A Lean Obese F4/80* cell number  IL-6* cell number
1
+/+ -f- ! +/+ “f- {cells (cells
N - I N ) IR S
250 200
200
F4/80 150
Hoechst 150 100
100
50 50
¢
fref- ] L A i
Lean Obese Lean Obese
IL-6
Hoechst CLS number
{counts] m
Imm?) k.4
15
F4/80 10
IL-8
(merge) 5
: 0 Fftofe k]
——— 200 um Lean Obese
B Lean Obese
. 1 1 "
/4 . f /e - F4/80" cell number
: cells LI
¢ /<mm?) M
200
F4/80 ,
150
Hoechst
100
50
Ot
Lean Obese
MR
Hoechst MR* cell number
F4/80
MR
(merge)

Fig. 1.

+f-f-
Lean Obese

0 :
+f-f-

e 200 pim

Requirement of AlM for macrophage recruitment into obese adipose tissue. (A and B) Specimens of epididymal fat tissue from lean (0 wk) or obese

(fed a HFD for 12 wk) AIM*™* and AIM™"~ mice were costained for F4/80 (pan-macrophage marker; green), IL-6 (red), and Hoechst (blue) for A, and F4/80 (pan-
macrophage marker; green), mannose receptor (MR) (red), and Hoechst (blue) for B. (Scale bar, 200 pm.) Quantification of F4/80" cell number, IL-6* mac-
rophages, and the number of crown-like structures (CLS}) are presented for A, or F4/80" cell number and MR* macrophages for B are presented. At least three
different areas in three different sections per mouse were analyzed in six to eight mice of each genotype. Results are presented as averages + SEM.

assessed to determine the number of both types of macrophage
by flow cytometry after staining for F4/80 and CD11b (macro-
phage), CD11c (M1 marker), and MR. Consistent with the his-
tological data, the increase in M1 macrophage number was
apparent in obese AIM™*/* but not in obese AIM™~ mice (Fig.
S1A). The M1/M2 ratio of macrophage number was significantly
increased in obese AIM™*/* than in lean AIM*'* mice, indicating
M1 polarization of adipose tissue macrophage (9), whereas this
was comparable in lean and obese- AIM™~ mice (Fig. S1B).
Similarly, quantitative RT-PCR (QPCR) analysis with RNA
isolated from epididymal fat showed a remarkable increase in
mRNA levels for M1 macrophage marker genes, such as CDIIc
and iNOS, after a 12-wk HFD in AIM*"* mice, whereas this was
not apparent in AIM~'~ mice (Fig. S1C). In addition, expression
levels of antiinflammatory (M2) macrophage marker genes, such
as CD163, MR, and arginase, were decreased in epididymal fat of
AIMY* mice fed a HFD, whereas this was not observed in
AIM™ mice (Fig. S1C). The reduction in mRNA levels of M2
markers in obese AIM*'* mice is consistent with the increase in
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the M1/M2 ratio of macrophage number in obese AIM™'* mice

(Fig. 1D). The difference in macrophage accumulation in fat in
the presence or absence of AIM was not predominantly brought
about by the antiapoptotic effect of AIM (13, 20) because the
apoptotic state of macrophages (and also of adipocytes) was
comparable between obese AIM*'* and AIM™~ epididymal ad-
ipose tissues, as assessed by TUNEL staining (Fig. S2). These
results implicate an indispensable role of AIM in the obesity-
associated recruitment of adipose tissue macrophages.

AIM-Dependent Lipolysis Induces Macrophage Migration. We then
tested whether AIM itself attracts macrophages. However, AIM
showed no chemoattractive activity in a macrophage migration assay
using RAW264.1 mouse macrophage cells (Fig. 24, Left). In con-
trast, conditioned medium from 3T3-L1 adipocytes that had been
challenged with rAIM for 72 h (AIM CM) efficiently attracted
macrophage cells (Fig. 24, Left). A comparable effect was observed
with conditioned medium from cells treated with C75, a specific FAS
inhibitor that also induces lipolysis (14). AIM CM also attracted
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Fig. 2. AlM-dependent lipolysis induces chemokine production in adipocytes via TLR4 stimulation. (A) Chemotaxis of RAW 264.1 cells in response to specified
stimulant. Attractants: rAIM (25 pg/mL), C75 (25 pM), AIM CM/C75 CM: conditioned medium from 3T3-L1 adipocytes treated for 3 d with rAIM (25 pg/mL) or C75 (25
uM), respectively; AIM+aCD36 CM/AIM+IgA CM: conditioned medium from 3T3-L1 adipocytes treated for 3 d with rAIM (25 pg/mL) in the presence of anti-CD36
Ab or mouse IgA (10 pg/mL each), respectively; none CM, control CM: treated without rAIM or C75; and FM: fresh DMEM culture medium containing 10% FBS.
Averages from n =3 1 SEM. MCP-1 (100 ng/mL) was used as a positive control. (B) Degradation of IkBa in 3T3-L1 adipoctytes in response to specified stimulant in
the absence (=) or presence (+) of a TIRAP inhibitor (100 pM). LPS (100 ng/mL) was used as a positive control. Representative immunoblotting results are presented.
The density of the signal was quantified using National Institutes of Health Image J image analysis software and presented as values relative to those of presti-
mulation (Lowertwo panels). n = 3. Error bar: SEM. *, versus the value at prestimulation (0 min). (C) QPCR analysis of mRNA levels for MCP-1, CCL5/RANTES, MCP-2,
and MCP-3 using RNA isolated from 3T3-L1 adipocytes treated with specified stimulant for 24 h in the absence (white bars) or presence (black bars) of a TIRAP
inhibitor. Values were presented as relative expression to those without stimulation (none). n = 3 for each. Error bar: SEM. (D and £) No degradation of IkBa or
expression induction of mRNA for chemokine genes in 3T3-L1 adipoctytes in response to rAlM alone (25 pg/mL) (D) or AIM+aCD36 CM (E).

J774.1 mouse monocyte cells (Fig. S34). Furthermore, 3T3-L1
adipocytes were treated with tAIM in the presence of a CD36-
neutralizing antibody (mouse IgA), which inhibits AIM-dependent
lipolysis by disturbing the endocytosis of AIM into adipocytes (14),
and the conditioned medium (AIM+aCD36 CM) was assessed in
the macrophage migration assay. The AIM+aCD36 CM did not
efficiently attract macrophages (Fig. 24, Right), suggesting that
AlIM-induced lipolysis in adipocytes appears to be responsible for
macrophage recruitment. The CD36-neutralizing antibody itself
had no direct effect on the macrophage migration (Fig. S3B).

Fatty Acids Effluxed from Adipocytes in Response to AIM-Dependent
Lipolysis Stimulated TLR Signaling Pathway and Induced Chemokine
Production in Adipocytes. Accumulating evidence has demon-

12074 | www.pnas.org/cgi/doi/10.1073/pnas. 1101841108

strated that saturated fatty acids activate TLR signaling cascade
and that this response is tightly associated with obesity-induced
inflammation (21-25). Thus, it is plausible that an increase in
blood AIM may induce vigorous lipolysis in obese adipose tissues,
and saturated fatty acids effluxed from adipocytes as a result of
lipolysis might activate chemokine production in adipocytes via
the stimulation of TLR(s) in a paracrine/autocrine fashion (26~
28). Indeed, palmitic and stearic acids, the major fatty acids
comprising triglyceride droplets (29) and well known as stim-
ulators of TLR4 and TLR2 (21, 25, 30, 31), were identified as the
components released by adipocytes in response to lipolysis in-
duced by AIM or C75 when the profile of fatty acids in AIM CM
and C75 CM was evaluated by gas-chromatography mass-
spectrometry analysis.
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Consistent with this result, both AIM CM and C75 CM effi-
ciently stimulated the TLR signaling cascade and chemokine
production in 3T3-L1 adipocytes, as assessed by degradation of
JkBa (Fig. 2B) and mRNA expression of chemokines such as
MCP-1, CCL5/[RANTES, MCP-2, and MCP-3, which affects
macrophages (Fig. 2C). AIM CM induced substantial levels of
protein of these chemokines as assessed by ELISA (Fig. S44).
These responses diminished when adipocytes were treated with
AIM CM or C75 CM in the presence of a toll-interleukin-1
receptor domain containing adapter protein (TIRAP) inhibitor,
which specifically interferes with the interaction of TLR4 (as well
as TLR2) and the adapter protein TIRAP/Mal, resulting in at-

tenuation of TLR signaling (Fig. 2 B and C) (32). Furthermore,
we confirmed that similar effects of TLR activation and che-
mokine production were observed when 3T3-L1 adipocytes were
treated with palmitic acid (PA) or stearic acid (SA) and that the
responses induced by each fatty acid were reduced when sub-
jected to the TIRAP inhibitor (Fig. SS5). Consistent with the
results from macrophage migration assay presented in Fig. 24,
neither rAIM alone (Fig. 2D and Fig. S4B) nor AIM+aCD36
CM (Fig. 2E and Fig. S4C) stimulated IkBa degradation or
chemokine mRNA and protein expression in adipocytes. These
findings clearly indicate the necessity of the lipolytic process in
the overall activation of TLR signaling cascade by AIM.
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Fig. 3. Involvement of TLR4 in adipose tissue macrophage recruitment by AIM in vivo. (A-E) TLR4™'~ and wild-type littermate mice (B6 background) were i.v.
injected with rAIM or BSA three times every other day (400 pg in 200 uL PBS per injection). The day after the third injection (day 8 from the first injection),
mice were killed, and lipolysis, chemokine expression, and adipose tissue macrophage accumulation were analyzed. n = 5 for each. (A) mRNA levels for FSP27,
Perilipin, and Adipophilin were assessed by QPCR using RNA isolated from epididymal fat. Values were presented as relative expression to those of fat tissue
injected with BSA. Error bar: SEM. (B) Serum levels for FFA and glycerol. (C) mRNA levels for chemokines. (D) Immunoblotting for total and phosphorylated
JNK in epididymal fat. Immunoblot for p-actin is also presented. Results from three mice for each group are presented. Note that comparable results were
obtained in five independent mice in each group. (E) mRNA levels for F4/80 pan-macrophage marker, M1 and M2 macrophage markers to assess macrophage
recruitment. (F) Immunoblotting for total and phosphorylated JNK using lysates obtained from epididymal fats of AIM** and AIM ™~ mice fed a HFD for 12
wk (n = 4-6). Relative values of phosphorylated JNK signals to total JNK are also presented (Lower graph). (G) QPCR analysis of mRNA levels for chemokine
genes in epididymal fat tissue and {H) serum MCP-1 concentration in AIM™* and AIM™" mice fed a HFD for 0 (lean) or 12 wk (obese); n = 6-8.
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involvement of TLR4. As TIRAP is downstream of not only TLR4
but also other TLRs, including TLR2 (32), the precise in-
volvement of TLR4 in macrophage recruitment was further
verified. We first suppressed 7LR4 expression by siRNA in 3T3-
L1 adipocytes and assessed the induction of MCP-1 by AIM CM.
As shown in Fig. S6 A-C, induction of both mRNA and protein
of MCP-1-by AIM CM was significantly reduced in cells trans-
fected with siRNA for 7LR4. In addition, we injected rAIM i.v.
into wild-type and TLR4~"~ mice and thereafter assessed the
state of lipolysis and chemokine production in epididymal adi-
pose tissue. In both types of mice, the mRNA levels of FSP27
(also called Cidec), Perilipin, and Adipophilin, coating elements
for lipid droplets, were decreased after challenging with rAIM
(Fig. 34), a finding consistent with the progression of lipolysis
reported previously (17, 33, 34). Similarly, the increase in blood
FFA and glycerol levels was equivalent in TLR4~"~ and wild-type
mice (Fig. 3B). In contrast, induction of mRNA for chemokines
by rAIM injection was significantly less efficient in TLR4™'~ than
in wild-type mice (Fig: 3C). In line with this, phosphorylation
levels of c-Jun N-terminal kinases (JNKs) in epididymal fat,
which represent the state of TLR activation, were up-regulated
in wild-type mice but not in TLR4™~ mice (Fig. 3D). Further-
more, the rAIM injection increased mRNA levels for M1 mac-
rophage markers in epididymal adipose tissue of wild-type but
not TLR4™"~ mice, demonstrating that AIM-induced lipolysis
could not recruit inflammatory macrophages into adipose tissue
in the absence. of TLR4 (Fig. 3E). There was no significant
change in mRNA levels for M2 macrophage markers in both
TLR4™ and wild-type mice (Fig. 3E). Histological analysis
revealed the presence of IL-6 expressing M1 macrophages after
the rAIM injection in epididymal adipose tissue of wild-type
mice but not of TLR4™'~ mice (Fig. S6D).

