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Myeloid Development Is Selectively Disrupted in PU.1 Null Mice

By Karen L. Anderson, Kent A. Smith, Kris Conners, Scott R. McKercher, Richard A. Maki, and Bruce E. Torbett

The ets family transcription factor PU.1 is expressed in
monocytes/macrophages, neutrophils, mast cells, B cells,
and early erythroblasts, but not in T cells. We have recently
shown that PU.1 gene disruption results in mice with no
detectable monocytes/macrophages and B cells but T-cell
development is retained. Although neutrophil development
occurred in these mice, it was delayed and markedly re-
duced. We now proceed to demonstrate that PU.1 null
hematopoietic cells fail to proliferate or form colonies in
response to macrophage colony-stimulating factor (M-CSF),
granulocyte CSF (G-CSF), and granulocyte/macrophage CSF
(GM-CSF). In contrast, PU.1 null cells did proliferate and form
colonies in response to interleukin-3 (IL-3), although the
response was reduced as compared with control littermates.
Compared with control cells, PU.1 null cells had minimal

M-CSF receptors. The size of individual myeloid colonies
produced from PU.1 null primitive and committed myeloid
progenitors in the presence of IL-3, IL-6, and stem cell factor
(SCF) were reduced compared with controls. Under these
conditions, PU.1 null progenitors produced neutrophils but
not monocytes/macrophages. These observations suggest
that PU.1 gene disruption induces additional cell-autono-
mous effects that are independent of the alterations in
myeloid growth factor receptor expression. Our results
demonstrate that PU.1 gene disruption affects a number of
developmentally regulated hematopoietic processes that
can, at least in part, explain the changes in myeloid develop-
ment and reduction in myeloid and neutrophil expansion
observed in PU.1 null mice.

© 1998 by The American Society of Hematology.

expression of G- and GM-CSF receptors and no detectable

ATURE BLOOD CELLS are continually replenished survival, proliferation, and terminal maturation of myeloid
throughout life. This requires establishment of a pool of cells16:17

pluripotent stem cells early in embryogenesis from which We'® and other¥ have shown that the loss of myeloid
various hematopoietic lineages are derived by a tightly regudineages in PU.1 gene—disrupted mice implicates PU.1 in the
lated developmental process. One level of regulation of thisregulation of myeloid development. Féal® or newborid
process occurs via transcription factors that direct the expresPU.1 null mice have no detectable monocytes/macrophages or
sion of genes controlling commitment and/or differentiation. neutrophils. However, within 2 to 3 days after birth, neutrophils,
This pattern of lineage-specific gene expression is complexas defined by multisegmented nuclei, expression of Gr-1, and
most likely requiring interactions between lineage-specific andchloroacetate esterase (CAE) staining, can be detected within
broadly expressed transcription factors. These critical transcripthe liver, bone marrow, and sple&hAlthough these cells
tional events result in the expression of various cytokineexpress CD18, they fail to express CD11b. In contrast to
receptors, adhesion molecules, and other key cellular proteins iﬁeutrophils, monocytes/macrophatfeand osteoclast® have
pluripotent cells, thus providing the means for individual cells not been detected in older PU.1 null mice. This loss of normal
to survive, proliferate, and differentiaté. myelopoiesis in PU.1 gene—disrupted mice could be due to a

PU.1is a member of thetsfamily of transcription factors®  ce|l-autonomous defect. That is, the loss of PU.1 in myeloid
recognizing a purine-rich DNA sequence containing the coreyrogenitors may directly affect development, producing the
sequence SGGAA/T-3'.° Expression of PU.1 is limited to  opserved multiple myeloid lineage defects. Alternatively, PU.1
hematopoietic cells, including primitive CD34cells, macro-  gene disruption may alter the hematopoietic microenvironment,
phages, B lymphocytes, neutrophils, mast cells, and earlyo; example, by loss/dysfunction of stroma, resulting in the
erythroblasts:* In vitro studies suggest that PU.1 regulates the psence or reduction of requisite signals for developmental
activity of a number of myeloid- and lymphoid-specific promot- 5 55ression of myeloid progenitors. This is not without prece-
ers and enhancet3Recent evidence also suggests that promot-gent given the absence of osteoclasts in the PU.1 null mouse
ers for the genes encoding receptors for macrophage colony;, the subsequent failure of bone marrow cavity formaon.

