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ABSTRACT

ranscriptional deregulation caused by epigenetic or genetic alter-

ations is a major cause of leukemic transformation. The Spil/PU.1

transcription factor is a key regulator of many steps of
hematopoiesis, and limits self-renewal of hematopoietic stem cells. The
deregulation of its expression or activity contributes to leukemia, in
which Spil can be either an oncogene or a tumor suppressor. Herein we
explored whether cellular senescence, an anti-tumoral pathway that
restrains cell proliferation, is a mechanism by which Spil limits
hematopoietic cell expansion, and thus prevents the development of
leukemia. We show that Spil overexpression triggers cellular senescence
both in primary fibroblasts and hematopoietic cells. Erythroid and
myeloid lineages are both prone to Spil-induced senescence. In
hematopoietic cells, Spil-induced senescence requires its DNA-binding
activity and a functional p88MAPK14 pathway but is independent of a
DNA-damage response. In contrast, in fibroblasts, Spil-induced senes-
cence is triggered by a DNA-damage response. Importantly, using our
well-established Spil transgenic leukemia mouse model, we demon-
strate that Spil overexpression also induces senescence in erythroid pro-
genitors of the bone marrow in vivo before the onset of the pre-leukemic
phase of erythroleukemia. Remarkably, the senescence response is lost
during the progression of the disease and erythroid blasts do not display
a higher expression of Decl and CDKN1A, two of the induced senes-
cence markers in young animals. These results bring indirect evidence
that leukemia develops from cells which have bypassed Spil-induced
senescence. Overall, our results reveal senescence as a Spil-induced anti-
proliferative mechanism that may be a safeguard against the develop-
ment of acute myeloid leukemia.

Introduction

Transcription factors (TFs) are major regulators of hematopoietic cell differentia-
tion and are often deregulated in acute myeloid leukemia (AML). Spil/PU.1 is a
member of the ETS family, and accurate expression levels are critical for specifying
cell fate and for proper hematopoietic differentiation.! Spil plays a pivotal role in
hematopoietic stem cell (HSC) self-renewal and in myeloid and B lymphoid differ-
entiation.”” It acts by controlling the expression of a subset of lineage-specific genes
involved in hematopoiesis’and the expression of ubiquitous cell cycle regulators.*”*
Although the involvement of Spil alterations in tumor formation is well-estab-
lished, the mechanisms by which Spil drives the development of AML are still not
clear and seem to be complex. A reduction in Spil levels or an indirect inhibition of
its activity by cooperating factors involved in leukemic transformation causes AML
in humans.”"” Rare cases of heterozygous inactivating mutations have also been

- 1850 haematologica | 2017; 102(11)



=
[=~]

—— \ector -=-

BJ WI-38

o &
A TOEN
e & el

(= [ = ]

Spi1
- 16

RAS —

g4 BJ

-
/-

Spi1/PU.1 triggers cellular senescence

—— HRASV'?

s
S

WI-38

N e>]

N

Population Doublings
N
1

- ||— 42

B-actin

BJ

WI-38

00 BJ|" W "

80

60

% of MAX

o] | \
A
S A \

i T Yo —r—rrrmy 4 I A

o 10% 10° 10 10° 0 10 10° 10° 10°
C,,FDG fluorescence

= HRAS V12

mVector @ Spi1

described in human AML."" Studies using several mouse
models of Spil reduction have corroborated the involve-
ment of Spil in the development of AML."" Consistent
with the role of Spil in controlling growth arrest and pro-
moting myeloid differentiation, its re-expression in
knocked down or mutated Spil cells or in leukemic pro-
genitors in which Spil expression is suppressed induces
growth arrest and monocytic differentiation.”””** Despite
this tumor-suppressor function, Spil is required for the
maintenance of leukemic cells in AMLs with specific
fusion genes.”” Spil also displays oncogenic activity, pro-
moting the proliferation of erythroid progenitors in
mice.”*” High Spil expression levels in mice cause a pre-
leukemic syndrome characterized by an increase in the
number of hyper-proliferative erythroid progenitors in
which differentiation and apoptosis are blocked.*” In
these cells, Spil induces replication stress and accelerates
genetic mutability.”
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Figure 1. Ectopic expression of Spil and HRAS*? induces growth arrest and senes-
cence in BJ and WI-38 fibroblast cells. (A) Western blot analysis of Spil, HRAS"*?,
and the senescence marker Decl in BJ and WI-38 cells subjected to the retroviral-
mediated expression of Spil, HRAS"*2or an empty vector as a control 10 days after
puromycin selection. p-actin served as the loading control. (B) Population dou-
blings (PDs) of BJ (left panel) and WI-38 (right panel) cells transduced as described
in (A) over the indicated periods of time. Day O was the first day after puromycin
selection. PDs for each time point are the mean of triplicate experiments. (C)
Representative SA-Bgal staining and percent of SA-fgal positive cells (histograms)
in samples of BJ and WI-38 cells subjected to the retroviral-mediated expression of
Spil, HRAS"? or an empty vector as a control 10 days after puromycin selection.
Magnification of images, 200X. The means + SD of at least 3 independent experi-
ments are shown. **P<0.005; ***P<0.0005 from two-tailed Student’s t-tests. (D)
Flow cytometric detection of SA-fgal activity using 012FDG as a fluorogenic sub-
strate in cells as described in (C).

