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(F = a1/2/v1/3) (35). F is independent of the object’s volume and
can be compared across different cell types. As shown in Fig. 5E
the average values for F for wild-type and pten- cells are 1.11 ±
0.13 and 1.46 ± 0.17, respectively, again demonstrating that pten-
cells are flatter than their wild-type parent control. The F values
for the RAM mutants were all significantly greater than those of
the parental wild-type cells. There were only slight differences in
the volumes of the RAM cells, except RAM8 which is generally
smaller, but the most RAM basal surface areas are greater which
leads to their increase in F (SI Appendix, Fig. S8 B and C). Taken
together these suggest that adhesion and fluctuations in the cell–
substrate distance are a sensitive measure for overall morphology
and motility (36–38).

Cytoskeletal Network Activities Reveal How the RAM Genes Might
Regulate Cell–Substrate Adhesion and Motility. We next assessed
whether the spreading and flattening, as well as the increase in
tether-like rupture events of the RAM cells, were driven by
increased F-actin protrusions along the periphery of the cells.
Cells were transformed with LimEΔcoil-RFP, a biosensor for newly
formed F-actin (39). As shown in Fig. 5A, unlike wild-type cells
which generally had a single front, most RAMs had actin-filled
protrusions at multiple positions around the cell perimeter. Im-
ages of cells were quantified by dividing each cell into quadrants,

scoring the number of quadrants occupied with LimEΔcoil-RFP
positive protrusions, and determining the fraction of the population
with one to four occupied quadrants. As anticipated, the distribu-
tions of wild-type and pten- cells were strongly skewed in opposite
directions with 45% or 4% of the wild-type cells having one or four
quadrants occupied by LimE signal, respectively, and pten- cells
having 12% or 45%. Although there was a spectrum of the distri-
butions for the RAM mutants, the quantitation clearly showed that
compared with wild-type cells, RAMs mutants have more quadrants
occupied by signal simultaneously (Fig. 5B). To illustrate the dy-
namics of the protrusions in wild-type and mutant cells, we gener-
ated kymographs of the intensity of LimEΔcoil-RFP on the cell
perimeter (Fig. 5C). In wild-type cells, there are typically one to two
patches of F-actin at a given time, which last for �2–3 min. In pten-
and RAM8 cells, there are smaller shorter-lived protrusions that
occupy multiple regions of the cell periphery. In the remaining
RAM mutants, it appears that the LimE signal is present in several
directions simultaneously with a more stable but weaker signal,
sometimes lasting for 20 min. Both cytoskeletal activity patterns
would lead to increased spreading. This nonpolarized F-actin pro-
duction in the RAM cells also explains the decreased random mi-
gration velocities. Finally, the increased F-actin along the periphery
of the cells and increased spreading likely underlies the increased

A

B

C

Fig. 5. Actin dynamics in confirmed RAM mutant
strains expressing LimEΔcoil-RFP. (A) Representative
examples of vegetative cells depicting the actin-based
protrusions compared with wild type and PTEN- cells.
Many of the RAM mutants display multidirected
LimEΔcoil-RFP positive patches on their membrane.
Brightness and contrast of the images were adjusted
show similar expression of the bioprobe. (B) These
images were quantified by determining the quadrants
positive for actin-based protrusions. n = 3 experi-
ments, 20–30 cells each. (C) Time-lapse videos were
taken of these cells and then analyzed using a
MATLAB-based algorithm to create kymographs of
the LimEΔcoil-RFP protrusion dynamics. Time-lapse
movies depicted in kymographs are from 6-s frame
intervals for 20 min. Color in the kymograph is rep-
resentative of the scaled membrane signal: blue �
red = 0 � 100% intensity.
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cell–substrate adhesion and could facilitate tether formation in
RAM mutants.

Phenotypes of the RAMs Mutants Are Strongly Correlated and Dependent
on Signal Transduction Network Activities. We reasoned that the ob-
served F-actin enrichment might be driven by an increase in up-
stream signal transduction activity. The Dictyostelium PKB homologs
PKBA and PKBR1 play a critical role in actin assembly and
migration. We used antibodies against the phosphorylated
consensus motifs of PKB to determine the baseline levels of
PKB activity in RAM cells and their parental strains. We ob-
served significant changes in baseline phosphorylation for sev-
eral PKB substrates (SI Appendix, Fig. S9C). In Fig. 6 C and D
the average intensity of three bands, pp100kDa, pp85kDa, and
pp19kDa, is shown. Substrate phosphorylation was 2.5-fold
higher in pten- compared with the corresponding parental
strain, likely due to increased PIP3 levels and PIP3-dependent
activation of PKBA (40). RAM1, 4, 8, 12, and 13 also showed
elevated PKB substrate phosphorylation across the multiple
substrates (Fig. 6 C and D). Notably, these observations cor-
relate with the increased F-actin accumulation in these RAM
cells shown in Fig. 5.