stimulatingl4factor (M-CSF)} granulocyte/macrophage CSF Tpege changes caused by PU.1 gene disruption are not mutually
(GM-CSF)i#and granulocyte CSF (G-CSFpre regulated by oy cjsive, and each could contribute to the myeloid defects
PU.1. CSF receptors have been proposed to be critical foBbserved.
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To investigate cell-autonomous defects produced by the loss
of PU.1, we assessed hematopoietic cell responses to M-CSF,
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this fact. tion affects a number of developmentally regulated hematopoi-
© 1998 by The American Society of Hematology. etic events that can, at least in part, explain the alterations in
0006-4971/98/9110-0011$3.00/0 myeloid development observed in PU.1 null mice. Thus, PU.1
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appears pivotal in regulating myelopoiesis. PU.1 null mice30% L929 cell-conditioned media (as a source of M-CSF). Cultures
should be useful for studying mechanisms controlling lineagewere maintained at 37°C in a humidified atmosphere of 5% i@@ir.
determination during myelopoiesis. Colonies were scored as clusters containing more than 50 cells.
HPP-CFC were identified as tight colonies with a diameter greater than
0.5 mn? containing greater than 50,000 cells. Committed progenitor
MATERIALS AND METHODS and single-factor colonies were scored at 7 to 9 days and HPP-CFC at
Mice. C57BL/6x129 PU.1 gene—disrupted mice were produced as21 days by in situ observation with an inverted microscope. Colonies
previously reported® PU.1 gene—disrupted hemizygous mice, F6 Were routinely evaluated by cytologic examination after aspiration of
generation, were bred to produce PU.1 null homozygous neonatedndividual colonies with a Gilson pipetman followed by cytospin
Homozygous neonates were identified as PU.1 null mice by the absenddeparation and Wright-Giemsa (Sigma, St Louis, MO) staining to
of neutrophils/monocytes in blood. Tissue obtained from the tail wasdetermine phenotype.
used to confirm the genotype as previously repotteBU.1 null
neonates all developed septicemia within 24 hours and died by 48 hours RESULTS
if not placed on enrofloxacin treatment (2.5 mg/kg/d). PU.1 null mice  |mpaired response of hematopoietic cells from PU.1 null
treated in this manner have survived up to 20 days. _ mice to M-CSF, G-CSF, or GM-CSFWe have previously
Isolation of hematopoietic cells.Livers or spleens of the mice were shown that PU.1 gene targeting results in the absence of

aseptically removed, and a single-cell sgspensmn wa; generated. Faretectable monocyte/macrophage development, reduced and
bone marrow, femurs were removed, stripped of soft tissue, and then

crushed to release cells within the marrow cavity. When required, readelawecj n_eqtrophll generathn, and generallze(_j reduction of
blood cells were lysed with a 0.15-mol/L solution of ammonium hematopoietic cell numbers in PU.1 null miteGiven these

chloride. For some studies, low-density mononuclear cells were isolatedindings, the demonstration of PU.1 binding sites in the
by purification over a density gradient (Histopaque 1083; Sigma, Storomoter region of M-, G-, and GM-CSF receptor getteand
Louis, MO) per the manufacturer’s instructions. the possible role of PU.1 in regulating these receptors genes, we

Cell proliferation. Proliferation was assessed using an MTT (3-(4,5- examined whether alterations in myeloid development in PU.1
dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide)-based colori- nyll mice were a consequence of the inability to respond to each
metric assay (Cell Proliferation Kit I; Boehringer, Mannheim, Ger- of these cytokines.

many) as directed. Mononuclear cells {10 1C° cells per well) from The ability of neonatal PU.1 null (deficient) hematopoietic
control and PU.1 null neonate liver and spleen were grown in a96—we|lceIIS to use M-, G-, GM-CSF or IL-3 was first assessed in

plate in triplicate under the following conditions: Iscove’s media with | . Cell d f the b
20% fetal calf serum (medium) with no added factors (as a negativeC onogenic assays. Lells removed irom the bone marrow,

control); IL-3 only at 0.01%, 0.1%, and 1.0% conditioned media (from splee_n, or liver of PU.1 r‘u” neonatal mice failed to produce
X63 cells; a kind gift from F. Melchers); and GM-CSF or G-CSF (R&D Ccolonies when cultured with M-, G-, or GM-CSF, but generated
Systems, Minneapolis, MN) only at 0.1, 1.0, and 10.0 ng/mL for 4 dayscolonies when cultured with IL-3. Although the level of
at 37°C and 5% C® M-CSF was used at 10% to 30% L cell- response to IL-3 varied in the studies (Table 1, and data not
conditioned media or 5,000 U/mL rmM-CSF (a kind gift from D. shown), at no time did we observe M-, G-, or GM-CSF
Hume). Cell viability was assessed on the basis of trypan blue exclusiogupporting colony generation from PU.1-deficient hematopoi-
in a duplicate plate. etic cells. In contrast, cells from similar hematopoietic compart-

Enzyme histochemistry and immunohistochemistijethods for  ants of control littermates generated colonies in response to
CAE cytochemical stainirfg and immunostaining of cytospin slides for M- G- GM-CSE or IL-3

F4/8022 M-CSF receptor/c-fms, and GRLwere as previously de-
scribed®

Flow cytometric analysis. Isolated hematopoietic cells were either  Table 1. Hematopoietic Cells From PU.1 Null Mice Are Unable to
directly analyzed or cultured for 2 to 3 weeks in medium plus 1% Generate Colonies in Response to GM-CSF, G-CSF, or M-CSF
IL-3—conditioned media, 10 ng/mL G-CSF, and 10 ng/mL GM-CSF

