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Receptor-interacting protein kinase 3 (RIPK3) can induce necroptosis, apoptosis, or
cell proliferation and is silenced in several hematological malignancies. We pre-
viously reported that RIPK3 activity independent of its kinase domain induces
caspase-mediated p65/RelA cleavage, resulting in N-terminal 1-361 and C-terminal
362-549 fragments. We show here that a noncleavable p65/RelA D361E mutant
expressed in DA1-3b leukemia cells decreases mouse survival times and that co-
expression of p65/RelA fragments increases the tumorigenicity of BL6F1 melanoma
cells. This aggressiveness in vivo did not correlate with NF-xB activity measured in
vitro. The fragments and p65/RelA D361E mutant induced different expression
profiles in DA1-3b and B16F1 cells. Stemness markers were affected: p65/RelA
D361E increased ALDH activity in DA1-3b cells, and fragment expression increased
melanoma sphere formation in B16/F1 cells. p65/RelA fragments and the D361E
noncleavable mutant decreased oxidative or glycolytic cell metabolism, with dif-
ferences observed between models. Thus, p65/RelA cleavage initiated by kinase-
independent RIPK3 activity in cancer cells is not neutral and induces pleiotropic

effects in vitro and in vivo that may vary across tumor types.
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1 | INTRODUCTION

Receptor-interacting protein kinase 3 (RIPK3, RIP3) asso-
ciated with RIPK1 in a necrosome complex that can induce
necroptosis, apoptosis, or cell proliferation.” We previously
reported decreased RIPK3 expression in the majority of ex-
amined acute myeloid leukemia (AML) patients.” These re-
sults were confirmed by Hockendorf et al,” who
demonstrated that RIPK3 restricts malignant myeloproli-
feration by activating the inflammasome, promoting cell
differentiation and death, and that loss of RIPK3 increases
the leukemic burden in mice. Alteration of the necrosome
complex in hematological malignancies has also been re-
ported in chronic lymphocytic leukemia (CLL), in which
decreased expression of RIPK3 and CYLD has been found to
cause decreased sensitivity to tumor necrosis factor-oc (TNF-
«)." The oncogenic effects of MYC may also be partially
mediated through inhibition of the RIPK3/RIPK1 interac-
tion.” Thus, RIPK3 plays an important role in tumorigenicity
regulation in hematological malignancies, and researchers
have also suggested a role for RIPK3 in lung cancers, colon
cancers, and melanoma.®™®

We also previously reported that re-expression of a
RIPK3 mutant with an inactive kinase domain (RIPK3-
kinase dead [RIPK3-KD]) significantly increased apoptosis
and resulted in earlier apoptosis in comparison with the
effects induced by wild-type RIPK3 (RIPK3-WT), indicating
that the RIPK3 kinase domain is an essential regulator of
apoptosis/necroptosis in leukemia cells.” Inducing the ex-
pression of RIPK3-KD, but not RIPK3-WT, in vivo prolonged
the survival of mice injected with leukemia cells. The ex-
pression of RIPK3-KD induced caspase-dependent p65/RelA
nuclear factor-kB (NF-xB) subunit cleavage, and a non-
cleavable p65/RelA D361E mutant (Figure S1) rescued these
cells from apoptosis. This cleavage, partially mediated by
caspase-6, was abolished through an aspartate-to-glutamate
substitution at D361 within the INFD site. The p65/RelA
N-terminal 1-361 and C-terminal 362-549 fragments gener-
ated by p65/RelA cleavage in RIPK3-KD-expressing cells had
no effect on cell survival in vitro. NF-xB regulation through
p65/RelA cleavage by caspase-3 after chemotherapy, viral
infection, or cytokine deprivation and dominant-negative
effects of p65/RelA fragments on NF-xB transcriptional ac-
tivity have been reported.”” In contrast, RIPK3-KD-
generated p65/RelA fragments have been found to have
enhanced NF-B transcriptional activity.” Thus, RIPK3 has
kinase-independent proapoptotic activity and mediates
p65/RelA cleavage, but the precise role of p65/RelA frag-
ments remains unclear.