Because the small G protein Rap1 has been demonstrated to
provide a supportive role in Dictyostelium protrusion generation
and substrate adhesion, we examined how the expression of the
dominant negative Rap1S17N-myc would affect adhesion in the
confirmed RAM strains (41–45). In wild-type cells, Rap1S17N
has been shown to increase myosin IIB at the cell cortex which
leads to cell retraction and decreased adhesion (44). As shown in
Fig. 6A, expression of Rap1S17N in our wild-type strain did led
to a more retracted shape with smaller protrusions. The two
knockout lines sepA- and pten- and most of the RAM strains also
shift from their flattened phase dark appearance to a brighter,
retracted appearance when expressing Rap1S17N, although
most did not retract to the same degree as wild-type cells.
However, RAM12 cells had almost no response to Rap1S17N
expression maintaining most of its phase-dark appearance. These
morphological changes correlate to a decrease in adhesion (Fig.
6B). All of the cell lines examined expressed Rap1S17N-myc (SI
Appendix, Fig. S9B).

Discussion
The first 18 unique characterized insertional mutation strains
isolated from these procedures fall into a spectrum of pheno-

A

C D

B

Fig. 6. Suppression of RAM mutant phenotypes with dominant negative Rap1 and analyses of phospho-AKT activation. (A) Representative phase contrast images
of the select RAM cell types expressing control vector or overexpressing dominant negative Rap1S17N. (Scale bar, 10 μm.) (B) The shear forced adhesion assay was
performed on these cells at 150 rpm for 1 hr showing reduced adhesion in RAM cells. n = 6, Student’s t test. (C) Representative immunoblot for P-AKT substrates
(green) and actin control (red), 1 × 106 cells loaded per lane. (D) The averages of the p100kDA, p85kDA, and p19kDA bands were normalized to the respective wild-
type parent strain. n = 4, ANOVA post hoc Dunnet’s test *P < 0.05, **P < 0.01; not significant (ns), P > 0.05.
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types between wild-type and pten- cells of increased adhesion
and decreased migration. All of the seven mutants that we chose
to initially validate, because they were in the top half of the
adhesion profile, showed that loss of the function of the genes
associated with the REMI insertions underlie the reported
phenotypes. These mutants are flatter, have increased polymer-
ized actin along their peripheries, and are defective in chemo-
taxis. Many of them have increased signal transduction activity,
and almost all adhesion and morphological phenotypes can be
suppressed by the introduction of dominant negative Rap1. The
spectrum of genetic ontologies and subcellular localizations
discovered using this screen suggests that there are multiple
points of regulation of adhesion and migration. Our method will
likely uncover many other genes regulating cellular adhesion and
migration, among the strains we have already isolated but not yet
characterized, and in further screens. Because adhesion and
migration appear to be coupled, it might be easier to identify and
select for adhesion as opposed to looking for motility differences
in a population.
The increased adhesion of RAM cells could be due to a direct

effect of specific adhesion molecules, increased surface area cou-
pled with nonspecific adhesion, or both. We have found evidence
for both mechanisms due to an increase in tether and contact area.
Dictyostelium cells express several substrate adhesions regulating
molecules including Phg1, SadA, and an ortholog of integrin
β-subunits designated like integrin βA (SibA) (46–49). Dictyostelium
cells are not known to form stable focal adhesions although they
express homologs of talin, vinculin, and paxillin which localize to the
basal surface in puncta with F-actin (1, 50–52). Because Dictyoste-
lium cells need to migrate over a variety of surfaces in their natural
environments, their substrate adhesion is thought to be largely
nonspecific (53–55). For the seven validated mutants reported there
was a strong correlation between flatness and adhesion. A non-
specific adhesion mechanism would therefore be sufficient for this
effect (56). However, preliminary evidence from other RAM mu-

tants (RAM6 and RAM14) indicates that some associated genes
may regulate adhesion without changes in cell shape.