Consistent results were obtained in obese AIM™*'* and AIM™/~
mice after 12 wk on a HFD. In epididymal fat, phosphorylation
levels of JNKs were decreased in AIM™~ mice compared with
AIM*™* mice (Fig. 3F). In addition, chemokine mRNA levels
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were also lower in AIM™/~ than in AIM*'* adipose tissue (Fig.
3G). Moreover, the serum level of MCP-1 was lower in AIM™™
than in AIM*'* mice (Fig. 3H).

It is possible that fatty acids effluxed from adipocytes may
stimulate TLR4 expressed not only on adipocytes but also on
resident M2 macrophages within adipose tissue in a paracrine
fashion and may induce chemokine expression in macrophages.
To assess this possibility, we stained epididymal fat from wild-
type AIM*'* mice fed a HED for 6 wk for MR, a M2 macro-
phage marker, and MCP-1. As shown in Fig. §7, both adipocytes
and M2 macrophages stained positive for MCP-1. As expected, in
AIM™" mice, neither adipocytes nor resident macrophages showed
obvious MCP-1 expression. Thus, in summary, AIM-induced li-
polysis provoked the efflux of saturated fatty acids, including
palmitic and stearic acids, from adipocytes, and these fatty acids
stimulated chemokine production in both adipocytes and resi-
dent macrophages via TLR4 activation, resulting in M1 macro-
phage migration.

Prevention of Obesity-Associated Inflammation and Insulin Resistance
in AIM™"~ Mice. As a consequence of abolished infiltration of in-
flammatory macrophages, the progression of obesity-associated
inflammation was prevented both locally and systemically in
obese AIM ™"~ mice. In adipose tissue (Fig. 44) and the liver (Fig.
S8), mRNA levels for proinflammatory cytokines, such as TNFa,
IL-6, and IL-1B, were significantly lower in AIM™~ than in
AIM*'™* mice after a HFD for 12 wk. Consistent with this finding,
serum levels of TNFo and IL-6 were lower in AIM™" mice

. compared with AIM**mice (Fig. 4B).

Having observed decreased inflammation in AIM ™~ mice, we
next assessed insulin sensitivity in AIM ™~ and AIM*'* mice fed a
HFD for 12 wk. Activation of the insulin signaling pathway after i.v.
injection of insulin was studied in adipose tissue, skeletal muscle
(gastrocnemius), and liver. As shown in Fig. 4C, substantial insulin-
stimulated phosphorylation of AKT and GSK3p protein kinases

Fig. 4. Prevented inflammation
and normal insulin sensitivity in
obese AIM™™ mice. {4) local in-
flammation. QPCR analysis of
mRNA levels for inflammatory
cytokine genes in epididymal fat
tissue from AIM™ or AIM™~ mice
fed a HFD for 0 (lean) or 12 wk
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was observed in all three tissues in AIM~~ mice in contrast to the
markedly diminished phosphorylation levels in AIM™*"* mice.
Thus, insulin sensitivity was preserved in obese AIM™" mice.
Consistent with these results, whole- body glucose intolerance and
insulin resistance observed in AIM™'* mice were found to be
ameliorated in AIM ™~ mice by i.p. glucose and insulin tolerance
tests (GTT and ITT, respectively; Fig. 4D). Insulin production
in pancreatlc p cells in response to glucose was comparable in
AIM™= and AIM*'"* mice, as assessed in vivo (Fig. S8B) and
in vitro using isolated pancreatic Langerhans islets (Fig. S8C).

Conclusion

Thé present results provide unique and important evidence re-
garding the role of AIM in the initiation of chronic inflammation
that connects obesity and insulin resistance. Firstly, macrophage
recruitment into obese adipose tissues requires AIM-induced li-
polysis. Augmentation of blood AIM levels may induce vigorous
lipolysis in obese adipose tissues, increasing local extracellular
fatty acid concentration to a level sufficient for the stimulation of
TLR4, which triggers chemokine production by adipocytes and
.macrophage recruitment (summarized in Fig. S9). Although we
and others previously reported some related facts underlying this
conclusion, which were observed in a number of different physi-
ological and experimental conditions (12, 14, 21-33), we would
like to emphasize that this study, which focused on AIM, has
uniquely linked apparently independent elements to a process
that occurs during the progression to obesity.

Secondly, adipocyte hypertrophy is not solely sufficient for the
initiation of macrophage mﬁltratlon an increase in blood AIM
needs to be accompanied. In AIM~~ mice, although the level of
AlM-independent lipolysis increases in line with adipocyte hy-
pertrophy (14), it may not reach a level sufficient for macrophage
recruitment (Fig. S9). Thirdly, within adipose tissue, crosstalk

-
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between macrophages and adipocytes establishes a vicious cycle
that accelerates inflammation; saturated fatty acids brought
about by lipolysis activate TLR4 to induce TNFa, which in turn
activates the TNFa receptor to produce inflammatory cytokines/
adipokines and chemokines (35). The end point of this response
is further progression of inflammation, lipolysis, and macrophage
recruitment. It is likely that via an increase in lipolysis, AIM may.
strengthen this crosstalk, further contributing to the progression
of inflammation (Fig. S9).

Thus, this study might not only advance our knowledge about
the events triggering obesity-associated inflammation, but also
open a door to the development of next-generation antimeta-
bolic therapies via suppression of AIM.

Materials and Methods

Mice. AIM™~ mice (13) had been backcrossed to C57BL/6 (B6) for 13 gen-
erations before used for experiments. HFD (HFD32, fat kcal: 60%) was pur-
chased from CREA. TLR4~" mice (36) were kindly provided from Drs. S. Akira
(Osaka University, Osaka, Japan) and K. Miyake (The Institute of Medical
Science, University of Tokyo, Tokyo, Japan). All mice were maintained under
a specific pathogen free condition.

Statistical Analysis. A two-tailed Mann-Whitney test was used to calculate
P values. *¥*P < 0.001, **P < 0.01, *P < 0.05. Error bars: SEM.
Please see S/ Materials and Methods for further details.
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The aim of this study was to investigate the role of insulin receptor substrate-2 (IRS-2) mediated signal in
macrophages on the accumulation of macrophages in the vascular wall. Mice transplanted with IRS-27/~
bone marrow, a model of myeloid cell restricted defect of IRS-2, showed accumulation of monocyte
chemoattractant protein-1-expressing macrophages in the vascular wall. Experiments using cultured per-
itoneal macrophages showed that IRS-2-mediated signal pathway stimulated by physiological concentra-
tions of insulin, not by IL-4, contributed to the suppression of monocyte chemoattractant protein-1
expression induced by lipopolysaccharide. Our data indicatgd that IRS-2 deficiency in macrophages
enhanced their accumulation in the vascular wall accompanied by increased expression of proinflamma-
tory mediators in macrophages. These results suggest a role for insulin resistance in macrophages in early

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Diabetes is a major risk factor for cardiovascular disease, but the
underlying mechanism remains poorly understood. Epidemiologi-
cal studies identified insulin resistance or hyperinsulinemia as an
independent risk factor for cardiovascular disease [1,2].

In addition to serum risk factors induced by systemic insulin
resistance, recent studies demonstrated that insulin resistance at
cellular level, including endothelial cells [3,4], and vascular smooth
muscle cells [5], may accelerate atherosclerosis. Monocytes/macro-
phages also express the majority of insulin signal molecules [6],
thus, they are regarded as a target in which insulin resistance may
be associated with the progression of atherosclerosis. We reported
recently that monocytes/macrophages with reduced insulin
signaling exhibit enhanced adherence to the endothelium of
inflamed vascular wall, in the presence of systemic insulin resis-
tance [7]. However, the direct role of insulin signaling in mono-

Abbreviations: LPS, - lipopolysaccharide; MCP-1, monocyte chemoattractant
protein-1.
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cytes/macrophages on the progression of atherosclerosis in the
absence of systemic insulin resistance remains controversial [8-10].

In addition to the liver, muscle, fat, pancreatic beta cells, and
lymphocytes, insulin receptor substrate-2 (IRS-2) is also expressed
in macrophages [11]. It mediates intracellular signal pathways ini-
tiated by insulin, insulin growth factor-1 (IGF-1), and anti-inflam-
matory cytokines [11]. Recent studies reported that insulin can
inhibit the production of proinflammatory cytokines in human aor-
tic endothelial cells [12], mononuclear cells [13] and alveolar mac-
rophages {14]. In contrast, reduced insulin signal in macrophages
enhances the production of inflammatory cytokines [15,16]. Fur-
thermore, interleukin-4 (IL-4), an important anti-inflammatory
cytokine, is also known to inhibit the secretion of proinflammatory
cytokines by macrophages and stimulate the production of anti-
inflammatory molecules, such as IL-1 receptor antagonist (IL-1RA)
and IL-1 receptor2 (IL-1R2) [11]. This intracellular signal is also
mediated at least in part through the IRS-2/phosphatidylinositol
3-kinase pathway [11]. Thus, IRS-2 is a potentially important sub-
strate that can drive macrophages towards an anti-inflammatory
phenotype by insulin and IL-4 signaling. Intriguingly, low expres-
sion of IRS-2 was observed in macrophages of obese diabetic mice
[8], however, its impact on early atherosclerotic changes has not
been elucidated.
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The present study was designed to determine the role of macro-
phage IRS-2 on the production of pro-inflammatory mediators and
accumulation of macrophages in the vascular wall. For this purpose,
we generated myeloid lineage cell-restricted IRS-2 deficient model
using bone marrow transplantation. Unlike previous studies
[10,17], this is the first study that investigated the impact of IRS-2
deficiency in macrophages not using mice with high LDL cholesterol
levels.

