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Actin and proteins that regulate its
dynamics or interactions have well-

established roles in the cytoplasm where
they function as key components of the
cytoskeleton to control diverse processes,
including cellular infrastructure, cellular
motility, cell signaling, and vesicle trans-
port. Recent work has also uncovered
roles for actin and its regulatory proteins
in the nucleus, primarily in mechanisms
governing gene expression. The Wiskott
Aldrich Syndrome (WAS) family of
proteins, comprising the WASP/N-
WASP, SCAR/WAVE, WHAMM/JMY/
WHAMY, and WASH subfamilies, func-
tion in the cytoplasm where they activate
the Arp2/3 complex to form branched
actin filaments. WAS proteins are present
in the nucleus and have been implicated
as transcriptional regulators. We found
that Drosophila Wash, in addition to
transcriptional effects, is involved in
global nuclear architecture. Here we
summarize the regulation and function
of nuclear WAS proteins, and highlight
how our work with Wash expands the
possibilities for the functions of these
proteins in the nucleus.

Introduction

The cytoskeleton undergoes continu-
ous dynamic changes and interactions
with other cellular components, such as
the plasma membrane, necessary for many
essential cellular processes, including those
required both inter- and intra-cellularly
for communication, attachment/adhesion,
migration, and structural integrity (For a
review see ref. 1). One family of proteins
that mediates membrane-cortical cytoskel-
eton interactions through their tight

spatial and temporal coordination of cyto-
skeleton dynamics and other cellular
machineries, is the Wiskott-Aldrich Syn-
drome (WAS) family of proteins.2,3 WAS
proteins are nucleation-promoting factors
(NPFs) that activate the actin-related pro-
tein 2/3 (Arp2/3) complex to produce
branched actin filaments (Fig. 1A).2-4

WAS family proteins include the well-
characterized WASP/N-WASP and
WAVE/SCAR founding classes, as well
as the more recently recognized WASH
and WHAMM/JMY/WHAMY classes
(Fig. 1B).3,4 The defining feature of WAS
proteins is their conserved Arp2/3-binding
catalytic C-terminal VCA domain
(verprolin-homology (WH2), cofilin-
homology, and acidic domains), with their
N-terminal ends conferring their subfam-
ily status (Fig. 1B).5,6

WAS family proteins function as
downstream effectors of Rho family
GTPases, however, they differ in their
modes of interaction with these GTPases.
WASP/N-WASP proteins are auto-inhib-
ited. This inhibition is released upon their
direct binding to the Cdc42 small GTPase
(Fig. 1C).2-4,7 Interestingly, one recent
study suggests that Rac1 may also be
upstream of N-WASP acting in the same
capacity as Cdc42.8 WAVE/SCAR pro-
teins are trans-inhibited through their
constitutive regulation by theWAVE Reg-
ulatory Complex (WRC), comprised of
the ABI, SRA1, NAP1 and HSPC300
proteins. GTPase regulation of WAVE/
SCAR proteins occurs indirectly through
the binding of Rac1 to the WRC compo-
nent Sra1 (Fig. 1C).2,3,9,10 WASH pro-
tein regulation is more complex. The
actin nucleation activity of WASH pro-
teins does not appear to be auto- or trans-
inhibited. An interaction (direct or
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indirect) between mammalian WASH and
the Rho or Cdc42 small GTPases has not
been observed, although a weak interac-
tion with Rac1 has been reported.11 Stud-
ies in mammalian cell lines and
Dictyostelium suggest that WASH

functions as part of a multiprotein com-
plex that regulates endosome trafficking in
an Arp2/3-dependent manner.12-15 This
multiprotein WASH Regulatory Complex
(SHRC; comprised of the SWIP, Strum-
pellin, CCDC53, and FAM21 proteins)

shares some structural features and
sequence similarity with WRC proteins,
however, the means by which they are
activated appear to be different
(Fig. 1C).2,11 In contrast, while the
SHRC proteins are present in Drosophila

Figure 1. Schematics of WAS family protein function, domain topology, and activation. (A) The interaction between Arp2/3, actin, and the highly con-
served VCA domain of WAS proteins is necessary and sufficient to induce actin polymerization off an existing filament of actin. The WH2 motif binds a
G-actin monomer and the CA recruits and changes the conformation of Arp2/3 and interacts with an existing F-actin filament. (B) Topology diagrams of
WAS family protein domains for human (H. sapiens), mouse (M. musculus), African clawed frog (X. laevis*), and fruit fly (D. melanogaster). All subfamilies
contain a C-terminal VCA domain with class specific N-termini. Drosophila Whamy contains significant differences from both the mammalian WHAMM
and JMY subfamilies. Domain Abbreviations: WH1 (WASP homology 1); RBD (Rho binding domain); PP (poly-proline); V/WH2 (Verprolin/WASP homology
2); C (Central/Connector); A (acidic); SHD (Scar homology domain); WHD1 (WASH homology domain 1); WHD2 (WASH homology domain 2); WMD
(WHAMM membrane-interacting domain). Scale bar, 100 residues. *X. tropicalis for WHAMM/JMY. (C) Different modes of regulation for WAS family pro-
teins. WASP/N-WASP proteins are auto-inhibited. This inhibition is released upon their direct binding to the Cdc42 small GTPase. WAVE/SCAR proteins
interact indirectly with the Rac small GTPase. WAVE/SCAR proteins are trans-inhibited through their constitutive regulation by the WAVE Regulatory Com-
plex (WRC). This inhibition is released upon Rac recruitment by the WRC subunit Sra1. The mechanism of WASH regulation is not yet clear, but appears to
be context dependent. WASH proteins are not auto- or trans- inhibited. Nonetheless, WASH has been shown to bind directly to the Rho1 small GTPase,
and has also been shown to associate with a WRC-like multiprotein complex (SHRC; Strumpellin, SWIP, CCDC53, FAM21).
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and associate with Wash,16 the fly Wash
protein also binds directly to the Rho1
small GTPase and this interaction is
required for at least a subset of its func-
tions.16,17 It is not yet clear whether
Wash’s interaction with Rho1 is exclusive
to Wash in an SHRC-independent state
or if Rho1 is also able to interact with the
SHRC. Nonetheless, Drosophila Wash
functions as part of the SHRC multipro-
tein complex (similar to SCAR/WAVE
proteins) and functions independently of
such a complex (similar to WASP/N-
WASP) in a context-dependent man-
ner.16,17 Nothing is yet known about Rho
family GTPase regulation of the
WHAMM/JMY/WHAMY classes. It will
be interesting to determine if Rho family
GTPase signaling is a defining feature of
their regulation, and if so, which family
member is responsible.

