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Abstract

Most active processes by immune cells including adhesion, migration, and phagocytosis require
the coordinated polymerization and depolymerization of filamentous actin (F-actin), which is an
essential component of the actin cytoskeleton. This review focuses on a newly characterized
hematopoietic cell-specific actin regulatory protein called hematopoietic protein-1 [Hem-1, also
known as Nck-associated protein 1-like (Nckapll or Nap1l)]. Hem-1 is a component of the
“WAVE [WASP (Wiskott-Aldrich syndrome protein)-family verprolin homologous protein]”
complex, which signals downstream of activated Rac to stimulate F-actin polymerization in
response to immuno-receptor signaling. Genetic studies in cell lines and in mice suggest that
Hem-1 regulates F-actin polymerization in hematopoietic cells, and may be essential for most
active processes dependent on reorganization of the actin cytoskeleton in immune cells.

Keywords
Hem-1; NAP1I; Rac; WASP-family verprolin homologous protein; Actin cytoskeleton

1. Introduction

Reorganization of the actin cytoskeleton is essential for many aspects of an immune
response to infection, including the formation of the immunological synapse (IS), cell
polarization, adhesion of immune cells to the vascular endothelium, migration and
extravasation to sites of invasion in response to chemokines, formation of phagosomes and
phagocytosis of foreign agents, and destruction of ingested microbes by the production of
reactive oxygen species (ROS) (see [1-5] for review). At the heart of these processes is the
active, coordinated, directional polymerization and depolymerization of filamentous actin
(F-actin), which is initiated in part by members of the Rho family of guanosine
triphosphatases (GTPases) (Cdc42, Rho, and Rac), and their downstream target complexes
including WASP (Wiskott—Aldrich syndrome protein) and WAVE (WASP-family verprolin
homologous protein) family proteins (see [6] for review). The importance of coordinated
reorganization of the actin cytoskeleton in immune and hematologic cells is underscored by
several diseases in humans where this process is disrupted. For example, mutations in the
WASP gene in humans results in Wiskott—Aldrich Syndrome, a severe X-linked
immunodeficiency disease characterized by thrombocytopenia, eczema, and recurrent
infections due to defects in immune cell migration, proliferation, and survival (see [7,8] for
review). Similarly, a dominant-negative mutation in the human Rac2 gene results in a
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phagocyte immunodeficiency characterized by recurrent infections and the absence of pus in
inflamed tissues, due to impaired neutrophil migration and production of superoxides [9]. As
discussed below gene-targeted mutations in mice have further defined specific and essential
roles of F-actin regulators such as Rac, Rho, and their effector proteins in many aspects of
hematopoietic cell biology. This review will focus on the biology and molecular functions of
the hematopoietic cell-specific Rac-effector protein Hem-1 [hematopoietic protein-1 (also
known as Nck-associated protein 1-like (NAP1I or Nckap1l)] in the development and
function of hematopoietic cells. The relative hematopoietic cell-specific expression of
Hem1, and the specific abilities of HemI disruption in mice to selectively inhibit the
function of immune cells [10], suggest that the generation of pharmacologic inhibitors of
Hem-1 protein may provide a specific method of inhibiting immune cell survival and
function in autoimmune diseases, and/or for blocking the metastasis and invasion of
hematopoietic cell-derived cancers, processes which are also dependent on re-organization
of the actin cytoskeleton [11].

2. Rho-family GTPases and the actin cytoskeleton

Rho family GTPases are activated downstream of multiple immuno-receptor types including
B and T cell antigen receptors (BCR and TCR), chemokine and cytokine receptors, and
Toll-like receptors (TLRs) (see Fig. 1 and [12,13] for detailed reviews). In response to
stimulation, guanine nucleotide exchange factors (GEFs) convert Rho family members from
an inactive GDP-bound state to the active-GTP-bound form, which results in a cascade of
signaling events leading to cytoskeletal reorganization, proliferation, survival, adhesion, and
transcription. Conversely, GTPase-activating proteins (GAPs) stimulate the hydrolysis of
bound GTP to GDP, which switches off active Rho (see [14,15] for review). Thus far,
biochemical and genetic studies indicate that important Rho-GEFs in immune cells include
Dock2 (dedicator of cytokinesis 2), SWAP70 (switch associated protein 70), Vav (Vavl, 2,
and 3), and Tiam1 (T-cell lymphoma invasion and metastasis 1), whereas immunologically
important Rho-GAPs include Bcr (breakpoint cluster region), and RacGAP1 (see [13] for
review).

Of the 23 related mammalian Rho family GTPases, only a few of the more prototypic
members (including Racl, Rac2, Cdc42, RhoA, RhoH, and RhoG) have conclusively been
shown to be important for the development and/or function of innate and acquired immune
cells. For example, Racl and/or Rac2 deficiency results in defective I1L-2 production,
migration, and adhesion of mature T cells (see [13] for review); impaired dendrite formation
and dendritic cell function [16]; and impaired adhesion, migration, phagocytosis, and
superoxide production by neutrophils (see [17] for review). In addition, both Rac and Rho-
deficiency result in defects in the development of hematopoietic cells, including impaired T
and B cell development [18-22] and defective proliferation, migration, and adhesion of
hematopoietic stem and progenitor cells (HSC/Ps) [23-25]. Altogether, these studies (and
many other studies not mentioned here) indicate that Rho-family members differentially
control cytoskeletal reorganization, and the processes controlled thereof, in both acquired
and innate immune cells.