No. of CFC (X 10%)/Input

before flow cytometric analysis. Protocols for staining the various cell Hematopoietic Cells From
populations for flow cytometric analyses were as previously de- Mouse Various Hematopoietic Compartments*
scribed!® To determine cell surface G- and GM-CSF receptor expres- cyiokine  Phenotype  Bone Marrow Spleen Liver
sion, we used commercially available phycoerythrin (PE)-labeled
cytokines (Fluorokines; R&D Systems) with PE-streptavidin as a IL-3 Controlt ND 22390 77 =45
control, as directed by R&D Systems. Flow cytometric analysis used a PU.Lnull ND 197+38  50=36
Becton Dickinson FACScan with Cell Quest acquisition and analysis GM-CSF Control 173275 20.7x23 71=11
software (Becton Dickinson, Franklin Lakes, NJ). PU.Lnull 00 00 0=0
Colony-forming assays.Assays for hematopoietic progenitor cells G-CSF Control 40=20 100=26 13=11
were performed as described previod$lyith some modification. For PULnull 00 00 00
generation of committed progenitor colonies and high—proliferative ™-CSF Control 40.7x49  21.7x30 180=56
PU.1 null 0x0 0x0 0x0

potential colony-forming cells (HPP-CFC), low-density mononuclear
cells were seeded at 103mL in commercially available methylcellu- *CFC includes all hematopoietic colonies of more than 50 cells;
lose media containing SCF, IL-3, IL-6, and erythropoietin (MethoCult values are reported as the mean * SD. Input cell numbers for
GF M3434; Stem Cell Technologies, Vancouver, BC, Canada). Thisclonogenic assay from neonates: bone marrow, 20,000 cells; spleen,
combination has been shown to be sufficient for generation of both100,000 cells; liver, 50,000 cells. Two studies are shown; these experi-
HPP-CFC and committed progenitor colonfédssays were performed  ments are representative of other evaluations of PU.1 null mice.

in triplicate at 1 mL/35-mrh petri dish. Single-factor colony assays  tPU.1 null connotes mice with both alleles of the PU.1 gene
used either 1% IL-3—conditioned media (from X63 cells; gift from F. disrupted, whereas control connotes mice with 1 or no alleles of PU.1
Melchers) or 300 U/mL rmlIL-3 (gift from D. Hume), 10 ng/mL disrupted. Mice within an experiment were littermates. All groups,
rmGM-CSF (R&D Systems), 10 ng/mL rhG-CSF (R&D Systems), or either control or PU.1 null, were composed of 1 to 3 mice.
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Next, the ability of neonatal PU.1-deficient liver cells to GM-CSF-containing wells, and at 3 weeks, only the cells in
proliferate in response to IL-3, G-CSF, or GM-CSF stimulation IL-3—containing medium remained viable and continued to
was assessed in short-term assays. Proliferation in these cytexpand (data not shown).
kines was assessed at the end of a 4-day culture. There was aOur results demonstrate that PU.1 disruption imparts a
readily detectable difference between cells from control andcell-autonomous defect in myeloid cells that manifests as an
PU.1 null mice: cells from PU.1 null mice cultured with G- or inability to use M-, G-, or GM-CSF for proliferation and colony
GM-CSF did not proliferate above the baseline values observegormation. Since survival and proliferation were evaluated after
for cultures without addition of cytokines (Fig 1). M-CSF was 4 days, our studies cannot fully eliminate the possibility that
also found not to support proliferation of PU.1 null cells (data progenitors that use M-, G-, or GM-CSF are present at very low
not shown). Although hematopoietic cells from PU.1 null mice frequency and survive for very brief periods in the presence of
exhibited baseline values when cultured with G- or GM-CSF,these cytokines. Lastly, it should be noted that at the population
they proliferated above baseline values when cultured withevel, hematopoietic cells from PU.1-deficient liver, spleen, and
IL-3. These results were common to all experiments. Howeverhone marrow did not respond as well to IL-3 as did populations
as shown in Fig 1 and in other experiments (data not shown)from control mice.
hematopoietic cells from PU.1 null mice compared with control  Hematopoietic cells from PU.1 null mice bound minimal
littermates proliferated suboptimally in IL-3. To assess whetheramounts of PE-labeled G-CSF and GM-CSFhe lack of
M-, G-, or GM-CSF might function as PU.1 null cell survival clonogenic growth and in vitro proliferation in response to M-,
factors rather than proliferation factors, PU.1 null cells estab-G-, or GM-CSF by hematopoietic cells obtained from PU.1 null
lished in parallel to proliferation assays were tested for viability mice could be due to the absence of cytokine receptors or the
at the end of these short-term cultures by trypan blue exclusioninability of the receptors to respond to their respective growth
We could not detect an increase in survival of PU.1 null cells infactors. Given our results, we next assessed whether these
M-, G-, or GM-CSF as compared with controls without receptors were present. Both G- and GM-CSF receptors have
cytokines (data not shown). been reported to be present on early progenitors and highly

To determine if G-CSF- or GM-CSF-responsive cells wereexpressed during various stages of myeloid developffént.
present at low frequency and could be expanded in the abseng§ince low numbers of myeloid cells were observed in liver,
of IL-3, freshly isolated PU.1 null neonatal liver cells were spleen, and bone marrow of PU.1 null neonktéand data not
plated in triplicate at 500,000, 50,000, and 5,000 cells/well inshown), we reasoned that in vitro expansion of hematopoietic
1% IL-3—conditioned medium (as positive controls) or in 20 ¢e|is from the liver for 1 or 2 weeks in cultures containing IL-3,
ng/mL G- or GM-CSF. After 1 week, few viable cells:(1%)  G.CcSF, and GM-CSF should allow for sufficient numbers of
other than adherent cells remained in either the G-CSF- Ogg|ls for receptor analyses. This combination of cytokines

normally allows for both expansion of myeloid cells and G- and
1.5 GM-CSF receptor expression. Furthermore, as we have shown,
hematopoietic cells from PU.1 null mice do not expand in either

binding, 17.1) littermates. As seen for G-CSF binding to PU.1
- null cells, PE-labeled GM-CSF binding to PU.1 null cells was
also reduced (PE control mean fluorescence, 4.2; mean fluores-
cence for PE GM-CSF binding, 5.5) as compared with wild-
type cells (PE control mean fluorescence, 3.2; mean fluores-

