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The Drosophila melanogaster Rab GAP RN-tre 
cross-talks with the Rho1 signaling pathway to 
regulate nonmuscle myosin II localization and 
function

ABSTRACT To identify novel regulators of nonmuscle myosin II (NMII) we performed an im-
age-based RNA interference screen using stable Drosophila melanogaster S2 cells expressing 
the enhanced green fluorescent protein (EGFP)-tagged regulatory light chain (RLC) of NMII 
and mCherry-Actin. We identified the Rab-specific GTPase-activating protein (GAP) RN-tre as 
necessary for the assembly of NMII RLC into contractile actin networks. Depletion of RN-tre 
led to a punctate NMII phenotype, similar to what is observed following depletion of proteins 
in the Rho1 pathway. Depletion of RN-tre also led to a decrease in active Rho1 and a decrease 
in phosphomyosin-positive cells by immunostaining, while expression of constitutively active 
Rho or Rho-kinase (Rok) rescues the punctate phenotype. Functionally, RN-tre depletion led 
to an increase in actin retrograde flow rate and cellular contractility in S2 and S2R+ cells, re-
spectively. Regulation of NMII by RN-tre is only partially dependent on its GAP activity as 
overexpression of constitutively active Rabs inactivated by RN-tre failed to alter NMII RLC 
localization, while a GAP-dead version of RN-tre partially restored phosphomyosin staining. 
Collectively, our results suggest that RN-tre plays an important regulatory role in NMII RLC 
distribution, phosphorylation, and function, likely through Rho1 signaling and putatively serv-
ing as a link between the secretion machinery and actomyosin contractility.

INTRODUCTION
Nonmuscle myosin II (NMII) is a ubiquitously expressed motor pro-
tein that, when coupled with the actin cytoskeleton, forms an acto-
myosin network that is largely responsible for contractility in 

nonmuscle cells. This contractile system is critical to a number of 
cellular processes, including the morphogenesis that occurs during 
development, epithelial polarization, cell migration, and adhesion 
(Vicente-Manzanares et al., 2009; Aguilar-Cuenca et al., 2014). The 
NMII holoenzyme is a hexamer composed of two heavy chains (en-
coded by zipper in Drosophila), two regulatory light chains (RLC, 
encoded by Drosophila spaghetti squash [sqh]), and two essential 
light chains (ELC). The heavy chain can be further divided into three 
domains: a head domain that binds to actin and ATP, a neck domain 
that binds Sqh and the ELCs, and a coiled-coil tail domain that first 
facilitates the formation of dimers and, upon posttranslational modi-
fications, oligomerization (Côté et al., 1984; Winkelmann et al., 
1984; Rayment et al., 1993a,b; Newell-Litwa et al., 2015).

Upon phosphorylation of Sqh at residue Ser-19 and/or Thr-18 by 
serine/threonine kinases, NMII undergoes a conformational change 
that allows the hexameric unit to form antiparallel minifilament 
oligomers, composed of 12–15 myosin molecules per filament in 
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vitro (Turbedsky et al., 2005; Ricketson et al., 2010; Vicente-Man-
zanares and Horwitz, 2010). Ser-19 is the main phosphorylation site; 
however, phosphorylation of both residues results in increased myo-
sinmotor activity (Umemoto et al., 1989; Vicente-Manzanares et al., 
2008; Vicente-Manzanares and Horwitz, 2010; Yuen et al., 2009). 
While poorly understood, phosphorylation of the heavy chain also 
plays a role in regulating the formation of bipolar minifilaments 
(Dulyaninova and Bresnick, 2013). Unlike phosphorylation of Sqh, 
phosphorylation of several key residues in the C-terminus of the 
heavy chain is thought to block filament formation (Trotter, 1982; 
Trotter et al., 1985; Barylko et al., 1986). NMII-generated contractil-
ity is integrated into the cell signaling machinery mainly through this 
phosphorylation.

Several signaling pathways converge on the phosphorylation of 
Sqh, but the Rho pathway most commonly triggers cellular contrac-
tility (Chrzanowska-Wodnicka and Burridge, 1996; Wilkinson et al., 
2005; Jean et al., 2013). In the Rho pathway, various signals at the 
cell surface are integrated via G-protein– coupled receptors (GPCRs) 
that activate guanine nucleotide exchange factors (GEFs) (Barrett 
et al., 1997; Dawes-Hoang et al., 2005), which in turn catalyze the 
exchange of GDP for GTP associated with Rho1. Rho1 activates 
Rho-kinase (Rok) to phosphorylate Sqh dimers bound to the NMII 
holoenzyme (Morize et al., 1998). Phosphorylated Sqh relieves auto-
inhibition, allowing for oligomerization and subsequent contractility. 
In addition, Rok inhibits the protein phosphatase (PP1) complex by 
way of the myosin-binding subunit (Mbs), resulting in more phos-
phorylated Sqh (Kimura et al., 1996). Coordination of Rok, other ki-
nases, and phosphatases is essential for proper spatiotemporal 
regulation of NMII.

While decades of research have elucidated multiple signaling 
pathways beyond Rho that lead to NMII contractility, there are still 
large gaps in our understanding of all of the players involved. For 
example, a recent study using a CRISPR-CAS9 phosphoproteomic 
approach uncovered previously unidentified cytoplasmic and nu-
clear phosphorylation targets of myosin light chain kinase (MLCK), 
indicating that the kinase has a broader role than previously 
thought (Isobe et al., 2020). In the same vein, the Rac1-GEF STEF 
was recently shown to regulate Rac1 activity at the nuclear mem-
brane during formation of the nuclear actin cap, an actin-dense 
contractile structure that interfaces with the nuclear envelope dur-
ing cell polarization and migration. STEF colocalized with NMIIB 
(mammals express three isoforms of NMII: A, B, and C) at the actin 
cap, and down-regulation of STEF decreased NMII contractility 
(Woroniuk et al., 2018). Furthermore, West-Foyle and colleagues 
(2018) recently showed that 14-3-3 proteins function as a NMII 
buffer capable of binding all three mammalian NMII isoforms. 
Their research suggests that this interaction is evolutionarily con-
served and adds a novel layer of complexity to regulation of NMII 
activation and assembly (West-Foyle et al., 2018). Collectively, 
these studies suggest that our list of NMII regulators remains in-
complete. To uncover novel proteins that regulate NMII, we 
knocked down a curated set of candidates using a Drosophila me-
lanogaster S2 cell line coexpressing a Sqh-EGFP (enhanced green 
fluorescent protein) fusion protein and mCherry-Actin and looked 
for changes in NMII localization or dynamics. This screen yielded 
a single hit, RN-tre (Related to N-terminus of Tre oncogene) (see 
Results).

RN-tre is a known Rab-specific GTPase-activating protein (Rab 
GAP) with a Tre2-Bub2-Cdc16 (TBC) domain that was previously 
shown to catalyze the hydrolysis of GTP in Drosophila Rabs 5, 6, and 
19, which correspond to human Rabs 5, 41, and 43, respectively 
(Haas et al., 2005, 2007; Ishibashi et al., 2009; Laflamme et al., 2012; 

Palamidessi et al., 2013). Through these Rabs, RN-tre regulates bor-
der cell migration, focal adhesion remodeling, apical localization of 
R-cell nuclei, macropinocytosis, transferrin and epidermal growth 
factor internalization, and retrograde transport from the endocytic 
pathway into the Golgi (Lanzetti et al., 2004; Haas et al., 2005, 2007; 
Houalla et al., 2010; Frasa et al., 2012; Laflamme et al., 2012; 
Palamidessi et al., 2013).

Rab proteins (and closely related Arfs) are a subfamily of the 
Ras GTPases, which encompass 60 human proteins and 29 
Drosophila proteins, all of which have a regulatory role in intracel-
lular transport. In this role Rabs and Arfs often intersect with the 
cytoskeleton, most often acting as effectors of motor proteins ei-
ther by directly recruiting them to vesicles and organelles or indi-
rectly through the recruitment of their adaptors (Kjos et al., 2018; 
Tanna et al., 2019). One of the best characterized examples is 
Rab7a, which recruits the dynein–dynactin complex to late endo-
somes, facilitating retrograde transport of these vesicles (Canta-
lupo et al., 2001; Jordens et al., 2001; McKenney et al., 2014). 
Several Rabs also interact with the kinesin family of motor proteins 
including Rab1, Rab4, Rab5, Rab6, Rab11, and Rab14 just to name 
a few (Echard et al., 1998; Christoforidis et al., 1999; Jordens 
et al., 2001; Imamura et al., 2003; Hoepfner et al., 2005; Schlager 
et al., 2010; Mukhopadhyay et al., 2011, 2014; Ueno et al., 2011; 
Lee et al., 2015). In some cases these same Rabs also recruit dy-
nein, adding to the complexity of Rab–motor protein interactions 
(Bielli et al., 2001; Huang et al., 2001; Schlager et al., 2010). Ex-
actly how Rabs recruit the correct motor for proper transport is still 
unclear but it is likely due to integration of several signaling path-
ways. On the actin side of intracellular transport, several Rabs 
have been observed interacting with myosins, including class II 
myosins, class V myosins, which are highly processive and carry 
out the bulk of intracellular actin-based transport, and class VI 
myosins, which “walk” toward the pointed end of actin filaments 
(Cramer, 2000; Hales et al., 2002; Rodriguez and Cheney, 2002; 
Roland et al., 2007, 2011; Miserey-Lenkei et al., 2010; Hammer 
and Sellers, 2011; Lindsay et al., 2013; Encarnação et al., 2016). 
The cross-talk between the cytoskeleton and Rabs and Arfs is not 
limited to their ability to recruit motor proteins, and there are sev-
eral examples that highlight their interaction with the actin cyto-
skeleton through other mechanisms. Arf1 and Arf6 directly regu-
late the production of phosphatidylinositols through the 
recruitment of specific kinases (Honda et al., 1999; Jones et al., 
2000; Yin and Janmey, 2003; Myers and Casanova, 2008). These 
Arfs can lead to the formation of phosphatidylinositol 4,5 bispho-
sphate (PIP2), which in turn recruits actin nucleation–promoting 
factors (NPFs) such as Wiskott–Aldrich syndrome protein (WASP) 
to activate the actin nucleator Arp2/3 complex (Higgs and Pollard, 
2000). Arf6 also indirectly regulates actin polymerization through 
the recruitment of Rac, which recruits another Arp2/3 NPF, WAVE 
(Cotton et al., 2007; Tahirovic et al., 2010). This cross-talk has also 
been observed between the cytoskeleton and GEFs and GAPs of 
Arfs and Rabs. Arf GAP ASAP1 directly binds to NMIIA and regu-
lates myosin-dependent processes, including cell migration and 
spreading (Chen et al., 2016; Kjos et al., 2018). Additionally, Arf 
GEFs BIG1 and BIG2 directly interact with and promote myosin 
light chain dephosphorylation (Le et al., 2013). Similarly, RN-tre 
has been shown to cross-talk with the actin cytoskeleton. Rab5 
signals to the actin cytoskeleton through RN-tre, which coimmu-
noprecipitated with the actin bundler actinin-4 (Lanzetti et al., 
2004; Haas et al., 2005, 2007; Houalla et al., 2010; Laflamme 
et al., 2012; Palamidessi et al., 2013). It is thought that this signal-
ing pathway facilitates the formation of circular ruffles coincident 
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with the rearrangement of the actin cytoskeleton during receptor 
tyrosine kinase activation (Lanzetti et al., 2004; Haas et al., 2005, 
2007; Houalla et al., 2010; Laflamme et al., 2012; Palamidessi 
et al., 2013). In this case RN-tre can function as both a GAP for 
Rab5 and an effector. While cross-talk between RN-tre and the 
cytoskeleton has been established, our results uncover yet an-
other Rab5-independent mechanism. We identified a role for RN-
tre in the regulation of the Rho-signaling pathway and show that 
depletion of RN-tre decreases the amount of active Rho, which in 
turn leads to a disruption in NMII localization and a decrease in 
NMII contractility. Furthermore, we find that this regulation is only 
partially dependent on RN-tre’s GAP activity.