3. Rho family members control F-actin polymerization through WASP and
WAVE complexes

Molecular ‘hints’ as to the molecular targets utilized by Rho-members to control the actin
cytoskeleton were initially defined through genetic and biochemical studies of Rho-
orthologs in Drosophiliaand Caenorhabditis elegans, as well as through biochemical studies
in mammalian cell lines. Two molecular adaptor complexes in particular, called WASP and
WAVE, have emerged as focal points in the control of actin polymerization in
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hematopoietic cells (see [8,26,27] for review). Actin dynamics depend on the ability of
monomeric actin (G-actin) to switch to its filamentous form (F-actin), a process which is
dependent on the nucleation activity of the actin regulatory complex (Arp2/3), which
initiates the formation of new actin filaments on the barbed end of preexisting filaments
from a pool of ATP-actin monomers stored in association with Profilin (Fig. 1). This growth
pushes the membrane forward, while capping proteins antagonize this process by binding
the barbed ends, thus terminating elongation and promoting branching. As actin filaments
age, the actin depolymerizing factor Cofilin binds to ADP-actin, resulting in the severing of
actin filaments and dissociation of actin monomers, thus creating new barbed ends that serve
as new sites for elongation.

The Arp2/3 complex is itself activated by “nucleation promoting factors (NPFs)”, which
include the WASP complex [WASP or N-WASP, in association with WIP (WASP-
interacting protein)] (Fig. 2A) and the WAVE complex (Fig. 2B), which consists of Sral
(specifically Rac-associated protein 1), Hem [Hem-1 (also known as Napll (Nck-associated
protein 1-like), or Hem-2 (also known as Napl (Nck-associated protein-1)], Abi [Abelson
interactor 1 or 2 (Abil or Abi2)], WAVE (WAVE1, WAVEZ2, or WAVE3), and HSPC300
(hematopoietic stem/progenitor cell protein 300) [28]. The WASP complex is basally
inactive due to auto-interaction of the VCA (Verprolin-homology, cofilin-homology, and
acidic) region with the CRIB (CDC42/Rac-interactive binding) domain, which results in a
“closed” autoinhibitory conformation (Fig. 2A, left). Following immuno-receptor activation,
GTP-bound CDCA42 preferentially binds the CRIB domain, which results in a “open”
conformational change allowing the VCA region to bind G-actin and the Arp2/3 complex,
resulting in F-actin polymerization [29- 31] (Figs. 1 and 2A, right). Similar to WASP, the
WAVE complex also is intrinsically inactive (Fig. 2B) [32]. GTP-bound Rac preferentially
binds (indirectly) the WAVE-homology domain (WHD) of WAVE, which also stimulates
Arp2/3-induced F-actin polymerization by a less-defined mechanism. Stoichiometry studies
indicate that activated Rac binds directly to Sral [33], which binds to Hem (Hem-1 or
Hem-2) [28]. Hem interacts with Abil/2, which binds HSPC300 and the WHD domain of
WAVE (Fig. 2B). WAVE activation requires the simultaneous interaction of WAVE with
Rac-GTP, lipid vesicles containing acidic phospholipids [including phosphatidylinositol
(3,4,5) triphosphate(P1P3)], and phosphorylation of WAVE by kinases [34] including Abl
[35,36], cell division protein kinase 5 (Cdk5) [37], mitogen-activated protein kinases
(MAPKS) [38], and Casein kinase 2 [39]. WAVE activation may occur by relocalization of
the WAVE complex from the cytosol to the plasma membrane where it interacts with
IRSp53 (insulin receptor tyrosine kinase substrate p53), PIP3, and activated Rac [40]; or by
release from an autoinhibitory conformation (more akin to WASP activation) regulated by
an interaction between the VCA domain of WAVE and Sral [41] (Fig. 2B, left), which is
relieved by interaction with activated Rac (Fig. 2B, right).

The stability of the WAVE complex appears to be interdependent on the presence of
individual WAVE protein components, since elimination of single subunits generally results
in degradation of all WAVE protein components [10,42-45] and disruption of F-actin
polymerization. Hence, the phenotypic changes in organisms following disruption of
individual WAVE components are often attributed to loss of the entire WAVE complex (as
discussed below). However, in some cases, disruption of individual WAVE complex
proteins have directly been associated with impaired localization of actin-regulatory and/or
signaling proteins (rather than degradation of the WAVE complex) [46,47].