Here, we report that in mouse models of leukemia
and melanoma, the noncleavable p65/RelA D631E mu-
tant or p65/RelA fragments enhance tumorigenicity. In
addition, coexpression of p65/RelA fragments induces
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distinct transcriptomic profiles and modulates stemness
markers and cell metabolism mechanisms, indicating
that RIPK3-mediated p65/RelA cleavage may profoundly
modify essential tumor cell characteristics.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

Antibodies against the Myc tag on NF-xB p65/RelA
(D14E12) XP were purchased from Cell Signaling Tech-
nologies. Human/mouse anti-RelA/NF-xB p65 and the rat
IgG2A isotype control (54447) [Alexa Fluor® 647] anti-
bodies were purchased from R&D Systems. The His-tagged
mAb was purchased from Novagen. The donkey anti-sheep
IgG H&L (Alexa Fluor® 488) (ab150177) antibody was
purchased from Abcam. The Alexa Fluor 514-conjugated
goat anti-mouse IgG (H + L) cross-adsorbed secondary an-
tibody and the Alexa Fluor 647-conjugated goat anti-rabbit
IgG (H + L) cross-adsorbed secondary antibody were pur-
chased from Thermo Fisher Scientific. For confocal mi-
croscopy, anti-tag antibodies were used at a final dilution of
1:100, the human/mouse anti-RelA/NF-xB p65 antibody
was used at a final dilution of 1:20, and all of the secondary
antibodies were used at a 1:500 dilution.

2.2 | Cell lines

The leukemic murine DA1-3b p210°“®“5L cell line and
the DA1-3b/C3H/HeOuJ mouse model were maintained
as previously described."*'® B16F1 murine melanoma
cells were acquired from ATCC (CRL-1619TM; CRL
6323TM) and maintained as previously described.'’
B16F1 cells were chosen as an additional model suffi-
ciently distinct from the DA1-3b leukemia model to ex-
plore the possible general effects of p65RelA fragments.

2.3 | Plasmids and p65/RelA mutants
The mouse p65/RelA D361E cDNA mutant and frag-
ments have been previously described (Figure S1).” The
p65/RelA D361E mutant was generated by mutating the
INFD putative consensus recognition site for caspase-6.
The p65/RelA 1-361 fragment was generated with a His-
tag at its 3’ end, and the p65 362-549 fragment was
generated with a Myc tag at its 5’ end. After transfection
of DA1-3b or B16F1 cells, stable cell lines were obtained
via selection with blasticidin, and the cells were sorted
with an ARIA III cell sorter (Becton Dickinson) accord-
ing to DsRed fluorescence.

85UB017 SUOLULLIOD BAIES.D 3ol |dde au3 Aq peusenob afe 9P YO ‘88N JO S9N 104 Afiq 1T BUIIUO A3]IA UO (SUOIPUOD-PUR-SLUIRYWI0D A8 1M ARIq 1 BUTIUO//SARY) SUORIPUOD PUe SWis | 8U} 885 *[2202/TT/62] Uo Ariqiauliuo AB|IM ‘51 910 wissu| Aq 86TOE G0I/200T 0T/I0p/L0d" A ImAfeiq joul Juo//Sdny Lo pepeojumoq ‘€ ‘2202 ‘vrov.60T



TOUIL ET AL.

2.4 | In vivo studies

Eight-week-old C3H/HeOuJ female mice (Charles
River Laboratories) were injected intraperitoneally
(IP) with 5x10° DAI1-3b/Void, DA1-3b/p65/RelA
WT, DA1-3b/p65/RelA D361E, or DA1-3b/p65/RelA
1-361 + p65/RelA 362-549 cells. The same experiment
was also performed with Swiss nude mice Crl:NU
(NCr)-Foxn1™ (Charles River Laboratories) injected
IP with 1x10° cells. Animal experiments were ap-
proved by the Animal Care Ethical Committee CEEA.
NPDC (agreement no. 2017022716306305).

To study the ability of B16F1 melanoma cells stably
transduced with the same cDNA as the DA1-3b cells to
form tumors, 50000 cells (200 ul) were subcutaneously
injected into 8-week-old C57BL/6JRj immunocompetent
mice. Tumor growth was assessed at the indicated time
points by performing bidimensional measurements with
a caliper. Tumor volumes in mm?® were calculated using
the following formula: width® X length X 0.5.

2.5 | Measurement of NF-xB activity

The phosphorylation level of NF-xB p65/RelA at Ser468
and Ser536 was detected using a FACE NF-xB kit (Active
Motif) according to the manufacturer's instructions. A
xB-luc reporter containing three xB-binding sites and
negative control plasmids was kindly provided by Dr.
Isabelle Vanseuningen.'® Five million cells were trans-
fected with the NF-xB reporter vector or a negative
control vector. A reporter assay was performed using a
Dual-Glo® Luciferase Assay System (Promega) according
to previously published methods. The DNA-binding ac-
tivities of NF-xB p50, p62, and p65/RelA in nuclear ex-
tracts were measured using TransAM NF-xB p65/RelA
and TransAM NF-xB Family Kits (Active Motif) accord-
ing to the manufacturer’s instructions.