In the cytoplasm, the highly conserved
WAS family proteins regulate cytoskeletal
dynamics important for processes includ-
ing membrane/vesicle trafficking, mor-
phogenesis, angiogenesis, inflammatory
immune response, and when mis-regu-
lated, pathogen infection, bleeding/bruis-
ing, immune deficiency and cancer
metastasis.18-21 WAS family proteins are
also present and necessary in the nucleus,
where they have been implicated as signifi-
cant players primarily in transcriptional
roles. Actin and myosin are also present in
the nucleus: they are actively imported
and exported using the importin/exportin
system.22-24 Emerging evidence has shown
that nuclear actin is multifunctional,
including roles as a transcription factor, as
a member of major chromatin remodeling
complexes, as part of a system that con-
trols loci movements within the nucleus,
and as a component of ribonucleoproteins
(RNPs) (For a review see ref. Twenty-
five–27). Initially, nuclear actin was
thought to be monomeric, however, work
in the Xenopus germinal vesicle clearly
showed the presence of actin filaments
and subsequent studies have demonstrated
the formation of actin rod structures in
response to various cellular stressors.28,29

Nuclear myosin is likewise multifunc-
tional, including roles in gene expression,
nucleoskeleton scaffolds, and in the posi-
tioning/organization of chromatin (For a
review see ref. 29, 30). As WAS proteins

encode various biochemical activities that
regulate cytoskeleton dynamics (actin
nucleation, actin/microtubule bundling,
and cytoskeletal crosslinking), a current
challenge is to understand how they regu-
late these components in the nucleus to
carry out their various functions. Here, we
discuss the nuclear roles of WAS family
proteins, highlighting the mechanisms
that regulate their localization to the
nucleus and their activities within the
nucleus, and when possible, if these activi-
ties are actin-dependent.

WASP

Clinical manifestations of WAS were
initially linked to actin-related cyto-
plasmic functions, however, mutations
that have no affect on the actin-nucleation
activity of WASP, and even mutations
that increase its actin nucleation activity,
can still result in severe pathology.31-34

One of the underlying causes of WAS
symptoms is a deficiency of CD4C

T-Helper (TH) cells, specifically TH1 cells
and, strikingly, WASP proteins were
found to accumulate in the nucleus of cells
differentiating from TH0 to TH1.

35

WASP contains a functional nuclear local-
ization signal (NLS) and nuclear export
signal (NES).35 When WASP’s NLS is
disrupted in human cells, it is unable to
localize to the nucleus, and when WASP’s
NES is disrupted, it localizes primarily in
the nucleus (Fig. 2A).36 Currently, the
mechanisms, potential binding partners,
and signals that regulate WASP distribu-
tion between the nucleus and cytoplasm
are unknown.

Variants of WAS that exhibit a defi-
ciency of TH1 cells, as a result of improper
TH0 cell differentiation, are associated
with some of the most severe clinical
symptoms.31-34 This defect largely corre-
lates to mutations in WASP’s N-terminal
WH1 domain, which are not expected to
alter actin-nucleation activity.34 The result
of these mutations is a decrease in mRNA
production for 2 key TH0 to TH1 devel-
opmental regulators, IFNG and TBX21
(Fig. 2B). Initial ChIP-CHIP experiments
revealed the association of nuclear WASP
with the cis-regulatory promoter regions
of these genes, suggesting a transcriptional

role for WASP.35 A series of mass spec-
trometry and ChIP experiments in human
primary or Jurkat TH1-skewed cells sug-
gested that WASp interacts with a number
of chromatin remodeling proteins and
complexes, which can affect promoter
chromatin in multiple ways. First, WASP
interacts with epigenetic factors such as
the MLL protein, RBBP5, and JMJD6 (a
demethylase), which result in increased
histone modification H3K4me3 marks on
these promoters.35 Second, WASP also
affects these promoters through its interac-
tion with the BAF170 and BAF47 subu-
nits of the SWI/SNF chromatin-
remodeling complex.34 Significantly, the
interacting SWI/SNF complex was shown
to contain hBRM as its ATPase, and not
Brg1. This suggested that WASP, through
this remodeling complex, may act on
Notch target genes and, indeed, Notch
target genes are affected in WH1 mutant
cells.34 Finally, WH1 WASP mutants
affect the enrichment of the H2A.z his-
tone variant and subsequent chromatin
de-compaction at these cis-regulatory
regions through an interaction with
EP400.34 Taken together, these findings
reflect a role for WASP in the recruitment
and/or assembly of multiple chromatin
remodeling complexes in a cell-specific
and loci-specific manner, independent of
any Arp2/3-related activity inside the
nucleus, and provide new avenues to
understand the biology of this disease.