The WAVE complex is highly conserved in many multicellular organisms including
Arabidopsis thaliana, Dictyostelium discoideum, C. elegans, and Drosophila melanogaster,
but appears to be absent in yeast. This suggests that the WAVE complex may have evolved
to allow cells from multicellular organisms migrate, physically interact with each other or
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foreign agents (in the case of immune cells), and to undergo morphogenesis in response to
environmental cues [48]. Whereas the importance of WASP in the immune system is well
characterized (see [8,26] for review), the roles and importance of the ubiquitous WAVE
complex in immune function are only now beginning to be unveiled (detailed below).

4. Hem-1 is a hematopoietic cell-specific component of the WAVE complex

Although the majority of WAVE complex proteins including Hem-2 are expressed in
multiple tissues [49], Hem-1 is expressed almost exclusively in hematopoietic cells [10].
Indeed, Hromas et al. originally cloned Hem1 based on hybridization to transcripts from
hematopoietic cell lines [50], whereas HemZ2 was identified as a transcript enriched in the
mouse brain [51].

Real-time PCR analyses of Hem family expression in multiple mouse tissues indicated that
Hem1 is predominantly expressed in hematopoietic and urogenital tissues, whereas HemZ2is
more widely expressed in brain, heart, kidney, muscle, and embryo, but is not expressed in
hematopoietic cells [10]. A comparison of cDNA and protein sequences from multiple
species suggests that Hem family members are evolutionarily conserved in Drosophila
(KETTE) [52], C. elegans (GEX-3) [53], Dictyostelium (Napl) [54], and Arabidopsis
(Nap1l) [55]. Although the protein structure of Hem-family members does not contain any
known domains, there are multiple conserved hydrophobic regions and cysteine residues,
consistent with protein-interaction domains and possible cAMP/cGMP phosphorylation sites
[50]. However, the significance of Hem-1 phosphorylation is unknown.

Immunoprecipitation of Hem-1 protein from lysates derived from the human promyelocytic
leukemia cell line human promyelocytic leukemia cells-60 (HL-60) using either internal or
C-terminal anti-Hem1 antibodies reveals that Hem-1 associates with WAVE complex
proteins including WAVEZ2, Abil, and CYFIP1/2 [56]. In addition, both the internal and C-
terminal anti-Hem21 antibodies immunoprecipitated other polarity proteins including myosin
light chain phosphatase, two different Rho-specific GTPase activating proteins (GAPS)
(Rho-GAP4 and Myosin IXB), and Vps34 [a class 111 phosphatidylinositol-3-kinase (P13K)],
each of which have been implicated in excluding myosin from the leading edge of migrating
cells. These results suggest that Hem-1 may also associate with myosin regulatory
complexes (in addition to the WAVE actin-regulatory complex), and may have additional
functions in inhibiting myosin-based contraction at the leading edge of migrating cells [43].

Several lines of evidence suggest that dysregulation of Hem-1 could be involved in disease
processes in humans. The human Hem1 gene (also known as Nckapl)) is located on
chromosome 12q13.1, a region of occasional chromosome translocations in hematopoietic
cell cancers and a rare folic acid fragile site, Fra 12a [50]. High HemZ1 expression is
associated with a poor prognosis in human chronic lymphocytic leukemias (CLL), and
downregulation of Hem1 in patient CLL cells resulted in a significant increase in
fludarabine-mediated killing [57].

5. Hem family members regulate actin polymerization, morphogenesis, and

immunity

Initial clues as to the biological functions of Hem family members were revealed from
genetic and biochemical studies of Hem-orthologs, which suggested general roles in
cytoskeletal organization, cell migration, and cell shape, which are important for proper
morphogenesis during development [51-54] (see Table 1). For example, hypomorphic
mutations in the Drosophila Kette gene result in axonal defects which “phenocopy”
mutations in Drosophila CDC42 (Dcdc42) and Drosophila Racl (Dracl), both of which
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have been implicated in regulating cytoskeletal organization and axonal growth [52]. Loss of
GEX-3in C. elegans results in failed morphogenesis due to impaired cell migration [53].
Disruption of the Hem-ortholog NapA in Dictyostelium results in diminished actin
polymerization and small pseudopod formation, due to loss of SCAR (a WAVE ortholog)
function [54].

In mammals, RNA interference (RNAi)-mediated knockdown of Nckapl (Hem?2) in a
melanoma cell line revealed that NAP1 is essential for Rac-dependent formation of foot-like
structures called lamellipodia in response to growth factor stimulation [58]. Gene-targeted
disruption of Nckap1 in mice results in early-mid embryonic lethality (embryonic day 11.5)
due to severe neurolation defects, failure of neural tube closure, and impaired neuronal
differentiation [59,60]. To examine the role for Hem-1 in hematopoietic cells, Weiner et al.
utilized RNA. technology to “knockdown” Hem-1 protein in HL-60 cells, which resulted in
dramatic impairment of chemoattractant-induced actin polymerization, polarity, and
chemotaxis [43]. In addition, they found that Hem-1 protein normally polarizes towards the
leading edge of activated cells, and that HemZ knockdown prevented the exclusion of
activated myosin from the leading edge. Interestingly, Rac1 activation and
phosphatidylinositol-(3,4,5)-tris-phosphate production were weakened following
knockdown of Hem1, indicating that Hem-1 may modulate a Rac/F-actin-mediated feedback
circuit that organizes the leading edge. In a subsequent study, Weiner et al. utilized total
internal fluorescence (TIRF) microscopy to visualize the localization of Hem-1 conjugated
to yellow-fluorescent protein (Hem-1-YFP) in the HL-60 cells. They elegantly showed that
Hem-1 initially accumulates on the membrane as small foci, which then burst into outwardly
propagating waves concentrated near the leading edge [56]. Furthermore, they showed that
the morphology and speed of the leading edge advance correlates with the most peripheral
Hem-1 waves. These results collectively suggest that Hem-1 may stimulate waves of actin
nucleation at the leading edge of cells, which may drive cell polarization, morphogenesis,
and migration during chemotaxis.