Increasing evidence points to a critical role for cellular
senescence as a barrier to malignant transformation. This
tumor suppressive mechanism is activated when cells are
exposed to exogenous or endogenous stresses such as sup-
raphysiological oncogenic signaling. Oncogene-induced
senescence (OIS) is a mechanism that limits cell hyper-
proliferation through a stable cell cycle arrest process,”
thus blocking the expansion of cells at the pre-cancerous
stage in solid tumors.*®® The expression of the
hematopoietic oncogenes HRAS"”, BCR-ABL, CBEFB-
MYH11 or RUNX1-ETO in primary HSCs and committed
progenitors (HSCPs) elicits a senescence response,” and
OIS acts as an antitumoral barrier in NRAS"*-induced
lymphomas and MLL-ENL-induced AML.** Senescence
can be triggered, at least in part, by DNA replication
stress, mainly due to the over-activation of replication ori-
gin firing, and an associated DNA-damage response
(DDR)**¥ or independently of DNA replication stress.”
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Although the role of OIS in limiting the proliferation of
primary fibroblasts and epithelial cells and in protecting
against the progression of solid tumorigenesis is now well
characterized, the extent of the role of OIS in primary
HSCPs and its protective effect against leukemic processes
have yet to be fully explained.

Because Spil is required to maintain murine HSCs in a
quiescent state and to restrict HSC division,” we examined
whether cellular senescence is a mechanism by which
Spil restricts cell proliferation and if it protects against the
development of AML. Our results reveal that Spil
restrains cell expansion by inducing senescence in primary
HSCPs as well as in primary fibroblasts i vitro. The mech-
anistic underpinnings of this response are distinct for the
two cell types. We took advantage of the well-character-
ized Spil transgenic (TgSpil) mouse model, in which Spil
overexpression results in oncogenic behavior,” to analyze
senescence in vivo. We established that Spil overexpres-
sion induces senescence of bone marrow cells in mice, and
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that this anti-proliferative process is lost during the
leukemic progression observed in TgSpil mice. Overall,
the study herein identifies a new pathway by which Spil
controls hematopoietic cell growth.

Methods

Mice and cell culture

TgSpil mice have been described previously.” Wild-type (WT)
mice were obtained from crossing heterozygous TgSpil mice. Early
passage foreskin human fibroblasts BJ cells and fetal lung fibroblasts
WI-38 cells obtained from American Type Cell Culture collection
(B] batch number: 59899913; WI-38 batch number: 58483158) were
cultured using Dulbecco's modified Eagle's medium (DMEM) with
high glucose supplemented with 10% (v/v) fetal bovine serum
(FBS) at 37°C in a humidified atmosphere containing 5% CO2 and
3% O2. HEK293EBNA and Hela cells were maintained in DMEM
medium with high glucose, 10% FBS at 37°C and 5% CO2.
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Figure 2. Overexpression of Spil and
HRAS'? in LinKit'Scal® (LSK) cells
leads to senescence. (A) Western blot
analysis of Spil, HRAS'*? and the
senescence  marker Decl in
hematopoietic cells subjected to the
retroviral-mediated expression of
Spil, HRAS'*? or an empty vector.
Protein extracts of GFP-positive sorted
cells were analyzed 7 days post-infec-
tion as described in  Online
Supplementary Figure S2. a-adaptin
served as the loading control. (B)
Number of total living cells retrovirally
- transduced with Spil and HRASY*2 or
3\’ *% an empty vector (control), at the indi-
€2 10- cated periods of time. The means +
° SEM of at least 3 independent experi-
o ments are shown. (C) Representative
j SA-Bgal staining and mean percent-
g 5+ ages of SA-pgal positive cells (his-
Q tograms) in samples of hematopoietic
<' cells subjected to the retroviral-medi-
(2]} ated expression of Spil, HRAS"*? or an
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empty vector as a control. SA-fgal
assays for sorted GFP-positive cells
were performed 7 days post-infection
as described in Online Supplementary
Figure S2. The counting of GFP-posi-
tive SA-Bgal cells was performed in 9
randomly selected fields with a total of
more than 2000 cells from each
group. Maghnification of images, 200X.
The means + SD of at least 3 inde-
pendent experiments are shown.
*#%P<0.005; ***P<0.0005 from two-
tailed Student’s t-test. (D) Flow cyto-
metric detection of SA-fgal activity
using ClzRG as a fluorogenic sub-
strate in cells retrovirally transduced
with Spil, HRASY*2 or an empty vector.
The histograms represents the % of
C12RG positive cells among GFP-posi-
tive cells. The means * SD of at least
3 independent experiments are
shown. **P<0.005 from two-tailed
Student’s t-test.
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A detailed description of Methods is included in the Onfine human primary fibroblasts (strains B] and WI-38).* We
Supplementary Appendix. transduced cells with a retroviral construct expressing Spil
or an activated RAS mutant (HRAS""”) as a positive control

for OIS (Figure 1A and Ownline Supplementary Figure S1).