2. Materials and methods
2.1. Animal experiments

The study protocol conformed the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health. It was reviewed and approved by the Animal Care and
Use Committee of Juntendo University. Male C57BL/6 mice were
obtained from Jackson Laboratory at the age of 7 weeks. IRS-2 defi-
cient (IRS-27/~) mice [18] on a mixed C57BL6 }/129sv background
were backcrossed on C57BL/G] background for generations. All
mice were housed in a polycarbonate cage with a wooden chip
mat on the floor. Water was available ad libitum for all mice. Normal
chow was used in this study. The animal room was kept on a 12-h
light/dark cycle (7:00 AM to 7:00 PM/light, 7:00 PM to 7:00 AM/
dark), at constant temperature (22 +1°C) and relative humidity
of 55 + 5% throughout the experiment. In some experiments, mice
were injected intraperitoneally with 1 mg/kg lipopolysaccharide
(LPS) as reported previously [19]. Mice were sacrificed by intraperi-
toneal injection of 1 mg/kg sodium pentobarbital.

2.2. Bone marrow transplantation

Bone marrow transplantation was performed as described previ-
ously [20,21]. Eight to nine-week-old male C57BL/6 mice were irra-
diated with a lethal dose of 1000 rads (10 Gy: 5 x 2). Recipient mice
were treated with antibiotics (neomycin sulfate) added to the drink-
ing water after irradiation for two weeks. The bone marrow was col-
lected from the femurs and tibias of 8-9-week-old donor male
C57BL/6 (IRS-2**) or IRS-27/~ mice by flushing with sterile Dul-
becco’s Modified Eagle's Medium. Each recipient mouse was in-
jected with about 5-6 x 10° bone marrow cells through the tail vein.

2.3. Laboratory data

Plasma glucose level was measured by glucose oxidase method
using a compact glucose analyzer (One Touch Ultra Glucose Meter,
Life Scan, Tokyo, Japan). Total cholesterol, HDL, LDL, and triglycer-
ides were measured by an autoanalyzer (Hitachi, Tokyo).

2.4. Intraperitoneal glucose tolerance test and insulin tolerance test

Intraperitoneal glucose tolerance test and insulin tolerance test
were performed by intraperitoneal injection of glucose (1.0 g/kg
body weight) and regular insulin (0.75 units/kg body weight)
(Humulin; Eli Lilly, Indianapolis, IN), respectively.

2.5. En face immunohistochemistry of endothelial surface

Mice were sacrificed by intraperitoneal injection of sodium pen-
tobarbital (1 mg/kg; Abbott Laboratories). Fixation and tissue prep-
aration were performed by systemic perfusion through the left
ventricle, with 20 ml of normal saline fpllowed by 10 m! of 10% buf-
fered formalin. After fixation, the aorta from the aortic arch to the

-lower thoracic region was harvested -for immunostaining with
anti-mouse Mac-2 monoclonal antibody (Cedarlane, Burlington,

ONT, Canada) using the procedure described previously [7,19,
22,23]. The density of Mac-2-immunopositive cells in the thoracic
aorta was calculated as described previously [7,19,22,23]. For fluo-
rescent staining, the sections were immunostained with rabbit
polyclonal anti-monocyte chemoattractant protein-1(MCP-1) anti-
body (1:100, LS-A1205; MBL International Corporation, Woburn,
MA) and rabbit anti-Mac-2 monoclonal antibody (1:100; Cedar-
lane). Samples were viewed under a confocal laser scanning micro-
scope (Fluoview FV1000; Olympus, Tokyo).

2.6. Quantification of atherosclerotic lesions in the aortic sinus

The heart and aorta were flushed with normal saline followed by
10% buffered formalin. For quantitative analysis of the arterioscle-
rotic lesions in the aortic sinus, the heart was cut in two halves
and the top half was embedded in optimal cutting temperature
compound, then cross-sectioned into 4 pm thickness at 50 pm
interval with a cryostat. Eight consecutive sections were taken
sequentially from just above the aortic valve throughout the aortic
sinus and allowed to dry at room temperature for 30 min, as de-
scribed previously [7]. Sections were stained with Mac-2 antibody.
Then, images were captured with ImagePro Plus software. The
mean lesion area of those 8 sections was calculated and expressed
the mean number of invaded macrophages.

2.7. Ex vivo. treatment of macrophages

Peritoneal macrophages from the mice used in this study were
harvested with cold phosphate-buffered saline at 3 days after intra-
peritoneal injection of sodium periodate, as reported previously [7].
The pooled macrophages from each mouse were cultured in Ros-
well Park Memorial Institute 1640, supplemented with or without
0.2% fetal calf serum, 2 mmol/L t-glutamine, 100 U/mL penicillin,
100 pg/mL streptomycin and 50 pM 2-mercaptoethanol, to allow
cell adhesion. The nonadherent cells were removed by washing
with phosphate-buffered saline. For experiments, freshly isolated
macrophages were used followed by serum starvation for 2h or
overnight serum-starved macrophages were used. Serum-starved
macrophages were washed once and then incubated without or
with 10 or 100 pM insulin for 6 h, followed without or with 1 pg/
ml LPS for 1 h. To investigate the effect of IL-4, serum-starved
macrophages were washed once and then incubated without or
with IL-4 (10 ng/ml) and LPS (10 ng/ml) for 6 h. Control macro-
phages were incubated with the vehicle, dimethyl sulfoxide
(DMSO0)(<0.1%, final concentration). After treatment, total RNA or
cell lysates were prepared for further analysis.

2.8. Isolation of tissue RNA and real-time quantitative RT-PCR

Total RNA was extracted from the aorta using Trizol reagent
(Invitrogen, Carlsbad, CA) and from peritoneal macrophages using
RNAeasymicro Kit. To detect mouse IRS-2 gene expression in
blood cells, blood samples were collected and total RNA was ex-
tracted using RNAeasy Kit (Qiagen, Tokyo) as described by the
manufacturer. First strand ¢cDNA was synthesized using 1ug of
total RNA with oligo-dT primers and superscript reverse trans-
criptase (Invitrogen), as described previously [7]. Then, the result-
ing cDNAs were amplified using the SYBER Green PCR kit (Applied
Biosystems, Foster City, CA). Quantitative PCR was performed
with an ABI Prism 7700 sequence detection system (Perkin Elmer
Life Sciences, Boston, MA). The relative abundance of mRNAs was
calculated by the comparative cycle of threshold method using
TATA Box-binding protein for mice as the invariant control. The
primer sequences used in this study were described previously

[7].
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2.9. Data analysis -

Results are presented as mean + SEM. Differences between two
groups were examined for statistical significance using the un-
paired Student's t-test. Comparisons of more than three groups
were tested for statistical significance by one-way ANOVA and
Scheffé’s test as the post hoc test. A p value < 0.05 was considered
significant.

3. Results
3.1. Accumulation of IRS-2-deficient macrophages in the vascular wall

In order to evaluate the impact of IRS-2 deficiency in macro-
phages on macrophage accumulation in the vascular wall, we gen-
erated myeloid lineage cell-restricted IRS-2 deficient model. Briefly,
after lethal irradiation of 8- to 9-week old mice, the bone marrow
from 8- to 9-week old-donor IRS2~/~ or wild type mice was injected
in the recipient. We named the established mice, $IRS-2~/~ and
$IRS-2*"* mice, respectively. The $IRS-27/~ mice showed 80% de-
crease in IRS-2 expression in blood cells (Fig. 1A). At 12 weeks after
transplantation, body weight, glucose tolerance, insulin resistance
and lipid profiles were comparable between the ¢IRS-27/~ and
$IRS-2*"* mice (Fig. 1B~D and data not shown). However, the num-
ber of macrophages adherent to the endothelium was significantly
higher in $IRS-2~/~ mice than in $IRS-2*/* mice (Fig. 2A). In addi-
tion, ¢IRS-27/~ mice showed significant accumulation of macro-
phages in longitudinal sections of the aortic arch (Fig. 2B). While
no significant increases in the expression of tumor. necrosis fac-
tor-o (TNF-o), intercellular adhesion molecule 1 (ICAM-1), and vas-
cular cell adhesion molecule-1 (VCAM-1) were observed in the
thoracic aorta of $IRS-2~/~ mice, the expression of MCP-1 was sig-
nificantly higher in $IRS-2~/~ mice than ¢IRS-2"" mice (Fig. 2C).
Macrophages isolated from ¢IRS-2~/~ mice also expressed signifi-
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cantly higher levels of MCP-1 compared with $IRS-2"* mice
(Fig. 2D). Furthermore, the number of MCP-1 positive macrophages
attached to the endothelium was higher in $pIRS-2~/~ mice than
$IRS-2*"* mice (Fig. 2E). Taken together, these findings indicate that
IRS-2 deficiency in macrophages per se promotes the accumulation
of macrophages in the arterial wall in parallel with increased
expression of MCP-1.

3.2. Reduced insulin-mediated IRS-2 signal in macrophages augments
TNF-o0 and MCP-1 expression

To investigate the causal relationship between IRS-2 deficiency
in macrophages and the expression of MCP-1, we explored the ef-
fects of insulin on mRNA expression levels of MCP-1 in macro-
phages. After serum starvation, peritoneal macrophages were
incubated with various physiological concentrations of insulin
(10-100 pM) for 6 h. As shown in Fig. 3A, physiological concentra-
tions of insulin significantly suppressed the mRNA expression lev-
els of MCP-1. We further explored whether the physiological
concentrations of inisulin protected against LPS-induced expression
of MCP-1. Peritoneal macrophages were incubated with insulin for
6 h followed by incubation with LPS (1 pg/ml) for 1 h. While LPS
stimulation induced 1.5 folds increase in MCP-1 expression (data
not shown), physiological concentrations of insulin significantly
suppressed LPS-induced MCP-1 expression. (Fig. 3B). In addition,
the inhibitory effects of insulin on the expression of MCP-1 were
completely abolished in IRS-2~/~ macrophages (Fig. 3B).