Regulators of Adhesion and Motility Reveal Multiple Points of
Regulation. One of the genes is an Actobindin family member
(ABNC); this family has been reported to be G-actin seques-
tering proteins that negatively regulate actin polymerization and
stabilize actin filaments (57–60). However, at certain concen-
trations it may also assist polymerization (61). Outside of
mammals which use Thymosin β4, it appears that most eukary-
otic cells use other members of the Actobindin family to regulate
actin filament stability and polymerization. The amino acid se-
quences of the three Abn proteins (A, B, and C) in Dictyostelium
differ, but because they all contain the conserved Actobindin
family WH2 domain they are predicted to sequester G-actin (SI
Appendix, Fig. S10). When at least one of these genes is dis-
rupted, it leads to increased F-actin production and cell
spreading which seems consistent with the expected role. This
effect would constitute a direct effect on the cytoskeleton, and
the fact that AKT substrate phosphorylation is elevated in this
mutant suggests a feedback mechanism between the cytoskeleton
and the signal transduction networks.
The sepA gene is a kinase that is has been reported to be part

of the STE20 family, closely related to the Cdc7 in Saccharo-
myces pombe (62). This gene has been shown to be critical in the
actin regulation during septation (63). This protein has similarity
to other MAP4K family members in the human genome such as
MSTs and PAKs. The closest relative of SepA in the human
genome is MAP3K19 which has highest expression in the lungs
and trachea (64) (SI Appendix, Fig. S11). The Dictyostelium SepA
gene has previously been reported to have an effect on cytoki-
nesis in Dictyostelium with some evidence to increased actin
patches along the periphery (28).
The Dictyostelium Rnf113 protein localizes to the nucleus and

has a Zinc-Finger domain and RING-Finger domain which are
each greater than 81% and 53% identical, respectively, to human
RNF113b. The RING-Finger domain in RNF113a has been
shown to be mutated in a subset of the human disease tricho-
thiodystrophy nonphotosensitive, up-regulated in Myelodys-
plastic syndrome, and phosphorylated in prostate cancer (65–
67). Currently, the function of this protein remains mostly elusive
with some evidence suggesting regulation of DNA repair and
splicing mechanisms (68, 69). Work in Caenorhabditis elegans,
Drosophila melanogaster (midlife crisis), and Danio rerio has also
provided evidence for developmental defects (70–73). The
RING-Finger domain of this protein falls into the same family as
the one contained in BRCA1, and there is evidence that
BRCA1 regulates motility at the leading edge beyond its role of
DNA repair in the nucleus (74).
TnlA and TnlB are predicted to be GPI-linked peripheral

membrane proteins, and consistently, we localized them to the
plasma membrane. These two proteins share homology to the
highly glycosylated tenascins in humans. Remarkably, their dis-
ruption creates a strong phenotype even though each is only a
single member of a family of over 100 related genes in Dictyos-
telium (Linnaeus BLAST: 8e-7) (75). Tenascins are reported to
negatively regulate cell interactions with the extracellular matrix,
and overexpression has been shown to increase metastasis from
primary tumors (76). Based on these findings we hypothesize
that TnlA and TnlB may act at the interface of the cell and the
substratum to directly affect cell adhesion and migration.
Consistently, this increased adhesion was not suppressed by
inhibition of signal transduction activity by expression of
dominant negative Rap1.
Dictyostelium only possess a single atypical DUSP compared

with the 22 genes present in humans. Moreover, the DSPA
amino acid sequence is most closely related to the more ancestral
human atypical DUSPs (SI Appendix, Fig. S6). This subfamily of

Fig. 7. Cell–substrate adhesion and migration have multiple regulatory points.
PTEN and the seven confirmed RAM genes are illustrated in their theoretical
position in controlling adhesion and migration. PTEN is known to function in
controlling the signaling cascades depicted by the black arrows. The red lines in
the middle represent the plasma membrane and the position in which TNLA/B,
HTMA, and ARAA are predicted to function. Both SepA and DSPA are localized
to the centrosome. RNF113 has been shown to have at least localization to the
nucleus (and the cytosol). AbnC is localized in the cytosol but is predicted to
regulate the actin cytoskeleton depicted by the blue boxes.
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the tyrosine phosphatase family has been reported to negatively
regulate MAPK and AKT pathway and is closely related to
inositol phosphatases such as PTEN (31). Moreover, the
aDUSPs have been shown to play a role in regulating adhesion
through the JNK pathway (77). Like DSPA, the closely related
human DUSP23 is also localized to the centrosome further
suggesting conserved functions (78). Moreover, the DSPA re-
lated human DUSP22 has been shown to play a role in epithelial
migration by scratch wound assay (12). Because this is the only
member of the aDUSP family in Dictyostelium, its study will
provide important insights into the poorly understood functions
that these proteins play in cell migration.