6. Disruption of Hem-1 in mice results in multiple defects in hematopoietic
cell development and function

The /n vivo functions of Hem-1 in higher organisms were described in studies by Park et al.,
whereby they utilized an N-ethyl-N-nitrosourea (ENU) chemical mutagenesis strategy in
mice [61] to generate a novel mouse strain containing a nonsense mutation in the HemZ1
gene (Nckap1l), which results in the absence of Hem-1 protein [10] (see also [62]). Mice
lacking Hem-1 (Nckap!™!ri Nckapl™ ! or Hem1™'~) are viable and fertile (although female
mice exhibit reduced fertility). Relative to normal wildtype (WT) littermate control mice,
Hem1'= mice exhibit significantly altered representations of circulating immune cells in
peripheral blood, including moderate leukocytosis with marked neutrophilia and
lymphopenia. HemI™'~ mice also present with a myriad of gross lesions including amyloid
accumulations and focal mineralization along liver lobe margins, membrano-proliferative
glomerulopathy, and occasional diffuse inflammatory involvement of the liver, epididymis,
mesentery, pleura, and heart. Hem1~/~ spleens typically are enlarged and filled with
proliferating myeloid and erythroid progenitors indicative of extramedullary hematopoiesis.
While the exact cause of splenomegaly is unknown, bone marrow (BM) from HemI™'~ mice
contains significantly reduced CFU-GM (colony forming units-granulocyte and monocyte),
and CFU-GEMM (CFU-granulocyte/erythroid/macrophage/monocyte) relative to WT BM,
whereas there is a dramatic increase in CFU-GM, CFU-GEMM, and BFU-E (burst forming
units-erythroid) in spleen and peripheral blood from HemI™~ mice relative to WT mice.
This correlates with a significant increase in Lin"Scal*cKit™ hematopoietic stem/progenitor
(HSC/Ps) cells in the spleens and peripheral blood of Hem1~/~ mice relative to WT mice.
These results suggest that the extramedullary hematopoiesis observed in Hem1~/~ mice may
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be due to increased mobilization of Hem1~'~ HSC/Ps from the BM to the spleen and blood.
Consistent with this notion, mice deficient in Racl and Rac2 also exhibit massive
mobilization of HSC/Ps from the BM to peripheral blood due to decreased adhesion of HSC/
Ps to the BM microenvironment, resulting in their release into circulation [23].

Mice deficient in Hem-1 also exhibit altered red blood cell (RBC or erythrocyte) indices
including regenerative anemia with reticulocytosis (increased RBC progenitors)
characterized by abnormal erythrocyte morphology. Hem1'~ RBCs also exhibit increased
fragility compared to wildtype RBCs, as measured by increased percent lysis in serial
hypotonic NaCl solutions relative to wildtype RBCs [10]. Collectively these results suggest
that Hem1~/~ RBCs are more susceptible to damage from various stressors (oxidation, shear
stress, and inflammation), and are less deformable than wild-type erythrocytes. Interestingly,
mice deficient in Rac1 and Rac2 also present with regenerative anemia due to decreased F-
actin capping and altered erythrocyte cytoskeletal reorganization [63], which is consistent
with Hem-1 acting downstream of Rac to regulate formation of the actin cytoskeleton in red
blood cells.

7. Hem-1 is essential for neutrophil and macrophage migration and
phagocytosis

When compared to wildtype littermate mice, HemZ~/~ mice exhibited a ~25-fold increase in
the numbers of circulating neutrophils, which correlated with severe defects in the in vitro
migration of Hem1~/~ neutrophils in response to the tri-peptide chemoattractant fMLP
(formyl-methionyl-leucyl-phenylalanine) [10]. Hem1~/~ neutrophils also showed
significantly reduced and disorganized F-actin polymerization, which clearly polarized
toward the leading edge in wildtype neutrophils. These findings in primary neutrophils are
highly consistent with results from Weiner et al. in HL-60 cells, which collectively suggest
that Hem-1 is required for F-actin polymerization, polarization, and migration in mature
neutrophils [43].

