
relative luciferase activity was measured 24 hours later. (G) FOXO3A directly binds to the
PRDM1a promoter. L428 cells were transfected with bFOXO3 and BirA or with EV and
BirA. Twenty-four hours later, cells were harvested and ChIP was performed. The
position of targeted FOXO-binding sites at PRDMT1a promoter regions is indicated
counting from the start of transcription. A FOXP1 enhancer region served as positive
control. The precipitated chromatin was amplified by specific primers and quantified
with gPCR. Data are shown as fold enrichment compared with the gene desert region
located on Chr12. All data are shown as mean =+ SD of 3 independent experiments. For
immunoblots, a representative of 3 independent experiments is depicted. TUBB served
as loading control.
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Figure 3. FOXO3A induces growth arrest. (A) FOXO3A inhibits growth of cHL cell
lines. Cells transfected with a vector containing FOXO3(A3)ER (F3ER) or EV were
seeded in 6-well plates at a density of 0.05 X 10¢ cells per mL. Twenty-four hours later,
cells were treated with 4-OHT or vehicle. Live cells were counted with a hemacy-
tometer at indicated time points after seeding. Data represent mean * SD of
3 independent experiments. (B) F3ER- and EV-expressing cells were treated or not
treated with 200 nM 4-OHT. Cell death was examined at indicated time points by
staining with Annexin V/PI. Specific cell death was calculated as described in
"Material and methods” and is shown as mean = SD of 3 independent experiments.

FOXO3A IS TIGHTLY REGULATED IN cHL

of cHL cells, we searched for additional mechanisms that
regulate FOXO3A expression in cHL. The oncogenic MIR155,
which is responsible for FOXO3A repression in glioma,* is
known to be highly expressed in cHL.5* Using a loss-of-function
approach, we assessed the contribution of MIR155 to atten-
uation of FOXO3A in cHL. Transient transfection of L428 with
anti-MIR155 efficiently decreased MIR155 levels (Figure 5A),
upregulated FOXO3A protein expression (Figure 5B-C),
and increased the proportion of cells in the Go/G; phase
(Figure 5D).

Given that constitutive extracellular signal-regulated kinase (ERK)
activation in cHL contributes to FOXO1 downregulation,’® we
further studied the effect of ERK inactivation on FOXO3A ex-
pression. We observed that the ERK inhibitor U0126 dose-
dependently increased FOXO3A protein levels in both KM-H2
and L428 (Figure 5E-F).

Taken together, high expression of MIR155 and ERK activation
controls FOXO3A levels in cHL.

Maintenance of FOXO3A expression might
contribute to survival and proliferation of cHL
Although FOXO3A expression is attenuated by genetic and
epigenetic mechanisms, cHL expresses measurable amounts of
FOXO3A indicating its contribution to the oncogenic program.
We thus set out to investigate whether cHL cell lines are sen-
sitive to expression of myrAKT, a constitutively active version of
the FOXO-inactivating kinase AKT.3' We found that myrAKT
negatively regulated proliferation of KM-H2, 1428, U-HO1,
HDLM2, and L540 cell lines. At the same time, myrAKT ex-
pression did not influence the growth of L1236 and SUP-HD1
where AKT is known to be constitutively active (Figure 6A)."
The effect of myrAKT on FOXO3A and FOXO1 expression and
on their phosphorylation status was measured by immunoblot.
myrAKT expression increased FOXO1/FOXO3A-inactivating
phosphorylation in all cell lines except for SUP-HD1. In addi-
tion, myrAKT downregulated FOXO3A expression in KM-H2,
L428, and L540, and FOXO1 in KM-H2, L428, L540, and SUP-HD1
(Figure 6B). Next, we used an RNA interference approach to
specifically downregulate FOXO3A (2 different shRNAs) or
FOXO1 (3 shRNAs) (Figure 6C and supplemental Figure 3,
respectively). Both shRNAs targeting FOXO3A inhibited
growth of KM-H2, U-HO1, HDML2, and SUP-HD1 cell lines.
L428 and L540 cell lines responded only to 1 of the 2 shRNAs,
and L1236 cells were resistant to the antitumor effect of
FOXO3A knockdown (Figure 6C). Neither of the cell lines
was sensitive to at least 2 of the FOXO1-targeting shRNAs.
Moreover, at least 2 of the shRNAs targeting FOXO1 stimu-
lated proliferation of L428 and L1236 (supplemental Figure 3A).
Knockdown efficiencies and the specificity of all sShRNAs were
confirmed with immunoblot (Figure 6D and supplemental Figure 3B,
respectively).