RAMs Negative Regulators of Cell Activity and Tumor Suppressors.
The large spectrum of RAM genes indicates that cell–substrate
adhesion and migration can be regulated at many different levels
by many different cellular pathways and networks. As depicted in
Fig. 7 we speculate that PTEN interacts with the signal trans-
duction network, TNLA/B regulate cell–substrate interactions at
the cell surface, SepA and DSPA regulate phosphorylation at the
microtubule network, RNF113 functions inside the nucleus, and
the AbnC acts in the cytosol to regulate actin polymerization. The
localization of the remaining two genes remains to be assigned, but
HTMA is most likely an integral membrane protein, whereas
ARAA is possibly a cytosolic or peripheral membrane protein.
It is remarkable that most of these proteins feed into the signal

transduction and cytoskeletal networks known to be involved in
chemotaxis. Specifically, we found that there is an increased level
of activity of AKT homolog PKBA in most of these mutant
strains. It will be interesting to learn how, for example, proteins
localized to the cytosol, plasma membrane, MTOC, or the nu-
cleus can all negatively regulate PI3K pathways. Two of the
RAM proteins localizing to the MTOC (SepA and DSPA) pro-
vide further support for the importance of microtubules in regu-
lating cell polarity, migration, and adhesion (28, 79–81). Moreover,
almost all of the phenotypes can be suppressed by over-
expression of dominant negative Rap1 which is thought to be a
regulator in multiple pathways involved in chemotaxis. In Dic-
tyostelium, Rap1 has been reported to either activate Ras or
negatively regulate myosin leading to increased PKB signaling
and decreased contraction (41, 42, 44). These mutants show
increased patches of actin polymerization suggesting that directly
or indirectly, the functions of the RAM proteins feed into neg-
atively regulating cytoskeletal activity. The net result of these
effects is to create a spread cell with increased cytoskeletal and
signal transduction activity, leading to increased adhesion and
decreased random and directed migration.

Although most of the mutants show defects in their chemotactic
velocity, this is most likely due to decreased migratory abilities and
not altered directional sensing. Although the directional signal
probably lies upstream with the receptor and coupled G proteins,
the downstream signal transduction networks are essential in
connecting the directional signal to movement. If the basal activity
of the downstream pathways is increased by the loss of negative
regulation, as in the RAM mutants, then the directional signal
relative to the noise is lower, and the ability to specifically direct
cytoskeletal based protrusions is diminished. Therefore, genetic
screens that isolate genes important for regulating cell–substrate
adhesion and random migration will also discover genes important
for the overall process of chemotaxis.
Previous research has shown many regulators of chemotaxis

pathways in Dictyostelium have direct homologs to human onco-
genes and tumor suppressors (9, 14). Because we used the tumor
suppressor PTEN as a positive control, this screen has the potential
to identify genes whose human homologs play a role in oncogen-
esis. In fact, the isolation of Dictyostelium Abns, SepA, TNLA/B,
and DSPA has already suggested that this may be the case. Thy-
mosin β4, a human member of the Actobindin family, has been
reported to play the role of both an oncogene and tumor sup-
pressor under different contexts (82, 83). SepA shares homology
with human MSTs and PAKs, known tumor supressors that are
currently being investigated as therapeutic targets (84, 85). Human
Tenascin-C is reported to play a role in the progression and me-
tastasis of breast cancer and as a potential target (86, 87). The
human DUSP proteins have been reported to play numerous roles
in oncogenesis and cancer progression, are useful diagnostic
markers, and are promising drug targets (88–90).

Materials and Methods
For all experiments, Dictyostelium discoideum AX2 strains were cultured in
HL5 medium on tissue culture treated plastic 100-mm (Greiner Cellstar) or
150-mm plates (Falcon) for 48 h to 80–90% confluency at 22 °C (91). Fluo-
rescent imaging and chemotaxis assays were performed in developmental
buffer (DB) (phosphate buffer supplemented with 2 mM MgSO4 and 0.2 mM
CaCl2). Complete materials and methods can be found in SI Appendix, Ma-
terials and Methods.
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