IRS-2 is also known to mediate, atleast in part, the anti-inflam- .
matory effect of 1L-4 [11]. While IL-4 suppressed LPS-induced
MCP-1 expression, its suppression of MCP-1 expression in [RS-2~/~
macrophages was comparable to that of IRS-2*/* macrophages
(Fig. 3C). Taken together, these results indicate that IRS-2 mediates
‘insulin signal, rather than 1L-4 signal, and reduces the expression
of MCP-1 in macrophages.
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Fig. 1. Comparison of insulin sensitivity and glucose tolerance between ¢IRS-2*/* and $IRS-2~/~ mice, (A) mRNA expression of IRS-2 in peripheral blood cells isolated from
&IRS-2*"* and $IRS-27/~ mice at the indicated time after bone marrow transplantation. IRS-2 expression in blood cells from ¢IRS-2*/* mice at each age was set at 1.0.(B) Serial
changes in body weight in the two groups of mice. (C) Results of intraperitoneal glucose tolerance tests conducted at 12 weeks after transplantation. (D) Insulin tolerance test
conducted at 12 weeks after transplantation. Data are presented as% reduction in initial blood glucose level. All data are expressed as mean £ SEM (n = 7-8 mice). *P < 0.05 vs.
HIRS-2*"* mice. '
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Fig. 2. Reduced IRS-2 signal in macrophages enhances the accumulation of monocytes/macrophages in the vascular wall. (A) Representative en face view of
immunohistochemical staining with Mac2 antibody in the thoracic aortas of $IRS-2*"* and $IRS-2~/~ mice at 8 weeks after the transplantation (upper panel). The density
of adherent Mac2-positive cells on endothelial cells at branching areas was evaluated at 8 weeks (n=5) and 12 weeks (n = 9) after transplantation (lower panel). (B)
Representative micrographs of aortic cross-sections stained with Mac2 (upper panel). The number of macrophages per section was counted at 12 weeks after transplantation
(n=7) (lower panel). (C) Aortas were harvested from $IRS-2*/* and $IRS-2~/~ mice at 12 weeks after transplantation. The mRNA expression was determined by quantitative
RT-PCR. The gene expression is expressed relative to the respective level of expression in those of $IRS-2*"* mice, which was set at 1.0 (n = 4 each). (D) Peritoneal macrophages
isolated from ¢IRS-2*/* mice and ¢IRS-2~/~ mice were harvested at 12 weeks after transplantation. The mRNA expression was determined by quantitative RT-PCR (n = 3 each).
(E) MCP-1-positive monocytes/macrophages adherent to endothelial cells were visualized by double immunostaining with Mac-2 and MCP-1 antibodies under a confocal
laser scanning microscope at 12 'weeks after transplantation (upper panel). Percentage of MCP-1-positive cells per all Mac-2-positive cells adherent to the endothelial cells
(n=7) (lower panel). All data are expressed as mean + SEM. P < 0.05 vs. $IRS-2*"* mice.

3.3. IRS-2 deficiency in macrophages enhances macrophage adhesion
to endothelium in LPS-treated mice

In order to evaluate the effect of IRS-2 deficiency in macro-
phages on their adhesion to the endothelium induced by acute
inflammation, $IRS-27/~ and $IRS-2*/* mice on normal chow diet
were injected with LPS (1 mg/kg) at 8 weeks after bone marrow
transplantation. Although both groups of LPS-treated mice exhib-
ited significant increases in macrophage adhesion to the endothe-
lium at 6 h after LPS injection (Fig. 4), the induction of macrophage
adhesion was more significant in ¢IRS-2"/~ mice than $IRS-2*"".

4. Discussion

The present study demonstrated that IRS-2 deficiency in macro-
phages increased macrophage accumulation in the vascular wall
independent of the metabolic changes including lipid profile. In
addition, the reduced IRS-2-mediated insulin signal in macro-
phages impaired the suppression of proinflammatory mediators
in macrophages, which may contribute to the above phenotype.

The present study demonstrated that IRS-2 deficiency in macro-
phages was associated with increased MCP-1 expression. The
atherogenic effects of MCP-1 are firmly established. Indeed,
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Fig. 3. IRS-2 stimulated by physiological concentration of insulin suppresses MCP-1
expression, (A) Peritoneal macrophages isolated from C57BL/6 mice were incubated
with physiological concentrations of insulin (10 and 100 pM) for 6h. Then,
macrophages were used for isolation of total RNA. The mRNA expression was
determined by quantitative RT-PCR. The MCP-1 gene expression is expressed
relative to the level of expression in peritoneal macrophages without the addition
of insulin, which was set at 1.0 (n = 4, respectively). *P < 0.05 vs. without insulin. (B)
Peritoneal macrophages isolated from ¢IRS-2*" mice and ¢IRS-2/" mice at
8 weeks after transplantation were used for isolation of total RNA. The MCP-1
gene expression is expressed relative to that of $IRS-2*"* mice without insulin
treatment, which was set at 1.0 (n = 3-4). *P < 0.05 vs. $IRS-2*/* mice. (C) Peritoneal
macrophages isolated from $IRS-2** and ¢IRS-2"/~ mice at 8 weeks after
transplantation were used for isolation of total RNA. The MCP-1 gene expression
is expressed relative to that of $IRS-2*/* mice without IL-4 treatment, which was set
at 1.0 (n=3-4). "P < 0.05 vs. without IL-4. Data represent the mean + SEM values.

MCP-1-deficient mice have markedly reduced atherosclerotic le-
sions [24]. Furthermore, forced expression of MCP-1 in leukocytes
is known to induce advanced atherosclerotic lesions [25]. Thus,
overexpression of this inflammatory mediator in activated macro-
phages may play a causal role in macrophage accumulation in the
vascular wall.

It was reported that reduced insulin signal pathways, both of
IRS2/PI3K/Akt and IRS2/Erk, result in overexpression of MCP-1
mRNA in macrophages and that apoE~/~ IRS-2*/~ mice show
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Fig. 4. Enhanced macrophage adhesion to the endothelium in $IRS-27/" mice
during acute inflammatory reaction. At 6 h after intraperitoneal injection of LPS
(1 mg/kg) into $IRS-2*/* and $IRS-2"/~ mice, en face immunohistochemical staining
of thoracic aorta was performed with Mac2 antibody. Representative en face views
of immunohistochemical staining with Mac2 antibody in thoracic aorta in $pIRS-2*/*
and ¢IRS-2~/~ mice (upper panel). The density of adherent Mac2-positive cells on
endothelial cells at branching areas (n=5). Data are expressed as mean* SEM.
*P<0.05 vs. $IRS-2*"* mice or $IRS-27/~ mice without LPS. #P < 0.05 vs. $IRS-27*
with or without LPS,

enhanced atherosclerogenesis [17]. In the present study, we also
demonstrated that exposure of macrophages to physiological con-
centrations of insulin suppressed the expression of MCP-1. Other
studies showed that insulin receptor~/~ macrophages enhance the
expression of inflammatory genes at the basal state [10,16] and that
LDL receptor~'~ mice transplanted with insulin receptor~/~ bone
marrow develop larger atherosclerotic lesions accompanied by a
pronounced increase in apoptotic cells and necrotic core formation
[9]. The present study demonstrated enhanced monocyte adhesion
to the arterial wall and their invasion of the arterial wall in ¢IRS-2~/~
mice even in the absence of any metabolic abnormality including li-
pid profile. These findings suggest that physiological insulin signal
protects against atherosclerogenesis. )

On the other hand, a previous study showed that high dose of
insulin up-regulated the expression of TNF-oe mRNA in THP-1 mac-
rophages [26]. This finding suggests that hyperinsulinemia may
potentially enhance the progression of atherosclerosis through its
effect on macrophages, similar to that on endothelial cells [27]
and on vascular smooth muscle cells [28]. It has been demon-
strated that 24-h exposure to high-dose insulin downregulates
insulin receptor protein expression in macrophages and contrib-
utes to atherosclerotic changes [8]. Considered together, our re-
sults and those of others suggest that insulin may have beneficial
as well as potentially harmful effects on the progression of athero-
sclerosis through the expression of proinflammatory mediators.
This effect seems to depend on its concentration, similar to endo-
thelial cells [3,4,27].

The present results showed that deficiency of IRS-2 in macro-
phages enhanced macrophage accumulation in the vascular wall
under not only normal diet condition, but also LPS-induced acute
inflammatory condition. In contrast to our data, ApoE™/~ mice
transplanted with IRS2~/~ bone marrow exhibited milder athero-
sclerosis at more advanced stage under extreme hypercholesterol-
emic conditions [10]. The exact reasons for the differences are not
completely clear at present. However, since atherosclerosis is a
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complex pathological process, it is possible that the reduced IRS-2-
mediated signal in macrophages could exert a different effect on
each step of atherosclerosis.

In conclusion, we provided evidence that the reduced IRS-2-
mediated insulin signal in macrophages enhances macrophage
accumulation in the vascular wall accompanied by increased
expression of proinflammatory mediators. These data suggest that
reduced IRS-2-mediated insulin signal in macrophages is a poten-
tially important therapeutic target to prevent the progression of
atherosclerosis in patients with type 2 diabetes.
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Evil is essential for hematopoietic stem

cell self-renewal, and its expression marks
hematopoietic cells with long-term
multilineage repopulating activity

Keisuke Kataoka,! Tomohiko Sato,! Akihide Yoshimi,! Susumu Goyama,
Takako Tsuruta,! Hiroshi Kobayashi,! Munetake Shimabe,! Shunya Arai,’
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"Department of Hematology and Oncology, 2Department of Diabetes and Metabolic Diseases, Graduate School of Medicine,
University of Tokyo, Bunkyo-ku, Tokyo, 113-8655, Japan

Ecotropic viral integration site 1 (Evi1), a transcription factor of the SET/PR domain pro-
tein family, is essential for the maintenance of hematopoietic stem cells (HSCs) in mice and
is overexpressed in several myeloid malignancies. Here, we generate reporter mice in which
an internal ribosome entry site. (IRES)-GFP cassette is knocked-in to the Evi7 locus. Using
these mice, we find that Evil is predominantly expressed in long-term HSCs (LT-HSCs) in
adult bone marrow, and in the hematopoietic stem/progenitor fraction in the aorta-
gonad-mesonephros, placenta, and fetal liver of embryos. In both fetal and adult hemato-
poietic systems, Evi1 expression marks cells with long-term multilineage repopulating
activity. When combined with conventional HSC surface markers; sorting according to Evi1
expression markedly enhances purification of cells with HSC activity. Evi1 heterozygosity
leads to marked impairment of the self-renewal capacity of LT-HSCs, whereas overexpres-~
sion of Evil suppresses differentiation and boosts self-renewal activity. Reintroduction of
Evi1, but not Mds1-Evi1, rescues the HSC defects caused by Evi1 heterozygosity. Thus, in
addition to documenting a specific relationship between Evi1 expression and HSC self-
renewal activity, these findings highlight the utility of Evi1-IRES-GFP reporter mice for the
identification and sorting of functional HSCs.

in HSCs are widely expressed in the hemato-
‘poietic system, and their mutations in genetic
models are exclusively accompanied with other
hematological abnormalities. Thus, a bona fide

Hematopoietic stem cells (HSCs) are distin-
guished by their inherent capacity to perpetu-
ate themselves through self-renewal and to
generate multiple blood cell lineages through

differentiation. To maintain a steady-state pool
of self-renewing HSCs and prevent HSC ex-
haustion, these defining properties of HSCs
must be tightly regulated. Fine-tuning of stem
cell properties requires stem cell-specific ex-
pression of their regulatory genes. To elucidate
the stemness transcriptional profile, several gene

expression microarray analyses have identified

quite a few number of HSC-specific gene can~
didates (Ramalho-Santos et al., 2002; Akashi
et al., 2003; Forsberg et al., 2010). However,
most of the molecules established to be associ-
ated with the regulation of self~renewal capacity

K. Kataoka and T. Sato contributed equally to this paper.

stem cell-specific regulator of their function
has not been identified, and the functional
identification of HSCs based on their ability to
self-renew remains difficult.