Figure 3 (continued) (C) FOXO3A activation decreases the proportion of cells in the
S phase. A total of 1 X 10° cells were seeded in 10 mL of complete medium and
treated with 4-OHT or with vehicle. After 24 hours, cells were harvested and cell cycle
was analyzed by Pl staining. Bars represent mean = SD of 3independent experiments.
Significance was calculated using a 2-sided t test. *P < .05; **P < .01; ***P < .001;
*RRRP < 0007,
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Figure 4. FOXO3A-induced growth arrest correlates with upregulation of antiproliferative FOXO target genes. cHL cell lines stably expressing FOXO3(A3)ER (F3ER) or

EV were treated with 200 nM 4-OHT or vehicle. After 24 hours, cells were harvested and

the expression of FOXO target genes was measured by RT-gPCR or immunoblot,

respectively. (A) FOXO3A modulates expression of genes involved in proliferation. (B-C) FOXO3A downregulates MYC at mRNA (B) and protein level (C). (D-E) BCLé is induced
by FOXO3A both at mRNA (D) and protein (E) level. All RT-qPCR data are shown as relative expressions and mean = SD of 3 independent experiments. RPL13A was used as a
reference gene for RT-qPCR and TUBB for immunoblot, respectively. The most representative immunoblots of 3 independent experiments are shown. Significance was

calculated using a 2-sided t test. *P < .05; **P < .01; ***P < .001; ****P < .0001.

Thus, maintenance of FOXO3A activity contributes to the on-
cogenic program of cHL independent of their origin.

Discussion

We revealed an inverse dynamic of FOXO1 and FOXO3A ex-
pression during the process of GC maturation into memory
cells and PCs. cHL, which is suggested to have an aborted
PC-differentiation phenotype, expressed levels of FOXO3A in-
termediate between GC B cells and PCs. Overexpression of
FOXO3A in cHL-inhibited cell proliferation but did not induce
prominent cell death. We identified chromosomal deletions,*
MIR155 expression, and ERK activation as additional mechanisms

1562 @& blood® 5 APRIL 2018 | VOLUME 131, NUMBER 14

limiting FOXO3A expression in cHL. Finally, we show that tight
regulation of FOXO3A contributes to the maintenance of cHL.

Although FOXO transcription factors are ubiquitously expressed,
the expression levels of individual members differ.%:30:38:3% |n this
study, we describe an increasing FOXO3A-to-FOXO1 ratio during
the process of B-cell development. There are several lines of
evidence that hint at a role of FOXO3A in PC differentiation.
FOXO3 is among the genes that were most strongly upregulated
in B cells committed to PC differentiation.?>?¢ In human multiple
myeloma, a PC malignancy, FOXO3A transcription is driven by
a superenhancer similar to the regulation of other critical genes
of the PC program including IGH, IGL, IGK, IGJ, and PRDM1.5%
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Figure 5. MIR155 and ERK regulate FOXO3A expression in cHL. (A-C) MIR155
contributes to FOXO3A repression. MIR155 was inhibited in the cell line L428 with a
miScript miRNA inhibitor (anti-MIR155; Qiagen) compared with a negative control
(NC). (A) The efficiency of MIR155inhibition was confirmed by RT-qPCR 24 hours after
transfection. (B) After 72 hours, the effect of MIR155 inhibition on FOXO3A protein
levels was evaluated using immunoblot analysis. A representative of 8 experiments is
shown. (C) Immunoblots from panel B were quantified using ImageJ 64 and sig-
nificance was calculated by a 2-sided t test using GraphPad Prism software. (D)
MIR155 inhibition leads to cell-cycle arrest in L428 72 hours after transfection. Data of
3independent experiments are shown as mean = SD. Significances were calculated
by a 2-sided t test using GraphPad Prism software. **P < .01. (E-F) ERK mitigates
FOXO3A expression. KM-H2 and L428 were treated with the ERK inhibitor U0126 or
vehicle. (E) After 24 hours, cells were lysed and total FOXO3A levels were assessed
with immunoblot. A representative of 3 experiments is shown. (F) Dose-dependent
activation of FOXO3A by the ERK inhibitor U0126. ImageJ 64 was used to quantify
immunoblots obtained in panel E. Pearson correlation coefficient “r” and the Pvalue
were calculated using GraphPad Prism 6.

