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completely to Gab2 ™/~ cells; the effect of shINK1-4 was inter-
mediate. Altogether, our findings support the hypothesis that
an optimal level of JNKI1 activity is required for cellular pro-
liferation.

Fewer MOs or Mds are recruited to the peritoneum in
Gab2™/~ mice in a sterile peritonitis model. Since Gab2 ™/~
mice have a significant defect in CSF-1-dependent MNP de-
velopment, we asked if this deficit could be exacerbated under
inflammatory conditions. In the absence of inflammation, only
a trend toward decreased peritoneal MO or M¢ numbers was
observed in Gab2 ™/~ mice: WT, (2.0 = 0.3) X 10° (n = 7);
Gab2 /", (1.6 = 0.3) X 10° (n = 6). Within 24 h of thiogly-
colate (TG) injection, WT mice had mounted a robust perito-
neal response. We recovered fewer peritoneal cells from
Gab2 ™/~ mice, and the reduction in MO or M numbers was
even more significant (Fig. 12a). Since the difference in per-
centages of MOs or Més in total cells was smaller between WT
and Gab2 /"~ cells (Fig. 12a) compared to the difference in
total cells (4.02 X 107 versus 1.99 X 107 at 72 h), the major
source of the difference appeared to be fewer MNPs arriving at
the peritoneum of Gab2™’~ mice. We assessed the BM re-
sponse by determining the number of CFU-C in BM at the
time of sacrifice (Fig. 12b). CFU-C numbers increased by 70%
at 24 h in WT mice compared to a 28% increase in Gab2 '~
mice. A similar reduction in CFU-C numbers was observed
when mice were challenged with LPS (Fig. 11c). Therefore,
Gab2™/~ mice are significantly less able to elicit an MNP
response to an inflammatory challenge, in part due to a defec-
tive bone marrow response.

DISCUSSION

Using a myeloid cell line and Gab2 nullizygous mice, we
identified Gab2 as an essential mediator throughout CSF-1-
dependent MNP development. We detected the highest fre-
quency of CSF-1-responsive early progenitors in the LIN™
cKit* CD31"e" Ly6C~ FIt3" subset. CD31"&" Ly6C~ progen-
itors but not BMMs depend on Gab2 to maximally activate
Akt, Erk, and S6, corroborated by the requirement for Gab2
interactions with PI3K and SHP2 to maximally promote
CFU-C expansion. Unexpectedly, Gab2~/~ BMMs show en-
hanced Erk and JNKI1 phosphorylation, but only deregulated
JNKT1 activity was linked to diminished CSF-1-dependent pro-
liferation. Of note, the defective CSF-1 response in Gab2™/~
BM cells in vitro correlated with fewer F4/80* MOs or Mds in
the resident BM and a reduced ability to increase CFU-C
production in response to inflammatory challenges in vivo.

Each Gab gene has been deleted in the mouse. Gab1’s role
in the myeloid lineage is unknown, whereas Gab3 deletion has
no effect on hematopoiesis (51). A study examining the com-
bined effects of early acting cytokines in Gab2™/~ mice noted
a reduction in colony-forming activity (70). By focusing on the
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MNP lineage, we uncovered an essential requirement for Gab2 in
CSF-1-dependent MNP development. The earliest cell that can
respond to CSF-1 alone is the CFU-C (52), which Leenen sug-
gested to reside in the CD31"e" Ly6C~ population (11). Two
days after differentiation induction, BM cells from Gab2 '~ mice
generated significantly fewer CSF-IR* CD31"™&" Ly6C~ early
progenitors and CSF-1IR* CD31" Ly6C* late-stage MNP pre-
cursors compared to WT mice. Additionally, purified LIN*"~
CD31"eh Ly6C~ and LK31C progenitors showed diminished pro-
liferation and survival during culture in CSF-1. Hence, the net
reduction in the percentage of F4/80" MOs and Mds in Gab2 ™/~
mice is explained by the diminished cell intrinsic capacity for
progenitor expansion. Osteopetrosis in Gab2 ™/~ mice (24, 61)
results in a smaller marrow cavity and reduced total cellularity, so
that the absolute numbers of MOs and Mds in the BM are
further decreased. A study using a different Gab2™/~ line re-
ported no difference in BM cellularity and speculated that the
discrepancy might be due to the difference in targeting strategy
employed to generate the Gab2 ™'~ mice used in the present work
(70). We found no evidence to support the existence of a mutant
Gab2 protein since published immunoblots (61) and those in this
study showed the absence of any Gab2 protein in the 100- to
25-kDa range in Gab2 ™/~ BM-derived cells.