Results The ectopic expression of Spil or HRASY both led to

senescence that was characterized by stable cell cycle
Ectopic expression of Spil induces senescence in arrest (Figure 1B), increased senescence-associated beta-
primary fibroblasts and primary hematopoietic cells galactosidase (SA-Pgal) activity, as measured by cyto-

To understand the role of Spil in senescence, we first chemical staining and cytometric analyses (Figure 1C,D),
studied the consequences of its ectopic expression in the —and increased protein levels of the senescence biomarker
well-established senescence cell model based on normal Decl (Figure 1A).*%
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Figure 3. Spil triggers senescence in granulocytes, monocytes/macrophages and myeloid and erythroid progenitor cells. (A) Distribution of the cells according to
CD11b, Gr1 and F4/80 myeloid markers and SA-Bgal activity using C12RG as fluorogenic substrate by flow cytometry among total GFP", GFP’ClzRG’ or GFP'C12RG‘,
7 days after transduction of LSK cells with MSCV-Spil or MSCV control vectors. The means + SEM of 3 independent experiments are shown. (B) Fold change (FC) of
the % of C12RG positive cells between Spil-overexpressing cells (hatched histograms) and control cells among GFP* cells inside each indicated cells compartment,
granulocytes (CD11b'F4/80Grl'), monocytes/macrophages (CD11b'F4/80'Grl’), immature myeloid progenitors (CD11b'F4/80-Grl") or CD11b" cells. *P<0.05
from two-tailed Student’s t-test. (C and D) Representative SA-fgal staining using cytochemical staining and FC of the % of SA-fgal positive cells in MEP (C) and in
GMP (D) progenitor cells subjected to the retroviral-mediated expression of Spil (MSCV-Spil) relative to empty vector as a control (MSCV). SA-Bgal assays for sorted
GFP-positive cells were performed 4 or 6 days post-infection for MEP and GMP, respectively. The counting of GFP-positive SA-pgal cells was performed in 3 randomly
selected fields with a total of more than 100 cells from each group. Magnification of images, 200X. Results are from 3 independent experiments. GFP: green fluo-
rescent protein; MSCV: murine stem cell virus.
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We next investigated the induction of senescence in pri-
mary hematopoietic stem/progenitor cells, defined as
LinKit'Scal* (LSK) cells (Online Supplementary Figure S2).
LSK cells were transduced with retroviral vectors express-
ing green fluorescent protein (GFP) alone (vector) or co-
expressing GFP with Spil or HRAS" (Figure 2A). Total
cell number was reduced over time by Spil- and HRAS""
-overexpression compared with the numbers of cells
infected with the control vector (Figure 2B). Moreover,
Spil and HRASY" expression caused an increase in the
proportion of cells that stained positive for SA-Bgal activ-
ity among GFP-positive cells compared with the control
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cells (8.3% and 11.1% for Spil- and HRAS"” -expressing
cells, respectively, and 1.1% for control cells; Figure 2C).
We also observed an increase in SA-Pgal activity using
C,,RG as a fluorogenic substrate in Spil- or H-RAS"*-
expressing GFP-positive cells compared with activity in
control cells (51% and 61 % for Spil- and HRAS"-
expressing cells, respectively, and 24% for control cells;
Figure 2D) and Spil- or HRAS"*-expressing GFP-negative
cells (Online Supplementary Figure S3A). The proportion of
GFP-positive cells was positively correlated with the pro-
portion of senescent cells (Online Supplementary Figure
S3B). In agreement with the increase of SA-fgal activity,