RESULTS
Depletion of RN-tre disrupts nonmuscle myosin II 
coalescence
In Drosophila S2 cells, NMII puncta first appear in the circumferen-
tial lamellipodia and undergo a retrograde flow toward the cell cen-
ter. As these puncta flow into the lamellar region, they coalesce into 
higher-ordered assemblies, taking up a lamellar, perinuclear posi-
tion (Rogers et al., 2004; Uehara et al., 2010) (Figure 1A; Supple-
mental Movie 1). Using total internal reflection fluorescence (TIRF) 
microscopy, we performed a targeted RNA interference (RNAi) 
screen in live S2 cells stably expressing EGFP-tagged Sqh under its 
native promoter and mCherry-tagged actin under the control of a 

FIGURE 1: RNAi depletion of RN-tre disrupts Sqh localization. (A–D) Live-cell TIRF imaging of S2 cells stably expressing 
Sqh-EGFP (large images) and Actin-mCH (smaller inset images) at 0, 24, 48, 72, 96, and 120 s. Cells were treated with 
(A) control, (B) RN-tre target 2, (C) Zipper, or (D) Alpha-Actinin RNAi. Depletion of RN-tre altered the localization of 
Sqh-EGFP, leading to a decrease in NMII coalescence. (E) RT-qPCR results analyzed by the ΔΔCt method show mRNA 
levels following treatments with control (gray circles), RN-tre target 1 (blue circles), and RN-tre target 2 (cyan circles) 
RNAi. There was a statistically significant decrease in the RN-tre mean (± SD) mRNA levels as compared with control 
RNAi (** p value 0.0078, **** p value < 0.0001, one-way ANOVA with Tukey’s post-hoc analysis, n = 4). (F) Mean (± SEM) 
coalescence index measuring the degree of Sqh-EGFP coalescence in cells treated with control (gray circles), Alpha-
Actinin (red circles), RN-tre #2 (cyan circles), and Zipper (purple circles) RNAi (n.s. = not statistically significant, 
*** p value < 0.001, one-way ANOVA test with Tukey’s post-hoc analysis, n = 17–25). Scale bar is 10 µm.
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metallothionein promoter (pMT). The goal of this screen was to 
identify proteins that potentially regulate NMII, with our initial read-
out being any changes to its localization or dynamics. Approxi-
mately 30 candidates were selected, representing a curated list of 
proteins that the literature suggests may interact with or regulate 
NMII but were not previously examined in this context. Our nega-
tive control was double-stranded RNA (dsRNA) that targets the bac-
terial cloning plasmid pBluescript SK, which lacks homology to any 
gene in the Drosophila genome (Rogers and Rogers, 2005), while 
our positive control for this screen was Rho1 dsRNA as it is a known 
regulator of the NMII filament assembly (Kimura et al., 1996; Somlyo 
and Somlyo, 2000). We use the same negative control dsRNA 
throughout the rest of this article unless otherwise noted. This 
screen yielded a single hit, the Rab GAP RN-tre. In cells depleted of 
RN-tre, NMII puncta appeared in the lamellipodium, but as they 
underwent retrograde flow they failed to coalesce into the NMII fila-
ment assemblies and instead appeared diffuse throughout the cyto-
plasm (Figure 1B; Supplemental Movie 1). NMII assembles into dif-
fraction-limited bipolar filaments. Given the limits of our microscope 
we cannot determine whether these puncta represent these diffrac-
tion-limited bipolar filaments. The phenomenon we are reporting 
here is inhibition of higher-ordered actomyosin filament assemblies 
that are the result of RN-tre depletion. We generated a second, in-
dependent, dsRNA to target RN-tre and observed the same diffuse 
phenotype. We similarly knocked down the myosin heavy chain Zip-
per and Alpha-Actinin, a known interactor with RN-tre (Figure 1, C 
and D). To confirm the efficacy of our RNAi, we performed real-time 
quantitative-PCR (RT-qPCR) on cells treated with two independent 
RN-tre targets or control dsRNA and compared the fold decrease in 
RN-tre mRNA between conditions (Figure 1E). These results indi-
cate that both RN-tre RNAi targets effectively deplete the cells of 
RN-tre; however, the second RN-tre dsRNA target led to a greater 
degree of depletion, so we used this target for the majority of the 
experiments that followed.

To quantify the change in NMII dynamics that we observed in 
RN-tre–depleted cells, we generated a coalescence index by 
measuring the relative standard deviation (also known as the coef-
ficient of variation) of fluorescence intensity across the entire cell 
and dividing this value by the mean pixel intensity (Pearson, 1900; 
Bouchier-Hayes et al., 2008) (Figure 1F). Thus, a high coalescence 
index is an indicator of a higher degree of NMII filament assem-
blies, and a low coalescence index is indicative of a more punc-
tate phenotype. By this measurement, we found that depletion of 
RN-tre led to a statistically significant decrease in the coalescence 
index as compared with control RNAi-treated samples (p value > 
0.001, ordinary one-way analysis of variance [ANOVA], n = 25 cells 
per condition) (Figure 1F). In fact, the loss of coalescence we ob-
served in RN-tre–depleted cells was similar to that of cells de-
pleted of Zipper (Figure 1, C and F). Alpha-Actinin is critical to 
establishing the sarcomere-like arrangement of NMII in contrac-
tile networks, and it has been previously shown that RN-tre inter-
acts with Alpha-Actinin in mammalian cells (Lanzetti et al., 2004). 
Depletion of Alpha-Actinin led a coalescence index that was sta-
tistically indistinguishable from control RNAi-treated cells, sug-
gesting that RN-tre’s effect on NMII organization is likely indepen-
dent of this bundler (Figure 1, D and F). Furthermore, we 
coexpressed mCherry-tagged Alpha-Actinin with EGFP-tagged 
RN-tre in S2 cells and imaged them by TIRF microscopy and did 
not observe colocalization between these proteins (Supplemental 
Figure 1A). Similarly, we failed to observe any substantial colocal-
ization between EGFP-RN-tre and mCherry-Sqh by TIRF or confo-
cal microscopy. suggesting that RN-tre’s regulation of NMII local-

ization may be through an indirect mechanism (Supplemental 
Figure 1, B and C).

To confirm that results from our coalescence index were not an 
artifact of expression of GFP-tagged Sqh, we performed a similar 
analysis on S2R+ cells expressing EGFP-tagged cytoplasmic tropo-
myosin (cTM), another actin bundler coincident with NMII bundles. 
Depletion of Rho1, Zipper, and RN-tre all led to a similar, statistically 
indistinguishable decrease in the coalescence index as compared 
with control RNAi-treated cells, suggesting a similar disruption of 
the NMII contractile network and corroborating our data gathered 
from cells expressing Sqh-EGFP (Supplemental Figure 2, A–E).

As the depletions of Zipper and RN-tre were indistinguishable by 
our coalescence index (Figure 1, B, C, and F), it is possible that de-
pletion of RN-tre also leads to a reduction in NMII levels. Unfortu-
nately, there are no commercially available antibodies against any of 
the proteins that make up the Drosophila NMII holoenzyme. We 
tried several of the mammalian antibodies that are reported to 
cross-react with Drosophila NMII but failed to observe any staining 
by immunofluorescence or detection by immunoblot. In lieu of an 
antibody against endogenous Drosophila NMII, we used a stable 
S2R+ cell line that expresses EGFP-tagged Sqh (S2R+ Sqh::Sqh-
EGFP) and treated the cells with RNAi targeting RN-tre, Sqh, Zipper, 
Rho1, and control (Supplemental Figure 2F). Using whole cell ly-
sates made from these cells we performed an immunoblot using an 
antibody against EGFP (Supplemental Figure 2F). While we did not 
observe a decrease in EGFP-Sqh levels in cells treated with control, 
RN-tre, or Rho1 RNAi, depletion of Sqh did lead to a decrease in 
EGFP-Sqh levels as expected (Supplemental Figure 2, F and G). 
RNAi depletion of Zipper also led to a slight decrease in Sqh levels, 
suggesting that there may be some regulatory feedback mechanism 
between the heavy chain and the regulatory light chain (Supple-
mental Figure 2, F and G). These results suggest RN-tre is likely not 
reducing NMII levels, and thus the phenotype we observe following 
its depletion is through some other mechanism.