2.6 | Transcriptome analysis

Total RNA was prepared using an RNeasy mini-kit
(Qiagen) according to the manufacturer's instructions,
including the additional DNase treatment step. Total
RNA yield and quality were further assessed on an
Agilent 2100 bioanalyzer (Agilent Technologies). One
color, whole mouse (028005 slides), 60-mer oligonu-
cleotide, and 8 X 60k microarrays (Agilent Technolo-
gies) were used to analyze gene expression. cRNA
labeling, hybridization, and detection were performed
according to the manufacturer's instructions (Agilent
Technologies). For each microarray, Cy3-labeled cRNA

was synthesized with a low-input QuickAmp labeling
kit from 50 ng of total RNA. RNA Spike-In was added
to all tubes as a positive control for labeling and am-
plification steps. The labeled cRNA was purified, and
600 ng of each cRNA was then hybridized and washed
as per the manufacturer's instructions. Microarrays
were scanned on an Agilent G2505C scanner, and data
were extracted using Agilent Feature Extraction Soft-
ware®© (FE version 10.7.3.1).

The microarray data are available from the NCBI
GEO depository (accession no. GSE98437). Statistical
comparisons and filtering were achieved with

Genespring® software version GX13.0 (Agilent
Technologies).
2.7 | Measurement of ALDH™" cells

Quantification of ALDH* cells was achieved with an
ALDEFLUOR™ KXit (Stem Cell) according to the manu-
facturer's instructions using an LSR-X20 flow cytometer
(BD Biosciences).

2.8 | Sphere formation assay

To generate spheres, 4 x 10° transduced B16F1 cells were
plated on 24-well plates coated with a 0.5 mg/ml poly-2-
hydroxyethylmetacrylate (polyHEMA) ethanol solution
(Sigma-Aldrich) to prevent cell attachment and cultured
in 1 ml of Dulbecco’s modified Eagle's medium (DMEM)/
F12 medium (Gibco®, Life Technologies™) supplemented
with 20 ng/ml EGF (Stem Cells Biotechnologies), 1:50
B27 supplement (Gibco®, Invitrogen™), and 20 ng/ml
rHu bFGF (PromoKine-PromoCell GmbH) in a humidi-
fied 5% CO, incubator at 37°C for 7 days. The cell density
was maintained at 4 cells per pl to prevent cell ag-
gregation. Spheres (comprising more than ~50 cells) were
counted under an inverted microscope.

2.9 | Assessment of oxygen
consumption and extracellular pH

Cells were seeded in XFe24 plates (Agilent; Les Ulis,
France) at 20-40- X 10° cells/well and 150- x 10> cells/
well for the B16F1 and DA1-3B cell lines, respectively.
Oxygen consumption rates (OCRs) and extracellular
acidification rates (ECARs) were measured using an
XFe24 Extracellular Flux Analyzer (Corazao-Rozas et al.
(2013)). Briefly, media containing treatments were re-
moved, and cells were washed once with DMEM
supplemented with 10 mM glucose, 2mM glutamine,
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and 1 mM pyruvate at pH 7.4. The cells were incubated at
37°C in the absence of CO, for 1h. Baseline OCR mea-
surements were determined before administration of oligo-
mycin (1 uM), 2-[2-(3-chlorophenyl) hydrazinylyidene]
propanedinitrile (FCCP; 0.25-0.5 uM), and a combination of
antimycin A and rotenone (0.5 uM; AA/Rot.). Measurements
were normalized against cell concentrations.

2.10 | Statistics
All data were analyzed using SigmaPlot 13 software
(SYSTAT).

3 | RESULTS

3.1 | p65/RelA fragments and a
noncleavable p65/RelA D631E mutant
modulate tumorigenicity in leukemia and
melanoma mouse models