B
BJ WI-38
< Q I Q
S 9 s 9
& N I
I8 &I &

: v

e Y | E— L

0-adaptin [ -] [a— w— v | - 106

| — ——

CDKN2A[ = = @16 CDKN2A -16
c-adaptin [ W Se|-106 Y| (p——
P38|w e w38

Figure 4. Spil induces senescence through distinct mechanisms in fibroblasts and in hematopoietic cells. (A-B) Western blot analysis of COKN1A and CDKN2A in
BJ and WI-38 cells subjected to the retroviral-mediated expression of Spil, AB4-Spil, HRAS"?or an empty vector (vector) 10 days after puromycin selection.
a-adaptin served as the loading control. (C-D) Western blot analysis of S15-phosphorylated (p-p53) and total p53, S139-phosphorylated (p-H2AX) and total H2AX,
and Thr180/182-phosphorylated and total p38MAPK14 (p-P38 and P38) in the same cells described in (A). (E, G) Western blot analysis of COKN1A and CDKN2A (E)
and S15-phosphorylated and total p53, S139-phosphorylated and total H2AX, and Thr180/182-phosphorylated and total p38MAPK14 (p-P38 and P38) (G) in
hematopoietic cells subjected to the retroviral-mediated expression of Spil, HRAS"*? or an empty vector. Protein extracts of GFP-positive sorted cells were analyzed
7 days post-infection as described in Online Supplementary Figure S2. o-adaptin served as the loading control. (F). Thri80/182-phosphorylated and total
p38MAPK14 (p-P38 and P38), and CDKN1A and CDKN2A expression were analyzed via Western blotting in hematopoietic cells subjected to the retroviral-mediated
expression of Spil, AB4-Spil or an empty vector. Protein extracts of GFP-positive sorted cells were analyzed 7 days post-infection as described in Online

Supplementary Figure S2. a-adaptin served as the loading control.




the expression level of the senescence marker Decl was
increased in cells transduced with Spil and HRAS'
(Figure 2A).

Collectively, these results indicate that the ectopic
expression of Spil in primary fibroblasts and hematopoi-
etic cells induces cellular senescence.

To characterize, in depth, which hematopoietic cells are
prone to Spil-induced senescence, we first combined
measures of SA-Bgal activity using the C,,RG fluorogenic
substrate and specific immunophenotypic markers for
hematopoietic progenitors using flow cytometry. Mainly
KitScal cells were found at day 7, a time when senes-
cence was measured (Online Supplementary Figure S4A),
indicating that cells were engaged in differentiation. The
distribution of cells in the different categories of Kit/Scal
markers was similar in senescent (C,,RG") and in non-
senescent (C,RG") cells (Online Supplementary Figure S4A).
As the cytokines used for LSK culture are prone to push
cells towards myeloid differentiation, and overexpression
of Spil in primary hematopoietic cells causes differentia-
tion primarily in macrophages,®*” we looked at the
immunophenotypic myeloid markers CD11b, Grl and
F4/80 (Online Supplementary Figure S4B). Spil overexpres-
sion (GFP* cells) reduced the proportion of granulocytes
(CD11b°F4/80°Gr1*) and increased the proportion of
monocytes/macrophages (CD11b'F4/80*Gr1*) (Figure 3A,
upper histogram). All types of cells contributes to the
Spil-induced senescent cells as observed from the distri-
bution of the CD11b, Grl and F4/80 population among
the GFP*C,,RG" cells (Figure 3A, lower histogram), which
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are not different to the non-senescent GFP* C,RG" cells
(Figure 3A, middle histogram). Moreover, Spil induced
2.75-fold more senescent cells among the granulocytes
compared to murine stem cell virus (MSCV)-transduced
control cells (27% to 10%, respectively), and 1.5-fold
more among the monocytes/macrophages (55% to 40%,
respectively) (Figure 3B). These results indicate that gran-
ulocytes and monocytes/macrophages are prone to Spil-
induced senescence even if Spil favors only differentiation
of monocytes/macrophages.

Spil serves as oncogene in erythroid but not in myeloid
progenitors, wherein it is a tumor suppressor. Therefore,
to investigate whether Spil overexpression is associated
with senescence in both types of cells, we studied the
senescence in Spil-overexpressing megakaryocyte-ery-
throid (MEP) and granulocyte-monocyte (GMP) progeni-
tor cells. Sorted MEP (Lin"ScaKit‘*CD34CD16/32") and
GMP (Lin'ScaKit'CD34*CD16/32%) were transduced with
retroviral vectors expressing GFP alone (vector) or co-
expressing GFP with Spil, and senescence was evaluated
by measuring SA-Bgal activity using cytochemical staining
(Figure 3C). Spil overexpression caused an increase in the
proportion of SA-Bgal” cells among GFP-positive GMP
progenitor cells compared with the control cells (1.7-fold
more for Spil-overexpressing cells compared to the
MSCV control cells; 80.7 % and 48.8%, respectively), con-
firming that myeloid cells are prone to Spil-induced
senescence. As expected,® we found that Spil blocked
erythroid differentiation (Omnline Supplementary Figure
S4C). Strikingly, Spil also triggered senescence when
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Figure 5. Spil-induced senescence requires P38MAPK14 signaling in hematopoietic cells. (A) Mean per-
centage of SA-gal positive cells (histograms) subjected to the retroviral-mediated expression of Spil or