RN-tre cross-talks with the Rho1 GTPase pathway
Given the critical role Rho1 signaling plays in the regulation of NMII-
generated contractility, we decided to test whether RN-tre is inter-
acting with this pathway as well. Using S2R+ Psqh::EGFP-Sqh cells, 
we depleted Rho1, Rok, RhoGEF2, and Diaphanous (Dia) by RNAi. 
In cells depleted of Rho1, Rok, RhoGEF2, and Dia, we observed a 
loss in NMII coalescence and the appearance of NMII puncta statis-
tically indistinguishable from what we observed in RN-tre–depleted 
cells (p value < 0.0001, one-way ANOVA with Tukey’s post-hoc test, 
N = 2, n = 34–40 cells) (Figure 2). It should be noted that we cannot 
exclude the possibility that the activity of the other Rho family 
GTPases, Rac and Cdc42, is not perturbed as a result of Rho1 deple-
tion as they all compete for binding to RhoGDI. Unlike Rho1 or Rok 
depletion, RN-tre depletion does not lead to cytokinesis defects, 
suggesting that RN-tre’s role in regulating the NMII dynamics is re-
stricted to interphase.

To further probe the Rho1 pathway, we attempted to rescue NMII 
coalescence in RN-tre–depleted cells by expressing constitutively ac-
tive (CA) forms of proteins in the Rho1 pathway. We treated the S2R+ 
Psqh::EGFP-Sqh cells with RN-tre or control RNAi and transfected 
cells with mCherry-Gap43 as a negative control or with a dual ex-
pression vector that expresses mCherry-Gap43 and untagged CA 
Rho114V (RhoCA) (Dorsten et al., 2007) (Figure 3, A–D). Expression of 
Rho1CA restored the coalescence of NMII observed in RN-tre RNAi-
treated cells to the same extent as in control RNAi-treated cells, and 
higher-ordered NMII filament assemblies once again formed in the 
perinuclear regions of the cells (Figure 3D). Similarly, we treated 
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S2R+ Psqh::EGFP-Sqh cells with RN-tre or control RNAi and trans-
fected them with the CA N-terminal kinase region (residues 1–530) of 
Myc-tagged Rok (RokCA) (Verdier et al., 2006) under the control of 
metallothionein promoter (Figure 3, E–H). Expression of RokCA was 

also able to restore the organization of NMII filament assembly to the 
same extent as control RNAi-treated cells (Figure 3H). In the context 
of NMII dynamics during interphase specifically, RN-tre depletion 
appears to phenocopy depletion of proteins in the Rho1 pathway. 

FIGURE 2: Depletion of RN-tre phenocopies RNAi depletion of proteins in the Rho1 signaling pathway. S2R+ cells 
stably expressing Sqh-EGFP were treated with (A) control, (B) RN-tre #3, (C) Rho1, (D) Rok, (E) Dia, or (F) RhoGEF2 
RNAi. RN-tre depletion leads to a similar punctate phenotype as depletion of proteins in the Rho1 signaling pathway. 
Scale bar is 10 µm. (G) Coalescence index following treatment with control (gray circles), RN-tre #3 (cyan circles), Rho1 
(purple circles), Rok (red circles), Dia (orange circles), and RhoGEF2 (green circles) RNAi. The mean (± SEM) coalescence 
index of cells treated with control RNAi was statistically significantly different from all other RNAi treatments 
(**** p value < 0.0001, one-way ANOVA with Tukey’s post-hoc test, n = 20 cells per condition, N = 2), while RNAi 
depletion of RN-tre was not statistically significantly different from Rho1, Rok, RhoGEF2, or Dia.

FIGURE 3: Loss of NMII coalescence following RN-tre depletion can be rescued by expression of CA proteins in the 
Rho1 pathway. (A–D) Live, stable S2R+ cells, expressing Sqh-EGFP and transiently expressing (A, B) mCherry-GAP43 
(inset at lower magnification) or (C, D) mCherry-GAP43 (inset at lower magnification) and untagged, CA Rho1 (RhoCA) 
from a dual expression vector. Cells were treated with control RNAi (A, C) or RN-tre #1 RNAi (B, D). Expression of 
RhoCA rescued the loss of NMII coalescence that results from RN-tre depletion (D). (E–H) Fixed S2R+ stable cells 
expressing Sqh-EGFP alone (E, F) or Sqh-EGFP and CA Myc-tagged Rok (anti-Myc staining shown in lower 
magnification) (G, H). Cells were also treated with either control RNAi (E, G) or RN-tre #1 RNAi (F, H). Expression of 
RokCA-Myc also rescues the loss of NMII coalescence that results from RN-tre depletion. Scale bars are 10 µm.
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Furthermore, overexpression of CA proteins in the Rho1 pathway 
can rescue the loss of coalescence that occurs upon RN-tre 
depletion.

We next turned our attention to the phosphorylation state of 
Sqh. Activation of Rho1 signaling leads to the phosphorylation of 
Sqh and subsequent activation. Thus, we investigated the possibility 
that RN-tre depletion inhibits Sqh phosphorylation, trapping NMII 
in its closed conformation and rendering it unable to oligomerize. 
We tested this possibility by treating cells with control, RN-tre, Rho1, 
or two different dsRNAs targeting Rok and immunostained them 
using an antibody raised against a synthetic phosphopeptide cor-
responding to residues surrounding Ser-19 of human myosin RLC. 
This antibody cross-reacts with the Drosophila RLC, Sqh (Figure 4, 
A–E). We counted the cells that were positive for phosphoserine 
under these five conditions and found that depletion of RN-tre led 
to a significant decrease in the number of phosphomyosin-positive 
cells as compared with control RNAi-treated cells (p value > 0.0001, 
N = 2–5, n = 600 cells, one-way ANOVA with Tukey’s post-hoc test) 
(Figure 4F). In fact, depletion of RN-tre was statistically indistinguish-
able from depletion of either Rok RNAi conditions. While other ki-
nases are known to phosphorylate Sqh, Rok is thought to be the 
main kinase (Dawes-Hoang et al., 2005).

The decrease in phosphomyosin staining we observed following 
depletion of RN-tre suggests a disruption in events upstream of Rok 
activation. One of the first regulatory steps in Rho signaling is the 
loading of Rho1 with GTP, so we turned our focus to this event. We 
treated S2R+ cells with control or RN-tre RNAi and performed an 
active Rho1 pull-down assay using the Rho1-binding domain of 
Rhotekin, which preferentially binds active Rho1 (Reid et al., 1996) 
(Figure 4G). We included control lysates treated with excess GDP to 
trap Rho1 in the “off” state and lysates treated with GTPγS, a slowly 
hydrolyzed form, which traps Rho1 in the “on” state. Depletion of 
RN-tre led to a statistically significant decrease in the amount of ac-
tive Rho1 in our pull down compared with control RNAi-treated 
cells, with the amount being similar to that of Rho1-GDP (p value = 
0.0461, Student’s t test, N = 3) (Figure 4H). Not only would less ac-
tive Rho1 lead to a decrease in phosphorylated Sqh, but it would 
also lead to less active Diaphanous (Afshar et al., 2000; Kato et al., 
2001; Homem and Peifer, 2008; Rousso et al., 2013; Abreu-Blanco 
et al., 2014), which is thought to nucleate the unbranched actin fila-
ments needed to form the contractile network.

RN-tre depletion inhibits NMII contractility
RN-tre depletion appears to disrupt NMII localization and dynamics 
through Rho1 signaling; however, it is unclear whether this loss in 
coalescence is also associated with a change in NMII contractility. To 
test RN-tre’s role in regulating NMII contractility, we turned to the 
Folded-gastrulation (Fog) pathway (Leptin and Grunewald, 1990; 
Dawes-Hoang et al., 2005; Leptin, 2005; Manning and Rogers, 
2014; Martin and Goldstein, 2014). During Drosophila gastrulation, 
activation of the Fog pathway leads to signaling cascade converging 
on Rho1 activation and subsequent apical constriction generated by 
NMII contractility (Parks and Wieschaus, 1991; Costa et al., 1994; 
Barrett et al., 1997; Peters and Rogers, 2013; Manning and Rogers, 
2014; Vasquez et al., 2014; Kerridge et al., 2016; Xie et al., 2016; Jha 
et al., 2018). This pathway may be recapitulated in Drosophila S2R+ 
cells; when perfused with exogenous recombinant Fog-Myc (from 
S2: Fog-Myc cells), S2R+ cells undergo a stereotypical contraction 
coincident with phase-dark and phase-light ruffles visible by phase-
contrast microscopy (Manning et al., 2013; Manning and Rogers, 
2014; Peters and Rogers, 2013; Peters et al., 2018) (Figure 5, A and 
B). We treated S2R+ cells with RNAi targeting RN-tre, Rho, and con-

trol, applied concentrated Fog-Myc media or control media, and 
counted the cells that underwent constriction (Figure 5, A–F). As 
expected, Rho depletion significantly reduced the number of cells 
that respond to Fog. Similarly, we observed a statistically significant 
decrease in the fraction of cells responding to Fog following RN-tre 
RNAi as compared with control (p value < 0.01, N = 3, n = 154–166 
cells per condition, one-way ANOVA with Tukey’s post-hoc test), in-
dicating that either Fog signaling is interrupted by RN-tre depletion 
or NMII contractility is inhibited (Figure 5G).

Given its role in regulating several different Rabs, RN-tre deple-
tion could be preventing the proper transport of the mesoderm in-
vaginating signal transducer (MIST) receptor to the cell membrane, 
thus disrupting the Fog signaling pathway. To test this possibility, we 
treated cells expressing EGFP-tagged MIST and mCherry-tagged 
Gap43 with control, RN-tre, or Rho1 RNAi and imaged the surface 
localization of both proteins via TIRF microscopy (Supplemental 
Figure 3). There was no difference between the ratio of MIST-EGFP 
to mCH-Gap43 average signal intensity at the cell surface, suggest-
ing that the reduction in cellular contractility is not a consequence of 
aberrant cellular receptor transport.