We previously showed that RIPK3-KD expression in leuke-
mia cells induced cleavage at D361 of the p65/RelA NF-xB
subunit, partially due to caspase-6 activity.” Interestingly, the
noncleavable p65/RelA D361E mutant rescued leukemic
cells from apoptosis, suggesting that it plays a major role in
survival pathways. We, therefore, investigated how the ab-
sence of p65/RelA cleavage or the expression of fragments
resulting from cleavage at D361 could affect mouse survival
in a DA1-3b mouse leukemia model.">"” Injection of DA1-3b
cells expressing the p65/RelA D361E mutant (designated
DA1-3b/p65D361E, Figure S1) into C3HeOuJ mice sig-
nificantly reduced mouse survival rates (Figure 1A). Coex-
pression of the p65/RelA N-terminal 1-361 and C-terminal
362-549 fragments (designated DA1-3b/p65 1-361 + 362-549)
conferred leukemogenicity similar to that observed with p65/
RelA WT expression (designated DAI1-3b/p65 WT)
(Figure 1B). To avoid the influence of immunogenicity in-
duced by the p65/RelA D361E mutant protein or fragments,
we then injected immunodeficient nude mice with the same
cell lines. Again, DA1-3b/p65D361E cells showed sig-
nificantly increased tumorigenicity. Because the NF-xB
pathway is highly activated by p210°°%*P in DA1-3b
cells, which may render them more susceptible to p65/RelA
fragment modulation, we also evaluated tumorigenicity in
the B16F1 melanoma tumor model."""” We transduced
B16F1 mouse melanoma cells with the same p65/RelA NF-
¥B fragment, wild-type, and void control plasmids. Tumor
growth was increased in mice injected with B16F1/p65 1-
361 + 362-549, B16F1/p65 1-361, and B16F1/p65 WT cells
compared with that in mice injected with B16F1/Void,
B16F1/p65D361E, or B16F1/p65 362-549 cells (Figure 1C).

TOUIL ET AL.

Thus, coexpression of p65/RelA fragments yielded aggressive
melanoma cells in vivo. The effect of the noncleavable
D361E mutant appeared to be opposite in leukemia versus
melanoma cells.

These results indicate that p65/RelA fragments are
not inactive by-products of RIPK3 activity and may dif-
ferentially modulate tumorigenicity across tumor types.

3.2 | Modulation of p65/RelA NF-xB
nuclear translocation by p65/RelA
fragments

To better understand the role of p65/RelA fragments, we first
analyzed the cytoplasmic and nuclear localization of the
constructs in transfected DA1-3b cells. A p65/RelA 1-361
fragment and p65/RelAD361E mutant were generated with
a His-tag at the C-terminus, and the p65 362-549 fragment
was generated with a Myc tag at the N-terminus to allow
their specific identification (Figure S1). As depicted in
Figure 2, control DA1-3b/Void cells showed endogenous
p65/RelA expression in the cytoplasmic and nuclear com-
partments. In DA1-3b/p65 WT cells, the p65/RelA protein
was detected in the cytoplasmic compartment with all three
antibodies, while the noncleavable p65/RelA D361E mutant
was found in the cytoplasm using anti-p65/RelA and anti-
Myc antibodies and in the nucleus using an anti-His anti-
body, suggesting that some protein cleavage occurred
through alternate sites. The p65/RelA 1-361 fragment bear-
ing the nuclear localization sequence (NLS) was mostly
found in the cytoplasm, suggesting that this moiety alone
cannot enter the nucleus. The p65/RelA 362-549 fragment
bearing the transcription activity domain (TAD) was mainly
found in the nucleus, suggesting that it may be aided by the
endogenous NF-xB complex. Surprisingly, in DA1-3b/p65 1-
361 + 362-549 cells, the 1-361 fragment was mostly found in
the cytoplasm, while the 362-549 fragment was equally dis-
tributed between the cytoplasm and nucleus, indicating that
the former prevented the latter from entering the nucleus, as
nuclear localization was observed when only the 1-361
fragment was present. These data indicate that p65/RelA
fragments are able to translocate into the nucleus, similar to
the full-length protein. The findings also suggest that there
are possible interactions between the fragments.