FOXO3A IS TIGHTLY REGULATED IN cHL

Recently, we reported the ability of FOXO1 to activate PRDMTa
transcription in cHL cell lines.’ Interestingly, PRDM1 is strongly
induced by FOXO3A and by CTNNB1/B-catenin in human colon
carcinoma cell lines.>¢ Of note, these data contradict the obser-
vation of increased serum levels of immunoglobulin subtypes
after genetic ablation of Foxo3 in mice.?? This discrepancy might
be explained by compensatory mechanisms of other FOXO
family members for the deletion of FOXO3A, or by interspecies
differences.

It is worth mentioning that the high FOXO3A-to-FOXO1 ratio in
cHL, which was similar to the expression levels found in PCs,
urged us to reconsider the main mechanism of FOXO1 re-
pression in cHL. It is conceivable that FOXO1 repression pri-
marily reflects the origin of HRS cells from a B cell committed to
PC differentiation, and that chromosomal aberrations and epi-
genetic processes might play an auxiliary role in FOXO1 in-
activation in cHL.

We found that overexpression of FOXO3A inhibits growth of cHL
cell lines. In general, FOXOs are considered to act as tumor
suppressors in diverse tumor entities®”*? including cHL, as we
have shown earlier for FOXO1." Frequent deletions of FOXO3A
that correlate with decreased FOXO3A expression levels* also
indicate a tumor-suppressor role of FOXO3A in cHL. Of note, we
found that, in cHL, FOXO3A differs from FOXO1 in a way that
FOXO3A induces growth arrest but not apoptosis as FOXO1
does." Interestingly, overexpression of wild-type FOXO3A also
does not induce cell death in purified B cells from Balb/c mice but
caused a delay in cell-cycle progression.® Our results are in line
with a previously suggested role of FOXO3A as a stemness factor
in cHL.¢" In clinical samples, expression of FOXO3A was reported
to be limited to mononuclear Hodgkin cells, whereas multinu-
cleated, more differentiated Reed-Stemberg cells were nega-
tive.¢" Moreover, the FOXO3A-expressing population in cHL cell
lines demonstrated a higher ability to form colonies in methyl
cellulose and to induce tumor formation in NOD/SCID mice.®!
Another possible explanation of the low apoptogenic activity of
FOXO3A in cHL could be high expression of the SIRT1 deace-
tylase in HRS cells and in cHL cell lines.®? Deacetylation of FOXO3A
by SIRT1 is known to decrease its apoptogenic activity.®®

In the present study, we identified the oncogenic miRNA
MIR155 as a negative regulator of FOXO3A in cHL. Down-
regulation of FOXO3A by MIR155 is already known to contribute
to invasion and proliferation of glioma cells*® as well as to re-
sistance of lung cancer to gefitinib.¢* However, we did not
observe a correlation between MIR155 and FOXO3A expression
(data not shown), indicating that FOXO3A is not exclusively
regulated by MIR155in cHL. We also found that ERK activation is
an additional factor controlling FOXO3A expression in cHL.
Constitutive activation of ERK is well known to occur in cHL®® and
we also observed ERK phosphorylation in KM-H2 and L428
earlier.’” Similar to our results for FOXO1," we could demon-
strate upregulation of FOXO3A by ERK inhibition.