To get a better understanding of how RN-tre depletion pre-
vented Fog-induced cellular contractility, we performed the assay 
using live S2R+ Psqh::EGFP-Sqh cells and imaged them by TIRF mi-
croscopy (Figure 6, A–C). S2 cells lack the coreceptors MIST and 
Smog and therefore cannot respond to Fog (Manning et al., 2013). 
Upon perfusion of Fog on control cells, we observed an initial wave 
of NMII filament assembly in the periphery. These filaments flowed 
centripetally to take up a perinuclear position (Figure 6A; Supple-
mental Movie 2). When we quantified the assembly of NMII fila-
ments over time using our coalescence index, we first observed a 
decrease in coalescence followed by a steady increase correspond-
ing to formation of perinuclear filament oligomers in control cells 
(Figure 6D). In RN-tre RNAi-treated cells the same initial wave oc-
curred in the periphery of the cells but the network failed to flow 
inward and remained loosely organized (Figure 6B; Supplemental 
Movie 2). Similarly, when we performed this live assay on Rho1 
RNAi-treated cells, we observed an initial wave of NMII dynamics 
but failed to observe the subsequent assembly of filaments (Figure 
6C; Supplemental Movie 2). Our coalescence index tracked these 
dynamics in RN-tre or Rho1 RNAi-treated cells, revealing that there 
was no increase in coalescence to the degree of control cell coales-
cence following Fog perfusion (Figure 6D).

While Fog signaling represents a signaling cascade that triggers 
an acute morphogenetic restructuring of epithelial tissues, we 
wanted to determine whether RN-tre regulates contractility in addi-
tional contexts. Actin retrograde flow is the result of two processes, 
the force of the cell membrane pushing back against polymerizing 
actin filaments and NMII contractility. Inhibition of NMII through 
pharmaceutical means or by RNAi leads to increases in cell protru-
siveness and the rates of actin retrograde flow in the lamellipodium 
(Cai et al., 2006; Even-Ram et al., 2007; Vicente-Manzanares et al., 
2009). To track actin retrograde flow in Drosophila S2 cells, we capi-
talized on the heterogeneous incorporation of the fluorescent actin 
that results from expressing low levels of fluorescently tagged actin. 
The resulting fiducial marks, when tracked by kymography, can be 
used to obtain rates of actin retrograde flow (Waterman-Storer 
et al., 1998). We treated cells expressing low levels of EGFP-tagged 
actin with RNAi targeting RN-tre, slingshot (Ssh) the cofilin phospha-
tase, and control (Figure 7, A–C). Ssh depletion was previously 
shown to inhibit the rate of actin retrograde flow (Iwasa and Mullins, 
2007) and as expected, Ssh depletion led to a significantly slower 
rate of actin retrograde flow (Figure 7, C and D). This analysis also 
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revealed that RN-tre depletion led to a significantly faster rate of 
actin retrograde flow when compared with Ssh and control RNAi-
treated cells (one-way ANOVA, p value = 0.0085, one-way ANOVA, 

n = 60–80 speckles per RNAi condition, N = 3), indicative of an 
inhibition of NMII function (Figure 7, B and D). Furthermore, this 
increase in actin retrograde flow does not appear to come at the 

FIGURE 4: Depletion of RN-tre inhibits the phosphorylation of the NM II regulatory light chain and decreases the 
amount of active Rho1. S2R+ cells fixed and stained for anti-phosphomyosin (red in merge) and F-actin (cyan in merge) 
following treatment with (A) control RNAi, (B) RN-tre #2 RNAi, (C) Rok1 RNAi, (D) Rok2 RNAi, or (E) Rho1 RNAi. (Note 
that the phosphomyosin staining in the Rho1 RNAi condition is diffuse and ill-defined, indicative of nonspecific 
background staining and not an actual signal.) Yellow arrowheads in A–E indicate cells with prominent phosphomyosin 
staining. Scale bar is 10 µm. (F) Quantification of the number of phosphomyosin-positive cells following RNAi treatment 
with control (gray circles), RN-tre #2 (cyan circles), two independent Rok targets (red and magenta circles), and Rho1 
(black circles). RNAi depletion of RN-tre led to a statistically significant decrease in the mean (± SEM) number of 
phosphomyosin-positive cells as compared with control RNAi-treated cells (*** p value < 0.0001, two-way ANOVA with 
Tukey’s post-hoc analysis, n = 200 cells, N = 3); however, depletion of RN-tre was not statistically significantly different 
from Rok RNAi depletion. The number of phosphomyosin-positive cells following Rho1 RNAi was statistically different 
from control, Rok, and RN-tre RNAi. (G) Western blots of Rho1 and β-tubulin in whole cell lysate (total protein) and 
pull-down samples. Cells were treated with control RNAi, RN-tre #2 RNAi, or untreated. The untreated lysates were 
preincubated with GDP or GTPγS as controls. (H) Quantification of Rho1 Western blot following active-Rho1 pull down. 
β-Tubulin was used for normalization, and then the ratios of active Rho1 over total Rho1 were calculated for control 
RNAi, Rho1-GTPγS, Rho1-GDP, and RN-tre #2 RNAi (mean ± SEM) (Student’s t test, p value = 0.0461, N = 3).
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FIGURE 5: RN-tre depletion inhibits Fog-stimulated NM II contractility. S2R+ cells treated with control RNAi (A, B) or 
RN-tre #2 RNAi (C, D) were then incubated with control media (A, C) or Fog-conditioned media (B, D) and imaged by 
phase-contrast microscopy. White arrowheads indicate contracted cells. (E) Larger image of constricted cell from B. 
(F) Larger image of relaxed cell from A. (G) The fraction of contracted cells to total cells was determined for each 
condition (control and RN-tre #2 RNAi with control media and Fog-conditioned media). Shown is the mean with SD. 
Significantly more cells contracted when perfused with Fog-conditioned media in both RNAi conditions as compared 
with control media (No Fog). Upon the perfusion of Fog-conditioned media, significantly fewer RN-tre #2 RNAi-treated 
cells contracted as compared with control RNAi-treated cells (mean ± SD) (* p value 0.0213, *** p value < 0.001, 
two-way ANOVA with Tukey’s post-hoc analysis, n = 154–166 cells, N = 3 independent experiments). Scale bars are 
10 µm.

expense of the integrity of the overall actin cytoskeleton as we did 
not observe any gross morphological differences between control 
and RN-tre–depleted cells expressing mCherry-Actin (Supplemental 
Figure 4, A–D). Collectively, we have demonstrated by two different 
assays that depletion of RN-tre inhibits NMII contractility. These re-
sults suggest that RN-tre has a more general role in the regulation of 
NMII contractility.

RN-tre’s GAP activity is partially required for its role in the 
regulation of NMII filament contractility
RN-tre is characterized by a TBC domain that promotes GTP hydro-
lysis through the dual arginine finger mechanism common in Ras 
GAPs (Lanzetti et al., 2000). RN-tre has been shown to function as a 
GAP for Rabs 5, 41, and 43, which correspond to Drosophila Rabs 5, 
6, and 19, respectively (Lanzetti et al., 2000, 2004; Haas et al., 2005, 
2007). Given its role as a GAP, RN-tre depletion could lead to hyper-
activation of one of these Rabs. To test this hypothesis, we overex-
pressed CA Drosophila Rab5, Rab6, and Rab19 and imaged the lo-
calization and dynamics of RLC (Supplemental Figure 5, A–D). 
Overexpression of any of these CA Rabs did not alter NMII dynam-
ics. Furthermore, neither RNAi depletion nor overexpression of the 
dominant negative (DN) version of these Rabs perturbed NMII local-
ization or dynamics (Supplemental Figure 5, A and E–K). These re-
sults suggest that RN-tre’s role in regulating NMII localization and 
dynamics is independent of its established role in Rab signaling.

To more directly test whether RN-tre’s GAP activity is required for 
its role in regulating NMII, we mutated the conserved catalytic argi-
nine finger motif common on Ras GAPs and then tested whether 
this version of RN-tre could rescue Sqh phosphorylation. We gener-
ated two stable S2R+ cell lines that express either wild-type RN-tre 
or RN-tre mutated at the catalytic arginine residue (R153A, GAP-
dead), both with divergent genetic sequences at the wobble posi-
tion, making them refractory to one of our RN-tre dsRNAs (Endo-
RN-tre) while remaining sensitive to another RN-tre dsRNA 
(All-RN-tre), which we confirmed by Western blot (Figure 8, A–H). 

Following treatment with control and these two different RN-tre 
dsRNAs, we fixed and stained the cells for phosphomyosin. We also 
prepared whole cell lysates from these cells to confirm the expres-
sion of our Myc-tagged RN-tre constructs. Unfortunately, the ex-
pression levels varied greatly between stable cell lines, so we nor-
malized our phosphomyosin quantification to the control RNAi 
treatment for each cell line (Figure 8, G and H). Wild-type RN-tre 
expression fully rescued phosphomyosin staining; however expres-
sion of the GAP-dead mutant resulted in only a partial rescue (p 
value < 0.0001, one-way ANOVA with Tukey’s post-hoc test, N = 2, 
n = 159–167 cells per round) (Figure 8H). This finding suggests that 
RN-tre’s GAP activity is not fully required to restore phosphomyosin 
staining and thus NMII contractility and indicates GAP-independent 
function for RN-tre in regulating Rho signaling. GAP-dead RN-tre 
was not mislocalized; coexpression of mCherry-RN-tre and EGFP-
RN-tre (R153A) in S2R+ cells revealed no differences in localization 
between these two constructs (Figure 8, I and J).