NN

>

m

ko) % 7 G- or GM-CSF alone. Assessment of M-CSF receptors on PU.1
o= m / null cells is presented elsewhere in this report.

a _é = / Representative results from flow cytometric analyses for
M < 51-0' / expression of G- and GM-CSF receptors on neonatal PU.1 null
é’ ‘E © / and wild-type myeloid cells after short-term culture are pre-
» .9 Q / sented in Fig 2A. Cytokine-expanded PU.1 null cells were
© g % / found to bind reduced amounts of PE-labeled G-CSF (PE
c N .e / control mean fluorescence, 4.2; mean fluorescence for PE
._g = 80'5' G-CSF binding, 4.9) as compared with binding of PE-labeled
9'3 a G-CSF to cytokine-expanded cells from wild-type (PE control
HG_JI: < mean fluorescence, 3.2; mean fluorescence for PE G-CSF
o=

(a

2

MEDIUM 1L
ONLY

3 GM-CSF G-CSF

Fig 1. Proliferation of PU.1 deficient cells was reduced in IL-3 and
absent in G-CSF and GM-CSF as compared with control cells.
Mononuclear cells isolated from neonates were incubated in IL-3 (1%
SN), G-CSF (10 ng/mL), or GM-CSF (10 ng/mL) for 4 days. Prolifera-
tion was measured by colorimetric assessment of MTT reduction and
by counting viable cells at the end of the culture period. Results for
cellular proliferation are presented as the mean * SD of absorbance.
Similar results were obtained for spleen and bone marrow cells (not
shown). Note an approximately threefold reduced proliferation of
PU.1 deficient cells (M) in IL-3 compared with control (Z) and no
proliferation in G-CSF or GM-CSF detectable above the baseline
(medium only conditions).

cence for PE GM-CSF binding, 24.1). These results demonstrate
the absence of detectable PU.1 null cells capable of binding
high levels of PE-labeled G- and GM-CSF after culture (note
the right shoulder of both the G- and GM-CSF binding curves
merge with controls). Furthermore, the vast majority of cultured
PU.1 null cells were incapable of binding detectable amounts of
G- and GM-CSF, as compared with cells from wild-type
littermates.

We next analyzed the PU.1 null and wild-type cultured cells,
used for G- and GM-CSF receptor assessment, for Gr-1
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Fig 2. Binding of the PE-labeled myeloid growth
factors G- and GM-CSF to cultured PU.1 null cells Control
was minimal. Cells were prepared directly from liver 8
of control and PU.1 null neonatal mice and cultured
in the presence of IL-3, GM-CSF, and G-CSF for 9 days
to expand populations of Gr-1* cells. Wild-type and
PU.1 deficient cells were harvested, live cells en-
riched over a density gradient and then analyzed for
the presence of receptors for G-CSF (G-CSFR), and
for GM-CSF (GM-CSFR) by the binding of PE-conju- ' 4
gated G-CSF or GM-CSF (A) or for the neutrophil ~1,009 ,,-.Q{f-vfu‘f*’w"’ﬁ‘ ]
specific marker Gr-1 (B). (A) PE-control staining (—); L o i
PE-conjugated G-CSF or GM-CSF binding (- - -). (B)

Irrelevant control antibody staining (—); specific anti- T
Gr-1 antibody staining (- - -). Fluorescence Intensity