Hem1'~ neutrophils and macrophages also exhibited severe defects in the phagocytosis of
fluorescently-labeled E. coli, consistent with an essential role for F-actin polymerization in
the formation of phagosome structures [10]. While in vivo host-defense studies were not
performed in HemI null mice, the mice were noted to exhibit increased susceptibility to
natural infection by opportunistic bacteria such as Pasteurella pneumotropica, which is
present in most Specific Pathogen Free (SPF) animal facilities. The overall phenotype of
Hem1 null neutrophils is similar to neutrophils from mice deficient in the Rac-GEF Vav,
which exhibit defective adhesion, migration, and phagocytosis [64,65], and neutrophils from
Rac2-deficient mice [66,67], which also exhibit impaired neutrophil migration and
phagocytosis. Surprisingly, Hem-1 null macrophages produced normal or increased levels of
proinflammatory cytokines and chemokines such as IL-1B, TNF-a, MIP-2, KC, and IL-23
in response to Toll-like receptor stimulation, suggesting that nuclear factor-kappaB (NF-
xB)-dependent production of cytokines proceeds independently of Hem-1 and F-actin
polymerization [10].

8. Hem-1 regulates lymphocyte development, adhesion, and migration

Since Hem-1 null mice are also lymphopenic, Park et al. examined the roles of Hem-1 in the
development of B and T cells in the bone marrow and thymus. T cell development was
significantly impaired in HemI™~ mice at the CD4~-CD8~CD25*CD44~ double-negative 3
(DN3) to CD4*CD8*CD25-CD44~ double-negative 4 (DN4) cell transition, mediated by
successful in-frame TCRp chain rearrangement and formation of the pre-T cell receptor
complex (pre-TCR) [10] (see Fig. 3A). This phenotype suggests a role for Hem-1 and
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cytoskeletal reorganization during T cell development, and parallels the phenotype seen in
mice deficient in other actin regulators including Vav[68], Rac [20], and Rho [19,69,70].
Likewise, B cell development was impaired at the pro-B cell and TO/T1 stages in Hem-1
null mice relative to wildtype mice (Fig. 3B and unpublished), which is similar to mice
deficient in RacGAP [71], Vav [72] and Rac1/2 [18]. Transplant of Hem™~ HSC/Ps into
lethally irradiated Rag2'~ .~ mice does not rescue the development of Hem1™~ B cells or
T cells, indicating that the defects in lymphocyte development are autonomous to bone
marrow derived cells [10]. These results suggest essential roles for Hem-1 in T and B
lymphocyte development, and are highly consistent with Hem-1 controlling cytoskeletal
organization during lymphocyte development downstream of VVav and Rac.

Analysis of peripheral T cells from Hem-1 null mice revealed that T cell activation,
proliferation, survival, adhesion, and F-actin capping were also impaired following loss of
Hem-1 [10]. However, production of interleukin-2 (IL-2) and interferon y appeared normal
in Hem-1 null mice relative to wildtype mice, whereas interleukin-17 production was
significantly increased due to increased numbers of Ty17 cells (Fig. 3A). Whereas the exact
cause of the shift towards increased Ty17 cells is unknown, other studies have shown that
impaired migration of neutrophils from the circulation into peripheral tissues results in
decreased phagocytosis of neutrophils by tissue macrophages and increased 1L-23
production [73], which stimulates increased generation of Tyy17 cells. These results
collectively suggest that Hem-1 is required for F-actin polymerization, adhesion, and
perhaps immune synapse formation in peripheral T cells. Other studies have also shown that
disruption of cytoskeleton regulating proteins such as Vav [74,75], Rho [21], Rac [76], HS1
[77], Dynamin [78], Abil/2 [46], WASP [79] and Wave2 [47] also result in impaired actin
polymerization and immune synapse formation in T cells or T cell lines. However, whereas
loss of Vav, WASP, and Rac2 impairs Ca2* signaling and IL-2 production, Park et al. found
that cytokine production proceeds normally in the absence of Hem-1 (as they found in innate
immune cells), which may suggest a bifurcation of signals from Vav and Rac upstream of
Hem-1.

To examine how loss of Hem-1 impinges on the signaling pathways that control F-actin
polymerization, Park et al. examined the activation of selected signaling pathways in T cells
and neutrophils from HemZ null and wildtype mice. Src family protein tyrosine kinases
(Ptks), Syk family Ptk's, Erk, and Racl were represented and activated normally in
thymocytes and T cells from Hem-1 null mice relative to wildtype mice following TCR
stimulation, suggesting that membrane-proximal signaling was not affected by loss of
Hem-1. In contrast, protein components of the WAVE complex including Wave2, Abil,
Abi2, and specifically Rac associated 1 (Sra-1) were largely degraded in Hem-1 null T cells
and thymocytes relative to wildtype cells, both before and after TCR stimulation. Similarly,
activation of neutrophils from HemZ1 null mice with fMLP resulted in equivalent total
tyrosine phosphorylation, Erk phosphorylation, and Racl activation, while levels of Wave2,
Sral, Abi2, and Abil proteins were significantly reduced relative to wildtype neutrophils
[10]. These results collectively suggested that Hem-1 is required for the stabilization of the
WAVE complex proteins in primary neutrophils and T cells, and are consistent with many
other studies in HL-60 cells [43], Jurkat T cells [46,47] and lower organisms which indicate
that loss of one WAVE complex member results in the degradation of the other members
(see [49] for review).