DISCUSSION
In Drosophila S2 and S2R+ cells, NMII forms a perinuclear contrac-
tile network from individual NMII motor proteins that, upon phos-
phorylation, oligomerize forming larger bipolar assemblies that bind 
to antiparallel arrays of actin filaments. The ATP-dependent sliding 
of these filaments as the NMII heads “walk” along actin can lead to 
the generation of force needed for several NMII-dependent cellular 
functions including cell shape change that occurs during develop-
ment of tissues and organs, the formation of cell–cell and cell–ma-
trix adhesions, cytokinesis, and cell motility (Vicente-Manzanares 
et al., 2009). In nonmuscle cells, the critical point of regulation is the 
phosphorylation of the regulatory light chain, and without this post-
translational modification individual NMII molecules remain trapped 
in an autoinhibited conformation, failing to form the larger bipolar 
filament assemblies (Scholey et al., 1980; Sellers et al., 1981; Trybus, 
1989) (Figure 9). It is the phosphorylation of the regulatory light 
chain by such kinases as citron kinase, myosin light chain kinase, and 



Volume 31 October 1, 2020 Regulation of nonmuscle myosin II | 2387 

Rok that relieves this inhibition (Amano et al., 1996; Tan et al., 2003; 
Yamashiro et al., 2003), while the phosphatase activity of PP1 com-
plex maintains NMII in a closed conformation (Figure 9). It is this 
phosphorylation/dephosphorylation cycle that contributes to both 
the spatial and temporal regulation of contractility (Tan et al., 2003; 
Matsumura and Hartshorne, 2008). Depletion of Rho1, which acti-
vates Rok, or depletion of Rok itself results in a characteristic punc-
tate phenotype indicative of this lack of oligomerization. A similar 
punctate phenotype occurs upon the expression of an alanine-sub-
stituted nonphosphorylatable RLC (Dean and Spudich, 2006). Thus, 
it was surprising to observe a similar punctate phenotype upon the 
depletion of RN-tre, a Rab GAP (Figure 1). While this punctate phe-
notype is suggestive of an inhibition of Rho1 signaling to the regula-
tory light chain, it could also result from aberrant actin organization 
leaving NMII with no place to bind, a reduction in NMII levels so that 
oligomers cannot form, inhibition of NMII heavy chain phosphoryla-
tion, or an inhibition of the formation of the NMII holoenzyme itself. 
While not exhaustive of all actin bundlers, depletion of Alpha-Ac-
tinin, one of the main actin-binding proteins in contractile networks, 

failed to recapitulate the punctate phenotype that we observed 
upon RN-tre depletion (Figure 1). Our results also suggest that de-
pletion of RN-tre does not lead to a reduction in RLC or heavy chain 
NMII protein levels (Supplemental Figure 2F). Furthermore, a reduc-
tion of NMII protein levels or the inhibition of the formation of the 
NMII holoenzyme itself would likely also result in a failure in cytoki-
nesis, a phenotype that we failed to observe following RN-tre deple-
tion. Phosphorylation of the heavy chain, by kinases such as protein 
kinase C (PKC) and casein kinase 2 (CK2), is associated with the 
disassembly of NMII filaments (Rahmsdorf et al., 1978; Kuczmarski 
and Spudich, 1980; Collins et al., 1982a,b; Heissler and Sellers, 
2016). Notably, phosphorylation of the heavy chain by PKC has 
been shown to be dispensable for viability in flies, suggesting that 
this interaction may not be critical to NMII filament dynamics in 
Drosophila (Su and Kiehart, 2001). This leaves the RLC as the likely 
means of regulation. Depletion of RN-tre led to a reduction in the 
number of cells with phosphorylated RLC that is likely the result of 
the decrease in the amount of GTP-loaded active Rho1 in cell ly-
sates following RN-tre depletion (Figure 4, A, B, and F). Depletion of 

FIGURE 6: RN-tre depletion disrupts NMII localization in Fog-induced contractility. Sqh-EGFP–expressing S2R+ cells 
were treated with (A) no RNAi, (B) RN-tre #2 RNAi, or (C) Rho1 RNAi and then perfused with Fog-conditioned media 
during live-cell TIRF imaging. Pre-Fog image is given (far left) and shows the distribution of Sqh before the Fog-induced 
rearrangement. Scale bar is 10 µm. (D) Coalescence index shown over time for no RNAi condition (black), RN-tre #2 
RNAi (cyan), and Rho1 RNAi (red). Closed circles represent the mean, error bars represent the SEM (n = 4–6 cells per 
RNAi condition), and the shaded region is a regression fit with the 95% confidence interval. The arrowhead denotes the 
time when Fog was added to the cells. Depletion of RN-tre and Rho1 prevented the formation of a perinuclear 
contractile network.
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RN-tre also phenocopied some aspects of depletion of other 
proteins in the Rho1 pathway (Figures 2 and 4, C–F), and the punc-
tate RLC localization phenotype that we observed could be rescued 
by expression of CA Rho1 and Rok (Figure 3), further indicating 
cross-talk between RN-tre and the Rho1 signaling pathway. While 
depletion of RN-tre was statistically indistinguishable from deple-
tion of Rho1, Rok, RhoGEF2, and Dia as per our coalescence assay 
(Figure 2), our results do not preclude the involvement of other pro-
teins known to interact with the Rho1 pathway. For example, the 
newly characterized Drosophila Rho GEF Dp114 RhoGEF has been 
shown to play a role in junctional activation of Rho1 in the ectoderm, 
kinases such as MRCK, citron kinase, and ZIPK have also been shown 
to phosphorylate the RLC, and other actin-binding and organizing 
proteins such as Abled and Enabled also play roles in the assembly 
of actomyosin filaments (Gertler et al., 1995; Fox and Peifer, 2007; 
Vicente-Manzanares et al., 2009; de las Bayonas et al. 2019) (Figure 
9). These proteins could function to maintain the actomyosin net-
work to some lesser degree, independent of RN-tre. While interest-
ing, the interaction between RN-tre and these other proteins is be-
yond the scope of this study. Our results also indicate that RN-tre’s 
GAP activity is only partially required for Rho1 signaling (Figure 8, 
A–H). It was previously shown that RN-tre can interact with the cyto-
skeleton in a GAP-independent manner (Lanzetti et al., 2004). Here 
we have demonstrated that RN-tre cross-talks with the Rho1 signal-
ing pathway, more specifically the phosphorylation of the RLC, 
which ultimately leads to the regulation of NMII-generated 
contractility.

Cross-talk between the transport machinery and NMII
Cross-talk between Rabs and Arfs (their GEFs and GAPs) and the 
cytoskeleton is a well-documented phenomenon. Rabs and Arfs can 
recruit molecular motor proteins directly or indirectly to facilitate 
transport, but moreover, these proteins can regulate the cytoskele-
ton independently of motor proteins (Kjos et al., 2018; Tanna et al., 
2019). While not traditionally associated with intracellular transport, 
cross-talk between Rabs and class II myosins has also been well 
documented (Miserey-Lenkei et al., 2010; Borg et al., 2014; Vestre 
et al., 2019). NMII was a positive hit in a yeast two-hybrid screen 
using Rab7b as bait. This interaction was later confirmed in mono-
cyte-derived dendritic cells, where endogenous Rab7b was able to 

coimmunoprecipitate with NMII. Even further, Borg and colleagues 
(2014) demonstrated that a CA variant of Rab7b was able to coim-
munoprecipitate substantially more NMII than wild-type Rab7b and 
that this interaction was likely direct, as bacterially expressed Rab7b 
was able to interact with the bacterially expressed NMII tail in a puri-
fied system. Depletion of Rab7b, among other phenotypes, led to a 
reduction in stress fiber formation, a decrease in the amount of ac-
tive RhoA in cell lysates, and a reduction in the amount of phos-
phorylated RLC (Borg et al., 2014). Similarly, Rab6 has been shown 
to directly interact with NMII (Miserey-Lenkei et al., 2010). Like 
Rab7b, depletion of Rab6 also led to a decrease in RLC phosphory-
lation; however, unlike Rab7b, Rab6 seems to be working through 
the Rho family GTPase Cdc42 and its GEF Trio (Vestre et al., 2019). 
Cdc42 activation has been linked to filopodia formation; thus, Rab6 
may be regulating filopodia formation through this interaction. For 
both Rab7b and Rab6, depletion led to a decrease in NMII activa-
tion through a reduction in the phosphorylation of the RLC. Deple-
tion of a GAP for either one of these Rabs would theoretically lead 
to an increase in their activity and a subsequent increase in RLC 
phosphorylation. We found that neither the overexpression of CA 
Rab6, overexpression of dominant negative Rab6, nor the depletion 
of Rab6 led to any changes in NMII localization or dynamics (Sup-
plemental Figure 5, C, F, and J). As there have been no reported 
links between RN-tre and Rab7b, we did not pursue this further.

Cross-talk between RN-tre and the cytoskeleton
While RN-tre has not been previously associated with NMII, it has 
been shown to interact with Alpha-Actinin, an actin-bundling pro-
tein that organizes F-actin into sarcomere-like contractile networks 
in nonmuscle cells (Lanzetti et al., 2004). It should be noted that 
RN-tre is orthologous to the N-terminus of the human Tre2 onco-
gene. Tre2 was previously found to interact directly with two cyto-
skeletal proteins, Ankrd44 and the RLC of myosin II, in vitro and in 
vivo in human HEK-293 cells (Dechamps et al., 2006). While Tre2 
colocalizes with RLC in human cells, we did not observe colocaliza-
tion of RN-tre and RLC in Drosophila cells (Supplemental Figure 1). 
RN-tre coimmunoprecipitated with Alpha-Actinin in a platelet-de-
rived growth factor (PDGF)-dependent manner; however, this inter-
action is likely indirect as bacterially expressed fragments of Alpha-
Actinin and RN-tre failed to interact in vitro. Overexpression of 

FIGURE 7: RN-tre depletion increases the rate of actin retrograde flow. S2 cells stably expressing mCherry-Actin under 
the control of the metallothionein promoter were induced with 25–50 µM CuSO4, resulting in actin speckling. Cells were 
treated with (A) control, (B) RN-tre #1, or (C) slingshot (Ssh) RNAi. The yellow line in each lower-magnification image 
indicates the lamellipodial region used to generate kymographs shown in each corresponding image at higher 
magnification (lower right corner). For each kymograph, time is shown on the y-axis and distance is on the x-axis. The 
lines in each kymograph are representative actin speckle tracks that were used to calculate the rate of actin retrograde 
flow. (D) Quantification of the rate of actin retrograde flow following control RNAi (red circles), RN-tre #1 RNAi (cyan 
circles), and Rho1 (magenta circles). Black bars represent the mean and SEM. Depletion of RN-tre led to a statistically 
significant increase in mean (5.8 ± 0.3 µm*min–1) actin retrograde flow rate as compared with control RNAi (3.7 ± 0.1 
µm*min–1, one-way ANOVA, **** p value < 0.0001, n = 60–170 speckles per RNAi condition, N = 3). Scale bar is 10 µm 
for the lower-magnification images and 2 µm for the kymographs.
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RN-tre suppressed PDGF-stimulated ruffles, actin-based structures 
that form as the result of RTK activation and contain Alpha-Actinin. 
The suppression of these ruffles, as well as the inhibition of macropi-
nocytosis, was independent of RN-tre’s GAP activity as GAP-dead 
mutants were capable of inhibiting both activities (Lanzetti et al., 
2004). Despite its role in organizing the contractile network in non-
muscle cells, depletion of Alpha-Actinin failed to phenocopy the 
loss of NMII coalescence that we observed following depletion of 
RN-tre (Figure 1D), which suggests that RN-tre’s role in regulating 
NMII localization and dynamics is independent of its interaction 
with Alpha-Actinin. Furthermore, RN-tre depletion disrupts the 
NMII contractile network during interphase or the steady-state and 
is independent of signaling initiated by factors such as PDGF 
(Figures 1 and 7).