Null

120

80
L

expression. Gr-1 has been used as a marker of mouse granuldevelopment in older PU.1 null mitetherefore, differentiated
cyte differentiatior?! Gr-1 expression is highest on terminally myeloid cells should be present for G- and GM-CSF receptor
differentiated neutrophils, lower on myeloblasts, transient onanalysis. Binding of PE-labeled G-CSF to fresh PU.1 null cells
differentiating monocytes and not detectable on primitivewas extremely reduced (PE control mean fluorescence, 5.1;
progenitorsg:26 |L-3, G-CSF, and GM-CSF all induce Gr-1, mean fluorescence for PE G-CSF binding, 6.0), as compared
progenitor colony formation, and neutrophil production, whereaswith the binding of PE-labeled G-CSF to cells from a wild-type
proliferation to these cytokines is inversely related to Gr-1 mouse (PE control mean fluorescence, 5.5; mean fluorescence
expressiori! Cultured PU.1 null cells were found to be 41% for PE G-CSF binding, 21.9). Receptors for GM-CSF binding
Gr-1* (as well as CAE-, data not shown), as compared with were also reduced on fresh PU.1 null cells (PE control mean
67% Gr-1" for wild-type cells (Fig 2B). Cells expressing fluorescence, 5.1; mean fluorescence for PE GM-CSF binding,
intermediate and high levels of Gr-1 are known to bind G- and7.8), as compared to cells from a wild type mouse (PE control
GM-CSF?! We find that 43% of the Gr1PU.1 null cells are  mean fluorescence, 5.5; mean fluorescence for PE GM-CSF
intermediate to high as compared with 86% of the Gr-1 binding, 31.5).
wild-type cells (channel values from 50 to 10,000). These In summary, PE-labeled G- and GM-CSF binding to cells
results suggest that sufficient PU.1 null myeloid cells aretaken directly from PU.1 null mice or after short-term culture
present after culture that have the potential to express G- andas minimal, although myeloid cells were present that should
GM-CSF receptors. bind higher amounts of G- and GM-CSF. Although our results
Since culture conditions might alter G- and GM-CSF recep-do not allow us to quantify the number of receptors remaining
tor expression on neonatal PU.1 null cells we directly assessedn cells after PU.1 gene disruption, the lack of G- and
fresh pooled bone marrow and liver cells from 9-day-old PU.1GM-CSF-induced proliferation and colony formation is consis-
null (n = 2) and control (= 1) mice for binding of PE-labeled tent with too few receptors for normal function or the loss of
G- and GM-CSF. We have previously demonstrated neutrophihormal receptor function for the remaining receptors.
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Hematopoietic cells from PU.1 null mice generate myeloidA
colonies that are reduced in cell number and are lacking
monocytes/macrophagesWe have demonstrated the delayed
appearance of neutrophils, the absence of monocytes/macr:
phages in vivd8 and the inability of myeloid cells from PU.1
null mice to use M-, G-, and GM-CSF in vitro (Table 1 and Fig o
1). We next investigated the effects of PU.1 gene disruption or ¢
progenitor expansion and development in assays that do not re ©
on M-, G-, or GM-CSF. For these studies, we used a methylcel-
lulose media containing SCF, IL-3, and IL-6 since this has been Fig 3. Hematopoietic colony size was reduced in 7-day CFC and
shown to be sufficient for the assessment of colony-formingz1-day HPP-CFC colonies established from livers of neonatal PU.1 null
progenitors’® The number of total colonies produced from the mice. Individual colonies were aspirated and counted from plates
PU.1 deficient bone marrow was substantially lower, 53- toeSt""bl'tiShed in "iP'tigztzsatthz%)g;:pftsgegi Fheg r?lljﬁebé?e; Izﬁ'se 2;
86-fold, compared with the number of COIOr"eS produced fromsslsoun; s:Jetep:EZirt]he average PU.1 d_eficient CFC colony size (H) eft 7
the control bone marrow (Table 2). Progenitor cells from PU.1¢ 10 days was approximately sixfold reduced compared to control
deficient liver were reduced threefold to 22-fold compared with () littermates (A). PU.1 deficient HPP-CFC (M) were reduced in size
control liver. 3.5-fold compared with control (Z) littermates (B). Colony size =

Differences other than the total number of colonies betweeﬁmmber of cells per colony. These colony sizes were obtained from

. . . . CFC and HPP-CFC shown in experiment 2, Table 2, and are representa-
PU.1 null and control mice were readily apparent. First, it was

. o tive of colony sizes from other experiments.
noted that colonies produced from PU.1 deficient cells were

reduced in cell number. To confirm this observation C°|°niesgenerated from PU.1 null mice in clonogenic assays (Fig 4A, D,
were aspirated from selected clonogenic dishes and countegl, E).

demonstrating that the average number of myeloid cells present |, contrast to colonies derived from cells of PU.1 null mice,
in colonies from PU.1 deficient liver was approximately sixfold macrophages were identified in 63% and 87% of all control
lower (Fig 3A). Secondly, it was clear that differences existed inqq|onies assessed in two separate experiments (Table 3 and Fig
the cell types present in colonies prqduced from PU.1 null mice4; Control; A and D). Neutrophils as identified by morphologic
(Table 3). Based on morphology, it was apparent that PU.rjieria (Fig 4, PU.1 null; A), CAE staining (Fig 4, PU.1 null;
deficient progenitor cells did not differentiate into monocytes/ B), and Gr-1 immunostaining (Fig 4, PU.1 null; C) were present
macrophages. These observations were confirmed by the aly 9194 and 100% of all PU.1 null colonies compared with 58%
sence of the macrophage-associated marker F4/80 and thg,q 9394 of all control colonies tested in two separate experi-
M-CSF receptor after immunohistochemical staining of cells nants. Mast cells were present in 59% and 28% of all PU.1 null
colonies as compared with 87% and 33% of all control colonies,
and megakaryocytes were found in 23% and 14% of PU.1 null
and 30% and 25% of all control colonies in these experiments

CFC HPP-CFC

3
2

N ®

er Colony

—
<t
o
-~—
x
~

(x105)