N-WASP

Similar to WASP, N-WASP contains a
predicted and functional NLS and NES.37

Specific deletions of regions containing
these signals in COS-7 cells, as well as
blocking active nuclear export with Lepto-
mycin B have demonstrated that both the
NLS and NES are necessary for canonical
nuclear import and export by karyopher-
ins.37 In contrast to WASP, there is grow-
ing evidence that the subcellular
localization of N-WASP is regulated by
activity state and phosphorylation. First,
the nuclear fraction of N-WASP was
found to be in the open, not auto-inhib-
ited, conformation.38 Secondly, 2 separate
studies have indicated that the phosphory-
lation status of the conserved Tyrosine
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Figure 2. Nuclear roles for WASP/N-WASP, WAVE/SCAR, and JMY. (A) WASP nuclear localization is regulated by canonical NLS and NES import/export.
De-convolved fluorescence micrographs of TH1-skewed WASPNULL cells rescued with the indicated WASP constructs. Expression from the full-length and
DVCA constructs is found in both the nucleus and cytoplasm, whereas the DNLS is only found in the cytoplasm and the DNES2 is only found in the nucleus.
(B) Nuclear-localizedWASP in TH1-skewed cells is responsible for expression of the TH1 regulators IFNG and TBX21. Bar plot graph of gene expression quanti-
tated by RT-qPCR in TH1 WASPNULL (UT) and rescued by full-length (FL), DNLS (delNLS), DNES2 (delNES2), and DVCA (delVCA) constructs compared to TH0
expression levels showing that the TH1 factors IFNG and TBX21 are not-regulated properly in DNLS TH1 skewed cells. CSF2 is a non-TH1-specific control.
(C) Phosphorylation of N-WASP by the Src kinase, Fyn, leads to enhanced cytoplasmic and decreased nuclear accumulation of N-WASP. Fluorescent micro-
graphs of COS-7 cells expressing ectopic constitutively active Fyn (FynCA) or dominant negative (FynDN) immunostained for anti-Fyn (red), anti-N-WASP
(gray/green), and Phalloidin (blue) show that FynCA leads to more cytoplasmic N-WASP, whereas FynDN leads to more nuclear N-WASP. Quantification of
N-WASP nuclear versus cytoplasmic N-WASP in COS-7 cells expressing FynCA and FynDN. (D) N-WASP can polymerize actin from nuclear lysates. Pyrene
actin assay showing that a GST fusion to the N-WASP VCA domain can polymerize actin, however, it is unable to do so in the presence of the actin polymeri-
zation inhibitors cytochalasin D and Latrunculin A. (E) Wave1 is present in mouse C2C12 nuclei after transplantation into the germinal vesicle of Xenopus
oocytes. Mouse somatic C2C12 nuclei were transplanted into Xenopus oocytes overexpressing HA-NLS-WAVE1. Immunofluorescence staining for anti-HA
(WAVE1) showed WAVE1 co-localizing with active RNA polymerase II in these transplanted nuclei 24 hrs post-nuclear transfer. (F) Nuclear Wave1 is required
for transcriptional reprogramming in Xenopus oocytes. Transcriptional activation of the embryonic gene, Oct4, is inhibited in the presence of antibodies
against WAVE1 in transplanted somatic nuclei, as measured by QPCR. Expression of the housekeeping gene, Gapdh, was unaffected by the presence of
a-WAVE1 antibodies. (G) NuclearWave1 is required for hox gene expression. Heatmap showing the down-regulation of hox gene expression inWAVE1-mor-
pholino (MO) injected embryos relative to control. (H) JMY and p300 function together to regulate p53-dependent transcription. Bax promoter-luciferase
reporter assays were used to measure p53-dependent transcriptional activity. Co-expression of p53 with increasing levels of JMY resulted in a titratable
increase in p53 activity that was further enhanced by the expression of p300. (I) The JMY NLS is required for damage-induced nuclear accumulation. Cells
expressing GFP-JMY, but not a GFP-JMY truncation mutant removing its actin binding and NLS (GFP-JMYDWWWCA), show accumulation of GFP signal in
the nucleus in response to UV irradiation inducedDNAdamage. (J) Actin competes with Impa/b for binding to JMY. Actin and importins both bind to a C-ter-
minal fragment of JMY containing tandem WH2 (WWW) motifs and a nested NLS sequence (WWWCA). Quantification of GST pulldowns assaying Impa/b
binding to the GST-WWWCA in the presence of increasing concentrations of actin monomers. Permissions. (A–B) Reprinted from Sadhukan et al. (2014).36

The Journal of Immunology 193:150-60. (C) Reprintedwith permission from Suetsugu& Takenawa, J. Biol. Chem. 278(43):42515-23.37 © TheAmerican Society
for Biochemistry and Molecular Biology. Reproduced by permission of The American Society for Biochemistry and Molecular Biology. Permission to reuse
must be obtained from the rightsholder. (D) © Macmillan Publishers Ltd: Nature Cell Biology. Reproduced by permission of Macmillan Publishers Ltd: Nature
Cell Biology. Permission to reuse must be obtained from the rightsholder. Wu et al., Nat. Cell Biol. 8(7):756–63.40 (E–G) © AAAS. Reproduced by permission
of AAAS. Permission to reuse must be obtained from the rightsholder. From Miyamoto et al. (2013) Science 341(6149):1002-5.45 (H) © Elsevier. Reproduced
by permission of Elsevier. Permission to reuse must be obtained from the rightsholder. Reprinted from Molecular Cell, Volume 4(3), Shikama et al., A Novel
Cofactor for p300 that Regulates the p53 Response, pp. 365-376.46 (I-J) © American Society for Cell Biology. Reproduced by permission of American Society
for Cell Biology. Permission to reuse must be obtained from the rightsholder. From Actin binding toWH2 domains regulates nuclear import of themultifunc-
tional actin regulator JMY, Zuchero et al., Mol. Biol. Cell 23:853, 2012.47
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256 in humans (T253 in mouse) is indica-
tive of the localization of N-WASp and
that blocking the phosphorylation of this
residue results in preferential nuclear
localization.37,38 Indeed, phosphorylation
of this residue may inhibit nuclear impor-
tin (NP-1) binding to the NLS: a phos-
phomimetic point mutant N-WASP was
unable to bind in vitro as robustly to NP-
1.38 These studies have suggested that 2
different kinases, Fyn and FAK, may be
involved in phosphorylation of this resi-
due (Fig. 2C), however, these differences
may be cell-type-specific and merit further
exploration. In addition to phosphoryla-
tion activity state, N-WASP nuclear local-
ization is regulated by FBP11, which
interacts with N-WASP and can sequester
it inside the nucleus.39