9. Model of Hem-1 functions in the innate and acquired immune system

Studies derived from Hem-1 orthologues in lower organisms, and from Hem-1 studies in
HL-60 cells, Jurkat T cells, and Hem-1 null mice, suggest a general model for the functions
of Hem-1 in F-actin polymerization in immune cells (see Fig. 4). Hem-1 is a cytosolic
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adaptor or “scaffold” protein, which interacts with Sral and Abi (1 or 2) as part of the
WAVE complex (which also includes WAVE and HSPC300). Upon activation of immune
cells by growth factors, cytokines, chemokines, Toll-like receptors, and antigen receptors
(Fig. 4), the intrinsically-inactive WAVE complex interacts with active GTP-bound Rac,
which allows a conformation change to occur in the WAVE protein (although this is still
controversial) thus providing a binding site for the Arp2/3 actin nucleating proteins and G-
actin. Recruitment of Arp2/3 allows the initiation of actin filament growth and branching
from G-actin monomers. “Waves” of Hem-1 and WAVE complex-induced activation of
Arp2/3 provide a “moving front” of F-actin polymerization, which results in the protrusion
and lamellipodia that form at the leading edge of matile cells. In contrast, the contraction of
the “tail” of moving cells may occur independently of Hem-1 by a Rho-dependent
mechanism (see Fig. 1). The Hem-1-dependent actin cytoskeleton also likely interacts with
the cytoplasmic portion of integrins thus forming focal adhesions that result in integrin
activation and cell-adhesion (see [80] for review), and contributes to immune synapse
formation in T cells. WAVE?2 has also recently been shown to activate integrins by
recruiting and activating Abl kinase and the CrkL-C3G complex, which activates the
integrin regulatory guanosine triphosphate Rapl. These results suggest that Hem-1 might
also activate integrins via Rapl [47]. Hem-1-dependent actin polymerization may also be
required for the protrusion of the cytoplasmic membrane that surrounds foreign organisms
during phagocytosis (see [5] for review). A potential role for Hem-1 (and the actin
cytoskeleton) in immune cell survival and differentiation is also inferred from studies in
Hem-1 deficient mice and of orthologues in lower organisms, although the mechanism has
not been defined.

Remarkably, the production of NF-xB-dependent pro-inflammatory cytokines proceeds
normally in the absence of Hem-1, which is in contrast to knockouts of WASP, Rac, and
Vav, which generally result in inhibition of IL-2 production. These results collectively
suggest that Hem-1 functions to selectively control processes dependent on F-actin
polymerization (such as adhesion, migration, and phagocytosis), whereas NF-xB-dependent
production of cytokines occurs independent of Hem-1. The imbalance between a functional
pro-inflammatory (cytokine) arm and a dysfunctional effector arm, in both lymphocytes and
phagocytes from Hem1 deficient mice, results in a hyper-stimulated yet largely ineffective
immune response.

10. Concluding remarks

Despite recent progress in our understanding of WAVE complex proteins and Hem-family
members in lower organisms and vertebrates, there are still many questions regarding the
roles of Hem-1 in hematopoietic cell development and function. These questions include the
following:

1. Does Hem-1 have WAVE-independent functions? Although the functions of
Hem-1 appear to be closely associated with the WAVE complex, some
experimental evidence suggests that Hem-1 may also function independently of
WAVE. For example, in HL-60 cells, Hem-1 exists in much greater abundance
than WAVE?2, and is also found in high-molecular weight pools that exclude the
WAVE complex. In addition, Hem-1 associates with proteins that regulate myosin
activity, including myosin light chain phosphatase, the RhoGAPs RhoGA4 and
Myosin 1XB, and PI3 kinase Vps34 (among other proteins). These results suggest
that Hem-1 may have both WAVE-dependent and -independent functions, and that
the complicated phenotypes of Hem-1 deficient mice may reflect disruption of both
functions.
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2. Could Hem-1 have broader effects on transcription and/or other nuclear functions?
Recent studies suggest that nuclear actin may control the transcription of certain
target genes regulated by myocardin-related transcription factors (MRTFs) and
serum response factors (SRFs) (see [81] for review). In addition, nuclear actin is
involved in nucleocytoplasmic shuttling (see [82] for review). Could Hem-1 and
WAVE modulate nuclear signaling and transcription in immune cells?

3. What transcription factors and DNA elements control the expression of Hem1?
Hem1 is expressed almost exclusively in hematopoietic cells, yet the regulatory
elements controlling Hem1 expression are not defined. University of California
Santa Cruz (UCSC) Genome browser predicts binding sites for a number of
transcription factors in the Hem1 (Nckap1/) promoter including Evi-1, Foxcl,
Rfx1, Max, Mif-1, Foxo3b, Mef2a, LHX3b, and Pou6F1. The significance of these
sites or other transcriptional regulatory elements is unclear.