-

o

o

Cells Per Colony

Control PU.1 Null Control PU.1 Null

Table 2. Progenitor Cells Are Reduced in the Bone Marrow

and Liver of PU.1 Null Neonates (Table 3)-_ . ) .
- These in vitro results revealed that disruption of the PU.1
No. of Progenitors per . . . . . . .
Liver or Bone Marrow X102 gene results in an intrinsic defect in committed myeloid
Experiment Cells From Cror HPP-CFO* progenitor cells th_at preclud_es mpnocyte/macrophage develop-
ment from progenitors. The inability to detect M-CSF receptors
! PU.Lnullbone marrowt  0.26 = 0.6~ 0.23 = 0.13 on cells produced in clonogenic assays provides an explanation
Control bone marrow 22.48 = 0.58 6.40 = 0.25 f he | P f M-CSF 9 d yS b din Tabl i Gi
PU 1 null liver 451+ 016 166 = 0.03 or the loss of M- response emonstrate in Table 1. Given
Control liver 2022 + 029  14.6 + 0.80 that SCF, IL-3, and IL-6 were used in the clonogenic assays it is
2 PU.1 null bone marrow 0.28% 0.06% most likely that absence of monocyte/macrophage development
Control bone marrow 15.08 = 0.33  5.56 = 0.13 is independent of the loss of hematopoietic cell response to M-,
PU.1 null liver 21.38 +0.95 11.87 *+ 0.73 G-, or GM-CSF. Finally, these results also confirm that the
Control liver 62.90 = 19.14 39.24 + 0.99 effect of PU.1 gene disruption is selective: PU.1 appears not to
3 PU.1 null liver 241035 ND be absolutely necessary for mast cell or neutrophil development
Control liver 52.00 + 1.61 ND from myeloid progenitors, but is essential for monocyte/
*CFC includes all hematopoietic colonies of more than 50 cells, macrophage generation (Table 3).
whereas HPP-CFC (colonies >0.5 mm) are as defined in text. Clono- Neonatal bone marrow and liver of PU.1 null mice have
genic assays were established in triplicate, except where noted. fewer HPP-CFC. To determine whether PU.1 gene disruption
Values are.reported as the mean + SD. Thes.e experiments are only targeted more committed progenitors (Table 2) and se-
representative of other evaluations of PU.1 null mice. lected myeloid lineages (Table 3), such as monocytes/

TPU.1 null connotes mice with both alleles of the PU.1 gene

) o macrophages, we next assessed whether myeloid HPP-CFC
disrupted, whereas control connotes mice with 1 or no alleles of PU.1

i . o . . cells were affected by PU.1 gene disruption. HPP-CFC have
isrupted. Mice within an experiment were littermates. All groups, . o . .
ither control or PU.1 null, were composed of 2 to 5 mice. been proposed as candidates fqr a primitive myeloid progenitor
$Too few bone marrow cells were obtained from individual neo- cell with some stem cell propertié$These cells are capable of
nates; therefore, 3 bone marrow samples were pooled for analysis, giving rise to CFU-S, marrow repopulating cells, erythroid and
yielding 1 clonogenic plate for progenitor analysis. megakaryocyte reconstituting cells in lethally irradiated nitce.
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Table 3. Neutrophils But Not Monocytes/Macrophages Are Present in Clonogenic Colonies From the Liver of Neonatal PU.1 Null Mice

Percentage of Colonies Containing Indicated Myeloid Cell Lineages*

NEU

NEU NEU MAC

MAC NEU MAC MAC MAST MAST
Experiment No. Cells From MAC NEU MAST NEU MAST MAST MAST MK MK
1 PU.1 null mice 0 41 9 0 27 0 0 23 0
Control mice 4 0 29 8 8 8 13 0 30
3 PU.1 null mice 0 42 0 0 29 0 0 29 0
Control mice 0 4 0 62 8 0 0 0 26

Abbreviations: NEU, neutrophil; MAC, macrophage; MAST, mast cell; MK, megakaryocyte.

*All cells from individual colonies were removed from representative clonogenic dishes (see Table 2), counted, and fixed to slides for staining
and morphologic identification. Percentages of lineages calculated as number of colonies containing an observed myeloid cell type per total
number of colonies.