Initial studies demonstrated that locali-
zation of un-phosphorylated nuclear
N-WASP led to a decrease in HSP90
expression, presumably through a physical
interaction with HSTF.37 Of note,
HSP90 is essential for Src family kinase
activity and as the localization of WASP is
dependent on Fyn in some contexts, the
down-regulation of HSP90 may act as a
possible feedback mechanism to drive N-
WASP into the nucleus by decreasing
phosphorylation. Subsequent studies in
HeLa cells and extracts have highlighted a
more global change in transcription when
N-WASP is removed or segregated outside
of the nucleus. In one of these studies, a
proteomics approach identified an interac-
tion between N-WASP and the PSF-
NonO complex.40 This multi-functional
nuclear complex has proposed roles in
many nuclear processes including RNA
processing, DNA repair, topoisomerase
activity, and transcription (For a review
see ref. 41). Fractionation of nuclear
lysates demonstrated that PSF-NonO and
N-WASP are present in a complex that
includes RNA Pol II and actin, with PSF-
NonO being necessary for the N-WASP
and RNA Pol II association.40 N-WASP
was also shown to polymerize actin in
nuclear extracts in vitro.40 ChIP experi-
ments showed that this PSF-NonO/N-
WASP/actin complex associates with
active promoters, and that its disruption
by RNAi or antibody interference signifi-
cantly reduces transcription in in vitro
transcription assays.40 Importantly,

similar in vitro transcription defects were
observed with mutations in N-WASP’s
VCA domain (disrupting actin polymeri-
zation) or with drug inhibition by Latrun-
culin B and cytochalasin D (preventing
actin polymerization) (Fig. 2D).40 BrU
incorporation assays in HeLa cells with
RNAi and the N-WASPDVCA protein
showed similar global transcriptional
defects, however, it is not known if this
activity is linked to the formation of de
novo F-actin. Interestingly, the Arp2 and
Arp3 subunits of the Arp2/3 complex are
also found in RNA pol II-containing com-
plexes.42 Removal of these Arp2/3 subu-
nits by RNAi reduces transcription in a
similar manner to N-WASP/PSF-NonO.
Significantly, mutants that sequester Arp2
or Arp3 in the cytoplasm of HeLa cells
have reduced global transcription as well.
A recent study demonstrating a role for
N-WASP in regulating hair follicle cycling
showed N-WASP involvement in gene
regulation, however, the number of genes
affected was small suggesting that
N-WASP may not affect global transcrip-
tion in all cell types.43 Overall, studies of
N-WASP in the nucleus are providing
tantalizing hints that WAS family proteins
have the capacity to affect actin structures
within the nucleus.

WAVE/SCAR

While a nuclear role for WAVE/SCAR
family proteins has not yet been described
in a specific developmental context, recent
experiments implicating WAVE1, Rac1,
and nuclear actin in the transcriptional
reprogramming of embryonic genes in dif-
ferentiated nuclei suggests that these con-
texts do exist. Upon transplantation of
differentiated nuclei into the germinal ves-
icle of Xenopus oocytes, de novo F-actin
filaments form in these nuclei followed by
a rapid recovery of Oct4 expression
(a member of the POU family of homeo-
box genes), both of which could be abro-
gated by inhibiting F-actin
polymerization.44 Overexpression of Rac1
in Xenopus oocytes resulted in a signifi-
cant increase in Oct4 transcription leading
to a focus on WAVE, the WAS protein
whose actin nucleation activity is regulated
by this GTPase.44 Similar to Rac1, an

accumulation of nuclear WAVE1 coin-
cided with an increase in Oct4 transcrip-
tion that was lost in the presence of
inhibitory antibodies against WAVE1
(Fig. 2E-F).44,45 Overexpression of
WAVE1-A and WAVE1-B (but not
WAVE1-C) showed a trend toward
increasing the expression of embryonic
genes, while knockdown of WAVE1 in
embryos through MO-injections caused a
downregulation of many genes, including
hox genes, indicating that nuclear
WAVE1 plays a role in embryonic devel-
opment (Fig. 2G).45 Co-immunoprecipi-
tation experiments with nuclear extracts of
an NLS-WAVE1–A or –B fusion protein
were conducted to identify nuclear
WAVE1 interactors. Both WAVE1–A
and –B associated with RNA polymerase
II and MLL, a SET domain-containing
H3K4 methyltransferase.45 ChIP analysis
comparing active RNAPII and H3K4
methylation of hox genes in control versus
WAVE1 MO-injected embryos revealed a
consistent decrease of RNAPII and H3K4
marks in WAVE1 knockdown embryos.
WAVE interaction with both these pro-
teins mapped to its N-terminal Wave
Homology Domain (WHD) (Fig. 1B).
As such, nuclear WAVE1 functions simi-
larly to N-WASP to regulate global tran-
scription through nucleating F-actin
within the nucleus. In the future it will be
interesting to uncover in vivo contexts in
which WAVE proteins are present in the
nucleus, and the mechanisms which regu-
late its nuclear localization to prevent the
ectopic reprogramming of cells.