maintained in cultures with or without 20 uM of SB203580 in samples of GFP-pos-

itive sorted hematopoietic cells 7 days post-infection. The means + SD of at least 3 independent experi-
ments are shown. *P<0.05; **P<0.005 from two-tailed Student’s t-tests. (B) Hematopoietic cells trans-
duced with empty vectors (vector) or Spil expression vectors and maintained in cultures with or without
20 uM of SB203580 were sorted for GFP-positive cells 7 days post-infection and subjected to Western
blot analyses of CDKN1A, CDKN2A, p-MAPKAPK2, MAPKAPK2, Decl and Spil. a-adaptin served as the
loading control. (C) Number of GFP-positive cells retrovirally transduced with empty vectors (vector) or
Spil expression vectors and maintained in cultures with or without 20 yM of SB203580 from day 1 to
day 6 at the indicated periods of time. The means + SD of at least 3 independent experiments are shown.
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overexpressed in MEP progenitors (3.5-fold more SA-Bgal
cells for Spil-overexpressing cells compared to the MSCV
control cells; 61.6% and 17.4%, respectively; Figure 3D).

In conclusion, our results demonstrate that Spil is able
to trigger senescence in myeloid and erythroid progeni-
tors.

Spil triggers senescence through its DNA-binding
activity

To determine whether the DNA binding and transcrip-
tional activities of Spil were required for inducing senes-
cence, we used the AB4-Spil mutant with a deletion in the
B4 region of the ETS domain, which we previously
showed as being unable to bind DNA and transactivate®
(Online Supplementary Figure S5). The expression of
APB4-Spil or an empty vector (Online Supplementary Figure
6A) did not impact the proliferation of B] or WI-38 fibrob-
lasts when compared with the proliferation of Spil-WT-
expressing cells (Online Supplementary Figure 6B).
Moreover, cells overexpressing AB4-Spil were not found
to be SA-Bgal-positive (Online Supplementary Figure 6C,D)
and did not increase Decl expression when compared
with cells expressing the wvector control (Online
Supplementary Figure S6A). Similar to the results for fibrob-
lasts, the expression of AB4-Spil in primary sorted LSK
cells neither altered cell proliferation nor the percentage of
cells staining positive for SA-pgal or Decl expression lev-
els in hematopoietic cells (Online Supplementary Figure S6E-
G). Together, these results demonstrate that the DNA
binding activity of Spil is required to induce senescence.

Spil induces senescence through distinct pathways in
primary fibroblasts and hematopoietic cells

To further understand the mechanisms underlying Spil-
mediated senescence, we examined the expression of two
cell cycle inhibitors, CDKN1A (alias p21/CIP) and
CDKN2A (alias p16/INK4A), which are instrumental for
inducing senescence. We detected a robust increase in
CDKN1A and CDKN2A in Spil- or HRAS"*-expressing
primary fibroblasts when compared with levels in cells
transduced with the vector alone (Figure 4A). CDKN1A
and CDKN2A expression levels were not increased in cells
expressing the AB4-Spil protein (Figure 4B), which is con-
sistent with the absence of senescence in those cells. It has
been shown that OIS in primary fibroblasts is, at least in
part, induced by DNA replication stress evoking a DDR,
which is characterized by increased H2AX phosphoryla-
tion on Serine 139 (Ser139) and p53 phosphorylation on
Serine 15 (Serl5). We found that Spil, similar to the
effects of HRAS", induced the phosphorylation of p53 on
Ser15 and of H2AX on Ser139 (Figure 4C), whereas this
response was not detected in cells expressing the Ap4-Spil
mutant, as expected (Figure 4D). Next, we performed this
analysis in HSCPs. Similar to the results observed in
fibroblasts, the expression levels of CDKNI1A and
CDKN2A were increased in GFP-positive primary HSCPs
7 days post-infection with Spil or HRAS"” vectors when
compared with levels in cells expressing control vectors
(Figure 4E), whereas the overexpression of the AB4-Spil
mutant had no effect (Figure 4F). Remarkably, in contrast
to the results observed in fibroblasts and the effects of
HRAS"?, we did not detect any changes in the phosphory-
lation of p53 or H2AX in HSCPs overexpressing Spil, indi-
cating that Spil does not elicit a DDR in primary
hematopoietic cells. These findings prompted us to test

the role of the stress p38 mitogen-activated protein kinase
(p38MAPK14) in Spil-induced senescence, as OIS can be
mediated by p38-dependent, p53-independent signaling
pathways.” We observed that HRAS'"” induced the activa-
tion of pP38MAPK14 based on an observed increase in the
phosphorylated form (Thr180/182) of p38MAPK14 in
both primary HSCPs and fibroblasts (Figure 4C,G). In con-
trast, Spil overexpression did not induce any increase in
p38MAPK14 phosphorylation in B] or WI-38 fibroblasts
(Figure 4C,D), whereas in primary HSCPs, the overexpres-
sion of Spil produced an increase in the phosphorylation
of p38MAPK14. Again, as shown by previous assays,
AP4-Spil overexpression did not induce this response
(Figure 4F).