In addition, we found that hyperactivation of the FOXO-inactivating
kinase AKT as well as FOXO3A knockdown repressed growth in
most cHL cell lines. Interestingly, FOXO1 demonstrates a similar
bimodal effect on proliferation of endothelial cells.®® The necessity
of tight regulation of AKT activation was already demonstrated
in pre-B-cell acute lymphoblastic leukemia. Although pre-B-cell
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Figure 6. FOXO3A knockdown shows an antitumor effect in cHL cell lines. cHL cell lines were transduced with indicated lentiviral plasmids as described in “Materials and
methods.” The dynamic of transduced cells was followed starting from the fifth day after transduction (day 0) and the percentage of fluorescent cells on day 0 was set as 100%.
Fluorescence was measured every third day using flow cytometry. (A) Constitutive AKT activation (myrAKT) decreased the percentage of green fluorescent protein—positive
(GFP*) cells in cHL cell lines except for L1236 and SUP-HD1. (B) Immunoblot was performed after sorting of GFP* cells to confirm overexpression of myrAKT and FOXO
inactivation. (C) Effect of FOXO3A shRNAs on the red fluorescent protein-positive (RFP*) population in cHL. (D) Protein of RFP* cells was isolated after selection with puromycin
for 2 days (4 wg/mL). shRNA efficiencies and specificities were confirmed with immunoblot. TUBB served as loading control for immunoblot analysis. All experiments were
performed for at least 3 times and kinetics are shown as mean =+ SD. Significance was calculated compared with the scrambled control using a 2-sided ttest. *P < .05; **P < .071;
*xp < 001; ****P < .0001. F3-1, FOXO3AshRNA-1; F3-3, FOXO3AshRNA-3; scr, scrambled control.

acute lymphoblastic leukemias depend on oncogenic AKT
activation, knockdown of the negative phosphatidylinositol 3-kinase—
AKT regulator phosphatase and tensin homolog or over-
expression of myrAKT is toxic for them.®” In our experiments,
myrAKT overexpression was not (L1236) or only merely toxic
(SUP-HD1) in cell lines in which AKT is activated.'® Of note, even
cells addicted to oncogenic AKT activation still show nuclear
expression of FOXOs.%8¢? Interestingly, toxicity of AKT over-
activation is lineage-specific and was attributed to B cells but not
to the myeloid lineage.®” cHL not only has lost most of the B-cell
program, but, in addition, often demonstrates features of myeloid

1564 & blood® 5 APRIL 2018 | VOLUME 131, NUMBER 14

and T-cell lineages.”® Therefore, resistance of L1236 and SUP-HD1
to myrAKT overexpression might be mediated not only by the
inability to further inactivate FOXO3A (SUP-HD1), but also by the
consequence of loss of B-cell program and/or transdifferentiation
(L1236). Although other mechanisms might be involved, FOXO3A
knockdown in general reproduced the antitumor effect of AKT
hyperactivation. In particular, L1236, the cell line most resistant to
myrAKT overexpression, was also resistant to FOXO3A knock-
down, whereas other cells lines appeared to be sensitive to dif-
ferent extents. Given the role of FOXO3A as a stemness factor in
cHL, this finding is not completely unexpected.®’ FOXO3A is
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known to act as an oncogene in acute myeloid leukemia and is
involved in chemoresistance. In particular, FOXO3A knockdown
resulted in myeloid differentiation and cell death in acute myeloid
leukemia.””72 In chronic myeloid leukemia, Foxo3a was found to
be responsible for the resistance of leukemia-initiating cells to the
BCR-ABL1 inhibitor imatinib.”?

Further investigation of molecular mechanisms underlying the
role of FOXO3A on cHL progression might provide a rationale
for FOXO3A modulation in cHL treatment.

Taken together, our data indicate that intermediate FOXO3A
expression levels between GC B cells and PCs reflect the
abortive PC differentiation status of cHL and that the specific
balance of FOXO transcription factors might contribute to the
cHL oncogenic program. At the same time, excessive FOXO3A
activation seems to negatively influence proliferation of HRS
cells. FOXO3A levels thus need to be restrained, among others,
by MIR155 and by constitutive activation of ERK to maintain cHL
integrity.
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