4. Does Hem-1 modulate the biology of hematopoietic stem cells? Racl and Rac2
control many aspects of HSC function including proliferation, survival, and
adhesion of HSCs within the bone marrow niche. HemI™~ HSCs appear to be
released from the bone marrow environment into circulation, which implies that the
adhesion of HemI™~ HSCs to the BM niche is impaired. However, the exact roles
of Hem-1 in HSC function have not been addressed.

5. Is Hem-1 important for the invasion and metastasis of hematopoietic cell cancers?
Actin polymerization is important for the adhesion, migration, and invasion of
tumor cells, as well as normal immune cells (see [11] for review). An interesting
question is whether inhibition of Hem-1 might provide a mechanism to inhibit the
invasion and metastasis of hematopoietic cell cancers.

The hematopoietic cell specific expression of Hem1, and the relatively low toxicity of
complete HemZ disruption in mice (i.e. viable and fertile), suggests that acute inhibition of
Hem-1 function may provide a mechanism of acutely disrupting the “WAVES” of actin
cytoskeletal reorganization, which are essential for adhesion, migration, survival, and the
endocytic/phagocytic properties of most immune cells. Ultimately, the generation of an
inducible tissue-specific Hem1 targeted-deletion model in mice will be required to test the
acute consequences/benefits of inhibiting Hem-1 function in autoimmunity and cancer
models.
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Abbreviations

Cdc42 cell division control protein 42

Rho Ras homolog gene family member

Rac Ras-related C3 botulinum toxin substrate
Tiaml T-cell lymphoma invasion and metastasis 1
Ber breakpoint cluster region

IL Interleukin

Sra-1 specifically Rac associated 1

HSPC300 hematopoietic stem/progenitor cell protein 300
Cdk5 cell division protein kinase 5

MAPK mitogen-activated protein kinase

IRSp53 insulin receptor tyrosine kinase substrate p53
Napl Nck-associated protein 1

HL-60 human promyelocytic leukemia cells-60

Lin lineage

TNF tumor necrosis factor

MIP macrophage inflammatory proteins

NF-xB nuclear factor-kappaB

FEBS Lett. Author manuscript; available in PMC 2012 May 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al.

Rag recombinase activating gene
Syk spleen tyrosine kinase
cAMP/cGMP cyclic adenosine monophosphate/cyclic guanosine monophosphate
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Fig. 1.