A role for RN-tre in cell migration during Drosophila 
development
At an organismal level, RN-tre is associated with aberrant cell migra-
tion during the development of the Drosophila nervous system and 

oogenesis. Misexpression of RN-tre in mushroom bodies leads to 
axonal growth and guidance defects (Nicolaï et al., 2003). Similarly, 
the misexpression of RN-tre in photoreceptor cells (R-cells) led to a 
loss in apical positioning (Houalla et al., 2010). In the case of R-cell 
positioning, RN-tre displayed a dosage-dependent interaction with 
Rabs 5 and 11 and thus the phenotype is at least partially depen-
dent on RN-tre’s GAP activity. It was assumed that RN-tre was also 
acting as a GAP during mushroom body development however, 
given RN-tre’s ability to interact with the cytoskeleton, further re-
search is needed to clearly define its role during this process. While 
these two studies examined the overexpression of RN-tre during 
development of the nervous system, depletion of RN-tre in border 
cells inhibited their migration (Laflamme et al., 2012). Here again, 
Laflamme and colleagues suggest that RN-tre is acting as a GAP for 
Rab5 in this capacity. However, expression of a dominant negative 
Rab5 also inhibited border cell migration, suggesting that both an 
overactive and underactive Rab5 can inhibit this process (Assaker 
et al., 2010). While border cell migration may be sensitive to the 
precise dosage of Rab5, the possibility exists that RN-tre is also 

FIGURE 8: RN-tre’s GAP activity is partially required for Rho1 signaling. (A–F) S2R+ cells stably expressing a Myc-
tagged wild-type RN-tre with nucleotides 1266–1601 mutated at the wobble position (A–C) or expressing a Myc-tagged 
RN-tre(R153A) with nucleotides 1266–1601 mutated at the wobble position as well as a mutation at the amino acid 
position 153 (D–F). Both of these constructs are refractory to Endo RN-tre dsRNA but sensitive to All RN-tre #2 dsRNA. 
Cells were fixed and stained for phosphomyosin; yellow arrowheads indicate phosphomyosin-positive cells. Cells were 
treated with control RNAi (A, D), All RN-tre #2 RNAi (B, E), or Endogenous RN-tre RNAi (C, F). Scale bar is 10 µm. 
(G) Quantification of the normalized fraction of phosphomyosin-positive cells following treatment with control RNAi 
(gray closed and open circles), Endo RN-tre RNAi (red closed and open circles), and All RN-tre #2 RNAi (cyan closed and 
open circles). The closed circles represent the RN-tre wild-type (WT) cell line, while the open circle represents the RN-tre 
R153A cell line. The number of phospho-positive cells was normalized to the control RNAi treatment for each cell type 
to mitigate expression differences (mean ± SEM) (** p value < 0.01, **** p value < 0.0001, one-way ANOVA, n = 8 
frames, N = 2). (H) Western blot for RN-tre (anti-Myc) and β-tubulin following RNAi treatments. Note the differences in 
expression levels between the two stable cell lines that were consistent throughout experimentation. (I) An S2R+ cell 
coexpressing mCherry wild-type RN-tre (left, red in merged image) and GAP-dead (R153A) RN-tre (middle, cyan in 
merged image) imaged by TIRF microscopy. (J) The same cell as in I imaged with confocal microscopy; both wild-type 
and GAP-dead RN-tre colocalize to the same structures. Scale bar is 10 µm.
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affecting migration through the cytoskeleton and, more specifically 
as we have shown here, through NMII. Not surprisingly, depletion of 
NMII and other proteins in the Rho1 pathway also leads to defects 
in border cell migration (Combedazou et al., 2017)

Conclusion
The results presented here point to a role for the Rab GAP RN-tre in 
regulating NMII contractility. We show that RN-tre depletion leads 
to a subsequent decrease in Rho1 signaling, ultimately leading to 
less phosphorylated RLC. Furthermore, we found that RN-tre’s GAP 
activity was only partially required for this role. These results are yet 
another example of cross-talk between a cell’s transport machinery 
and the cytoskeleton and may have further implications in processes 
such as cell migration and morphogenesis.

FIGURE 9: Model of Rho1 activation. Various signals including ligand–GPCR interactions, 
integrin, and adherens junction signaling converge on Rho1 signaling (Chountala et al., 2012; 
Manning et al., 2013; LeBlanc and Lehmann, 2017; Silver et al., 2019). RN-tre is a known Rab 
GTPase-activating protein (GAP) that was shown herein to regulate Rho1 signaling by regulating 
the amount of active Rho1 in Drosophila S2 cells. Inactive GDP-bound Rho1 is activated by a 
multitude of guanine nucleotide exchange factors (GEFs), including RhoGEF2, Dp114RhoGEF, 
and Pebble (Aguilar-Aragon et al., 2020), that exchange GDP for GTP. Rho1-GTP can activate 
Rho kinase (Rok), which phosphorylates regulatory light chain (RLC, encoded by the Drosophila 
gene spaghetti squash or sqh) of nonmuscle myosin II (NMII). Myosin light chain kinase (MLCK) 
and citron kinase are additional minor contributors to NMII activation. When the RLC is 
phosphorylated on an inactive autoinhibited NMII hexamer, NMII becomes uninhibited and takes 
a conformation more favorable to binding actin and making higher-order oligomers. More active 
NMII contributes to increased actomyosin contractility. The myosin phosphatase-targeting 
subunit MYPT-75D targets Flapwing (Flw; PP1β9C) to NMII where Flw dephosphorylates the 
RLC, and it is postulated that PP1c has dephosphorylation activity for RLC as well, it being 
trafficked by the myosin phosphatase-targeting subunit myosin-binding subunit (MBS) (Kirchner 
et al., 2007). Various Rho GAPs (including RhoGAP18B, RhoGAPp190, RhoGAP100F, Conundrum, 
and Crossveinless c) inactivate Rho1 by facilitating the dephosphorylation of GTP bound to Rho1 
(Billuart et al., 2001; Denholm et al., 2005; Neisch et al., 2013; Ojelade et al., 2015; Spinner et al., 
2018). Rho guanine nucleotide dissociation inhibitor (GDI) dampens Rho1 signaling by 
sequestering both active and inactive Rho1 (Guruharsha et al., 2011; Oishi et al., 2012).

MATERIALS AND METHODS
Plasmid construction
To construct RNAi-resistant rn-tre con-
structs, an rn-tre gene fragment that spans 
the RN-Tre3 RNAi targeting sequence 
(nucleotides 1266–1601) was designed in 
silico to have 112 silent mutations of 337 
nucleotides (67% identical) and ordered 
from Twist Biosciences (San Francisco, 
CA). A coisogenic fragment with a R153A 
substitution was ordered. The two gene 
fragments and a pMT/V5-HisA-derivative 
with rn-tre and a Myc-tag at the C-termi-
nus were amplified by Q5 Hot Start High-
Fidelity DNA Polymerase (New England 
Biolabs, Ipswich, MA) and cloning primers 
(see Table 1 later in this article) by the 
manufacturer’s instructions. The vector 
and inserts were gel purified with the 
Zymoclean Gel DNA Recovery Kit by 
following the manufacturer’s instruction 
(Zymo Research, Irvine, CA). Gibson As-
sembly (NEB) reactions of 113 ng vector 
and 20 ng insert (∼3:1 molar ratio of in-
serts to vector) were incubated at 50°C for 
15 min and then on ice for 20 min. Assem-
blies were transformed into the NEB 5-al-
pha competent Escherichia coli (High Ef-
ficiency) and selected. Cloned regions 
were confirmed to be correct without er-
ror by sequencing (ACGT, Wheeling, IL) 
and confirmed to be in-frame by expres-
sion in S2R+ cells and immunostaining 
against Myc, as well as by Western blot 
against Myc.

Cell culturing
For a detailed description of Drosophila cell 
culturing, see Rogers and Rogers (2005) and 
Applewhite et al. (2014). Cells were cultured 
in Shields and Sang media (S&S; Sigma 
S8398, 0.5 g/l NaHCO3, 1 g/l yeast extract, 
2.5 g/l bactopeptone) with 10% fetal bovine 
serum (FBS) (Thermo Fisher Scientific, 
Waltham, MA) and 1× Antibiotic-Antimy-
cotic (Life Technologies; 15240-062) at 25°C 
(Tables 2 and 3).

RNAi treatment
For detailed instructions on how to obtain dsRNA suitable for insect 
culture, see Rogers and Rogers (2005). Cells were incubated with 1 
µl of dsRNA in 1 ml of S&S media in six-well plates at 25°C for 24 h 
(Table 4). Media and dsRNA were aspirated off and replenished 
each day of treatment, typically 5–7 d.

Transfections
Transfections were carried out using the FuGENE HD Transfection 
Reagent (Promega, Madison, WI) following the manufacturer’s in-
structions. Briefly, FuGENE Reagent was brought to room tempera-
ture. Plasmid DNA (2 g) was added to up to 100 µl of water. FuGENE 
Reagent (6 µl) was added to DNA and mixed by pipetting immedi-
ately. The mixture was incubated at room temperature for 10 min. 
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The DNA–water mixture was then added dropwise to cells that were 
∼80–100% confluent in 1 ml media six-well plate. CuSO4 (1 mM) was 
added to cells if necessary for induction of pMT constructs.