In in vitro assays, these cells form large colonies, greater thaisubstantially reduced. Independent of the loss of M-, G-, and
0.5 mn? and greater than 50,000 ce¥sAs for the CFC ~ GM-CSF receptor function, PU.1 deficient myeloid progenitor
assessment we relied on methylcellulose media containing theells have additional defects that alter differentiation and
growth factors SCF, IL-3, and IL-6. It must be noted that SCF, expansion. Our findings demonstrate that PU.1 is not essential
IL-3, and IL-6 have been shown to give rise to HPP-CFC, for myeloid or neutrophil commitment, but is required for
although the frequencies of colonies produced per number obptimal myeloid expansion and necessary for the development
input cells were not as numerous as when M-CSF and/obf monocytes/macrophages.
GM-CSF were includeé® Scoring of colony production from It is apparent from our studies that PU.1 is required for
bone marrow at 21 days of culture revealed 28- to 93-fold fewemormal expression of M-, G-, and GM-CSF receptors. These
HPP-CFC from PU.1 null mice than found in control cultures results are not surprising particularly given that PU.1 cooperates
(Table 2). The number of HPP-CFC colonies from PU.1 with other transcription factors, such as C/EB&nd AML1, to
deficient liver was found to be threefold to ninefold less thanregulate the promoters of the myeloid growth factor receptors
control cultures (Table 2). As was the case for committedfor M-, G-, and GM-CSF and other myeloid specific gettes.
progenitors, counts of cells per HPP-CFC colony from the liver Although hematopoietic cells from PU.1 null mice do not
revealed lower numbers of cells from PU.1 null mice, asrespond to G- or GM-CSF in vitro, a low level of granulopoiesis
compared with control littermates (Fig 3B). still occurs in these mice. A number of mechanisms have been
In summary, a reduced number of HPP-CFC-derived colo-proposed as to how G-CSF regulates granulopoiesis in vivo;
nies were obtained from PU.1 deficient hematopoietic cells ashese include stimulation of primitive progenitors, proliferation
compared with control hematopoietic cells. The reduced numof granulocyte progenitors and induction of granulocyte matura-
ber of cells in HPP-CFC colonies is consistent with a cell- tion. However, the in vivo importance of these mechanisms is
autonomous defect limiting colony expansion of primitive not at all clea! The hypothesis that G-CSF receptor engage-
myeloid progenitor cells as the result of PU.1 gene disruptionment? is required for differentiation of neutrophils from
Taken together the CFC and HPP-CFC assays demonstrate thatogenitors is controversial. Evidence from the G-CSF ligand-
disruption of PU.1 results in an intrinsic defect in committed null,3® G-CSF receptor-null mic& and G- and GM-CSF
and primitive myeloid cells in mice that reduces the expansioncytokine deficient mic® demonstrates that cytokines other than
of primitive and committed myeloid progenitors and disrupts G- or GM-CSF allow bone marrow granulopoiesis, but it
development to monocytes/macrophages. appears that G-CSF might be required for normal neutrophil
numbers in the periphefy. Results obtained from PU.1 null
DISCUSSION mice, both in vivo and in vitro, would also argue that
In this study, we investigated the mechanisms responsible fogranulopoiesis occurs in the absence of detectable G- and
myeloid disruption in PU.1 null mice. Our previous studies GM-CSF response. The presence of neutrophils in PU.1 null
demonstrated that PU.1 gene disruption results in the delay afice is consistent with a variation of the proposed stochastic
neutrophil development and the absence of monocytesfievelopmental modét;3> where IL-3, possibly IL-6, or other
macrophagé8 and osteoclast®. Lymphopoiesis was also af- cytokines provide survival signals to developing neutrophils
fected with the loss of B cells, but not T cells. Other lineages,thereby allowing intrinsic developmental programs to com-
such as megakaryocytes and erythrocytes, were minimallymence. That cytokine/cytokine receptor interaction provides a
affected!8 Our initial studies suggested that PU.1 gene targetingsurvival signal, allowing cells at a specific stage to exploit
imposed lineage-specific alterations in hematopoietic developintrinsic or external signals, has been demonstrated for mono-
ment, rather than ablation of more primitive progenitors thatcytes/macrophageés,T cells3¢ and B cell§” as well. Although
give rise to myeloid or lymphoid lineages. In our current study, developing PU.1 null neutrophils appear to be morphologically
we provide evidence that disruption of PU.1 results in the lossnormal in having segmented nuclei, CAEexpression and
of M-, G-, and GM-CSF-mediated proliferation and develop- intermediate expression of Gr-1 (Fig 4), we found that colony
ment. Concomitant with this loss M-CSF receptors wereexpansion is limited and terminal differentiation and functional
undetectable, whereas G- and GM-CSF receptor expression wasaturity does not occur (K.L. Anderson et al, submitted). What
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Fig 4. CAE* and Gr-1+* cells (neutrophils) but not F4/80* or M-CSF
receptor (c-fms)* cells (monocyte/macrophages) developed in vitro
from PU.1 deficient progenitors when cultured in SCF, IL-3, and IL-6.
(A) Wright-Giemsa-stained cytospins of representative multilineage
colonies from control and PU.1 null individuals revealed a conspicu-
ous absence of macrophages in PU.1 deficient colonies. However,
neutrophils and megakaryocytes were evident in both panels (1,150 x).
(B) The neutrophil enzyme CAE, demonstrated by a pink reaction
product, was evident in PU.1 deficient and control polymorpho-
nuclear cells. Note the larger, nonstaining macrophage in the control
individual (1,150x). (C) Both PU.1 deficient and control polymorpho-
nuclear cells expressed the cell surface marker Gr-1 which was
demonstrated by immunoperoxidase staining. Detection was with
diaminobenzidine (DAB) which yields an orange-brown reaction
product (1,150%). (D) M-CSF receptor immunostaining revealed no
M-CSF receptor-positive cells in PU.1 deficient colonies. Cell debris
was present that stained nonspecifically with DAB in PU.1 null
cultures (1,150x). (E) Immunocytochemical staining for the macro-
phage marker F4/80 revealed no positive cells in PU.1 deficient
colonies, whereas many orange-staining F4/80* cells were found in
control colonies (1,150%).
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absence of PU.1. Studies are under way to address these issues
by restoring the expression of G-, GM-CSF receptors or PU.1
directly in PU.1 null progenitor cells.