Ecotropic viral integration site 1 (Evil) is an
oncogenic transcription factor that belongs to
the SET/PR domain protein family (Goyama and
Kurokawa, 2009). We and others have reported
that Evil accomplishes an important regulatory
function in hematopoietic stem/progenitor
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cells (HSPCs) during fetal and adult development. Evil
expression is limited to HSPCs in the embryonic and adult
hematopoietic systems. HSCs in Evi1™/~ embryos are
markedly decreased in numbers with defective repopulating
capacity (Yuasa et al., 2005). Moreover, conditional deletion
of Evil in adult mice revealed that Evil is essential for the
maintenance of HSCs, but is dispensable for lineage com-
mitment (Goyama et al., 2008). Besides the importance of
Evil in normal hematopoiesis, dysregulation of Evil expres-
sion can have distinct oncogenic potential in various my-
eloid malignancies (Goyama and Kurokawa, 2009). Indeed,
aberrant EVI1 expression defines a unique subset of acute
myeloid leukemia (AML), and predicts adverse outcome in
patients (Lugthart et al.,, 2008; Gréschel et al., 2010). Fur-
thermore, Evil overexpression in hematopoietic cells leads to
myelodysplasia in 2 murine BM transplant model (Buonamici
et al., 2004).

In this study, using newly generated Evil-GFP reporter
mice, we demonstrate that Evil is preferentially expressed in
LT-HSCs, and its expression can mark in vivo long-term
multilineage repopulating HSCs and improve the conven-
tional HSC isolation strategy in both adult BM and embryo,

which suggests a distinctive relationship between Evil and
HSC function. Consistent with this, heterozygosity of Evil
causes a striking reduction in the number of LT-HSCs, with
a specific defect of self-renewal capacity caused by acceler-
ated differentiation. Our results point to a potential utility of
an Evil-GFP reporter mouse line for the functional identifi-
cation of HSCs based on their self-renewal activity, and a
central role of Evil in regulating the homeostasis of HSC:s.

RESULTS -
Evi1 is predominantly expressed in LT-HSCs in adult BM
To elucidate Evil expression within the hematopoietic system,
we have genérated gene-targeted mice in which an intemal
ribosome entry site JRES)-GFP cassette is knocked-in to the
Evil locus by homologous recombination (Fig. 1 A). This
knock-in allele functions in a bicistronic manner in that ex-
pression of both Evil and GFP is under the endogenous tran-
scriptional regulatory elements of the Evil gene, thus enabling
us to track Evil expression on an individual cell basis. Appro-
priately targeted TT2 embryonic stem (ES) cell clones were
identified by Southern blotting (Fig. 1 B). Mice heterozygous
for the Evil-IRES-GFP allele (Evi1*/GFF) were distinguished
from WT mice by genotyping PCR. (Fig. 1 C).
Western blot analysis showed the presence of
GFP protein and comparable expression of Evil

—AAA protein in embryonic fibroblast cells from

Evi1*/CFP mice compared with WT mice
(Fig. 1 D). Evi1*/C™? mice were phenotypi-
cally indistinguishable in survival, hematopoi-
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etic cellularity, and lineage composition from
WT controls (unpublished data). Initial flow
cytometric analysis of adult Evi1*/¢"™ mice re-
vealed a small, but discrete, population of GFP*
cells (0.15 = 0.6%; Fig. 2 A), confirming the cx-
pression of the Evi1-IRES-GFPallele. To exam-
ine whether GFP expression levels correlated
with those of endogenous Evil mRINA expres-
sion, Evil expression of sorted GFP™ and GFP*
cells from BM of Evi1*/S™ mice was analyzed
by real-time quantitative PCR. (RQ-PCR).
Evil mRNA was exclusively expressed in the
GFP* cells, and almost no expression was found

<
YT band (10 kb) in the GFP™ cells (Fig. 2 B), indicating that
o <= Knock-in band (4.1 kb) GFP expressi-on in Athis mouse model faithfully
marks cells with active Evil expression.
C  Eviitr  Ey1verP D EvitH* Eyi1+GFP Figure 1. Generation of Evi1-IRES-GFP knock-in
Primer Neo Evil Neo Evil WE S = 2020 mice. (A) The structufe of murine Evi7 and the targeted
e Evi1-IRES-GFP locus is shown. RV, EcoRV; X, Xbal.
Evil @ese ssess (B) Southern blot analysis of genomic DNA isolated from
<~ Knock-in band (667 bp) ,,A,;,,_},wﬂ = 116kD  WTES cells (Evi 1*f*l and two indepe.ndent‘cioges of tar-
] geted ES cells (£viT+/%), DNA was digested with Xbal
<= WT band (394 bp) GFP s | = 27KD  (left) or EcoRV (right), and hybridized with the indicated

B-AGlin sssr imaag] = 47 kD
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probes. (C) Genotyping of £viT*/6% mice by PCR.

(D) Western blot analysis for GFP and Evi1 in embryonic
fibroblast cells from Evi1** and EviT+/% mice. B-Actin
was used as a loading control. ME, Mds1-Evi.

Evit expression marks long-term repopulating HSCs | Kataoka et al.

2102 ‘z1 Aepy uo Biossaidni wef wol pepeojumo(

i



Published November 14, 2011

Evil mRNA has been shown to be expressed at signifi-
cantly higher levels in HSPCs (Lin~ Sca-1* c-kit* [LSK]) |
and common lymphoid progenitors (CLPs) than in other
hematopoietic cells (Yuasa et al,, 2005; Chen et al,
2008). To gain insight into the biological function of Evil
through its cell type—specific expression pattern, the distri-
bution of GFP* cells was examined in adult BM from Evi1*/
GF? mice. Beyond expectation, GFP expression was highly
restricted to the LSK fraction (Fig. 2 A). To confirm stem/
progenitor-specific expression of Evil, we analyzed the
GFP fluorescence of various hematopoietic cell popula-
tions from BM and spleen of Evi1*/G*P mice. We found a
heterogeneous expression of GFP in the LSK fraction, in
which about half of the cells were GFP* (Fig. 2, C and D).
Conversely, only 2.5% of common myeloid progenitors
(CMPs) expressed GFP, and almost no expression was
found in granulocyte/monocyte progenitors (GMPs) and
megakaryocyte/erythrocyte progenitors (MEPs; Fig. 2 C).
In contrast to the previous study (Chen et al., 2008), GFP
was not expressed in CLPs (Fig. 2 C). In addition, no GFP
expression was observed in mature hematopoietic lineages
or nonhematopoietic cells in BM (Fig. 2 C). Together,
these results suggest that Evil is uniquely expressed in
HSPCs, but its expression is sharply down-regulated along
with differentiation.
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Because LSK cells, a population which contains multi-
potent progenitors (MPPs), short-term HSCs (ST-HSCs),
and long-term HSCs (LT-HSCs), include both a GFP* frac-
tion and a GFP™ fraction, we next resolved GFP expression
within the LSK compartment for other markers characteristic
of LT-HSCs. When LSK cells were subdivided according to
CD34 and Flk-2 expression (Orford and Scadden, 2008), the
Flk-2~ CD34~ LSK fraction, which is considered to contain
most LT-HSC activity, had the highest expression of GFP,
and its expression decreased with differentiation to hemato-
poietic progenitors (Fig. 2 E). In addition, further enrichment
for LT-HSCs within the LSK fraction using SLAM family
receptors (CD48 and CD150; Kiel et al., 2005) revealed
that GFP* cells were found in greatest abundance within
CD48~ CD150* LSK cells, in which LT-HSCs are highly
enriched. In contrast, GFP expression was substantially down~
regulated in CD48* LSK cells, irrespective of CD150
expression (Fig. 2 F). When we examined how GFP™ cells
were distributed within the LSK fraction, GFP expression
was highly enriched in the Flk-2= CD34~ LSK or CD48~
CD150" LSK fractions (Fig. 2, G and H). Therefore,
these results indi-
cate that Evil is dy-
namically regulated
within HSPCs; its

Figure 2. Evi1 is predominantly ex-
pressed in LT-HSCs in adult BM. (A) FACS
analysis of expression of lineage markers (Lin),
c-kit, and Sca-1 on GFP* cells in adult BM
from Evi1+/5% mice. Data are representative of
three independent experiments. Pl, propidium
iodide; FSC, forward scatter. (B) RQ-PCR analy-
sis of the expression of £vi? mRNA in sorted
GFP~ or GFP* cells from BM of Evi1+/6% mice,
‘presented relative to GAPDH expression (¥ P <
0.0001; n = 2). {C) Frequency of GFP* cells in
indicated BM subpopulation and in splenic

T cells from Evi1*6% mice (n = 3-5). Meg,
megakaryocyte; EC, endothelial cell. (D) FACS
analysis of expression of GFP in LSK cells from
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EviT** and Evi1*/5F mice. Data are represen-
tative of at least twenty independent experi-
ments. (F and F) Frequency of GFP* cells in
subpopulations of LSK cells divided using Flk-2
and CD34 (E) or CD48 and CD150 (F) in
Evi157 mice. (left) Representative plot is
shown. {right) Bar graph represents mean +
SD (n = 3-4). (G-H) FACS analysis of expres-
sion of Flk-2 and CD34 (G) or CD48 and
CD150 (H) on LSK GFP+ cells in BM from
Fvi1+/%% mice. Data are representative of two
independent experiments. (1) Frequency of
Flk-2— CD34~ LSK or CD48~ CD150* LSK cells
in BM from Evi1+/+ and EviT*6% mice (n = 3-5).
{J) PB donor chimerism in CRAs, in which 2 x
105 BM cells from EviT** and EviT*/6f mice
(Ly5.1) were transplanted into lethally irradi-
ated recipients (Ly5.2) together with 2 x 10°
competitor BM cells (Ly5.2). Percentages of
donor-derived cells (Ly5.1) in PB 16 wk after
transplantation are shown (P = 0.12; n = 3).
Data represent mean + SD.
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expression is predominantly enriched in L'T-HSCs and rapidly
extinguished during early stages of lineage commitment.

‘To reinforce Evil-IRES-GFP knock-in mice as a faithful
tool for investigating HSCs, we assessed the number and func-
tion of LT-HSCs in BM from Evi1*/CFP mice. Flow cytometric
analysis revealed that the frequencies of Flk-27 CD34~
LSK or CD48™ CD150* LSK cells were comparable between
Evi1** and Evi1*/¢FP mice (Fig. 2 I). In addition, a com-
petitive repopulation assay (CRA) showed that Evi1*/G"P BM
cells exhibited slightly less, but not significantly different, long-
term reconstitution capacity (Fig. 2 J), indicating that the
number and function of HSCs in Evi 1*/CFP mice are similar to
WT controls.