JMY

Junction-mediating and regulatory
protein (JMY) is a special class of WAS
family NPFs: while it contains a conserved
C-terminal VCA domain, it can nucleate
actin with or without the Arp2/3 com-
plex.4 JMY was initially isolated as a tran-
scriptional cofactor of the p53 tumor
suppressor protein and exhibits dynamic
nuclear/cytoplasmic localization.46,47 In
the nucleus, JMY along with CBP/p300
and Strap forms a transcriptional activa-
tion complex that regulates p53 transcrip-
tion (Fig. 2H).46 Interestingly, JMY’s
nuclear function appears to include an
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actin component, as nuclear JMY can
incorporate actin in an Arp2/3-indepen-
dent manner and addition of Latrunculin
A (inhibits actin polymerization) reduced
p53 activity without altering JMY’s
nuclear localization or levels.48 In the
cytoplasm, JMY acts independently from
p53 in a manner consistent with classic
actin NPF activity. JMY is also a critical
target for down-regulating p53 levels.
Mdm2 (murine double minute 2), an E3
ubiquitin ligase, can oppose the p53
response by directly ubiquitylating p53,
leading to its nuclear export and degrada-
tion,49 or by targeting the p53 positive
regulator, JMY.50 Co-expression of
Mdm2 with JMY in DNA-damaged cells
causes a decrease in p53-mediated cell
apoptosis, which is restored upon the dele-
tion of the Mdm2 C-terminal region lack-
ing the RING finger domain necessary for
JMY binding, as well as ubiquitin ligase
activity.49,50 However, under conditions
of DNA damage, the Mdm2-JMY interac-
tion is significantly curtailed, leading to an
accumulation of JMY in the nucleus to
activate p53.50

Exploration of the mechanism of JMY
subcellular localization revealed an elegant
mechanism for JMY to strategically dictate
its cytoplasmic-nuclear distribution
(Fig. 2I). JMY has 3 tandem WH2
motifs, each capable of binding to an actin
monomer, with an NLS sequence nestled
between the first and second of these
repeats. Actin monomer binding to these
WH2 domains blocks binding of impor-
tin-b (Impb) to JMY’s NLS, thereby pre-
venting its nuclear import. Expression of a
JMY mutant with a deletion in its C-ter-
minal WWWCA region thereby disabling
actin monomer-binding capacity,
remained in the cytoplasm upon DNA
damage, while wildtype JMY protein
localized to the nucleus (Fig. 2I). In addi-
tion, Impb binding to JMY’s NLS
sequence is out-competed by increasing
concentrations of actin (Fig. 2J).47 DNA
damage has been shown to induce actin
filament assembly in the cytoplasm. When
this occurs, a reduced pool of cytoplasmic
G-actin unblocks JMY’s NLS such that
Impb can transport JMY into the nucleus
where it induces p53-dependent transcrip-
tion for cell-cycle arrest and apoptosis.51

As JMY has only recently been recognized

as a WAS subfamily, it is not yet known
what the full scope of JMY’s cytoplasmic
roles are and how JMY’s actin-related
functions play a role in its activity as a
transcription co-factor.

WASH

One of the more recently discovered
WAS subfamilies, the WASH proteins,
are emerging as important cytoplasmic
cytoskeleton regulators where they func-
tion in endosome sorting and scission, cell
migrations, cytoplasmic flows, and other
developmental contexts.12,14,16,17,52 In ad-
dition to these cytoplasmic roles, WASH
family proteins localize to and accumulate
within the nucleus in developmental and
cell-type specific manners.53-55 In the gas-
trulating fly embryo, Wash subcellular
localization ranges from predominantly
cytoplasmic to equally distributed
between the cytoplasm and nucleus in
spatially restricted regions (Fig. 3A).55

Later in development, there is a striking
localization of Wash protein in the nuclei
of tissues such as larval salivary glands
(Fig. 3A).54 In fly cell lines, Wash is
equally distributed in the cytoplasm and
nucleus.54,55 Recent work with 3 closely
related murine haematopoietic cell line-
ages show drastically different WASH
nuclear vs. cytoplasmic protein distribu-
tions: WASH in multipotent progenitor
cells (MPPs) is restricted to the cytoplasm;
WASH in short-term haematopoietic
stem cells (ST-HSCs) is both nuclear and
cytoplasmic; and WASH in long-term
haematopoietic stem cells (LT-HSCs) is
predominantly nuclear (Fig. 3B).53 This
spatial regulation may be achieved by the
protein’s intrinsic properties, as WASH
family proteins contain both a conserved
bi-partite NLS and an NES.56 Intrigu-
ingly, Wash is often part of the stable
SHRC, whose subunits (with the excep-
tion of CCDC53) have strongly predicted
bipartite NLS motifs, or in the case of
FAM21, a demonstrated and functional
mono-partite NLS.57 Thus, WASH pro-
tein nuclear localization may be regulated
not only by its own NLS, but also may be
shuttled into the nucleus by its binding
partners. Indeed, we recently generated
transgenic Drosophila Wash protein in

which it was not only necessary to disrupt
the strongest predicted NLS, but also nec-
essary to attach a strong NES in order to
deplete Wash protein from the nucleus.54