The premature appearance of MOs in Gab2 '~ cultures
suggests that accelerated differentiation could also contribute
to diminished proliferation. An inverse correlation between
proliferation and differentiation has been noted for stem cells;
for example, Notch signaling enhances self-renewal, while its
inhibition promotes differentiation (12). CSF-1 couples prolif-
eration and differentiation, and possibly the primary defect in
the absence of Gab2 is enhanced differentiation, with de-
creased proliferation as a secondary effect. Our data from
32D.R, a cell line that proliferates but does not differentiate in
response to CSF-1, support the notion that Gab2 has a direct
effect on proliferation. Earlier studies with the FDC-P1 cell
line reported that Gab2 mediates M¢ differentiation (33). Our
data here show the opposite—that Gab2’s main role in primary
myeloid cells is to promote proliferation and survival and in
Gab2’s absence, accelerated not defective differentiation is
observed, underscoring the importance of studying differenti-
ation in the proper cellular context.

Fate-mapping studies demonstrate that cells in the GM lin-
eage pass through an FlIt3™ progenitor stage (2). We discov-
ered that LK31C progenitors could be further discriminated
based on FIt3 expression. While a combination of IL-3, CSF-1,
and IL-1 was previously used (57), we added only CSF-1 and
found that both FIt3" and Flt3~ subsets proliferated and dif-
ferentiated to Mds despite minimal surface CSF-1R expres-
sion. This observation supports the existence of early myeloid
progenitors in the LK31C subset capable of responding to
CSF-1 alone. Elucidating the relationship of LK31C progeni-

FIG. 10. Gab2 deficiency reduces Akt, Erk, and S6 phosphorylation in CSF-1-responsive BM progenitors. (a) LIN*~ CD31 and Ly6C subsets
used in phospho-flow analysis. The LIN*~ CD31" Ly6C™" subset was further segregated based on scatter (see text). Panels b to d show phospho
histograms for the indicated subset at each time point (min) after CSF-1 addition. Inhibition by 20 wuM LY and inhibition by 10 uM U0126 (U0)
were used as controls for pAkt and pErk, respectively. Also included as controls are LIN*~ CD31~ Ly6C* cells (WT or Gab2~'"), which do not
respond to CSF-1, and LIN*~ CD31~ Ly6C"€" MOs (Gab2 /"), which do respond. DMSO, dimethyl sulfoxide. The inset shows a plot of MFIs
normalized to the WT signal at time 0. Data are representative of at least 3 independent experiments.
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FIG. 11. Gab2 deficiency increases CSF-1-induced JNK phosphorylation and reduces CSF-1-dependent proliferation in late-stage MNPs. (a)
D5 BMMs were plated in CSF-1, and all cells were counted. The differences between WT and —/— cells are all significant. (b) D7 BMMs were
stained with Hoechst 33258 and pyronin Y. Three independent experiments were performed. (c, left) D5 cells were seeded in 96-well plates and

assayed after 48 h for MTS reduction. Four experiments were performed,

each using cells from at least 2 mice/genotype. (Right) D5 cells were

transduced with empty (MSCV) or WT Gab2 retrovirus. GFP™" cells were sorted and plated. Three transductions were performed. (d) Immunoblot
analysis of BMMs stimulated with CSF-1. %, nonspecific band; **, probably cross-reacting Gab1 band. (e) Gab levels in D7 BMMs. M, molecular
mass markers (kDa). (f) Mitogen-activated protein kinase (MAPK) phosphorylation in BMMs. The position of pJNK corresponds to p46 JNKI.
The pJNK doublet has been noted previously (60). An arrowhead indicates the position of p54 JNK2. Shown are representative data from at least

3 independent experiments. (g) BMMs were deprived of CSF-1 (starved) or

cultured in CSF-1 for 21 h. (h, top) BMMs were blotted with antibodies

that specifically recognized JNK1, JNK1 and JNK2, or JNK2. (Bottom) BMMs were stimulated with LPS, and pJNK immunoblotting was
performed. (i) MTS analysis of BMMs: L-JNKI-1, 0, 0.5, 1, or 2 pM; U0126, 0, 1, 5, or 10 pM. (j, top) Phospho-MKK?7 immunoblot of BMMs.
(Bottom) BMMs were pretreated with 0.5 or 2 pg/ml of actinomycin D for 10 or 15 min before CSF-1 addition. (k) Knockdown of JNK1 in BMMs.

(Top) JNKT1 levels in cells transduced with empty vector (v), siRNA-JNK

viruses (shl to -4), with Stat5 levels as loading control. Quantification

was based on 2 experiments (mean * SD). (Bottom) MTS analysis of transduced BMMs. Shown are the results from 3 (i and ii), 4 (iii), or 5 (iv)
separate transductions. Each experiment was performed in triplicate and with values expressed relative to the maximum value in WT cells

transduced with empty virus.

tors to other myeloid progenitors will have to await lineage
tracing experiments, e.g., with Cx3crI¥”’* (1) or Mac-Green
(50) mice. CSF-1 may have an instructive role in lineage com-
mitment in hematopoietic stem cells (HSCs) and GMPs (53).
Our studies did not specifically address this question, although

we observed some cell death during differentiation especially
for Gab2™/~ cells, suggesting that there is a permissive com-
ponent to CSF-1’s effects on LK31C cells.