The absence of monocytes/macrophages in PU.1 null mice
would not be predicted from the studies of M-CSF, G-CSF, and
GM-CSF cytokine null mice, which develop monocytes/
macrophages, albeit at reduced levéi®¥ Recent studies have
provided further support that M-CSF functions as a survival
factor, rather than as a differentiation factor, for monocytes.
Given the clear lack of M-, G-, and GM-CSF response in
hematopoietic and myeloid cells from PU.1 deficient mice, and
the absence of a normal bone marrow microenvironment, the
guestion of whether IL-3 or cytokines other than M-, G-, and
GM-CSF are limiting in vivo and thus not supporting monocyte/
macrophage development must be considered. However, we
show that SCF, IL-3, and IL-6 allow for HPP-CFC generation
and neutrophil development, thus arguing for at least intact IL-3
signaling in PU.1 null cells. However, the loss of PU.1 function
cannot be supplanted by these cytokines to rescue monocyte/
macrophage development in vitro. Based on our results and
published reports demonstrating in vitro (and in myeloid growth
factor null mice) that other cytokines in the absence of M-, G-,
and GM-CSF are sufficient for low levels of monocyte/
macrophage generation, we propose that PU.1, in addition to
regulating M-, G-, and GM-CSF receptor expression, is neces-
sary for intrinsic programs required for monocyte/macrophage
survival or differentiation. Alternatively, the loss of M- and
GM-CSF receptors is not equivalent to loss of their respective
cytokines during myeloid development, so that monocyte
commitment occurs in the PU.1 null mouse, but in the absence
of either M- or GM-CSF receptor expression committed cells
do not survive.

Whether PU.1 disruption causes intrinsic defects in primitive
myeloid cells beyond the loss of a M-, G-, or GM-CSF mediated
response is difficult to ascertain in this study. PU.1 deficient
hematopoietic cells generated HPP-CFC in the presence of SCF,
IL-3, and IL-6, but the frequency of HPP-CFC per hematopoi-
etic compartment (liver or bone marrow) and the number of
cells per colony was reduced as compared with age-matched
controls. A recent study has suggested the existence of at least
four stages in the mouse HPP-CFC hierarchy, from pro-HPP-
CFC to HPP-CFC-3, where HPP-CFC are positioned within the
hierarchy based on in vitro cell expansion to combinations of
cytokines?® The most primitive HPP-CFC utilizes M-CSF
and/or GM-CSF with SCF, IL-1, IL-3, and/or IL-6 in various
combinations for maximum colony expansi&he decreased
number of HPP-CFC from PU.1 deficient mice could be the
result of a more generalized in vivo disruption of primitive
progenitors that give rise to pro-HPP-CFC. Alternatively, but
not mutually exclusive, is the possibility that the reduced
HPP-CFC frequency is due to a diminished survival or expan-
sion of selected HPP-CFC progenitors in vivo as the result of
the loss of normal expression of M-CSF or GM-CSF receptors.
Although a role for PU.1 in hematopoietic progenitor cells is
supported by a recent study in which constitutive expression of

still remains to be determined is whether reduced expansionRU.1 resulted in enhanced size and numbers of colonies in IL-3,
loss of functional maturity, and reduced Gr-1 expression are du&-CSF, or GM-CSF, the mechanism is unknot8ince our

to the postulated role of G-CSF8or other cytokines such as studies do not distinguish as to what stage the HPP-CFC belong,
GM-CSPor are the result of additional defects induced by thewe cannot conclude precisely as to where the lack of PU.1
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affects early myeloid development. Studies are under way to 3. Kehrl JH: Hematopoietic lineage commitment: Role of transcrip-
isolate primitive limSca-1 populations from age-matched tion factors. Stem Cells 13:223, 1995

PU.1 null and control littermates to address these issues onaptér“'hJ_a”é‘_m*Chht i' N(:I).TS??;GA::L;;gne regulation by Ets proteins.
cell basis, both in vitro and in vivo. fochim Biophys Acta s

. L 5. Moreau-Gachelin F: Spi-1/PU.1: An oncogene of the Ets family.
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studied in an independently derived PU.1 gene-targeted mduse. g karim FD, Urness LD, Thummel CS, Klemsz MJ, McKercher SR,
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major differences. One difference is that the PU.1 null micepurine-rich core DNA sequence. Genes Dev 4:1451, 1990

reported here are born alive, whereas in the studies by Scott et 7- Klemsz MJ, McKercher SR, Celada A, Van Beveren C, Maki RA:
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: : - . to the ets oncogene. Cell 61:113, 1

that e_xnsts is the block of all myeloid and lymphoid d_evelop- 8. Galson DL, Hensold JO. Bishop TR, Schalling M, D'Andrea AD,

ment in the mouse developed by chtt ePdkecent studies b_y Jones C, Auron PE, Housman DE: Mougeglobin DNA-binding

Scott et i’ show that PU.1 gene disrupted mouse fetal liver ,qtein B1 is identical to a proto-oncogene, the transcription factor

cells failed to reconstitute the myeloid or lymphoid lineages orspi-1/PU.1, and is restricted in expression to hematopoietic cells and

rescue lethally irradiated mice. These results suggest that thie testis. Mol Cell Biol 13:459, 1993

absence of PU.1 results in a cell-autonomous defect that 9. Voso MT, Burn TC, Wulf G, Lim B, Leone G, Tenen DG:

disrupts primitive hematopoietic stem cell commitment to Inhibition of hematopoiesis by competitive binding of transcription

myeloid and lymphoid lineages. The molecular mechanism(sfactor PU.1. Dev Biol 91:7932, 1994

contributing to the observed hematopoietic defects in and the 10: Henkel G, Brown MA: PU.1 and GATA: Components of a mast
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phenotypes generated in these niite. (Spi-1) but not Spi-B. Blood 85:2918, 1995
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