Prior to Wash family proteins being
defined as a WAS subfamily, Wash was
found as part of the Drosophila TRF2
core promoter transcription complex,
made up of known nuclear proteins and
remodeling complexes, including TRF2,
DREF, ISWI, NURF-38 and ¡55
(Fig. 3C).58 The TRF2 complex is neces-
sary for the core promoter recognition of
the PCNA gene, DNApol 180, as well as a
subset of other genes containing a DRE
(DNA Replication-related Element) and
involved in proliferation. The TRF2 com-
plex was convincingly shown to interact
with a DRE containing promoter
upstream of the PCNA transcriptional
start site, however, the specific biochemi-
cal activities of this complex required in
this context are not yet known. As the
TRF2 complex contains members of the
NURF remodeling complex, there is a
predicted role in remodeling promoter
chromatin. In addition to Wash, 2 iso-
forms of b-tubulin (mainly thought to be
cytoplasmic) and the SHRC members,
Strumpellin and SWIP, were found in this
remodeling complex. The unexpected
inclusion of these usually cytoplasmic fac-
tors hint at a potential role for this Wash-
containing complex in regulating tran-
scription at a structural level by modulat-
ing chromatin and/or the proteins related
to the cytoskeleton which function in the
nucleoskeleton. Future studies using
inhibitors specific to structural proteins
such as actin and microtubules, point
mutations disrupting Wash’s actin/micro-
tubule binding and/or nucleation activi-
ties, as well as more modern histone
occupancy techniques will be necessary to
assess these potential roles.

Recently, Wash was found to be a key
transcription factor in murine haemato-
poietic stem cells (HSC) where it regulates
cell differentiation.53 In wild-type LT-
HSCs, Wash is primarily localized to the
nucleus and upon Wash depletion by
RNAi, this population of cells increases
due to their inability to differentiate into
further lineages as a result of lost c-Myc
proto-oncogene transcription (Fig. 3D).
Similar to what is observed in flies with

354 Volume 6 Issue 5Nucleus



Figure 3. Nuclear localized WASH family proteins function as regulators of nuclear morphology and as transcription factors. (A) Wash accumulates in the
nucleus of Drosophila cells in a temporally and spatially specific manner. Confocal projection of stage 7 embryos immunostained with anti-Wash show
nuclear localization in specific mitotic domains (arrows) while remaining cytoplasmic in others (arrowheads) (left). Confocal projections of the nuclei of
the salivary glands of 3rd instar larvae immunostained with anti-Wash shows nuclear enrichment (right). (B) WASH exhibits different sub-cellular localiza-
tions in different sub-populations of haematopoietic stem cells. Micrographs (left) and western blot analysis of lysates (right) of WASH expression in
long-term haematopoietic stem cells (LT-HSC; nuclear), short-term haematopoietic stem cells (ST-HSC; nuclear and cytoplasmic) and multipotent progen-
itor cells (MPP; cytoplasmic). Micrographs are co-stained with PI for nuclear visualization and DIC views are shown (left). (C) Purification of the Drosophila
TRF2 complex showing the presence of Wash and its SHRC. Co-immunoprecipitation by TRF2 or DREF monoclonal antibodies purifies a complex contain-
ing Wash (p63), SWIP (p116) and Strumpellin (p118), in addition to ISWI, DREF, TRF2, and tubulin. (D) WASH knockout in LT-HSCs leads to reduced c-Myc
expression, as well as reduced expression of its transcriptional targets. Bar plot graphs of gene expression levels measured by qPCR showing significantly
decreased expression of c-Myc, and its target genes Tlr4, Tcerg1, Bub1b, and Ilf3, in cell-sorted WASH KO LT-HSCs. (E–G) wash mutant salivary glands
have altered nuclear morphology compared to wildtype. Confocal projections of wildtype vs. wash mutant nuclei immunostained with anti-Lamin anti-
body shows crinkled, non-spherical wash nuclei (E). Micrographs of wildtype versus wash mutant salivary gland polytene chromosomes show misalign-
ment and improper banding, as well as extremely fragile chromosomes (F). Three-Dimensional reconstruction of wildtype vs. washmutant salivary gland
nuclei hybridized with chromosome-specific paints (X chromosome: yellow, 2nd chromosome: green, 3rd chromosome: red) showing less compact chro-
mosome territories in wash mutant nuclei (G, left). Micrographs of wildtype verses wash mutant salivary gland nuclei immunostained with anti-HP1
(green; heterochromatin; left), anti-Coilin (green; Cajal bodies; middle), anti-Mtor (red; nuclear envelope protein; middle), anti-Fibrillarin (green; nucleolus;
right), anti-MOF (red; X-chromosome; right) showing disrupted nuclear sub-compartments in washmutant nuclei (G, right). (H) Wash increases chromatin
accessibility in heterochromatin regions. Distribution of M.SssI-based chromatin accessibility in control RNAi and wash RNAi treated Drosophila S2 cells,
showing increased accessibility in wash knockdown with no affect on transcription start site (TSS) chromatin regions. (I) Wash interacts with B-type Lamin
at the nuclear periphery. Duolink proximity ligation assay in Drosophila salivary glands expressing GFP-Lamin using anti-Wash and anti-GFP antibodies
shows amplification of Duolink signal at the nuclear periphery. Amplification signal is only observed when the 2 antibodies examined are within 30 nm.
Permissions. (A, right) and (E–I) Reprinted from Current Biology, 25(6), Verboon et al., Wash Interacts with Lamin and Affects Global Nuclear Organiza-
tion, pp. 804-810.54 © Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder. (B, D) Reprinted with
permission from: © Rockefeller University Press. Reproduced by permission of Rockefeller University Press. Permission to reuse must be obtained from
the rightsholder. Reprinted from Xia et al. Journal of Experimental Medicine. 211:2119-2134. doi:10.1084/jem.20140169.53 (C) © Macmillan Publishers
Ltd: Nature. Reproduced by permission of Macmillan Publishers Ltd: Nature. Permission to reuse must be obtained from the rightsholder. Hochheimer
et al., Nature 420:439–45.58
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the TRF2 complex, murine WASH was
shown to interact with the NURF com-
plex (Rbbp4 subunit) and is necessary for
this complex to properly associate with
the c-Myc promoter, thereby increasing
DNA accessibility. Significantly, WASH’s
function in this nuclear context is actin-
dependent as Rbbp4 can only associate
with actin when WASH is present, actin
inhibition by cytochalasin D decreases
DNA accessibility at the promoter, and a
WashDVCA protein does not rescue
WASH KO differentiation defects.53 This
suggests that WASH’s role in the nucleus
of HSCs is in the actin-dependent trans-
port of chromatin remodeling factors.
Taken together, these studies suggest that
nuclear WASH proteins interact with the
NURF complex to regulate chromatin
accessibility at specific promoters and hint
at a larger role for WASH-dependent actin
transport within the nucleus.