Evi1 expression represents a functionally distinct

population that remains in an undifferentiated

and quiescent state within HSPCs:

As only a subset of LSK cells expressed GFP in Lvi{*/¢FP
mice, we hypothesized that Evil expression functionally di-
vides the LSK population and marks a more undifferentiated
and quiescent state with multipotent differentiation proper-
ties in this population. To test this idea, we separated the LSK
population into LSK GFP™ and LSK GFP* cells and com-
pared their biological functions. Initially, we confirmed that
LSK GFP* cells had a much higher level of Evil transcripts
than LSK GFP~ cells by RQ-PCR analysis (Fig. 3 A). Inter-
estingly, despite the negative GFP expression, LSK GFP~
cells expressed Evil mRNA at a higher level compared with
CMPs and GMPs (Fig. 3 A), which also suggests that Evil
expression is inversely proportional to the differentiation status.
To achieve an estimate of the differentiation stage of these

two populations, LSK GFP~ and LSK GFP* cells were cul-
tured in serum-free medium containing stem cell factor (SCF)
and thrombopoietin (TPO). After 3 d of culture, the propor-
tion that remained in the LSK fraction was significantly
higher in LSK GFP"* cells than in LSK GFP~ cells (Fig. 3 B),
suggesting that LSK GFP* cells are more primitive HSCs.
Next, to evaluate the differentiation potential of LSK GFP~
and LSK GFP* cells, we performed colony-forming assays
in vitro. Although both populations generated an equivalent
number of myeloid colonies CFU-granulocyte/macrophage
[CEFU-GM]), LSK GFP* cells gave rise to greater numbers
of erythroid (burst-forming unit-erythrocyte [BFU-E]) and
multipotential (CFU-granulocyte/erythrocyte/macrophage/
megakaryocyte [CFU-GEMM)]) colonies than LSK GFP~
cells (Fig. 3 C). These data suggest that Evil expression cor-
relates with multipotent differentiation capacity. In addition,
to assess the colony-forming capacity at the clonal level,
single LSK GFP~ and LSK GFP* cells were cultured in
serum~free medium. LSK GFP~ cells formed detectable
colonies at a frequency comparable to LSK GFP* cells, but
generated smaller numbers of highly proliferative colonies
(>300 cells; Fig. 3 D), indicating that the LSK GFP* fraction
comprises a higher proportion of HSPCs with enhanced pro-
liferative capacity.

Our observations suggested that Evil reporter activity is
downsregulated as HSCs differentiate. To examine this issue,
we forced LSK GFP* cells to differentiate in vitro in response to
SCF, TPO, IL-3, and IL-6. These LSK GFP* cells predomi-
nantly generated GFP™ cells (Fig. 3 E). After culture, the major-
ity of cells that had become GFP~ lost the LSK phenotype,
whereas most cells that remained in GFP* continued to express

A_ 200 B2 100 Otskere  Figure 3. Evil expression represents a
<'§ 150 _ Lo BEiskeFP  functionally distinct population that re-
E5 .00 3 8 § 80 . mains in an undifferentiated and quies~
S5 g, S 0 : * cent state within HSPCs. (A) RQ-PCR
’“g 5 20 analysis of the expression of £vi7 mRNA in
€ ol — ol L £ o ' sorted GMPs, CMPs, LSK GFP= cells, and LSK
GMP  CMP LSKGFP-LSKGFP* LSK GFP LSK GFP* CFU-GM  CFU-GEMM  BFU-E GFP* cells from Evif*/S% mice, presented rela-
b 1:2 * E f F TZZ . tive to GAPDH expression (n=2). (B} LSK
g o0 Js0-100 S e GFP~ and LSK G!:P+ ce“s were cultured in
8 o [1100-200 % “© serum-free medium with 20 ng/ml SCF and
3 20 B30 " 20 ng/ml TPO for 3 d, and the percentage of
o the remaining LSK fraction was analyzed
P pp—. R — (* P <0.001; n = 3). (C) Numbers of CFU-GM,
G 1204 % . % LILSKGFP CFU-GEMM, and BFU-E colonies derived from
100 B LK GFp* 100 sorted LSK GFP~ and LSK GFP* cells
3. 804 (* P <0.05; n=3). (D) Single LSK GFP~ and
§ jg: . * LSK GFP+ cells from £viT+/S™ mice were clone-
204 r‘h__‘ sorted and cultured in serum-free medium.
0 . E= . . od - After 14 d of culture, cell numbers in each
CFU-GM  CFU-GEMM BFU-E Gy Gy $iG,M colony were analyzed. Their relative distribu-

tion is shown (* P < 0.05; n = 192 clones

from 2 independent experiments). (E) LSK GFP* cells were cultured in medium containing 10% serum with 50 ng/m! SCF, 50 ng/mi TPO, 10 ng/ml IL-3, and
10 ng/ml IL-6 for 5 d, and the percentage of the remaining GFP* fraction were analyzed. Data are representative of four independent experiments. (F) The
percentages of the remaining LSK fraction in GFP~ and GFP* cells after culture were analyzed (¥, P < 0.0001; n = 4). (G) Numbers of CFU-GM, CFU-GEMM,
and BFU-E colonies derived from 200 GFP~ and GFP* cells were analyzed (*, P < 0.0001; n = 4). (H) Cell cycle status of LSK GFP~ and LSK GFP* cells from
EviT+5F mice, analyzed by Hoechst 33342 and pyronin Y staining (%, P < 0.05; *, P < 0.005; ** P < 0.0005, n = 3). Data represent mean + SD.
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the LSK phenotype (Fig. 3 F), indicating that loss of GFP corre-
lates with phenotypic differentiation. To confirm the differential
phenotype of the GFP~ and GFP* cells after culture reflected
their functional status, we compared their ability to form colo-
nies in methylcellulose. GFP* cells yielded significantly more
colonies than GFP~ cells (Fig. 3 G), suggesting that functionally
primitive HSCs predominantly reside in the GFP* fraction.
Collectively, these data indicate that in vitro culture of LSK
GFP* cells leads to generation of GFP™ cells that are more dif-
ferentiated, and lend credence to the use of GFP as a fluorescent
sensor for the differentation state of hematopoietic cells.

To determine the cell-cycle distribution of LSK GFP~
and LSK GFP* cells, we performed Hoechst 33342 and py-
ronin Y staining, which revealed that the majority of LSK
GFP* cells were in G, phase, whereas a significant proportion
of LSK GFP~ cells were actively cycling (Fig. 3 H). These
data indicate that, within HSPCs, Evil expression represents

* * *

A oo B1oo
& £ 80
c =8~ LSK GFP" (Exp 1) £

g 10 2 60
3 =&~ | SKGFP (Exp.2) @

E £ 40
5 == LSK GFP* (Exp. 1) §
e — 5 20
2 =4 LSK GFP" (Exp.2) &

S 01 o 0

Myeloid cell B celi T cell

a functionally distinct population that remains in an undiffer-
entiated and quiescent state.

Evi1 expression marks in vivo long-term multilineage
repopulating HSCs in adult BM

Based on the aforementioned data, we hypothesized that
Evil expression would have the potential to effectively
mark long-term multilineage repopulating HSCs. To ex-
amine this issue, we performed a CRA, in which 500 puri-
fied LSK GFP~ or LSK GFP* cells were transplanted with
2 X 10% competitor BM cells into lethally irradiated recipi-
ents (Fig. ST A). At 16 wk after transplantation, flow cyto-
metric analysis of donor-derived cells revealed long-term
reconstitution in all recipients transplanted with LSK GFP*
cells (Fig. 4 A). Moreover, LSK GFP* cells displayed multi-
lineage potential with robust contribution to myeloid, B,
and T cells in peripheral blood (PB) as well as the LSK

Figure 4. Evi1 expression marks in vivo

Time (wk) PB

C1oo * long~term multilineage repopulating HSCs
g 80 in adult BM. (A and B) PB donor chimerismin
é 80 CRAs, in which 500 LSK GFP~ or LSK GFP* cells
é 40 “ sorted from Evi1+/7 mice (Ly5.2) were trans-
S 20 planted into lethally irradiated recipients
= g o (Ly5.1) together with 2 x 10° competitor BM
— OLSKGFP cells (Ly5.1 x Ly5.2). (A) Percentages of donor-
B LSK GFP

derived cells (Ly5.2) in PB after transplantation

D ol e e ot wn o g PSS el are shown. Each dot indicates an individual
s g g * * * recipient mouse (*, P < 0.005; n = 6-7 from 2
E g 10 £ independent experiments). (B) Percentages of
g & § 40 donor-derived cells (Ly5.2) in myeloid, B, and
5 5 2 s 20 T cells of PB and LSK cells of BM 16 wk after
§ o% M g N N i transplantation. Recipient mice in experiment 1
W% 12 1 Myeloidcell Besll T ocel were used for the analysis of BM (%, P < 0.01;
Time (wk) n=6-7 for PB and n = 3 for BM). (C) Percent-
F CD48"CD150" LSK cells : G CD48*CD150°LSK cells ages of donor-derived cells (L\/S.Z] in PB of
Total  sx  wEkw Kk k¥ Myeloid % % * * 801 . N
2 5100 g * *k * secondary recipient mice (Ly5.1) 16 wk after
i b4 £ 60 transplantation. Recipient mice in experiment
§ § 0 2, 1 were used for secondary transplantation
5 5 g 2 (* P <0.0001, n=3). (D-K) PB donor chime-
2 2 5 rism in CRAs, in which 100 CD48~ CD150+ LSK
S o T T S o0 e O e oo Beell T cal GFP~ or CD48~ CD150* LSK GFP* cells (D and
Time (W) Time (wk) E: n=7-8), or 500 CD48* CD150~ LSK GFP~
Flk-2"CD34" LSK cells ] Fik-2-CD34" LSK cells or CD48* CD150~ LSK GFP* cells (Fand G;n=7),
N S S S, o S . S SRR T B . . or 100 Flk-2— CD34~ LSK GFP- or Flk-2-
g = = @— £ CD34- LSK GFP* cells (H and I; n = 3-4), or
g 10 g 10 5 60 500 FIk-2+ CD34* LSK GFP~ or Flk-2* CD34*
£ \ £ % £ 40 LSK GFP+ cells (J and K; n = 3-4) sorted from
g 1 g ! - g 20 EviT#/5F mice (Ly5.1) were transplanted into
8, \ 8, \ S e —— = lethally irradiated recipients (Ly5.2) together
o 4 8 12 18 o 4 8 12 16 with 2 x 10° competitor BM cells (Ly5.2).
| Time: (wk) e o, Time (wk) . o8 LK cele (D, £, H, and J) Percentages of donor-derived
Total . x * Myeloid 100 ) cells (Ly5.1) in total (left) and myeloid cells
gmo gm &= GFP- g a0 Eg:. (right) of PB after transplantation are shown.
§ 10 % § 10 4= GFP” % I, Each dot indicates an individual recipient mouse
2 % B m L . (P <005; ™, P < 0.005; ™ P < 0.0005).
g § 1 % 2 (E, G, 1, and K) Percentages of donor-derived
5 5 % 8, cells (Ly5.1) in myeloid, B, and T cells of PB
T e e e FE S S S Myeloidcell B call T call 16 wk after transplantation (*, P < 0.05;

Time (wk) Time (wk)
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** P < 0.005). Data represent mean + SD.
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fraction in BM (Fig. 4 B). In contrast, LSK GFP~ cells yiclded
an almost total inability to generate long-term chimerism
(Fig. 4, A and B), which suggests that this population is de-
void of self-renewal activity. To confinmn the in vivo repopu-
lating capacity of LSK GFP* cells, we performed secondary
transplantation. Similarly, LSK GFP* cells showed re-
markable long-term reconstitution, whereas LSK GFP~
cells consistently failed to produce detectable donor-derived
cells (Fig. 4 C), demonstrating that in vivo long-term multi-
lineage repopulating cells are exclusively enriched in the
LSK GFP* fraction in adult BM.