3.3 | Transcriptional activity
of p65/RelA fragments

To further investigate the activity of p65/RelA fragments
in tumor cells, we first investigated the phosphorylation
levels of Ser467 (mouse homolog of human Ser468) and
Ser534 (mouse homolog of human Ser536) using a FACE
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FIGURE 1 Tumorigenicity of p65/RelA mutants in DA1-3b leukemia and B16/F1 melanoma cells. (A) Survival of syngeneic C3H/
HeOulJ mice intraperitoneally (IP) injected with 5 x 10° DA1-3b/p65 WT, DA1-3b/p65D361E or DA1-3b/p65 1-361 + 362-549 cells (10 mice/
group). Statistical analysis was performed using a log-rank test. (B) Survival of Swiss nude mice injected intraperitoneally with 1 x 10°
DA1-3b/p65WT, DA1-3b/p65D361E, or DA1-3b/p65 1-361 + 362-549 cells (8 mice/group). (C) Tumor volume of syngeneic C57BL/6 mice
injected intraperitoneally with 1 x 10° B16F1/Void, B16F1/p65 WT, B16F1/p65D361E, B16F1/p65 1-361, B16F1/p65 362-549 or B16F1/p65
1-361 + 362-549 cells (8 mice/group). Statistical analysis was performed using Student's t-test. ***<.001
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FIGURE 2 Subcellular localization of WT p65/RelA and mutants. The different constructs were tagged with Myc at the C-terminus and
His at the N-terminus. Confocal microscopy images of DA1-3b cells expressing the Void plasmid, p65/RelA WT, p65/RelA D361E, p65/RelA
1-361, p65/RelA 362-549, or p65/RelA 1-361 + 362-549 and stained with anti-His, anti-Myc, and anti-p65/RelA antibodies and DAPI. Bars
represent 10 um under 63X magnification. Cells are representative of three independent experiments
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in-cell western blot analysis system. No significant differ-
ences between p65/RelA fragments, the D361E noncleavable
mutant, and full-length protein were observed in DA1-3b
(Figure 3A) or B16F1 cells (Figure 3B). In B16F1 cells, each
p65/RelA protein exhibited increased Ser467 and Ser534
phosphorylation compared with that of control B16F1/Void
cells. However, no significant differences were observed be-
tween the fragments, the mutant, and the wild-type protein,
indicating that the p65/RelA fragments and the D361E
mutant do not differentially affect p65/RelA phosphorylation
at these sites. We then measured the amount of NF-xB p65/
RelA bound to consensus DNA-binding sites using a
TransAM assay (Active Motif). Nuclear extracts from DAI-
3b/p65 WT and DA1-3b/p65 D361E cells showed similar
p65/RelA binding (Figure 3C). However, nuclear extracts
from DAI1-3b/p65 1-361 and notably DA1-3b/p65
1-361 + 362-549 cells demonstrated significantly enhanced
binding. Conversely, in B16F1 melanoma cells, the coex-
pression of p65/RelA fragments resulted in reduced p65/
RelA binding activity, and the D361E mutant and p65/RelA
1-361 showed the highest binding activity (Figure 3D).
Analyses of other components of NF-xB, namely, p50, p52,
and RelB, revealed no differences (except for p52, although
the difference was not significant) in DA1-3b cells expressing
the fragments (Figure S2). To further explore the hypothesis
that p65/RelA fragments modulate NF-xB activity, we ana-
lyzed the transcriptional activity of NF-xB using a xB-luc
reporter plasmid.'® In DA1-3b cells (Figure 3E), NF-B ac-
tivity increased in the presence of p65/RelA fragments,
whereas in B16F1 cells (Figure 3F), the lowest NF-xB activity
level was observed in cells expressing the isolated fragments.
Thus, the increased tumorigenicity induced by the non-
cleavable p65/RelA D361E mutant in DA1-3b leukemia cells
and the coexpressed p65/RelA fragments in the B16F1
model cannot be explained by modulation of NF-xB activity.

3.4 | Transcriptomic analysis of DA1-3b
cells expressing p65/RelA fragments and
the noncleavable D361E mutant

Because the p65/RelA fragments and noncleavable D361E
mutant did not appear to mediate tumorigenicity through

TOUIL ET AL.

conventional NF-xB activity, we investigated possible new
functions through transcriptomic profile analyses of DA1-3b
and B16F1 cells. The microarray data are available from the
NCBI GEO depository (accession nos. GSE135136 and
GSE135137 for DA1-3b and B16 cells, respectively). Un-
supervised clustering (Figure 4) allowed the perfect stratifi-
cation of mutants of these lineages, and differentially
expressed genes were identified by limma analysis using R.
Limma analysis of probe intensities with filters fixed at
Pabs<0.01 and Fcabs>2 revealed 102 (40 upregulated and 62
downregulated) and 158 (111 upregulated and 47 down-
regulated) highly differentially expressed genes in B16 and
DA1-3B cells, respectively.

A subsequent Ingenuity Pathway Analysis (IPA,
Qiagen®) revealed the involvement of these differentially
expressed genes in several diseases and biological func-
tions, including cancer (adjusted p-value: 2.34E—04),
hypoxia-inducible factor signaling (adjusted p-value:
1.63E—02) and hematological system development and
function (adjusted p-value: 1.63E—02) (Figures S3
and S4). IPA confirmed these results with similar mole-
cular and cellular functions (cellular function and
maintenance, cell-to-cell signaling and interaction, cel-
lular movement, cellular growth and proliferation and
development, with adjusted p-values ranging from 1.78E
—24 to 4.67E—15 in DA1-3b/p65/RelA 1-361 + 362-549
vs. DA1-3b/p65/RelA WT cells). Physiological system
development involved hematological system develop-
ment and function (adjusted p-value: 9.97E-21), immune
cell trafficking (adjusted p-value: 1.52E—19), and hema-
topoiesis (adjusted p-value: 3.08E—14). Disease analysis
revealed the involvement of inflammatory response and
immunological disease pathways, with an adjusted
p-value of approximately 2E—19. Thus, p65/RelA frag-
ments and the D361E mutant induced specific tran-
scriptomic profiles.