We recently described a role for Dro-
sophila Wash as a key player in global
nuclear architecture. We have found that
nuclei from Wash-depleted cells or
mutant salivary glands are grossly
deformed (Fig. 3E) and that these pheno-
types are specific to nuclear Wash.54 wash
knockdown or loss-of-function mutants
exhibit a number of nuclear defects rang-
ing from mis-localized proteins, which
mark nuclear sub-compartments such as
coilin (Cajal bodies), fibrillarin (nucleo-
lus), and HP1 (heterochromatin), to frag-
ile DNA and disrupted chromatin
territories (Fig. 3F–G).54 We demon-
strated that at least a subset of Wash’s
nuclear phenotypes is due to a novel inter-
action with the nuclear intermediate fila-
ment, Lamin Dm0 (Drosophila B-type
Lamin). In particular, we explored the
role of Wash and Lamin in modulating
heterochromatin and find that Wash and
Lamin interact with silent regions of the
genome. Interestingly, we found that
Wash and Lamin both increased (sup-
pressed PEV) and decreased (enhanced
PEV) heterochromatin formation when
assaying Wash’s ability to modulate chro-
matin using 2 different in vivo Position
Effect Variegation (PEV) assays, suggest-
ing that these reporters are differentially
monitoring heterochromatin domains.
We also showed a global increase in DNA
accessibility at heterochromatic regions in

wash and lamin Dm0mutant backgrounds
with no change at transcription start sites
(Fig. 3H).

While superficially at odds with the
previous transcription studies, our study
used global readouts for Wash and Lamin
effects on transcriptional start sites, how-
ever, this does not preclude the potential
for changes in DNA accessibility at spe-
cific promoters in the genome similar to
those observed for c-Myc and PCNA.
Indeed global changes to nuclear organiza-
tion could manifest as changes in the tran-
scription state of many genes; conversely,
changes in the transcription state of many
genes could lead to global nuclear organi-
zational changes. Currently, our favored
hypothesis is that Wash has more than
one role in the nucleus. One line of evi-
dence that supports this hypothesis is that
while a subset of Wash interacts with
Lamin at the nuclear periphery in salivary
gland nuclei (Fig. 3I), Wash is also pres-
ent throughout the interior of the nucleus
both co-localizing with and distinct from
the DNA-containing regions (Fig. 3A),
suggesting that these different populations
of Wash protein may have functionally
distinct nuclear roles. It will be interesting
in the future to explore Wash’s biochemi-
cal activities in the nucleus with particular
attention to their relation to actin/micro-
tubules, and its interaction with the
SHRC, and how these are or are not
involved in its role in global nuclear
architecture.

Concluding Remarks

Not so long ago, the presence of actin
in the nucleus was controversial (For a
review see ref. 59). However, definitive
experiments by McDonald et al., as well
as the advent of new tools for actin visuali-
zation in the nucleus (i.e., Actin-Chromo-
body-TagGFP, LifeAct-GFP fused to an
NLS, and Utr230EN) have shown that
actin is clearly present.60-62 Recent studies
using these new tools have shown nuclear
actin present in the form of filaments
formed by mDia nucleation, actin mono-
mers in nuclear speckles, and as stable
small actin filaments localized to inter-
chromatin spaces.61,62 However, as many
of the processes known to involve nuclear

actin occur in response to varying stimuli,
it will be important to use these tools in a
variety of contexts. Seeing as WAS family
proteins likely act with, or perhaps act
independently of, nuclear actin, it is
important to consider the processes in
which WAS proteins and nuclear actin are
known to overlap, and the structure of the
actin within these processes. Thus far, the
major described role of WAS family pro-
teins in the nucleus has been altered
transcription upon WAS protein pertur-
bation. While WASP seems to act as a
canonical bi-partite molecule with a clear
separation of its cytoplasmic and nuclear
activities, there is some evidence that N-
WASP, JMY, and WAVE affect transcrip-
tion, at least in part, through a mechanism
involving nuclear actin.40,42, 45,48 Recently
it was also shown that WASH is an impor-
tant transcription factor for genes regulat-
ing T-cell differentiation. These effects
occur both through WAS proteins acting
as transcription factors and/or as compo-
nents of chromatin remodeling complexes
(CRCs). Nuclear actin has been shown to
interact with all 3 RNA polymerases and
as an essential component of multiple
chromatin remodeling complexes.63-66

Thus far it appears that nuclear actin asso-
ciated with the transcription machinery is
monomeric and inhibiting binding to
these actin monomers leads to deficient
elongation.67 The question, therefore, is
what the role of an F-actin associated pro-
tein may be in this process. One interest-
ing proposed model is that actin filaments
(non-canonical polymers) associated with
WAS proteins and Arp2/3 (N-WASP in
this case) and actin-severing proteins may
locally increase the concentration of avail-
able actin monomers necessary to support
elongation.68 It is also possible that non-
canonical actin polymers support this pro-
cess in a structural manner, however, evi-
dence for this does not yet exist and
visualization may prove difficult if these
polymers are embedded within a locally
enriched region of actin monomers. WAS
family proteins also exert transcriptional
phenotypes through their presence in
CRCs. Similar to transcription, convinc-
ing evidence also suggests that actin
monomers are the functional actin struc-
tures in CRCs (For a review see ref. 69),
again raising the question of how
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filament-associated actin regulatory pro-
teins may be involved. In this case, it
seems less likely that this discrepancy can
be explained by filament severing leading
to local actin monomer increases, as the
CRC in which actin has been most charac-
terized, INO80, was shown to no longer
associate with actin under conditions
where actin and cofilin interact in the
nucleus.70 As such, the role for WAS pro-
teins and actin in CRCs remains unclear
and future experimentation is needed.