To further refine our analysis designating Evil expression
as a robust and reliable HSC marker, we compared the re-
populating capacity of GFP™ and GFP* cells within the
CD48~ CD150* LSK fraction, which is enriched for LT-HSCs
(Fig. S1 B). Intriguingly, CD48~ CD150* LSK GFP* cells
exhibited long-term multilineage reconstitution, whereas no
engraftment was observed in recipients of CD48~ CD150*
LSK GFP~ cells (Fig. 4, D and E), suggesting that long-term
repopulating HSCs predominantly reside in the GFP* frac-
tion even within the highly subfractionated LT-HSC fraction.
We then examined whether Evil expression is associated
with repopulating capacity in the CD48* CD150~ LSK frac-
tion, which is enriched for ST-HSCs/MPPs with limited self-
renewal activity (Fig. S1 B). Although CD48* CD150~ LSK
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=
4 40 L+ 40 > 40
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[T L [
& 20 & 20 & 20
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2 204
e
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8104
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Q o
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GFP~ cells provided only a transient reconstitution, CD48*
CD150™ LSK GFP* cells showed declining, but sustained en-
graftment 16 wk after transplantation (Fig. 4 F). In contrast
to CD48~ CD150* LSK GFP* cells, CD48* CD150~ LSK
GFP* cells mediated faint myeloid but superior lymphoid re-
constitution (Fig. 4, F and G). Although it is controversial
whether CD48" CD150~ LSK cells are transiently reconsti-
tuting MPPs/ST-HSCs or lymphoid-biased LT-HSCs with
limited long-term engraftment and strong predominance of
lymphoid reconstitution (Kiel et al., 2005; Weksberg et al,;
2008; Grassinger et al., 2010), Evil-expressing cells possess
higher repopulating capacity within this fraction. When we
subfractionated the LSK fraction according to CD34 and
Flk-2 expression, and compared the repopulating capacity of
GFP~ and GFP™ cells within these subsets (Fig. ST C), we ob-
tained similar results to the aforementioned findings using
SLAM markers (Fig. 4, H-K).These data reveal that, irrespec-
tive of the combination of HSC surface markers used, GFP*
cells are the exclusive reservoir of HSC activity, with no re-
constitution ability being observed in GFP™~ cells within the
LT-HSC compartment. Altogether, our results demonstrate
that Evil expression can further augment the conventional
HSC purification strategy, and suggest that Evil-IRES-GFP
knock-in mice allow us to functionally identify HSCs on the
ground of self-renewal capacity.

Figure 5. Evil expression marks in vivo
long-term multilineage repopulating HSCs
in embryo. (A-C) Frequency of GFP* cells in
each subpopulation of E10.5 AGM (A; n = 5)
or E12.5 placenta (B; n = 3) or E14.5FL{C; n =

sis of expression of CD34 and c-kit on CD45*
GFP+ cells from E10.5 AGM (D) or CD34, c-kit,
and CD48 on GFP+ cells from E12.5 placenta
(E} or Lin, Mac-1, Sca-1, and CD48 on GFP*
cells from E14.5 FL (F) in Evi1+/6FF embryos.
Data are representative of 2 to 10 indepen-
dent experiments. (G and H) Numbers of
CFU-GM, CFU-GEMM, and BFU-E colonies de-
rived from 100 CD45* GFP~ and CD45* GFP+

[JCD45’ GFP-
B CD45* GFP*

*

CFU-GEMM BFU-E

F e -
A _ A H30 ng%f'k“‘zmz‘ (G:'F; cells sorted from E10.5 AGM (G; n = 3), or 100
""" > 92.4% g 201 RCDTCATCOTETTT 0D34+ c-kitr CD48~ GFP~ and CD34* c-kit+
q 3 CD48~ GFP+ cells sorted from E12.5 placenta
o
o P 8 101 * {H: n=3)in Evi1*#S" embryos (* P < 0.05;
g ) 5 * P < 0.0005). (I) PB donor chimerism in
“ . . .
ol A - B Foruom orucemw erue | CRAS, in which 500 CD34* c-kitr D48~ GFP-
x = or CD34+ c-kit* CD48~ GFP+ cells sorted from
' * *k * Kk J *
::5100 g"’" — E12.5 placenta of EviT*%F embryos (Ly5.1 x
£ £ < Ly5.2) were transplanted into lethally irradi-
2 10 g CD347 ckxt "CD4g" 2 10 N
g %‘# g S e =@-usLoRe ated recipients (Ly5.2) together with 2 x 105
E 1 g CD3 e CDAE g 1 - s, Gre* competitor BM cells (Ly5.2). Percentages of
5 5 g@ N donor-derived cells (Ly5.1 x Ly5.2) in PB after
o : o1 transplantation are shown. Each dot indicates
0 8 12 18 0 8 12 16
Time (wk) Time (wk) an individual recipient mouse (*, P < 0.05;

* P < 0.005; n=4-6). (J) PB donor chimerism

in CRAs, in which 500 MSL GFP~ or MSL GFP+ cells sorted from E14.5 FL of Evi7*/87 embryos (Ly5.2) were transplanted into lethally irradiated recipients
(Ly5.1 x Ly5.2) together with 2 x 10% competitor BM cells (Ly5.1 x Ly5.2). Percentages of donor-derived cells (Ly5.2) in PB weeks after transplantation are
shown. Each dot indicates an individual recipient mouse (* P < 0.05; n = 4). Data represent mean + SD.
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Evi1 expression marks in vivo long-term multilineage
repopulating HSCs in embryo

The formation of blood cells begins in the yolk sac of the
embryo, and then shifts to the aorta-gonad-mesonephros
(AGM) region, and then sequentially to the placenta, fetal
liver (FL), and adult BM. There are several major phenotypic
and functional differences between fetal and adult HSCs in
surface marker profile, cell cycle status, self~renewal poten~
tial, gene expression profile, and regulatory mechanism
(Mikkola and Orkin, 2006; Orkin and Zon, 2008). Fetal
HSCs, in particular, divide rapidly and undergo massive ex-
pansion, whereas adult HSCs are mostly quiescent (Bowie
et al., 2006). It is known that Evil is highly expressed in the
yolk sac, paraaortic splanchnopleura, and HSPCs (CD45*
CD34* c-kit*) in early embryo (Yuasa et al., 2005). There-
fore, we sought to determine whether Evil expression can
mark fetal HSCs despite their distinct features from adult
HSCs, and thus analyzed the expression pattern of GFP in
Evi1*/CF? embryos. As expected, GFP expression was highly
restricted to HSPC:s in the embryonic tissues; CD45% CD34*
c-kit* cells in embryonic day 10.5 (E10.5) AGM, CD34*
c-kit* CD48" cells in E12.5 placenta, and Mac-1* Sca-1* Lin~
(MSL) CD48~ cells in E14.5 FL (Fig. 5, A-C; Takakura
et al., 2000; Kim et al., 2006; McKinney-Freeman et al.,
2009). When the distribution of GFP* cells in the fetal hema-
topoietic system was analyzed, most GFP* cells exhibited the
HSPC-specific marker profile in all embryonic tissues exam-
ined (Fig. 5, D-F), indicating the predominant expression of
Evil in HSPCs during fetal hematopoiesis.

To determine whether Evil expression is associated with
hematopoietic activity in the embryonic tissues, we per-
formed colony-forming assays in vitro using CD45* GFP~
and CD45*% GFP* cells from E10.5 AGM, and found that
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CD45*% GFP* cells contained almost all colony-forming
cells, with few detectable hematopoietic colonies in CD45*
GFP~ cells (Fig. 5 G). In the same manner, within the CD34*
c-kit* CD48~ fraction from E12.5 placenta of Evi1*/CF
embryos, colony-forming activity was exclusively present
in GFP* cells, regardless of colony type (Fig. 5 H). These
data suggest that clonogenic hematopoietic progenitors
predominantly reside in the Evil-expressing fraction in
fetal hematopoiesis.

To examine whether Evil expression would have the
potential to effectively mark long-term repopulating HSCs
in embryo, we performed a CRA using sorted CD34* c-kit*
CD48~ GFP™ and CD34" c-kit™ CD48~ GFP* cells from
E12.5 placenta of Evil*/S™® embryos (Fig. S2 A). It was
obvious that CD34* c-kit* CD48~ GFP* cells contributed
to the long-term reconstitution of irradiated recipients,
whereas donor chimerism was almost undetectable in mice
transplanted with CD34" c-kit* CD48~ GFP~ cells (Fig. 5 1),
which is in agreement with the results obtained with their
adult counterparts. To further assess whether Evil expres-
sion can enrich long-term repopulating HSCs-in embryo, we
performed a CRA using purified MSL GFP™ and MSL

GFP™* cells from E14.5 FL (Fig. S2 B). Along with cells in’

E12.5 placenta, MSL GFP* cells gave rise to long-term
multilineage reconstitution, whereas no engraftment was
observed in recipients of MSL GFP~ cells (Fig. 5 J). These
results indicate that fetal HSCs with active Evil transcrip-
tion exclusively harbor stem cell activity. Collectively,
despite the functional differences between fetal and adult
HSCs, Evil expression marks long-term multilineage re-
populating HSCs throughout ontogeny, suggesting a specific
relationship between Evil expression and HSC self-re-
newal capacity.