Even lineage-depleted D2 cells were heterogeneous in
CD31 and Ly6C staining. Only by gating on individual subsets
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FIG. 12. Gab2™/~ mice recruit fewer macrophages to the peritoneum after an inflammatory challenge, with an impaired BM CFU-C response.
(a and b) Mice were injected with thioglycolate (TG). Peritoneal cells were counted and stained with CSF-1R and F4/80 antibodies to identify the
macrophage population. At the time of sacrifice, total BM cells were also seeded for a CFU-C assay. (c) Mice were injected with LPS, and after
60 h, bone marrow was harvested for a CFU-C assay. (b and c) The differences in CFU-C between WT and —/— mice were significant at all time
points. Data for individual mice are shown.

were deficiencies in CSF-1-mediated signaling revealed in phorylation. By enhancing the activation of both the Akt and
Gab2™/~ cells. LIN*~ CD31"¢" Ly6C~ progenitors from Erk pathways, Gab2 could be important for protein translation
Gab2 '~ mice showed diminished CSF-1-induced phosphory- in CSF-1-responsive progenitors. E40K Akt seemed to be
lation of Akt, S6, and Erk, consistent with Gab2’s role in more effective in restoring CFU-C size than number, suggest-
recruiting PI3K and SHP2 (19, 34). Simultaneous inhibition of ing that upregulated Akt activity on its own could restore
the PI3K and Erk pathways was required to abolish S6 phos- expansion to CFU that have committed to the MNP lineage.
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HSCs deficient in PTEN have upregulated PI3K activity and
show enhanced cycling leading to short-term expansion but
long-term depletion (69). This might explain why E40K Akt is
better able to restore colony expansion than increase the num-
ber of committed MNP progenitors. It has been suggested that
the Akt and Erk pathways can influence myeloid cell commit-
ment (5, 22). However, BM cells from Gab2 ™/~ mice were not
impaired in their ability to differentiate to Mds, supporting a
role for Gab2 after commitment of HSCs to the myeloid lin-
eage.

Unlike progenitors, BMMs did not require Gab2 for full
activation of Akt or S6 although Gab2’s role in PI3K-depen-
dent, Akt-independent pathways is not excluded (28). In
Gab2™/~ BMMs, CSF-1-induced Erk and JNK1 phosphoryla-
tion was increased. This is opposite to findings in mast cells
where c-Kit-dependent Rac/JNK activity was decreased (67).
Thus, JNKI1 is differentially regulated in the two cell types.
Possibly, increased Gabl and Gab3 levels contributed to the
increase in Erk and JNK phosphorylation. The lack of an
increase in MKK?7 phosphorylation implies that Gab2 defi-
ciency might impact JNK1 itself. The simultaneous upregula-
tion in Erk and JNKI1 phosphorylation suggests a linked mech-
anism, e.g., via DUSPs, many of which target both Erk and
JNK. DUSPS, which is implicated in M differentiation, tar-
gets Erk but not JNK (17). In our experiments, a potential role
for inducible DUSPs (e.g., DUSP1) to regulate the sustained
phase is supported by the ability of AD to increase JNKI1
phosphorylation in WT cells to that seen in Gab2 '~ cells
without any detectable effect on the Gab2™'~ cells. As ex-
pected, AD did not influence the acute phase where noninduc-
ible DUSPs (e.g., DUSP16) would act. The pathway linking
Gab2 to JNK1 in BMMs remains to be determined. Gab2 is a
large protein, and to date, only a few interaction motifs have
been confirmed (18a). Regardless, reduction of JNKI1 levels
modestly restored proliferation of Gab2™/~ BMMs to that
observed in WT cells, whereas almost complete ablation re-
duced CSF-1-dependent proliferation in both WT and
Gab2 ™/~ cells, thereby underscoring the importance of bal-
anced JNK activity in BMMs. This conclusion is consistent with
observations that JNK activity is linked to both proliferation
and apoptosis (62). Although no short-term defect in CSF-1-
mediated DNA synthesis was observed in JNK1~/~ BMMs
(49), the contrast with our findings could reflect compensatory
changes in mice where JNK1 was deleted from conception
versus acute knockdown in our cells.

In response to TG, Gab2™/~ mice showed a significant re-
duction in recruited M¢s. While a local proliferation or mo-
bilization defect could not be excluded, the BM of WT mice
responded to TG and LPS with an increase in CFU-C that was
not observed in Gab2™/~ mice. In this context, we point out
that the body increases production of circulating CSF-1 dra-
matically in infection and inflammation (56), making CSF-1 a
potential link between the BM and sites of inflammation.

Overall, our work highlights the importance of Gab2 in
MNP development. In early MNP progenitors, in response to
CSF-1, Gab2 acts through PI3K and Erk to promote prolifer-
ation and survival, while in terminal MNP development, Gab2
acts through JNK1 so that in the absence of Gab2, JNKI is
deregulated and inhibits proliferation. Through Gab2’s mod-
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ulation of MNP production, it could be a novel target for
anti-inflammatory therapies.
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