3.5 | p65/RelA fragments regulate
stemness characteristics

The NF-xB pathway plays a role in multiple cancer cell
processes, including stemness.”’ We investigated the

FIGURE 3 NF-B activity of p65/RelA WT and mutants. (A) p65/RelA Ser467 and Ser534 phosphorylation measured with a FACE
assay in DA1-3b cells expressing the Void plasmid, p65/RelA WT, p65/RelA D361E, p65/RelA 1-361, p65/RelA 362-549, or p65/RelA
1-361 + 362-549. (B) Same as (A) but for B16F1 cells. (C) Quantification of the p65/RelA NF-xB complex DNA-binding activity in nuclear
extracts from DA1-3b cells expressing the Void plasmid, p65/RelA WT, p65/RelA D361E, p65/RelA 1-361, p65/RelA 362-549, or p65/RelA
1-361 + 362-549. (D) Same as (C) but for B16F1 cells. (E) Transcriptional activity of the different p65/RelA fragments and D361E mutant
evaluated using an NF-xB-luc reporter system in DA1-3b and (F) B16F1 cells. Three independent experiments were conducted, and
statistical analysis was performed using Student's t-test. *p < .05, **p < .01, and ***p <.001
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FIGURE 4 Transcriptomic analysis of p65/
RelA WT and mutant targets in DA1-3b
leukemic cells and B16F1 melanoma cells.
Genespring unsupervised hierarchical clustering
of DA1-3b/p65/RelA WT, DA1-3b/p65/RelA and
DA1-3b/p65/RelA 1-361 + 362-549 cells (upper
panel) and B16F1/p65/RelA WT, B16F1/p65/

RelA and B16F1/p65/RelA 1-361 + 362-549 cells

(lower panel)

B16F1

influence of p65/RelA fragments on stemness char-
acteristics in DA1-3b and B16F1 cells. Aldehyde de-
hydrogenase (ALDH) activity has been found to be a
reliable hematopoietic stem cell (HSC) marker and
may also define leukemia stem cells (LSCs) in some
AML patients.”’ > ALDH activity measured by flow
cytometry with Aldefluor was significantly higher in
DA1-3b cells expressing the p65/RelA D361E mutant
than in cells expressing p65/RelA WT or the fragments,
which did not demonstrate different ALDH levels
(Figure 5A). ALDH activity has also been proposed to
be marker of stemness in melanoma; however, incon-
sistent results have been observed across studies.’
Here, ALDH activity was significantly lower in B16F1
cells expressing the p65/RelA D361E mutant than in
cells expressing p65/RelA WT or the fragments
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(Figure 5B and Supplementary Figure S5). Sphere
formation has been found to be a stemness marker in
melanoma.'”””** B16F1 cells expressing p65/RelA
D361E formed significantly fewer spheres than control
cells and cells expressing p65/RelA WT or coexpressing
the fragments (Figure 5C). Thus, the p65/RelA frag-
ments may influence certain tumor stemness char-
acteristics in different ways across tumor types.

3.6 | p65/RelA fragments regulate
oxidative metabolism

Cancer stem cells are composed of a large population
of quiescent cells that display specific metabolic
characteristics. For instance, low levels of oxidative
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FIGURE 5 Modulation of stemness markers by the p65/
RelA mutant and fragments. (A) Measurement of ALDH
activity using flow cytometry with Aldefluor in DA1-3B/p65/
RelA WT, p65/RelA D361E, and p65/RelA/1-361 + 362-549
cells. Values represent the MFI ratio of cells incubated with
Aldefluor and cells incubated with DEAB and Aldefluor.

(B) Same as (A) but for B16F1 cells. (C) Quantification of the
number of spheres in B16F1/Void, p65/RelA WT, p65/RelA
D361E, and p65/RelA 1-361 + 362-549 melanoma cells. Bars
represent the mean value of 18 independent experiments.