Coalescence index
S2R+: SQH-EGFP or S2R+ cells were treated with appropriate 
dsRNA as described above for 7 d, with transient transfection as 
needed. Cells were then plated on convacalin A (ConA)-coated cov-
erslips and live-imaged on a Nikon Eclipse Ti-E inverted microscope 
(Nikon, Tokyo, Japan) using a 100×/1.49NA oil immersion TIRF ob-
jective driven by Nikon Elements software. Images were captured 
using an Orca-Flash 4.0 (Hamamatsu, Japan). EGFP localization was 
quantified in ImageJ (version 2.0.0-rc-69/1.52i). The coalescence 
index was quantified by modifying the analysis performed in Bouch-
ier-Hayes et al. (2008). Briefly, images of cells were thresholded in 
ImageJ and the cell was outlined. All values for the XY coordinates 
surrounded by the outline were obtained and normalized to a scale 
of 0–1. The mean over the SD of the normalized values was desig-
nated the “coalescence index” and compared across conditions. 
High values indicate more fluorescent pixel coalescence, while low 
values indicate dispersed fluorescent pixels.

Phosphomyosin staining
Cells were treated with appropriate dsRNA for 7 dand then 
plated on ConA-coated coverslips for 30–40 min and fixed in 
10% paraformaldehyde (Electron Microscopy Sciences, Hatfield, 
PA) in PEM buffer (100 mM PIPES-sodium salt, 1 mM ethylene 
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, 1 mM 
MgCl2) at room temperature for 15 min. Cells were washed 3× in 
phosphate-buffered saline (PBS) or Tris-buffered saline (TBS; 
20 mM Tris, 150 mM NaCl, pH 7.4), blocked in 5% normal goat 
serum in PBS with 0.1% Triton-X for 20 min, incubated with 1:200 
rabbit anti-phosphomyosin light chain 2 (Ser-19) antibody (Cell 
Signaling Technology, Danvers, MA), and then washed 3× in PBS 
or TBS and incubated with 1:100 AlexaFluor-488 or -594–conju-
gated anti-rabbit secondary antibody, with 1:100 phalloidin, and 
Hoechst for 1 h. Cells were washed 3× in PBS and covered in 
mounting media (Dako anti-fade mounting media; Agilent, 
Santa Clara, CA). Cells were imaged by TIRF and tallied as 
“phospho-myosin-positive” if the staining was clear or “-nega-
tive” if it was not. This was expressed as a fraction, with the 
number of phosphomyosin-positive cells over the total number 
of cells counted.

Cell line Expression Selection Source

S2 DGRCa

S2R+ DGRC

ML-Dm25-c2 (D25) DGRC

S2R+: pSqh::Sqh-EGFP/pCoHygro Sqh-EGFP Hygromycin B DGRC

S2: pMTFog-Myc/pCoHygro Copper-inducible Fog-Myc Hygromycin B —b

S2R+: pMTRN-treWTRRMyc/pCoHygro Hygromycin B this study

S2R+: pMTRN-treR153ARRMyc/pCoHygro Hygromycin B this study
aDGRC, Drosophila Genomics Resource Center, Bloomington, IN.
bManning et al., 2013; Peters and Rogers, 2013; Peters et al., 2018.

TABLE 2: Drosophila melanogaster cell lines.

Name Genetics Selection Source

pMTFogMyc Fog-Myc DGRCa

pMT RN-treWTRRMyc RNAi resistant

pMT RN-treR153ARRMyc RNAi resistant with R153A substitution

pMT SQH::SQH-EGFP Sqh-EGFP Rogers et al., 2004

pCoHygro Hygromycin B Invitrogen

pMT/GFP/Blast Soluble GFP Blasticidin S Invitrogen
aDGRC, Drosophila Genomics Resource Center, Bloomington, IN.

TABLE 3: Plasmids.a

Name Sequence (5′ to 3′)a

RNtreRNAiResistVector_fwd atcagaagtatggaatgcACGGGCTGTTTATCGAGG

RNtreRNAiResistVector_rev ccaacaatttgttccaggCCACCATACGCACGCGATC

RNtreRNAiResistInsert_fwd CCTGGAACAAATTGTTGG

RNtreRNAiResistInsert_rev GCATTCCATACTTCTGATC

aLowercase letters prime to the vector, uppercase letters prime to the insertion sequence.

TABLE 1: Cloning primers.
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Kymography
Kymograph analyses were based on methods described in Iwasa 
and Mullins (2007) and were analyzed using ImageJ. Briefly, 4-µm-
thick lines were used to generate kymographs, and individual tracks 
were traced by hand. Three to six kymographs were produced for 
each cell, and 15–30 cells were analyzed per RNAi condition. The 
slope of the individual tracks was calculated and used to find rates.

Fog harvesting
For a detailed description of Fog media harvesting, see Peters et al. 
(2018). CuSO4 (1 mM) was added to S2: pMTFog-Myc cells were 
grown to 100% confluency and incubated at 25°C for 48–72 h. Cells 
were pelleted at 2734 × g for 10 min at 4°C. The supernatant was 
concentrated by transfer to a 3K NMWL Ultra-4 centrifugal filter 
(Merck Millipore, Tullagreen, Ireland) and centrifuged at up to 7500 
× g for 1–2 h increments at 4°C, collecting the darker brown frac-
tions each time. Fog was confirmed by Western blot using a mouse 
anti-Myc 9E10-S 1° antibody (Developmental Hybridoma Bank, 
Iowa City, IA) and an anti-mouse immunoglobulin G (IgG) horserad-
ish peroxidase (HRP)-linked 2° antibody (Cell Signaling Technology, 
Danvers, MA) and developed by SuperSignal West PICO Plus Che-
miluminescent Substrate (Thermo Scientific). Concentrated Fog me-
dia was stored at 4°C for up to 3 mo.

Cell constriction assay
For a detailed description of the assay protocol, see Peters et al. 
(2018). Cells were treated with appropriate dsRNA for 7 d and 
induced with 1 mM CuSO4 on day 5 where appropriate. Cells 
(∼100 µl) were added to 2 ml S&S media on ConA-coated coverslips 
and left to attach for 40 min. Excess media was aspirated off, 150 µl 
of fresh S&S media was pipetted on, and 50 µl of Fog or control 
media was added to the coverslips. After 8 min, media was aspi-
rated off and an excess of fresh 10% paraformaldehyde solution in 
PEM buffer was added and cells were left to fix at room temperature 

for 15 min. The paraformaldehyde solution was aspirated off, and 
the cells were gently washed three times in PBS. Coverslips were 
incubated with 1:100 Alexa-564 Phalloidin (Thermo Fisher Scientific, 
Waltham, MA) and 1× Hoechst 33258 (Thermo Fisher Scientific) in 
PBS + 0.1% Triton X-100 (Sigma) at room temperature for 30 min. 
Coverslips were gently rinsed three times in PBS. Dako fluorescence 
mounting medium was added to the coverslips, and cells were im-
aged at 40× by phase-contrast microscopy on a Nikon Eclipse Ti-E 
inverted microscope. Two hundred cells were counted per condition 
and noted for contractility.

Active Rho pull down
The amount of active Rho1 was determined using the Rho Activa-
tion Assay Biochem Kit (Cytoskeleton, Denver, CO) by following 
the manufacturer’s instructions. Two six-well plates of cells were 
treated with appropriate dsRNA–-RN-tre, control, or untreated–as 
described above for 7 d. On day 5, cells were serum starved by 
replacing media with S&S media with 1% FBS, and on day 6, me-
dia was replaced with S&S media without FBS. Cells were put on 
ice, and the media was aspirated off. Cells were gently washed 
with 10 ml ice-cold sterile-filtered PBS, and the PBS was aspirated 
off. Cells were allowed to sit on a slight incline on ice for 1 min, and 
residual PBS was pipetted off. Cells were resuspended in 1 ml of 
kit lysis buffer per condition and centrifuged at 17,000 × g at 4°C 
for 10 min, and the supernatant was removed to a new tube. Ly-
sates were snap-frozen on dry ice/ethanol. The protein concentra-
tion from each sample was quantified by diluting 1/10th in lysis 
buffer and using the Protein Assay Dye Reagent Micro Assay (Bio-
Rad, Hercules, CA). Samples were unfrozen on room temperature 
water and diluted to 1.2 mg/ml total protein in lysis buffer. A total 
of 600 µg (500 µl) of total protein was incubated with 15 µl of 
Rhotekin-RBD beads. Samples were incubated at 4°C with rocking 
for 1 h. Samples were centrifuged at 2500 × g at 4°C for 1 min. 
Ninety percent of the supernatant was carefully removed. Beads 

dsRNA CG # Forward (5′ to 3′)a Reverse (5′ to 3′)a Reference

Alpha-Actinin CG4376 AGGATTCGGAAGGAGTCGAT GGTGCAGGAATCGATGATCT Flockhart et al., 2006

Control GGCAGGGGTTGGGGTATT GCGCAGAAGAACAAAAAGAA Rogers and Rogers, 2008

Dia CG1768 AAGTAGGGCTCGGAAGTGGT CTGCATTGTCTATGAGCGGA Rogers et al., 2003

Mlc-c CG3201 CCGATTCTAGCTGTTCAACTGTCC GTGTCAATTTTAGAATAATACGC

Rab5 CG3664 GCAGTAACCGTCCGTAGAACC GTCCCAGATCTCGAACTTAACG Rogers et al., 2003

Rab6 CG6601 GTCTGGTGGAACGAGTTGGT GACGGAAAGCATTTAGAGCG Flockhart et al., 2006

Rab19 CG7062 GCGAGGTGGACTTTGAAGAG TGACATTGTTGGCTCGATTC Flockhart et al., 2006

Rho1 CG8416 ATCAAGAACAACCAGAACATCG TTTGTTTTGTGTTTAGTTCGGC Rogers et al., 2003

RhoGEF2 CG9635 ATGGATCACCCATCAATCAAAAAAC-
GG

TGTCCCGATCCCTATGACCACTA-
AGGC

Rogers et al., 2004

RN-tre CG8085 ACTTAATAGCGTACAGCAGGGC GGATGAAGATGCTAAATCAGTGG Stephen L. Rogers

RN-tre2 CG8085 TTCCACGAAGACGACAAAG ATCGCGTGCGTATGGTG Flockhart et al., 2006

RN-tre3 CG8085 GCATGCCGTATTTTTGGTCT CCTGGAATAAGCTGCTCGAC Flockhart et al., 2006

Rok1 CG9774 GAGAACACTCAAAAGCTGAAAAAG ACAGTTCCTTCTGTAGCTGGTTTT Rogers et al., 2003

Sqh CG3595 GCCCGGGATCAACTTCATGTTCCTC TGTCCTTGGCACCGTGCTTAAGG Rogers et al., 2003

Ssh CG6238 GGAGATCGATAACTTCTTTCCG GTTCTCCATAGACTGGCTTTGC Rogers et al., 2003

Zipper CG15792 CCTAAAGCCACTGACAAGACG CGGTACAAGTTCGAGTCAAGC Rogers et al., 2003

aAll primers have the T7 promoter sequence (taatacgactcactatagg) on the 5′ end.