Rho family members regulate F-actin polymerization in response to immuno-receptor
signaling. Rho-GTPases cycle between an inactive, GDP-bound state and the active, GTP-
bound state. Interaction of immuno-receptors (/.. chemokine, Toll-like receptor, T cell
receptor, B cell receptor, integrin) with ligand activates Rho guanine nucleotide exchange
factors (GEFs) such as Vav, which catalyze the release of GDP from Rho, allowing GTP to
bind. Conversely, Rho-GTPase activating proteins such as Rho-GAP cause GTP to be
hydrolyzed back to the inactive GDP-bound form. Major Rho family members in immune
cells include CDC42, Rac, and RhoA. CDC42-GTP specifically binds and activates WASP,
which facilitates Arp2/3-mediated nucleation of ATP-bound G-actin, which is released from
Profilin. Rac-GTP specifically binds and activates the WAVE complex which also facilitates
Arp2/3-mediated F-actin nucleation. Both Rac-GTP and CDC42-GTP also activate DIAP3,
which is required for nucleation of unbranched actin filaments, and PAK-dependent LIM
kinase, which stabilizes actin polymerization by preventing Cofilin from severing ADP-
bound actin and promoting actin depolymerization. RhoA-GTP contributes to actin
regulation by activating ROCK (Rho-associated coiled-coil-containing kinase), which
inhibits myosin light chain phosphatase (MLCP) resulting in increased phosphorylation of
myosin light chains (MLCs), which bind actin and stimulate contraction at the “tail” during
migration (see [13] for review).
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Activation of WASP and WAVE complexes by Rho-family GTPases. (A) Schematic
diagram of the WASP complex. WASP [WASP or Neural WASP (N-WASP)] is basally
inactive due to interaction of the basic region (B) and GTPase binding domains (CRIB) with
the C-terminal verprolin homology/cofilin-homology/acidic region (VCA) domain, which
prevents access to the Arp2/3 complex and G-actin. The interaction of Wip (WASP-
interacting protein) with the WASP homology 1 domain (WHZ1) is believed to stabilize the
inhibitory conformation. Following immunoreceptor activation, active Cdc42 (GTP-Cdc42)
and PIP, bind the CRIB and B domains respectively, thus releasing the VCA domain to bind
G-actin and the Arp2/3 complex, which stimulates the branching of F-actin. In addition, the
proline-rich region (Pro-R) of WASP acts as an adaptor protein by binding SH3-domain
containing proteins (Fyn, PI3K, and Nck) which contribute to cellular activation, and
Profilin which helps recruit actin monomers. (B) Schematic diagram of the WAVE complex.
The WAVE complex is composed of pentameric subunits including Sral, Hem (1 or 2), Abi
(1 or 2), HSPC300 and WAVE (1, 2, or 3). Similar to WASP, the WAVE complex is also
basally inactive, perhaps due to an interaction of the C-terminal VCA region with Sral,
which inhibits accessibility with G-actin and the Arp2/3 complex. Upon immunoreceptor
stimulation, Rac-GTP binds to the WAVE complex via Sral, which in the presence of PIP3
and IRSp53, may result in a structural change allowing the VCA region to bind G-actin and
the Arp2/3 complex, resulting in F-actin polymerization. The binding of IRSp53 with the
proline rich region of WAVE also enhances the ability to stimulate Arp2/3-driven actin
polymerization, perhaps by recruiting WAVE to the plasma membrane [27,49].
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Roles of Hem-1 in lymphocyte development and function. (A) Schematic diagram of T cell
development in the thymus and periphery. Successful in-frame rearrangement of T cell
receptor 8 chain genes [V(variable)g-D(diversity)gd(joining)g] in CD4~CD8™ [double-
negative (DN)] cells results in formation of the pre-TCR complex, which signals expansion,
rearrangement of TCRa chain genes (Vo—Jo), and differentiation to the CD4*CD8* double-
positive (DP) cell state. Following in-frame TCRa chain rearrangement, TCRap3 expressing
DP thymocytes undergo “positive selection” based on MHC class I- or against MHC class
I1-restriction, which drives selection of mature CD8*CD4" single-positive (SP) and
CD4*CD8™ SP cells respectively. SP cells then migrate into secondary lymphoid tissues, in
preparation for encountering foreign antigens. DN cells are further subdivided into different
stages of development based on expression of CD25 and CD44. Upon T cell activation,
naive CD4 T cells differentiate into distinct CD4 T cell subsets based on the local cytokine
milieu. CD4 effector T cells (Ty1, T2, and T17) produce their unique set of signature
cytokines. Gene-targeted mutations of Hem-1, Rac (1 and/or 2), RhoH, or Vav (1,2, and/or
3) in mice result in arrest or impaired differentiation at different stages of T cell
development in the thymus and periphery [10,13,74]. (B) Schematic diagram of B cell
development in the bone marrow (and fetal liver). The earliest committed B cell progenitor
(called a pre-pro-B cell) has its immunoglobulin (1g) heavy and light chain genes in
germline (unrearranged) configuration. The Ig heavy chain genes rearrange first (V4-Dpdn)
in pro-B cells. Following successful in-frame VVy-DyJy rearrangement, the pre-B cell
receptor (pre-BCR) is formed on the surface of pre-B cells, resulting in proliferation,
differentiation and immunoglobulin light (IgL) chain gene rearrangement (V_-J.).
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Following successful V| -J._ chain gene rearrangement, immature B cells leave the bone
marrow for the spleen and lymph nodes where cells further develop into transitional B cells
(T1 and T2) and mature B cells (follicular and marginal zone). Inhibition of Hem-1, Rac (1
and 2), RacGAP1, or Vav (1, 2, and 3) function results in arrest or impaired differentiation
at different stages of B cell development [10,13].
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Model of Hem-1 functions in F-actin polymerization during T cell activation. T cell
activation is induced by engagement of T cell receptor (TCR) complex on T cells with
antigen peptide presented by major histocompatibility complexes (MHCs) on the surface of
antigen presenting cells (APCs). Interaction of co-stimulatory molecules (CD28 and ICOS)
on T cells with B7 family members on APCs (not shown) prevents anergy, thereby ensuring
optimal activation. TCR-mediated signaling cascades are initiated by activation of the Src-
family protein tyrosine kinase Lck which phosphorylates tyrosine residues in both CD3
complex and ZAP70. This results in recruitment of the adaptor proteins LAT, GADS, and
SLP76, which are phosphorylated by ZAP70. LAT and SLP76 serve as scaffolds for adaptor
molecules to regulate the F-actin polymerization via the Vav GEF, which activates Rac
molecules. PI3K-mediated signaling facilitates cell survival, proliferation, and cytokine
production in cooperation with TCR-mediated signaling. Interaction between LFA-1 and
ICAM-1 is crucial for immune synapse formation. In immune cells, the WAVE complex
[which consists of WAVE (1 or 2), Abi (1 or 2), Hem-1, Sral, and HSPC300] is basally
inactive. Upon T cell activation, activated Rac binds and activates the WAVE complex, thus
promoting Arp2/3-mediated F-actin polymerization from monomeric G-actin. Hem-1 [also
known as Nck-associated protein-1-like (NAP1L)] is a hematopoietic cell specific adaptor
molecule which helps recruit and maintain a stable WAVE complex. Loss of Hem-1 (in
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Hem-1 null mice) destabilizes the interactions of WAVE complex subunits, resulting in
WAVE protein degradation and impaired F-actin polymerization, which results in deficient
adhesion (LFA-activation), immune synapse formation, migration, differentiation, and
survival [10,83]. The WAVE complex (including Hem-1) may also directly control cell
adhesion in a Rap1-dependent manner [47]. Hem-1 has also been implicated in inhibiting
myosin contraction at the leading edge of migrating cells, which may contribute to
membrane protrusion [43].
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