*p <.05, **p < .01 and ***p <.001, using Student's t-test
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phosphorylation and glycolysis are observed in mye-
loid leukemia stem cells. As p65/RelA mutants affect
the expression of stemness markers in DA1-3b and
B16F1 cells, we assessed cellular metabolism changes
in response to these mutants.

OCRs were measured in leukemic DA1-3B and
melanoma B16F1 cells expressing the p65/RelA
mutants. Analyses of basal and maximal respiration
indicated that the mutants behaved differently
between the two cell lines (Figure 6A,B). Among the
DA1-3B p65/RelA mutant cells, the groups with the
highest respiratory activity were DA1-3b p65/RelA
Void and WT cells. p65/RelA 1-361 + 362-549 yielded
intermediate activity, while the p65/RelA D361E
mutant-expressing cells had the lowest overall oxygen
consumption rate (Figure 6A). These mutants be-
haved differently in melanoma B16F1 cells
(Figure 6B). B16F1 cells transfected with the Void
plasmid displayed the highest activity, while B16 p65/
RelA 1-361 + 362-549 yielded a modest reserve capa-
city and maximal respiration. B16F1 p65/RelA
WT- and D361E-transfected cells displayed minimal
cellular energetics. Our results indicate differences in
oxidative metabolism in response to the mutants
between the two cell lines, except for the response
to p65/RelA D361E, which induced very Ilow
mitochondrial respiration in both leukemic and mel-
anoma models.

Quantification of extracellular acidification (the
basal ECAR) as a measure of glycolytic turnover
was also carried out and plotted against the basal
OCR to check for metabolic potential (Figure 6C,D).
DA1-3b cells expressing the Void and mutant
plasmids demonstrated an energetic phenotype (high
levels of OCR and ECAR). B16F1 cells expressing the
Void plasmid displayed an aerobic phenotype,
whereas those expressing p65/RelA WT, 1-361/362-
549, and D361E mutants were sequentially less me-
tabolic and showed a more quiescent phenotype
(lower level of glycolysis and mitochondrial
respiration).

Overall, the metabolic potential of B16F1 mela-
noma cells reflects their ability to behave as quiescent
stem cells. However, these effects were not
observed in DA1-3B leukemia cells, highlighting the
phenotypic differences between the two models
(Figure 5). Additionally, the results indicate that p65/
RelA fragment expression decreases energetic
metabolism.
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FIGURE 6 Oxygen consumption and extracellular pH of leukemic and melanoma cell lines transfected with the p65/RelA mutant and
fragments. Oxygen consumption rates (OCRs) and extracellular acidification rates (ECARs) were measured using an XFe24 Extracellular
Flux Analyzer. The left (A, C) and right panels (B, D) correspond to leukemic DA1-3B and melanoma B16F1 cell lines, respectively,

expressing p65/RelA Void, p65/RelA WT, p65/RelA D361E, and p65/RelA 1-361 + 362-549. Dots and bars represent the means and errors of
ten measurements. Nonvisible bars indicate that the values are smaller than the size of the dot. Statistical analysis was performed using the

log-rank test; *p < .05

4 | DISCUSSION

Regulation of NF-xB by caspase-dependent cleavage of
p65/RelA has been described under various condi-
tions.”'* The intrinsic activity of p65/RelA fragments
generated in this manner has only been partially in-
vestigated, with reports suggesting possible dominant-

negative effects.'”'” We previously described new p65/
RelA fragments produced by the kinase-independent
activity of RIPK3, mediated at least partially by
caspase-6.” We also reported that RIPK3 is silenced in the
vast majority of AML patients, a finding confirmed by
another group, suggesting that p65/RelA cleavage medi-
ated by RIPK3 may be absent in some tumors.’ However,
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the role of p65/RelA fragments and whether their ab-
sence provides any benefit to tumor cells remains
unknown.

Here, we show that p65/RelA fragments modulate
tumorigenicity, although differently across tumor types.
In DA1-3b leukemic cells, the p65/RelA D361E non-
cleavable mutant shortened mouse survival times. This
result confirms and expands upon our previous finding
that p65/RelA D361E rescues DA1-3b cells from apop-
tosis. Thus, in leukemia cells, silencing the p65/RelA
cleavage induced by RIPK3 is likely to promote tumor-
igenicity. In B16F1 melanoma cells, in which RIPK3 is
not silenced, as observed in our previous transcriptomic
study of this cell line (GEO accession number
GSE69703), the effects on tumorigenicity were almost
inverted.'” Coexpressed fragments were highly tumori-
genic, while the noncleavable p65/RelA D361E mutant
had no effect. To the best of our knowledge, this is the
first observation of tumorigenicity modulated by pro-
ducts resulting from p65/RelA cleavage activity. How-
ever, the distinct effects of the noncleavable mutant and
fragments in the two different tumor models are puzzling
and suggest a more complex role for p65/RelA cleavage
than modulation of NF-xB activity alone. It must also be
noted that although mouse melanoma B16F1 cells ex-
press RIPK3, silencing of this gene has been reported in
several other melanoma cell lines and tumors, indicating
that B16F1 cells may be representative of only a fraction
of human melanoma cells.”