To corroborate the role of p38MAPK14 activity in Spil-
induced senescence in hematopoietic cells, we treated
cells undergoing Spil-mediated senescence with the selec-
tive p38MAPK14 pharmacological inhibitor, SB203580.
We found that the fraction of cells stained positive for SA-
Bgal was strongly reduced in the presence of the inhibitor
compared with the fraction in untreated cells (Figure 5A,
compare Spil-0 uM versus Spil-20 uM). Spil did not
increase Decl, CDKN1A or CDKN2A levels of expression
in the presence of the p38MAPK14 inhibitor (Figure 5B),
further confirming the absence of senescence in
SB203580-treated cells. The treatment of Spil overex-
pressing cells with SB203580 also increased, although par-
tially, the number of GFP-positive cells (Figure 5C), indi-
cating that p38MAPK14 controls senescence and addition-
al mechanisms modulating cell number. The functional
inhibition of p38MAPK14 activity by SB203580 was con-
firmed based on a decreased phosphorylation level of its
downstream target mitogen-activated protein kinase-acti-
vated protein kinase 2 (MAPKAPK?2) (Figure 5B).

Together, these data support a model in which Spil elic-
its senescence in primary fibroblasts and hematopoietic
cells through distinct molecular pathways. In fibroblasts,
the induction of Spil-mediated senescence involves a
DDR, whereas in hematopoietic cells, it requires
p38MAPK14 activation but is independent of a DDR.

Spil-induced senescence in vivo is disrupted during
leukemic progression

To investigate the impact of dysregulated Spil expres-
sion on senescence i vivo, we utilized the TgSpil mouse
model, which overexpresses Spil and develops AML from
the erythroid lineage.®* Within 3.6 + 1.5 months (14
weeks) after birth, TgSpil mice developed anemia with
infiltration of the bone marrow and spleen associated
with erythroid cells blocked at the colony forming unit-
erythroid (CFU-E) stage (CD71"Ter1191L3Ra Kit"). These
mice are referred to as sick TgSpil mice (Figure 6A,B and
Online Supplementary Figure S7A). These pre-leukemic
cells, derived from sick TgSpil mice, are not tumorigenic
when engrafted into nude mice.” This is in contrast to the
cells, referred to as leukemic cells, detected at a later stage
that emerge due to the acquisition of mutations in the SCF
receptor gene (Kit), and are characterized by fully malig-
nant features.” Here, we explored the effect of Spil up to
the pre-leukemic stage.” At this stage, the expansion of
blast cells in the bone marrow and spleen of the sick
TgSpil mice was mainly at the expense of the CD11b"s"
Gr1" myeloid cells (Online Supplementary Figure S7B,
compare 14-week-old WT and sick TgSpil mice). As
expected, Spil was highly expressed at both the RNA and
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protein levels in the bone marrow cells of the pre-
leukemic sick TgSpil mice (3.5- and 4-fold upregulation,
respectively) compared with levels in age-matched WT
mice (Figure 6C,D and Online Supplementary Figure S8). To
explore the progression of the Spil-mediated disease, we
examined healthy TgSpil mice at 7 and 14 weeks of age.
Mice were assumed to be healthy if their spleen weighed
less than 0.2g and if there were no blast cells in the blood
or bone marrow (Online Supplementary Figure 7C,D). The
increase of Spil gene and protein expression levels was
detectable in the whole bone marrow cells of TgSpil
mice as early as 7 weeks after birth (Figure 6C,D).
Moreover, using immunohistochemistry, we observed an
increase in the number of cells that expressed Spil in the
bone marrow of 7- and 14-week-old healthy TgSpil mice
(Online Supplementary Figure S8). Seven-week-old TgSpil
mice did not display any abnormalities compared with
age-matched WT mice for any analyzed parameters, i.e.,
red blood cell and blast cell numbers, hemoglobin con-
centration, the fraction of CFU-E and the percentage of
myeloid cells (Figure 6A,B, Online Supplementary Figure
S7A,B and D). Early signs of pre-leukemic syndrome were
detectable in 14-week-old TgSpil mice that presented a
moderate but significant decrease in red cell number and
hemoglobin concentration compared with WT mice con-
comitant with a moderate increase of CFU-E in the bone
marrow (7% for 14-week-old healthy TgSpil mice com-
pared with 3.5% for 14-week-old WT mice; Figure
6A,B).We then characterized the senescence program dur-
ing the pre-leukemic progression phase using this well-
characterized model. We detected an accumulation of
SA-Bgal in bone marrow sections from five out of seven
TgSpil mice at 7 weeks of age, whereas this was not
observed in age-matched WT mice (Figure 6E). A slightly
increased expression of the senescence marker Decl was
also observed in the total bone marrow of TgSpil mice
compared to WT, consistent with the induction of senes-
cence in the TgSpil mice (Ounline Supplementary Figure S9).
Interestingly, more senescent cells were observed among
the MEP cells of 7-week-old TgSpil mice compared with
age-matched WT mice, while this was not the case for
the GMP cells (Figure 6F and Online Supplementary Figure
510A). Consistently, Spi1 was significantly overexpressed
in the MEP cells and weakly expressed in the GMP cells
in TgSpil mice compared with age-matched WT mice
(Online Supplementary Figure S10B). Overexpression of
Spi1 in MEP cells was also found to be associated with an
induction of Decf and IL1a  gene expression, a cytokine
of the senescence-associated secretory phenotype (SASP)
(Online Supplementary Figure S10C), supporting senes-
cence activation in those types of cells. These data indi-
cate that only erythroid progenitors are prone to Spil-
induced senescence in the TgSpil mice in vivo.
Importantly, even though Spi1 expression was increased
(Online Supplementary Figure S10B and S11), we did not
detect any SA-Bgal activity in the bone marrow sections
from TgSpil mice at 14 weeks of age or from sick TgSpil
mice (Figure 6E), indicating that the senescence program
was not effective in either the 14-week-old TgSpil mice
that displayed only early and minimal signs of a pre-
leukemic syndrome or in the TgSpil mice with a pre-
leukemic syndrome. Remarkably, while sorted erythroid
blastic cells from sick TgSpil mice (CFU-E like,
CD71'Ter119IL3Ra Kit") still displayed a higher expres-
sion of CDKNZA compared with equivalent WT CFU-E