Figure 6. Evi1 heterozygosity leads to an
almost complete loss of LT-HSCs in a cell-
autonomous manner. (A) FACS analysis of
expression of Flk-2 and CD34 or CD48 and
CD150 on LSK cells in BM from Evi1*/* and
EviT*/~ mice. Data are representative of at
least three independent experiments. (B) Fre-
quency of myeloid {Lin~ Sca-1~ c-kit*) and
lymphoid progenitors (CLPs) in BM from
EviT** and EviT*~ mice'(n = 3). (C) Frequency
% of Flk-2+ CD34+, Flk-2~ CD34*, and Flk-2~
(D34~ subsets within LSK cells in BM from
Fvi1*/* and Evi1*~ mice (*, P < 0.0001; n = 8).
(D) Frequency of CD48* CD150~, CD48*
CD150+, CD48~ CD150~, and CD48~ CD150¢
subsets within LSK cells in BM from EviT#+
and EviT*~ mice (*, P < 0.01; n = 3). (E) Recip-
rocal transplantation assay was performed by
transplantation of 2 x 105 WT BM cells {Ly5.1)}
into lethally irradiated FviT** or EviT*~ mice
(Ly5.2). Frequency of Flk-2~ CD34~ LSK or
CD48~ CD150* LSK cells in BM of recipients
16 wk after transplantation is shown (n = 4).
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Data represent mean + SD.
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Evi1 heterozygosity leads to an almost complete loss

of LT-HSCs in a cell-autonomous manner

The aforementioned observations led us to predict that Evil
plays a functional role specifically in LT-HSCs. To clarify
this issue, we analyzed heterozygous Evi1 KO mice (Evi1*/™).
We previously showed that heterozygosity of Evil leads to
decreased numbers of LSK and CD34~ LSK cells, as well as
impaired long-term repopulating activity (Goyama et al.,
2008). In the current study, although Flk-2* CD34* and Flk-2~
CD34* LSK cells were moderately decreased, Flk-2-
CD34~ LSK cells from Evi1*/~ mice exhibited a marked re-
duction in frequency compared with WT controls (Fig. 6,
A and C). Likewise, when LSK cells were subdivided according
to SLAM markers, we observed substantial decreases in
CD48~ CD1507 and CD48~ CD150* LSK subsets (Fig. 6,
A and D). Therefore, the number of each subpopulation
within the LSK fraction in Evi1*/~ mice was declined in pro-
portion to their expression level of Evil, indicating that Evil
has a dominating effect on the maintenance of LT-HSCs. In
contrast, there were no significant differences in BM cellular-
ity and the frequencies of lymphoid and myeloid progenitors,
and mature blood cells between Evi1*/* and Evi1*/~ mice
(Fig. 6 B and not depicted), indicating that the differentiation
potential to all mature lineages and committed progenitors is
normal in Evi1*/~ mice. Collectively, these observations sug-
gest that Evil serves as a specific regulator in the earliest stage
of adult hematopoietic development.

To exclude the possibility that a defect of BM micro-
environment could be responsible for the observed hematopoi-
etic abnormalities in Evi1*~ mice, we performed reciprocal
transplantation experiments, in which WT BM cells were
transplanted into lethally irradiated Evi1*/* or Evi1*/~ mice. At
16 wk after transplantation, flow cytometric analysis showed
no differences in the percentages of Flk-27 CD34~ LSK or
CD48~ CD150* LSK cells in both groups of recipient mice
(Fig. 6 E), demonstrating that the profound loss of LT-HSCs in
Evi1*~ mice is attributed to cell-intrinsic mechanisms.

Evi1 heterozygosity causes specific abrogation

of self-renewal capacity in ST- and LT-HSCs

To further characterize which subpopulation in HSPCs is
most dependent on Evil, we purified CD34* and Flk-2~
CD34~ LSK cells from Evi1*/* and Evi1*/~ mice and com-
pared their differentiation and self-renewal capacity in vitro
and in vivo. First, to assess the effect of Evil heterozygosity
on the biological functions of ST-HSCs/MPPs, we per-
formed colony-forming assays in vitro using Evil*™/* and
Evi1*/~ CD34* LSK cells, which demonstrated no significant

differences in the number and type of colonies (Fig. 7 A).

Similarly, we found the capacity of Evi1*/~ CD34* LSK cells
to form colonies in the spleen 11 d after transplantation
(CFU-spleen [CFU-S]) was also equivalent to that of WT
littermates (Fig. 7 B), indicating Evil is dispensable for the
regulation of the differentiation and proliferation capacity in
ST-HSCs/MPPs. Moreover, to investigate’the self~renewal

ability of ST-HSCs/MPPs in vivo, we evaluated the short-term-

2410

repopulating capacity of purified CD34* LSK cells using a
CRA. At 2 wk after transplantation, we detected comparable
frequencies of Evi1™* and Evi1*/~ CD34* LSK cell-derived
myeloid and B cells (Fig. 7 C), suggesting that heterozygosity
of Evil does not affect the engraftment and differentiation
potential of ST-HSCs/MPPs in vivo. However, atlater time
points in the experiment, we found a moderate but significant
decline in the percentage of donor-derived cells from Evi1*/~
mice (Fig. 7 D). These data indicate that heterozygosity of
Evil attenuates the self-renewal capacity of ST-HSCs/MPPs,
but is not accompanied by any specific differentiation defects
in them.

To assess whether Evil is required for the functions of
LT-HSCs, we compared the self-renewal and proliferation
capacity of Evil*/* and Evi1*/~ Flk-2= CD34~ LSK cells
when cultured in serum-free medium. Evil*/~ Flk-2~
CD34~ LSK cells showed comparable proliferation with WT
cells for the first week of culture, but thereafter they exhib-
ited pronouncedly impaired growth (Fig. 7 E). After incuba-
tion, a significantly lower proportion of cultured Evil*/~
Flk-27 CD34~ LSK cells remained in the LSK fraction than
those from Evi1*/* mice (Fig. 7 F). In addition, we observed
a prominent reduction of hematopoietic colonies contained
in cultured Evi1*/~ Flk-2~ CD34~ LSK cells (Fig. 7 G).
Besides, most of the colonies generated from cultured Evi1*/~
Flk-2~ CD34~ LSK cells consisted of only CFU-GM. These
data indicate that heterozygosity of Evil results in accelerated
loss of HSPCs, leading to the inefficient expansion of their
progeny. To evaluate the colony-forming capacity at the
single cell level, Evi1*/* and Evi1*/~ Flk-27 CD34~ LSK
cells were clonally sorted and cultured in serum-free me-
dium. Evil heterozygosity diminished the colony-forming
efficiency of clone-sorted Flk-27 CD34- LSK cells, and sin-
gle Evi1*/~ Flk-2~ CD34~ LSK cells generated smaller colo-
nies compared with control cells (Fig. 7 H), which indicates
that the disruption of Evil gene not only decreases the num-
ber of clonogenic HSCs but also impairs the functional out-
put per cell.

To assess the repopulating capacity of Evi1*/~ LT-HSCs
in vivo, we performed a CRA using purified Flk-27 CD34~
LSK cells from Evi1*/* and Evi1*/~ mice. Notably, Evi1*/~
Flk-27 CD34~ LSK cells were almost unable to efficiently
repopulate all mature lineages as well as stem and progenitor
cells 16 wk after transplantation (Fig. 7, I and J), suggesting
that LT-HSC function is critically dependent on Evil gene
dosage. In a noncompetitive setting, although recipients of
Evi1** and Evi1*/~ Flk-2~ CD34~ LSK cells had similar
survival after transplantation (not depicted), Evil*/~ Flk-2~.
CD34~ LSK cells showed impaired engraftment (Fig. 7 K),
suggesting that Evi1*/~ HSCs were outcompeted by residual
host HSCs. However, some of those recipients exhibited
long-term multilineage reconstitution (Fig. 7 K and not
depicted), confirming that the multipotent differentiation
capacity is not abrogated in Evi1*/~ mice. To further explore
the competitive disadvantage of Evi1*/~ HSCs, we transplanted
WT BM cells into unirradiated Evi1** or Evil*~ mice.

Evi1 expression marks long-term repopulating HSCs | Kataoka et al.
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Figure 7. Evil heterozygosity causes specific abrogation of self-renewal capacity in ST- and LT-HSCs. (A) Numbers of CFU-GM, CFU-
GEMM, and BFU-E colonies derived from 100 sorted £vi1*+*and Evi1*/~ CD34+ LSK cells (n = 3). (B) Appearance and number of CFU-S colonies in
the spleen 11 d after injection of 100 sorted Evi7+/* or EviT+~ CD34+ LSK cells into lethally irradiated recipients. (left) Representative appearance
is shown. (right) Data are shown as a dot plot and each bar represents mean (n = 15-16 from 3 independent experiments). (C and D) Short-term
in vivo repopulating assay, in which 500 sorted Evi1*/ or Evi1+/~ CD34* LSK cells (Ly5.2) were transplanted into lethally irradiated recipients
(Ly5.1) together with 2 x 105 competitor BM cells (Ly5.1). (C) Percentages of donor-derived myeloid and B cells (Ly5.2) in PB 2 wk after transplan-
tation are shown (n = 3). (D) Short-term kinetics of the percentages of donor-derived cells (Ly5.2) in PB. Each dot indicates an individual recipient
mouse (%, P < 0.05; n = 3). (E) Proliferation of 1,000 sorted Evi1++ and Evi1+/~ Flk-2~ CD34~ LSK cells cultured in serum-free medium supple-

mented with 20 ng/ml SCF and 20 ng/ml TPO for 14 d (*, P < 0.01; ** P < 0.001; n = 3-4). (F) After 7 d of culture, the percentage of the remaining

LSK fraction in cultured EviT** and Evi1*/~ FIk-2~ CD34~ LSK cells was analyzed (*, P < 0.005; n = 3). (G) In vitro colony-forming assay was per-
formed to assess the numbers of CFU-GM, CFU-GEMM, and BFU-E colonies after 1,000 EviT*+ ahd Evi1*/~ Flk-2— CD34~ LSK cells were cultured
for 14d (% P < 0.01; ** P < 0.001; n = 3-4). (H) Single Evi7** and Evi1*/~ Flk-2~ CD34~ LSK cells were clone-sorted and cultured in serum-free
medium. After 14 d of culture, cell numbers in each colony were analyzed. Their relative distribution is shown (*, P < 0.0001; n = 192 clones from
2 independent experiments). (I-J) Long-term in vivo repopulating assay, in which 200 sorted EviT*/* or £vi1*/~ Flk-2= CD34~ LSK cells {Ly5.2) were
transplanted into lethally irradiated recipients (Ly5.1) together with 2 x 105 competitor BM cells (Ly5.1). (1) Percentages of donor-derived cells
(Ly5.2) in PB after transplantation are shown. Each dot indicates an individual recipient mouse (*, P < 0.0001, n = 5-6). (J) Percentages of donor-
derived cells (Ly5.2) in myeloid, B, and T cells of PB and LSK cells of BM 16 wk after transplantation (*, P < 0.001; ** P < 0.0001; n = 5-6 for PB
and n = 3 for BM). (K) Noncompetitive repopulating assay, in which 200 sorted EviT** or Evi1*/~ Flk-2— CD34~ LSK cells (Ly5.2) were transplanted
into lethally irradiated recipients (Ly5.1) without competitor. Percentages of donor-derived cells (Ly5.2) in PB of recipient mice that survived

12 wk after transplantation are shown (*, P < 0.05, n = 4-6). (L) Reciprocal transplantation assay was performed by transplantation of 2 x 108
WT BM cells (Ly5.1) into unirradiated Evi1+* or Evi1*/~ mice (Ly5.2). Percentages of donor-derived cells {Ly5.1) in PB 16 wk after transplantation
are shown (n = 6-8). Data represent mean + SD.
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