To investigate how p65/RelA fragments enhanced
tumorigenicity, we investigated their effect on NF-xB
activity. Fragments translocated into the nucleus simi-
larly to the full-length protein when they were coex-
pressed and dramatically enhanced p65/RelA DNA
binding to NF-xB consensus sites in DA1-3b cells. This
enhanced binding was not observed in B16F1 cells.
However, this enhanced binding did not result in sig-
nificantly enhanced or reduced NF-xB transcriptional
activity, which suggests that modulation of tumor-
igenicity by the fragments is not the result of NF-xB
pathway activity but perhaps of other functions.

p65/RelA fragments and the noncleavable p65/RelA
D361E mutant induced clearly distinct transcriptomic
profiles, clearly establishing that the fragments are active
and are not inert byproducts of RIPK3-induced, caspase-
mediated cleavage. The fragments and the noncleavable
mutant modulated (in opposite ways) several genes that
are not known as specific NF-xB pathway targets.

The role of the NF-xB pathway in cancer stemness
has been the subject of conflicting reports.”””” NF-xB is
thought to be a major link between inflammation and
cancer stemness. NF-xB activation by pro-inflammatory
cytokines or TLR ligands increases stemness in some
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models, and cancer stem cells show increased NF-kB
activity.”' For instance, a CD34 + subpopulation of AML
cells has been shown to exhibit high NF-xB activity.””
However, in other tumor types, NF-xB inhibition was
found to enhance cancer stem cell expansion.”” We ob-
served here that stemness markers were modulated by
p65/RelA fragments and the mutant in both models. p65/
RelA D361E increased ALDH activity in DA1-3b cells
and reduced sphere formation in B16/F1 melanoma cells.
Conversely, coexpressed p65/RelA fragments induced
reduced ALDH activity in DA1-3b cells and increased
sphere formation in B16F1 cells. These results are con-
sistent with the observed in vivo tumorigenicity of the
DA1-3b and B16F1 cell models. However, the p65/RelA
WT and Void did not induce sphere formation capacity
changes in B16F1 cells despite promoting substantial
differences in tumorigenicity. Energetic metabolism was
also modulated by p65/RelA fragments. p65/RelA frag-
ments and the D361E noncleavable mutant decreased
oxidative or glycolytic cell metabolism differently be-
tween the models. Tumor stem cell metabolism has been
characterized as low in different tumor types. These
findings suggest that p65/RelA cleavage may play a role
that is distinct from the effect of p65/RelA WT on some
cancer stemness markers in certain tumor types, but this
function needs to be investigated further.

Our results indicate that p65/RelA fragments gener-
ated by RIPK3 kinase-independent activity are not neu-
tral; instead, these fragments induce pleiotropic effects in
cancer cells, including effects associated with stemness,
metabolism, and tumorigenicity that may vary across
tumor types. These effects do not appear to be solely
related to modulation of classical NF-xB transcriptional
activity. All these findings need to be interpreted cau-
tiously. The functions of the p65/RelA fragments re-
ported here were studied in stably transduced cancer
cells. We previously observed the generation of p65/RelA
cleavage and related fragments in leukemia cells ex-
pressing RIPK3-KD, in which this protein induces sub-
stantial early apoptosis.” In such a situation, some of the
effects mediated by p65/RelA fragments may be tran-
sient, and we currently do not know whether these
fragments are stably present in nonapoptotic cancer cells.
In addition, it must be noted that the only known al-
teration mechanism of RIPK3 in cancer is silencing,
notably in AML and CLL, suggesting that p65/RelA
fragment functions would be absent. Notably, here, ex-
pression of the noncleavable D361E mutant yielded
DA1-3b leukemic cells with the highest tumorigenicity. p65/
RelA fragments may also play a role in cancer cells in which
RIPK3 is expressed and activated, possibly via inflammatory
stimuli from the microenvironment, such as through TNF-a
stimulation. In support of this hypothesis, we observed
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enhanced tumorigenicity in a melanoma model. Further
investigation is needed to determine the precise roles of p65/
RelA fragments in cancer.
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