cells, Dect and CDKN1A RNA expression was decreased
(Online Supplementary Figure S11).

These results are consistent with the lack of senescent
phenotype in the pre-leukemic cells and bring molecular
supports of the bypass of senescence in vivo. In conclusion,
Spil overexpression is associated with senescence of ery-
throid progenitors in the bone marrow of asymptomatic
young TgSpil mice. Erythroid cells give rise to blastic cells
in sick TgSpil animals. The absence of a senescence pro-
gram in older and sick TgSpil mice suggests that this
process is lost during the completion of the pre-leukemic
syndrome phase at a step that precedes the emergence of
the pre-leukemic stage.

Discussion

In the study herein, we demonstrated that Spil TF is a
driver of senescence in several types of cells, ie., in pri-
mary fibroblasts, hematopoietic stem cells, MEP and GMP
progenitors.

It is well established that the OIS is a barrier that stands
at pre-invasive stages of solid tumorigenesis. As Spil is
not expressed in normal fibroblasts, and as its over-expres-
sion induces senescence through the activation of a DDR
in primary fibroblasts, as shown for the HRAS"”, our
results suggest that Spil behaves as a “classical” oncogene
for OIS which is associated with DNA replication
stress.®*¥ Of note, while HRAS""?-induced senescence is
mediated by both DDR-dependent and DDR-independent
processes, i.e., the activation of p38MAPK14, Spil-
induced senescence is only associated with DDR-depen-
dent signaling in primary fibroblasts.

In contrast with the response observed in primary
fibroblasts, DDR signaling is not involved in the Spil-
induced senescence of primary hematopoietic cells, con-
sistent with data from our previous study showing that
Spil overexpression is not associated with the presence of
DNA strand breaks in the K562 cell line and in the pre-
leukemic cells of TgSpil mice.®® We found that
p38MAPK14 signaling is required to elicit Spil-induced
senescence in hematopoietic cells. Contributions from
either DDR or p38MAPK14 signaling in OIS have also
been reported for leukemogenic fusion proteins in
hematopoietic cells.” The P38MAPK14 activation mediat-
ed by reactive oxygen species (ROS) plays a role in the
exhaustion of hematopoietic stem cells.” Interestingly, a
p38MAPK14/p16 axis independent of the serine/threo-
nine-protein kinase ataxia telangiectasia (ATR)- or Rad3-
related protein (ATM)-DDR has also been found to medi-
ate senescence in epithelial cells.* Therefore, p38MAPK14
seems to be an alternative and major signaling pathway by
which cells others than fibroblasts can undergo senes-
cence. In conclusion, we identified diverse molecular
pathways for Spil-induced senescence, either through
DDR activation in primary fibroblasts or DDR-indepen-
dent P38MAPK14 activation in primary hematopoietic
cells.