TABLE 4: T7 primers.
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were washed once by adding 500 µl kit wash buffer and centri-
fuged at 2500 × g at 4°C for 3 min. The supernatant was carefully 
removed, and beads were resuspended in 20 µl 2× Laemmli sam-
ple buffer (BioRad) with 5% β-mercaptoethanol. Samples (10 µl) 
were run on precast 10% Mini-Protean TGX gels (BioRad), trans-
ferred to nitrocellulose (BioRad), and blotted with 1:200 mouse 
anti-Rho1 1° antibody (Developmental Hybridoma Bank) or 1:500 
mouse anti–β-tubulin 1° antibody (Developmental Hybridoma 
Bank) in Tris-buffer saline plus 0.1 Triton X-100 (TBST) with 5% milk 
at 4°C overnight. The blot was washed three times in 10 ml TBST 
at room temperature with rocking and then incubated in 1:5000 
anti-mouse IgG HRP-conjugated 2° antibody (Cell Signaling Tech-
nology, Danvers, MA) in TBST with 5% milk, rocking at room tem-
perature. The blot was washed three times as before and devel-
oped by SuperSignal Chemiluminescent Substrate.

RT-qPCR
Experimental design and samples. Two dishes of roughly 1.2 × 
106 D. melanogaster S2R+ cells were treated with corresponding 
dsRNAi for 7 d (as described). Adherent cells were washed from the 
well bottom by pipette and pipetted into microfuge tubes. The cells 
were pelleted at 300 × g for 3 min, and the media was decanted. 
Cells were kept on ice and immediately processed for RNA 
extraction.

Nucleic acid extraction. Total RNA from freshly lysed cells was ex-
tracted by the Maxwell 16 Low Elution Volume simplyRNA Cells Kit 
in a Maxwell 16 (Promega, Madison, WI). Maxwell kit supplies were 
used for all subsequent steps of extraction. Cold 1-thioglycerol (4 µl) 
in 200 µl homogenization solution was added to the cell pellet, and 
the pellet was vortexed for 10 s until it was dispersed. Cold lysis buf-
fer (200 µl) from the Maxwell kit (Part# MC501C) was added to cells 
and vortexed vigorously for 15 s. Whole lysate mixture (400 µl) was 
pipetted into the Maxwell 16 LEV Cartridge (MCE) along with DNase 
I solution (5 µl). Maxwell was run with LEV settings as per the manu-
facturer’s instructions. Upon completion, samples were immediately 
removed and snap frozen on a dry ice/ethanol mixture. Samples 
were stored at –80°C for up to 24 h prior to reverse transcription 
while quantified.

RNA quantification and quality assessment. Total RNA was 
subjected to NanoDrop 1000 (Thermo Fisher Scientific) analysis 
(Supplemental Table 1). RNA integrity was visualized on a 1% wt/vol 
agarose with 1% vol/vol bleach gel in Tris-acetate-EDTA buffer (TAE) 
at 60 V at 4°C for more than an hour (Aranda et al., 2012). In visual-
ization, the bands were qualitatively determined to have intensity 
ratios of the 28S/18S bands 1–2, no visible smear below 18S, and no 

material stuck in the well, which can be an indication of genomic 
DNA contamination. Further DNA contamination controls were per-
formed in the qPCR amplification step.

Reverse transcription. Reverse transcription was carried out with 
the Promega GoScript Reverse Transcription System (#A5000; 
Promege, Madison, WI) according to the manufacturer’s instructions. 
Here, in duplicate per RNAi reaction, 3.25 µg of RNA was added to 
0.5 µg of Oligo(dT)15 primer in nuclease-free water up to 5 µl. The 
RNA primer mix was incubated at 70°C for 5 min, chilled on ice water 
for 5 min, and then spun down for 5 s. A reverse transcription master 
mix was prepared by mixing together (per reaction) 7.2 µl nuclease-
free water, 4 µl GoScript 5X Reaction Buffer, 1.2 µl MgCl2 (1.5 mM 
final), 1 µl PCR nucleotide mix (0.5 mM each final), 20 U recombinant 
RNasin ribonuclease inhibitor, and 1 µl GoScript Reverse Transcrip-
tase. Aliquots of 15 µl were added to the 5 µl RNA/Oligo(dT)15 mix. 
A no-reverse transcriptase control for each condition was included. 
Reactions were incubated at 25°C for 5 min, 42°C for 1 h, and then 
70°C for 15 min. Reactions were aliquoted into 4-µl portions, snap-
frozen on dry ice/70% ethanol, and stored at –80°C. cDNA was not 
subjected to more than one freeze-thaw prior to use for qPCR.

qPCR targets and oligonucleotides. RT-qPCR primers were or-
dered from QIAGEN (Hilden, Germany): RN-tre (Dm_RN-tre_1_SG, 
QT00946393) and reference gene EF1 (Dm_Ef1alpha100E_2_SG, 
QT00511574). Relevant primer information from QIAGEN is given 
in Table 5.

qPCR protocol. The Promega GoTaq qPCR Master Mix (A6001) 
was used for reactions. The mix has a proprietary dsDNA-binding 
dye that is detected by SYBR Green I filters and settings. The Taq 
polymerase and buffer composition is proprietary. Reactions of 20 µl 
were composed of 4 µl nuclease-free water, 10 µl GoTaq MasterMix 
(1× final), 2 µl primers (1× final), and 4 µl template cDNA. cDNA was 
diluted 10-fold and then used for quantification runs. For every run, 
a master PCR mix was manually made in a BioExpress AirClean 600 
PCR Workstation hood and aliquoted into opaque, 96-well PCR 
plates (BioRad; MLL9651), and then template was added separately. 
Plates were sealed by Microseal “B” film (BioRad; MSB1001) and 
spun down. qPCR was performed in a CFX Connect Real Time Sys-
tem (BioRad). Thermal cycling parameters were as follows: incuba-
tion at 1) 95°C for 2 min, 2) 95°C for 15 s, 3) 55°C for 40 s, 4) 72°C 
for 30 s, and take acquisition, 5) go to step 2 44 more times, 6) 65–
97°C at 0.5°C increments every 5 s.

qPCR validation. Standard curves of cDNA dilutions were run for 
both primer sets to determine efficiency. From an eight-point, 

Target Name Catalogue no.
Transcript 
variants

NCBI 
Accession No.

Amplicon length 
(base pairs)

Location 
(# exons)

RN-tre Dm_RN-tre_1_SG QT00946393 A NM_144124 107 5′ UTRa (1/2)

C NM_166028 107 5′ UTR (1/2)

EF1 Dm_Ef1alpha100E_2_SG QT00511574 A NM_079872 84 5′ UTR (2/3)

B NM_170570 84 5′ UTR (2/3)

D NM_206592 81 5′ UTR (2/3)

C NM_206593 81 5′ UTR (2/3)

aUTR, untranslated region.

TABLE 5: RT-qPCR QIAGEN primer pairs.
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10-fold dilution curve in triplicate, RN-tre primers were found to be 
102.0% efficient (slope = –3.276, y-int. = 18.955, R2 = 0.993). RN-tre 
products melted at 77.0–77.5°C. None of the “no template” 
controls or the “no reverse transcriptase” controls fired in 45 cycles. 
Dilutions below 10–5 had some technical replicates that did not fire. 
Thus, the linear dynamic range for this primer set was 10–1–10–5, or 
16.25–1.625 × 10–3 ng/µl total cDNA concentration, assuming a 1:1 
reverse transcription reaction. The quantification cycle (Cq) SD at 
the lower limit was 0.717. From an eight-point 10-fold dilution curve 
in triplicate, SK primers were found to be 107.7% efficient (slope = 
–3.150, y-int. = 22.701, R2 = 0.991). SK products melted at 77.5–
78.0°C. Single reactions from dilutions were run out on a gel to 
verify single product bands. None of the “no template” controls or 
the “no reverse transcriptase” controls fired in 45 cycles. Dilutions 
below 10–4 had some technical replicates that did not fire. Thus, the 
linear dynamic range for the assay was 10–1–10–4 cDNA, or 16.25–
1.625 × 10–2 ng/µl total cDNA concentration, assuming a 1:1 reverse 
transcription. The Cq SD at the lower limit was 0.769. Five-point, 
fivefold dilution curves starting with a 1× cDNA were run in triplicate 
for both of the primers and were similarly efficient to the 10-fold 
dilution curves. Single runs from these curves were run on a gel to 
verify single-band products of appropriate size. PCR efficiency was 
not inhibited up to 1× cDNA amplification.

Data analysis
Real-time data were collected and analyzed in Bio-Rad CFX Man-
ager 3.1 software by the ΔΔCq method. The Cq single threshold 
was autocalculated. Any Cq ≥ 38 was excluded from analysis. None 
of the no-template controls fired in 38 cycles for either primer pair in 
any run. EF1 was chosen as a reference gene because it, along with 
tubulin, was found to be most stable in Drosophila in a study of 
seven candidate reference genes (Ponton et al., 2011).
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