Recently, we examined nuclear Wash
functions in Drosophila employing both
transcriptional/biochemical assays and
powerful cell biological techniques and
were excited to find gross defects in nuclear
architecture, potentially connecting WAS
family proteins to nuclear actin functions
apart from transcription.54Wash is essential
for nuclear architecture in fly cells (S2RC)
and salivary glands, where it interacts with
another structural protein besides actin:
Lamin B. As such,Wash was found to inter-
act with the same regions of the chromatin
as LADs. Although Wash lacks a DNA
binding domain, it associates with »500
chromatin regions (directly or indirectly)
on salivary gland polytene chromosomes.
Wash’s intrinsic biochemical properties
(actin binding, MT binding, Lamin bind-
ing, and actin/MT crosslinking) suggest an
exciting possibility as a hub for the integra-
tion of multiple structural filaments within
the nucleus, and potentially as a bridge
between these filaments and chromatin. In
vitro experiments have shown that Lamin
self-assembles into a meshwork under
appropriate conditions and that Wash may
facilitate this activity and integrate it with
other structural proteins to form a higher
order scaffold. Indeed, in this same nuclear
compartment the Lamin-associated protein
Emerin has been show to stabilize actin fila-
ment pointed ends suggesting that this
region is an important neighborhood for
integrating actin and lamin filaments, and
perhaps may be involved in the formation
of the cortical nucleoskeleton.

Another exciting possibility, which
makes sense in lieu of the disrupted orga-
nization of the nucleus in wash mutants, is
a role for Wash in intra-nuclear move-
ments (loci and chromosomal position),
which have been associated with nuclear
actin and myosins. It has previously been

shown that in response to inducing tran-
scription for specific loci and during the
heat shock response, specific loci move to
more transcriptionally active regions
within the nucleus (or to Cajal bodies for
U2 snRNA genes).71,72 These movements,
which in some cases also depend on
nuclear myosins and encompass move-
ments of up to 5mm, are suggestive of
active intra-nuclear transport. No nuclear
actin filaments have yet been observed to
demonstrate that such movements occur
along actin filaments. Thus, it is also pos-
sible that these intra-nuclear movements
may be driven by a less stable mechanism,
such as short actin comet tails. The disor-
ganized nucleus phenotype in the absence
of Wash suggests that Wash could regulate
these movements such that they are orga-
nized and directed or that it is involved in
stabilizing against these movements.

While tantalizing, currently it remains
unclear if Wash’s role in nuclear architec-
ture involves nuclear actin and future
studies will aim to use the new actin visu-
alization methods to clarify this. Tied to
this is how Wash is regulated in the
nucleus. In the cytoplasm, WAS family
proteins are generally regulated by Rho
family GTPase signaling and, at least in
the fly, Wash functions downstream of
Rho1.16,17 There is growing evidence sug-
gesting that pools of Rho family GTPases
exist inside the nucleus in certain settings
(For a review see ref. 26). WAVE1 and
N-WASP, whose transcriptional roles are
actin-dependent, have been shown to be
uninhibited (N-WASP) or correlated with
an increase in Rac1 (WAVE1). Interest-
ingly, in contrast to WASP/WAVE pro-
teins that are auto-inhibited or trans-
inhibited, respectively (Fig. 1C), WASH
family proteins do not appear to be
inhibited, suggesting that these proteins
are constitutively capable of actin nucle-
ation. Thus, Wash might be able to
nucleate actin irrespective of Rho1 signal-
ing. Future experimentation using muta-
tions which specifically disrupt Wash’s
binding to Rho1, Lamin, actin, its
SHRC, or that abolish its actin nucle-
ation or other biochemical activities, will
be needed to elucidate the regulation of
nuclear Wash, as well as which of its bio-
chemical properties are involved in
nuclear architecture.

Another interesting finding is that
Wash’s nuclear localization is context
dependent (Fig. 3A) and thus, likely not
required in the same nuclear architecture
capacity in all contexts. For instance, in the
developing fly embryo nuclear Wash is spa-
tially and temporally regulated in specific
developmental domains undergoing syn-
chronized mitosis. One possibility is that
Wash is shuttled into the nuclei of cells in
these domains function specifically as a
transcription factor/cofactor needed for the
developmental program of these cells.
Another possibility is that these cells are
going to divide imminently or have recently
divided such that Wash is involved in set-
ting up the machineries required for divi-
sion or in re-establishing/maintaining
nuclear organization after division. Further
analysis of the developmental expression of
Wash and its expression correlated to spe-
cific cell-cycle phases may help address this
question. This context specific nature of
nuclear Wash function is observed in WAS
family proteins as a whole. One theme is
that these proteins can accumulate in the
nucleus in response to a stimulus or devel-
opmental cue, whether it be transplantation
into a new cytoplasm for WAVE1, a need
to differentiate for WASP and mammalian
WASH, heat-shock for N-WASP, or DNA
damage for JMY. While WAS family pro-
teins have established transcriptional roles,
ourWash data suggests that these transcrip-
tional defects can be secondary to a larger
defect like nuclear architecture. Thus,
Wash and WAS family proteins in general,
provide exciting new entry points to unrav-
eling the roles of classically cytoplasmic
protein functions within the nucleus.
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