Interestingly, even if Spil triggers senescence at a slight-
ly lower degree than H-RAS'” in the two cell types, the
effect of Spil overexpression on growth arrest was
stronger than that due to overexpression of H-RAS'”.
These results suggest that Spil also limits cell proliferation
by additional mechanisms, other than that of senescence.
As we have shown that Spil overexpression favors mono-



cytes/macrophage differentiation and that growth arrest is
concomitant to terminal differentiation, the reduced num-
ber of proliferating cells in hematopoietic cells may be the
combined consequence of at least two mechanisms on a
heterogeneous population, senescence and differentiation-
associated growth arrest. Consistently, not all cells overex-
pressing Spil underwent senescence (up to 50% of LSK
cells). Additionally, SA-Bgal positive cells may not accu-
mulate in culture and be eliminated as reported for apop-
totic hematopoietic cells.

We have shown that, in contrast to the opposite effects
of Spil on erythroid and monocytic differentiation, mono-
cytes/macrophages, granulocytes and erythroid cells
undergo senescence when Spil was overexpressed in their
respective immature progenitors, demonstrating that a
wide range of cells are prone to Spil-induced senescence.
One query raised by the study herein is to determine the
relationship between senescence and differentiation and,
in particular, which program (senescence or differentia-
tion) was the first to be initiated. However, the only
parameter applicable to identify senescent cells and char-
acterize their differentiation markers is the SA-pGal assay;,
which is a final parameter of senescence. Thus, the initial
cell wherein senescence was instructed remains unknown.

Spil has been shown to play an important role in nor-
mal HSC homeostasis.** In particular, Spil prevents the
self-renewal and exhaustion of HSCs by restraining the
cell cycle through multiple downstream targets. Thus,
our findings that Spil triggers senescence in vitro in
hematopoietic cells and i vivo in the bone marrow of
TgSpil mice are consistent with senescence as a new
growth arrest mechanism by which Spil limits expansion.
This result raises the question of whether the ability of
Spil to induce senescence is only of pathological rele-
vance, or if it also plays a role in normal hematopoiesis. As
a gradient of Spil expression is observed during normal
lineage commitment and in divergent hematopoietic line-
ages,' we speculate that the senescence-inducing activity
of Spil may participate in the regulation of cell number,
depending on its level of expression and the hematopoiet-
ic context.

While Spil is oncogenic in the erythroid lineage, consid-
erable evidence points to a role for this TF as a tumor sup-
pressor in myeloid malignancies.” Thus, we propose that
in addition to blocking myeloid differentiation, decreased
Spil expression/activity may promote leukemogenesis
through the loss of anti-proliferative activity. This may be
particularly deleterious in the case of a cooperative prolif-
erative signaling, such as replicative or oncogenic stress. In
human acute promyelocytic leukemias (APLs) expressing
the oncoprotein PML-RARa, a down-regulation of Spil
occurs that is overridden by all-trans retinoic acid (ATRA)
treatment.” The restoration of Spil in APL cells triggers
granulocytic differentiation.'” ATRA also rescues a senes-
cence-like program, demonstrating that this treatment
constitutes a senescence-driven cure for leukemia.” As
Spil expression and senescence are both increased by
ATRA in APL cells, Spil-induced senescence may con-
tribute to the cure of APL.

We used the TgSpil model to examine the process of

senescence up to the appearance of the pre-leukemic syn-
drome. Notably, even though Spil induces senescence in
erythroid progenitors of young asymptomatic TgSpil
mice, senescence was not detectable in the bone marrow
of sick TgSpil mice. Because senescence was likewise not
detectable in the bone marrow of 14-week-old TgSpil
mice that were asymptomatic, the senescence program is
turned off prior to the emergence of pre-leukemic blast
cells. Even if not proved, several results argue that senes-
cent cells give rise to blastic cells. Senescent cells were
detected among the MEP cells in the young TgSpil mice;
this was not found for the GMP. Consistently, Spil was
significantly overexpressed in the MEP cells and weakly
in the GMP cells in those TgSpil mice. Remarkably, while
the erythroid blastic cells of the sick pre-leukemic mice
still displayed a higher expression of Spi1 and CDKN2A
compared with equivalent WT CFU-E cells, Dec1 and
CDKN1A RNA expression was decreased, indicating that
the pre-leukemic cells lost some marks of senescence
which they displayed in young animals. Knocking out
p53 in the TgSpil mice accelerates the speed of the dis-
ease,”in agreement with the fact that growth arrest path-
way delays the leukemic progression. Altogether, our
data suggest that, as is the case for solid tumors, senes-
cence represents a mechanism for constraining cell num-
ber and is disrupted during the development of AML.
High MCL1 expression found in the TgSpil erythroid
blasts” may be involved in the erasure of the Spil-
induced senescence program, as MCL1 is a repressor of
senescence.”

The anti-apoptotic function of Spil participates in the
continuous expansion of pre-leukemic cells.”*” Thus, the
two main protective barriers to tumor development,
apoptosis and senescence, are disrupted during ery-
throleukemic transformation in TgSpil mice. Further
work will be needed to identify the pathways that are
responsible for the bypass of senescence during leukemic
progression and how targeting these pathways may res-
cue the senescence program in the pre-leukemic stage.
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